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ARTICLE INFO ABSTRACT

Handled by: Dr. J Vinas Recent advances in genomics are an essential contributor to the assessment of fish stocks by providing a fine-
scale identification of the species’ genetic boundaries. The blackspot seabream, Pagellus bogaraveo, is a com-
mercial sparid distributed across the northeast (NE) Atlantic and the Mediterranean. Within the NE Atlantic,
three P. bogaraveo stocks are currently defined: Azores; Atlantic Iberian waters; Celtic Sea and the Bay of Biscay.
We used a genotyping-by-sequencing (GBS) approach to better define the spatial scale at which the species occurs
in the NE Atlantic. Our findings revealed the existence of an additional genetic cluster in the eastern Atlantic
(Gulf of Cadiz) that was not identified in previous studies based on mitochondrial DNA or microsatellite data.
The combined effect of ocean circulation patterns, complex bathymetry and the existence of local upwelling may
play an important role on the retention of blackspot seabream larvae and adults, providing an explanation for the
genetic differentiation between the specimens caught off the Gulf of Cadiz and Peniche (Portugal). Results
presented here revealed hidden intra-specific genetic differentiation and can inform a finer-scale sampling to
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determine the new stock boundaries in the Atlantic Iberian coasts.

1. Introduction

Stock identification is a component of modern fisheries stock as-
sessments (Begg et al., 1999). It depends on models that incorporate a
variety of parameters, including, e.g., stock-recruitment relationships
(Cadrin et al., 2019) or survival and reproduction rates (Hart, 2001).
Traditionally, assessment models applied to fish stocks relied on the
assumption that resources are single, homogenous units often delineated
by insufficient data (Fujita, 2021). Thus, in cases where management
units do not match with groups exhibiting unique demographic dy-
namics, establishing a clear link between productivity and harvest rates
may not be reached (Secor, 2005; Secor, 2014). Misleading results may
lead to population declines, particularly in late-reproduction, low
fecundity, and high longevity, as in deep-sea fish species (Cheung et al.,
2007; Thresher et al., 2007).

Over the last few decades, many studies showed that limited

dispersal and low connectivity drive fine-scale genetic structure of ma-
rine populations (Benestan, 2019; Schunter et al., 2019), challenging the
management paradigm of many exploited species. More recently, novel
genomic approaches using a large number of loci from non-model or-
ganisms revealed genetic differences within management units, previ-
ously thought to be genetically homogeneous (Catarino et al., 2022).
The blackspot seabream (Pagellus bogaraveo, Briinnich 1768) is a
commercially important benthopelagic sparid distributed across the
Eastern Atlantic: from Norway to Cape Blanc in Mauritania, Madeira,
the Canary Islands, and the Azores. It is also frequent in the western
Mediterranean, including the Strait of Gibraltar, becoming rare eastern
of the Strait of Sicily and absent in the Black Sea (Mytilineou et al., 2013;
Spedicato et al., 2002; Whitehead, 1986). Additionally, the species was
recently recorded in the Levantine Basin (Syrian waters, eastern Medi-
terranean) (Saad et al., 2020). The species is a protandrous hermaph-
rodite (most individuals being first functional males and then
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developing into females) with a recorded longevity of 20 years (Inter-
national Council for the Exploitation of the Sea, 2010). Pagellus bogar-
aveo larvae are planktonic, remaining in the water column for 37 days,
while juveniles can be found in shallow coastal waters (Teixeira, 2013).
Adults are distributed in the continental slope and seamounts, indicating
an ontogenetic migration towards deeper waters (down to 600 m deep,
Morato et al., 2001). In the NE Atlantic, the spawning season is
latitude-dependent and occurs between January and April (Estacio et al.,
2001; Sanchez, 1983).

Presently, the International Council for the Exploitation of the Sea
(ICES) considers the existence of three P. bogaraveo stocks within the NE
Atlantic (see Fig. 1 from Jayasinghe et al., 2015, for further details on
the subareas): i) Celtic Sea and the Bay of Biscay (ICES subareas 27.6, 7,
and 8); ii) Atlantic Iberian waters (ICES subarea 27.9), and iii) the
Azores (ICES subarea 27.10) (ICES, 2007) (Fig. 1).

