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Abstract

The Blackspot Seabream, Pagellus bogaraveo, is a commercially valuable species widely dis-
tributed in the northeastern Atlantic and Mediterranean. Its biology makes it vulnerable to
overfishing, but its population structure and ontogenetic migration strategy remain unclear.
Building on previous work based on microsatellite markers, we expanded the investigation
by analysing the mitochondrial Control Region (CR) to complement nuclear data. We
analysed 199 specimens from 13 sites and combined the new CR sequences with 129 pub-
lished records to achieve the broadest coverage in terms of biogeographic and genetic data.
We calculated genetic diversity and performed AMOVA, pairwise ®ST comparisons, and
multivariate analyses. Eighty-eight haplotypes were identified, showing high haplotype
diversity (Hd = 0.767-0.945) and moderate nucleotide diversity (7t = 0.0026-0.0054). Most
genetic variation occurred within populations, and overall analyses indicated genetic ho-
mogeneity. However, pairwise analysis and AMOVA confirmed significant differentiation
of the Azores population. These results confirm extensive genetic connectivity throughout
the Atlantic-Mediterranean range of P. bogaraveo, likely due to a combination of large
larval dispersal and a common spawning migration strategy, but identify the Azores as a
genetically distinct unit. This highlights the need to consider both large-scale connectivity
and local divergence in fisheries management.

Keywords: control region; mtDNA; genetic population structure; blackspot seabream

Key Contribution: This study confirmed the overall genetic homogeneity of the Pagellus
bogaraveo species across almost its entire geographical area, from the Mediterranean Sea to
the Eastern Atlantic Ocean, with the exception of specimens from the Azores.
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1. Introduction

The Blackspot Seabream (Pagellus bogaraveo Briinnich, 1768) is a large benthopelagic
species commonly found in the eastern Atlantic Ocean, from Norway and Sweden to
Cape Blanc in Morocco, including the Madeira, Canary and Azores Islands. It is also
found in the western and central Mediterranean Sea and the Aegean Sea [1-4]. Living
in shoals on muddy and rocky bottoms, this species can be found near offshore banks,
seamounts, and cold-water reefs [5-7]. A distinctive feature of the species is its vertical
and spatial distribution that shifts with both the age of individuals and the season. Larvae
are planktonic, while juveniles tend to remain near coastal zones, particularly in highly
productive environments such as river deltas, which function as nursery grounds [2].
As they grow, juveniles and sub-adults are generally found at depths of up to 170 m,
whereas adults inhabit the continental slope, ranging from 200 m to more than 900 m in
depth [2,8,9]. The Blackspot Seabream is primarily a protandric hermaphrodite, though
part of the population remains gonochoric and does not undergo sex change [6,10].

Its unique biological and life-history traits, including slow growth, large size, late
sexual maturity, a long lifespan and its sexual strategy, make the species particularly vul-
nerable to overfishing and limit its recovery potential [10,11]. In fact, due to a heavy fishing
pressure over the past decade, the species is currently considered overexploited in the Strait
of Gibraltar, in the Bay of Biscay and the Alboran Sea, where it is highly prized, as well
as in the Ionian and Aegean Seas [6,7,11-13]. For this reason, fishing pressure is currently
tightly regulated through strict, albeit localised, management measures, such as periodic
fishing closures, minimum size limits, restrictions on fishing gear, and total allowable catch
limits in the north-east Atlantic [11]. In the Mediterranean Sea, the most recent multiannual
management plan targeting the sustainable exploitation of Blackspot Seabream in the
Strait of Gibraltar (GSAs 1-3) was implemented in 2022 (General Fisheries Commission for
the Mediterranean—GFCM /45/2022/3), and this plan included the recommendation of
temporary closures.

In response to severe overexploitation described above, in 2017, the GFCM [14]
strongly highlighted the urgent need to intensify scientific efforts aimed at comprehensively
investigating the species’ biology, spatial distribution, genetics, exploitation patterns, and
population dynamics. Even if the stock structure remains unclear, various studies have
focused on the population genetic structure of Blackspot Seabream across the Atlantic
Ocean and the Mediterranean Sea.

Different types of markers were used, including nuclear markers (allozymes [15],
microsatellite markers [4,16-18], and SNPs [19]) and mitochondrial markers (D-loop re-
gions [4,15,20] and cytochrome b [4,17]).

Although these studies are limited in terms of geographical coverage