Previous works on P. bogaraveo using allozymes, mitochondrial DNA
(mtDNA), or microsatellites covered a narrow geographical area of the
three putative stocks. Those studies showed no population differentia-
tion between ICES divisions 27.9.a (Galicia) and 27.8.c (Cantabria and
Asturias) (Pinera et al., 2007) and marginally significant differences
between the Azores (ICES subarea 27.10) and Atlantic Iberian waters
(ICES Division 27.9.a) (Bargelloni et al., 2003). A recent study based on
mtDNA (D-loop) and including specimens from the three putative stocks
also supported the differentiation of the Azores stock. Still, no differ-
ences were found along Atlantic Iberian waters (Robalo et al., 2020).
Given the pelagic larval phase (up to 37 days) of P. bogaraveo, the
Azorean population is expected to be genetically homogenous. None-
theless, Stockley et al. (2005) found evidence of mild genetic structuring
within the Azores using D-loop sequences.

In this study, tissue samples of P. bogaraveo were collected from five
locations representative of the three putative stocks in the NE Atlantic.
We used genotyping-by-sequencing (GBS) and two different approaches
(reference and de novo) for SNP (single-nucleotide polymorphism)
calling to assess fine-scale genetic structure of this important fish
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resource. High-throughput sequencing may bring forward unsuspected
structure in P. bogaraveo populations, allowing a better delineation of
the current management unit of this commercially valuable species.

2. Methods
2.1. Tissue sampling and DNA extraction

Blackspot seabream fin clips from 91 specimens were collected in
five different geographical locations in the NE Atlantic: Ile de Sein,
Brittany (France — ICES Division 27.7.e); Peniche, Portugal (ICES Divi-
sion 27.9.a); San Vicente de la Barquera, Cantabria, in the eastern Bay of
Biscay (Spain — ICES Division 27.8.c); Gulf of Cadiz (Spain - ICES Di-
vision 27.9.a), and Faial, Azores Archipelago (Portugal - ICES Subarea
27.10). Samples from Brittany were collected during the EVHOE bottom
trawl survey carried out in the Bay of Biscay (Laffargue et al., 2020).
Samples from continental Portuguese waters were collected from com-
mercial landings at Peniche landing port. Fishermen collected samples
from commercial fisheries in Cantabria and the Azores. Samples from
Cadiz were collected by the IEO (Spanish Institute of Oceanography).
The set of samples available is representative of a large portion of the
overall species distribution area in the Northeast Atlantic (Fig. 1) and
were a subset of the ones used in Robalo et al. (2021). Only the Atlantic
populations were considered for the present study. The sampling was
opportunistic recurring to captures made by researchers and fishermen.
The total number of samples per location are shown in Table 1. Fin clip
samples were preserved in 96% ethanol and stored at — 20°C until DNA
extraction.

2.2. Genotyping-by-sequencing (GBS)

All 91 samples were sequenced using the GBS method (Qi et al.,
2018), performed by LGC Genomics GmbH (Berlin, Germany). DNA
extracted from each individual was digested with the restriction enzyme
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Fig. 1. Sampling sites across the distributional range of Pagellus bogaraveo in the northeast Atlantic (yellow: POR-Peniche, Portuguese continental waters; red: AZO-
Faial, Azores, Portugal; light blue: CAD - Cadiz, Spain; green: CAN - San Vicente de la Barquera, Cantabria, Spain; purple: FRA - Ile-de-Seine, France). Small grey dots
are geo-referenced occurrence records from GBIF.org (12 April 2022 GBIF Occurrence Download https://doi.org/10.15468/dl.mytawc). Relevant sub-areas and

divisions of FAO fishing areas 27 are shown.
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Table 1

Details of Pagellus bogaraveo samples used in this study. n: number of individuals sampled, before and after filtering.
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Country Location Year Code Latitude Longitude n n after filter
Portugal Faial, Azores 2019 AZO 38.58 -28.72 21 21
Spain Cadiz 2009-2019 CAD 36.52 -6.28 29 26
France Ile-de-Sein 2019 FRA 48.04 -4.85 6 6
Portugal Peniche 2019 POR 39.38 -9.44 22 14
Spain S.Vicente de la Barquera 2020 CAN 43.54 -6.53 13 13

MsII and the barcoded adapters. The common adapter was respectively
ligated on the MsII cut site of all samples by T4 DNA ligase. Then,
300-700 bp fragments were amplified by PCR using high-fidelity en-
zymes. Amplification fragments were sequenced on an Illumina Nova-
Seq 6000 SP FC, 2 x 150 bp (Illumina, Inc., San Diego, CA, United
States).

2.3. SNP calling and filtering

FastQC (Andrews, 2010) was used to check the quality of the
paired-end reads and the presence of adapters. Two different pipelines,
ipyrad v0.9.81 (Eaton and Overcast, 2020) and Stacks version 2.55
(Catchen et al., 2013) with two different types of assembly (reference
and de novo) for SNP calling, were used to ensure that the results were
robust, regardless the methodology. The description of the methods and
results based on the de novo approach performed with Stacks is pre-
sented in Supplementary material _S1.

We used ipyrad (https://ipyrad.readthedocs.io/en/master/9-tutor
ials.html) with a reference-based approach. Since no genome for
P. bogaraveo is available in the databases, the genome of another Spar-
idae, Sparus aurata Linnaeus, 1758 was used as reference. The following
parameters were applied in ipyrad: clustering threshold of 0.85; min
depth for majority-rule base calling = 6, maximum low quality base calls
(Q<20) in a read = 5, max heterozygous sites per locus = 0.5. ipyrad
does not require a prior trimming step since it includes a built-in trim-
ming step during step 2 of assembly, using the software Cutadapt v4.2
(Martin, 2011). To assemble the data under a set of parameters defined
in the parameters file, ipyrad goes through seven steps: Step 1 - assigns
data to each sample; steps 2-5 - filters low base calls, maps paired-end
reads to the reference genome, estimates heterozygosity and
consensus allele sequences from clustered reads; step 6 - identifies
orthologs across samples; step 7 - filters the orthologs and saves the final
data in several possible output formats.

SNP filtering of both assemblies was performed with VCFtools 0.1.17
(Danecek et al., 2011) using a strategy in which genotypes that have
more than 5% of missing data were filtered (-max-missing 0.95); a
minimum quality score of 30 was required (-minQ 30); loci with a minor
allele frequency smaller than 0.05 were removed (-maf 0.05). Then,
individuals with more than 20% of missing data were removed using a
combination of a script (mawk’ $5 > 0.20° out. imiss |cut -f1 > lowDP.
indv; https://www.ddocent.com/filtering/) and VCFtools (vcftools —vef
file.vef -remove lowDP.indv -recode -recode-INFO-all -out fil-
e_filt miss.vcf). VCF files were converted to genind and genlight R class
objects that were then transformed into all required formats.

2.4. Identification of outlier loci

We implemented three different Fgr -based methods to identify
outlier loci, potentially under selection: OutFLANK (Whitlock and Lot-
terhos, 2015), PCAdapt (Duforet-Frebourg et al., 2014; Luu et al., 2017)
and a Bayesian approach with BayeScan (Foll and Gaggiotti, 2008).

OutFLANK is based on the calculation of the likelihood of Fsr values
for each locus and estimating the distribution of Fgr for neutral markers.
It uses a trimmed distribution of Fsr values to improve robustness in the
presence of outliers. OutFLANK then assigns q-values to individual loci
to determine the significance of outliers, considering spatially

heterogeneous selection. We used the gl.outflank of the dartR R package,
with a desired false discovery rate threshold of 0.05 for calculating g-
values. OutFLANK generates the null distribution by trimming extreme
Fst values from the observed distribution and fitting a modified a x2
probability density distribution on the remaining values. We used
default parameters (left and right trim fraction = 0.05; minimum het-
erozygosity = 0.10), and loci were considered outliers when FDR g-
value < 0.05.

PCAadatp stands for "Principal Component Analysis adapted for
Outlier Detection with SNP data.” This method utilizes principal
component analysis (PCA) on SNP data to detect outliers based on their
positions in the genetic variation space. It identifies individuals that
deviate from the main genetic structure, helping to detect potential
outlier loci. We run the function pcadapt of the R-package with the same
name (Luu et al., 2017). We first performed an analysis with a number of
principal components higher than the number of sampling locations
(K=6). Then we did a screen plot (a line plot of the eigenvalues of factors
or principal components) to choose the value of K. The recommended
value of K corresponds to the largest value of K before the plateau of the
plot is attained. The statistical test to detect outlier SNPs is the Maha-
lanobis distance, calculated between the K correlations of the SNP and
each axis, along with the mean correlations and scaled by a constant.
Assuming the absence of outliers, this distance should follow a
chi-square distribution with K degrees of freedom. By default -p-values
of SNPs with a minor allele frequency smaller than 0.05 are not
computed. Loci with Mahalanobis distances that do not follow the dis-
tribution of the main bulk of points and have FDR g-value < 0.05 were
considered as outliers.

BayeScan uses a Bayesian approach to identify outlier loci based on
allele frequency differentiation among populations. It estimates the
posterior probability that a given locus is under the effect of selection by
comparing two alternative models based on the inclusion or exclusion of
selection (Foll and Gaggiotti, 2008). We used Bayescan 2.1 (Foll, 2012)
command line with default chain parameters (sample size = 5000;
thinning interval = 10; pilot runs = 20; pilot run length = 5000, and
additional burn-in = 50,000). The convergence of the Markov Chain
Monte Carlo (MCMC) simulation was assessed using the R package, coda
(Plummer et al., 2006). Loci with false discovery rate (FDR) g-value
< 0.05 were considered outliers.

The final outlier dataset is composed of all the outlier loci of the three
methods, removing the ones that were common to two or more methods.

2.5. Genetic diversity, structure and differentiation analyses

Population genetic analyses were performed on the all loci and on
the outlier datasets that resulted from the ipyrad reference-based
assembly.

For each sampled location, the mean observed and expected het-
erozygosities, Ho and He, respectively, and Fjg (inbreeding coefficient)
with corresponding confidence intervals were calculated using the
function “gl.report.heterozygosity” of the dartR R-package (Gruber
etal., 2018; Mijangos et al., 2022). The Fjg values measure the degree of
inbreeding within a population relative to a subpopulation. They range
from — 1 to + 1, where: a Fjg = 0 suggests that the population and
subpopulation have similar genetic diversity, i.e., no inbreeding or
outbreeding is occurring; Fjs < 0 suggests outbreeding (greater
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heterozygosity within the population than expected) and Fig
> 0 suggests inbreeding (greater homozygosity within the population
than expected) (Kardos et al., 2016). The Hardy-Weinberg Equilibrium
(HWE) test p-values were estimated with the “hw.test” function of the
pegas (Paradis, 2010) R-package. The “diffCalc”) of the diveRsity R
package was used to estimate the 95% confidence intervals of all esti-
mates based on 10,000 bootstrap iterations.

The diveRsity R package (Keenan et al., 2013) was used to evaluate
the genetic structure, estimating a non-standardized fixation index Fsr
(Weir and Cockerham, 1984), a standardized fixation index G'st
(Hedrick, 2005) and differentiation D (Jost, 2008). All these measures
are strongly affected by the range of shared alleles between populations,
with dominant alleles substantially influencing the behaviour of each
metric. Since there is no single definitive measure that fully encapsulates
genetic differentiation between populations (for a review see Bird et al.,
2011), presenting multiple indicators that are consistent with each other
in our datasets demonstrates the reliability of our pairwise findings.

To infer population structure, discriminant analysis of principal
components (DAPC) was used using functions implemented in the ape
(Paradis et al., 2004; Paradis and Schliep, 2019) and adegenet (Jombart,
2008) R-packages, respectively. For DAPC, we inferred the number of
clusters using the function <“snapclust.choose.k”, a maximum
likelihood-based method (Beugin et al., 2018), also implemented in the
adegenet R package. The result was combined with Akaike Information
Criterion (AIC) (Akaike, 1973) goodness-of-fit statistics, to guide the
choice of the optimal number of clusters. Additionally, the “compoplot”
function was used to represent the group assignment probability of in-
dividuals the several locations.

3. Results
3.1. SNP calling and results from two different assembly strategies

The 91 sequenced individuals generated 144 x 10° Illumina paired-
end reads. The reference-based assembly performed by ipyrad resulted in
an average of 2480,271.2 raw reads per individual and after all filtering
steps yielded 34,389 SNPs from 80 individuals. After filtering, Stacks de
novo assembly resulted in 15,936 SNPs from 83 individuals. Results from
genetic diversity, structure and differentiation analyses based on ipyrad
and Stacks assemblies rendered similar results.

3.2. Detection of outlier loci
The three analytical methods (OutFLANK, PCAdapt, and BayeScan)
successfully identified putative outlier loci from the all-loci dataset.

OutFLANK detected a relatively low number of putative loci under se-
lection (outliers), accounting for just 0.3% (110 loci) of the total. In

Table 2
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contrast, PCAdapt and BayeScan identified a substantially higher per-
centage, capturing 5.5% (1899 loci) and 11.3% (3863 loci), respectively.
The final outlier dataset contained 4657 unique loci or 13.6% of the
initial data set.

3.3. Genetic differentiation and population structure

Overall, an analysis of the all loci dataset revealed that the observed
heterozygosity (Ho = 0.221) was marginally lower than the expected
heterozygosity (Hg = 0.243). A similar trend was noted in the subset of
outlier loci, where the observed heterozygosity (Ho = 0.206) also fell
short of the expected heterozygosity (Hg = 0.301), as detailed in Table 2.
P-values from the HWE test showed no significant deviation from the
equilibrium in any location for the all loci dataset. Estimated Fjg values
for the all loci SNPs dataset were all positive and very low (Table 2 and
Supplementary material_Fig. 2_.S1) with confidence interval crossing
zero in three of the five locations. For the outlier loci dataset, there is a
single negative Fjs and the remaining positive values are larger than the
ones of the all loci dataset (Table 2). Confidence intervals of the Fig
values corresponding to the outlier dataset do not cross zero (Supple-
mentary material _Fig. 2_S1).

Allelic richness and nucleotide diversity are fairly similar across all
locations; however, both metrics consistently exhibit lower values in the
Azores (Table 2). Departures from the Hardy-Weinberg Equilibrium
(HWE) were not detected in any of the sampled locations, when all the
loci are considered (Table 2). The HWE test was not performed for the
outlier dataset because it is composed of loci putatively under selection,
which does not meet the assumptions required for this test.

The Fixation (Fsy and G's7) and differentiation (D) indices exhibited
varying results for both the all loci and the outlier loci datasets. In the all
loci dataset, all Fst, G'st and D pairwise comparisons yielded significant
results, except the following pairs: Portugal/ Cantabria (POR-CAN);
Portugal/France (FRA-POR), and Cantabria/France (CAN-FRAN). Any
comparison involving the Azores consistently showed significant results
for both datasets. Some of the pairwise comparisons that were non-
significant when based on the all loci dataset returned significant
using the outlier dataset (e.g., CAN-FRA or POR-CAN; see Table 3 for
details). On the contrary, the CAD-POR pairwise comparisons returned
non-significant in the outlier dataset but significant when based on the
all loci dataset.

The Discriminant Analysis of Principal Components (DAPC) con-
ducted on both the complete dataset (Fig. 2 A-B) and outlier loci (Fig. 2
C-D), as identified by the reference-based approach in ipyrad, revealed
three distinct clusters. Axis 1 separates the cluster that encompasses all
samples originating from the Azores and another cluster including all
samples from Cadiz, along with a single specimen caught off Peniche, in
Portuguese continental waters. The third cluster comprises the

Genetic diversity parameters estimated for Pagellus bogaraveo from the five locations in the Northeast Atlantic (AZO: Azores; CAD: Gulf of Cadiz; POR: Peniche,
Portugal; CAN: Cantabria, Spain; FRA: Ile-de-Seine, France) and test for departures from the Hardy-Weinberg Equilibrium (HWE) based on single nucleotide poly-
morphisms (SNPs). Ho, observed heterozygosity; He, unbiased expected heterozygosity (gene diversity); [C.I.] confidence intervals; =, nucleotide diversity; Ar, allelic
richness; Fis, inbreeding coefficient; HWE p-values resulting from the Hardy-Weinberg test.

All 34,206 loci Code Ho [C.I] He [C.L] n Ar Fis [C.L] HWE p-value
AZO 0.210 [ 0.125-0.226] 0.216 [ 0.096-0.212] 0.222 1.507 0.041 [- 0.111-0.088] 0.148
CAD 0.230 [ 0.151-0.261] 0.233 [ 0.148-0.267] 0.238 1.539 0.024 [- 0.011-0.131] 0.164
FRA 0.222 [— 0.028-0.305] 0.203 [ 0.023-0.289] 0.232 1.499 0.003 [ 0.060-0.350] 0.063
POR 0.220 [ 0.038-0.237] 0.226 [ 0.079-0.260] 0.239 1.524 0.046 [ 0.093-0.269] 0.094
CAN 0.218 [ 0.171-0.295] 0.227 [ 0.147-0.312] 0.238 1.507 0.062 [— 0.059-0.225] 0.129
TOTAL 0.221 [ 0.169-0.230] 0.243 [ 0.202-0.262] 0.245 2.005 0.076 [ 0.056-0.136] 0.089
Outliers 4265 loci AZO 0.166 [0.087-0.189] 0.167 [0.047-0.144] 0.171 1.467 0.025 [— 0.240 - — 0.002]
CAD 0.226 [0.224-0.317] 0.268 [0.323-0.405] 0.279 1.679 0.116 [ 0.225-0.330]
FRA 0.199 [0.232-0.333] 0.249 [0.283-0.379] 0.209 1.674 0.202 [— 0.222-0.293]
POR 0.252 [0.225-0.392] 0.204 [0.151-0.234] 0.279 1.578 -0.078 [— 0.592-0.008]
CAN 0.216 [0.128-0.307] 0.266 [0.254-0.398] 0.280 1.692 0.168 [ 0.108-0.483]
TOTAL 0.206 [ 0.163-0.213] 0.301 [ 0.343-0.389] 0.304 2.007 0.240 [ 0.383-0.450]
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Fig. 2. A. Scatterplot of individuals on the two principal components of the Discriminant Analysis of Principle Components (DAPC) of the all loci dataset obtained
from the reference-based approach performed with ipyrad. The graph represents the individual groups as symbols and sampling locations as colours. Inset: repre-
sentation of the Akaike Information Criterion value according to the number of populations K considered. B. Representation of the individual probability of
assignment obtained with the snapclust.choose.k and compoplot functions for the individuals from the all loci dataset. C. Scatterplot of individuals on the two principal
components of the DAPC of the outlier loci dataset obtained from the reference-based approach performed with ipyrad. The graph represents the individual groups as
symbols and sampling locations as colours Inset: representation of the Akaike Information Criterion value according to the number of populations K considered. D.
Representation of the individual probability of assignment obtained with the snapclust.choose.k and compoplot functions for the individuals from the outlier loci
dataset. AZO: Azores; CAD: Gulf of Cadiz; POR: Peniche, Portugal; CAN: Cantabria, Spain; FRA: Ile-de-Seine, France.
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Table 3

Pagellus bogaraveo location pairwise non-standardized fixation index Fgy (Weir and Cockerham, 1984), standardized fixation index G'sy (Hedrick, 2005), and a dif-
ferentiation index D (Jost, 2008) for all loci and only outlier loci datasets. Values in bold represent significant values in which the 95% confidence interval does not
include zero, and hence the locations are considered statistically genetically-differentiated. AZO: Azores; CAD: Gulf of Cadiz; POR: Peniche, Portugal; CAN: Cantabria,

Spain; FRA: Ile-de-Seine, France.

All loci Outlier loci
Locations Fsr Gsr D Fsr Gsr D

(Weir and Cockerham, 1984) (Hedrick, 2005) (Jost, 2008) (Weir and Cockerham, 1984) (Hedrick, 2005) (Jost, 2008)
AZO - CAD 0.0671 0.0562 0.0012 0.3280 0.3169 0.0403
AZO - POR 0.1319 0.1121 0.0040 0.2982 0.2688 0.0218
AZO - CAN 0.1737 0.1511 0.0061 0.5109 0.5274 0.1043
AZO - FRA 0.1760 0.1535 0.0052 0.2775 0.2255 0.0094
CAD - POR 0.0435 0.0363 0.0006 0.0105 0.0152 0.0005
CAD - CAN 0.0850 0.0723 0.0018 0.0907 0.0867 0.0118
CAD - FRA 0.0846 0.0731 0.0014 0.0688 0.0749 0.0063
POR - CAN 0.0206 0.0174 0.0003 0.1732 0.1661 0.0232
POR - FRA 0.0140 0.0124 0.0001 0.0147 0.0247 0.0005
CAN - FRA 0.0073 0.0082 0.0000 0.3002 0.3004 0.0424
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remaining samples from Portuguese continental waters, Cantabria, and
the northwest of France, as well as one additional individual from Cadiz.
Notably, these findings are corroborated by a DAPC analysis based on
the de novo reference generated using Stacks, as detailed in Supple-
mentary Material S1.

According to the DAPC compoplot, individuals from the Azores and
Cadiz (with one exception of one individual from Peniche, Portugal that
is included in the Cddiz cluster) are allocated to their respective sam-
pling locations with a high degree of confidence (Fig. 2B and D).

4. Discussion

The use of standard genetic approaches (allozymes, microsatellites or
mitochondrial DNA) to analyse connectivity and population structure of
exploited marine species started decades ago providing important clues
for population dynamics (Cuéllar-Pinzon et al., 2016). Recent advances
in genomics allowed the integration of demographic histories of marine
populations in the clarification of stocks’ structure (Benestan, 2019),
often providing a fine-scale view of the spatial genetic structure.

In the present study, the management units of P. bogaraveo adopted
by ICES for the Northeast Atlantic were reassessed by using a wider
portion of the genome. Pagellus bogaraveo stocks currently considered in
the NE Atlantic include the following management units: (1) the Azores;
(2) Celtic Sea and the Bay of Biscay, and (3) Atlantic Iberian waters. We
identified management unit 1, which is in agreement with previous
studies based on mtDNA and microsatellite data, all indicating poor
connectivity between the Azores and eastern Atlantic continental
margin locations (Stockley et al., 2005). The DAPCs based on the all loci
(Fig. 2A) and the outlier (Fig. 2B) SNP datasets, show some visual dif-
ferentiation between samples from management units 2 (Cantabria and
France) and 3 (Atlantic Iberian waters: Peniche, Portugal). However,
this separation is not corroborated by the optimal number of genetic
clusters generated by the analysis.

The study of Pinera et al. (2007) based on 12 microsatellites of
samples of P. bogaraveo caught off the Spanish coasts (from the Canta-
brian Sea to the Mediterranean, including the Gulf of Cadiz), found no
significant differences within the sampled area. Another study (Robalo
et al.,, 2021) based on the mitochondrial control region of a set of NE
Atlantic samples, similar to ours, and one location from the Mediterra-
nean (Malaga, Spain) confirmed the genetic cluster within P. bogaraveo
in the Azores but did not recognize the genetic unit in the Gulf of Cadiz.
AMOVA results and corresponding Fsy values showed a significant
population structure for the entire sampled area attributed by Robalo
et al. (2021) to differences between the Azorean and remaining pop-
ulations. Regardless the dataset used, the significant P. bogaraveo loca-
tion pairwise fixation (Fsy and G's7) and differentiation (D) indices
(Table 3) reflect the three genetic units identified in this study: (1)
Azores; (2) Iberian Atlantic coasts from the Cantabria to Peniche
(Portugal), and (3) Gulf of Cadiz. To analyse the existence of genetic
differentiation within the geographic area comprising the Celtic Sea, the
Bay of Biscay and the Atlantic Iberian waters, a fine-scale sampling
strategy is required to provide a solid scientific basis for the stock de-
limitation of P. bogaraveo. Further, the inclusion of P. bogaraveo samples
from the Mediterranean would provide valuable information on the
connectivity of populations inhabiting adjacent ocean basins.

Our results for all locations using both data sets indicate that
observed heterozygosity (Ho) is marginally lower than expected het-
erozygosity (Hgy (Table 2), which could point to a mild heterozygote
deficiency. However, the HWE tests for the all loci dataset showed no
significant deviation from the equilibrium, in any location.

The values of the coefficient of inbreeding (Fis) were all positive for
the all loci dataset, suggesting evidence for inbreeding (Kardos et al.,
2016). However, the corresponding confidence intervals include zero in
three of the locations (see Supplementary Material Fig. 2_S1 for further
details), implying no strong evidence for the existence of inbreeding
(Stacy et al., 2021).
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Allelic richness and nucleotide diversity exhibit lower values in the
Azores suggesting a reduction of genetic variation of this isolated pop-
ulation most likely due to a founder effect or a genetic bottleneck. This
same effect has been widely observed in other commercial fish species
that undergone a recent range expansion (Ivanova et al., 2021).
Furthermore, samples from the Azores showed the lowest nucleotide
diversity value of all analysed populations, also consistent with a more
recent expansion.

In terms of the fixation and differentiation indices, the data suggest
that differentiation appears to be less pronounced when focusing solely
on outlier loci (see in Table 3 the CAD-POR pairwise comparisons that
returned non-significant in the outlier dataset but significant when
based on all loci). This could imply that neutral loci make a substantial
contribution to the genetic differentiation observed in the Cadiz
population.

The bathymetry of the Iberian continental slopes and ocean circu-
lation patterns may provide a plausible explanation for the existence of a
third Atlantic genetic cluster for P. bogaraveo. The presence of abyssal
plains (Seine and Horseshoe) and submarine banks (Gorringe and
Ampere) adjacent to the Gulf of Cadiz interfere with the spreading of the
Mediterranean Outflow Water (MOW), which is a dense water mass that
flows from the Mediterranean towards the Atlantic through the Strait of
Gibraltar (Iorga and Lozier, 1999). The MOW, modified by surrounding
Atlantic water masses, shows an enhanced concentration of nutrients
(Van Aken and Becker, 1996). This enriched water mass recirculates
eastward towards the Gulf of Cadiz, impelled by the presence of sub-
marine banks (Pascual-Collar et al., 2019) and a cyclonic gyre in this
area (Orihuela-Garcia et al., 2023). The surface circulation patterns
within the Gulf of Cadiz create a persistent upwelling induced by tidal
and prevailing winds (Sala et al., 2018). The combined effect of the
cyclonic flow and the eastward movement of nutrient-rich waters to-
wards the Gulf of Cadiz may induce local retention of P. bogaraveo, not
only of larvae but also of adults that most likely use the area as a feeding
ground. Nonetheless, given the geographic proximity between sampling
points and present-day oceanic circulation patterns it is conceivable to
assume that some individuals might cross regions, which may explain
the existence of one sample from Cédiz in the Iberian clade and another
from the Portuguese coastal waters (Peniche) in the Cadiz genetic unit
(Fig. 2A and Q).

The genomic results presented in this study provide a scientific basis
to support revising management components adopted for the blackspot
seabream in Iberian waters. Further studies are required to set the
spatial boundary of the Gulf of Cadiz population, particularly consid-
ering additional areas adjacent to this geographic area, specifically the
northern Africa and the Mediterranean.

4.1. Conclusions

In this study, we show the relevance of using genomic tools to infer
fine-scale genetic structure for sock delimitation. Our results revealed a
genetic cluster in the eastern Atlantic that was not previously detected
by other molecular markers. The combined effects of local upwelling,
induced by tidal and prevailing winds, and specific circulation patterns
resultant from a complex bathymetry may play an important role on the
retention of blackspot seabream larvae and adults in the Gulf of Cadiz
and provide a plausible explanation for the existence of this genetic unit.
These results can inform a finer-scale sampling to tune the stock
boundaries in the Atlantic Iberian coasts. However, the combination of
different methodologies (e.g., morphometrics and life history traits) are
required to reach a robust scientific basis for the definition of stock
boundaries.
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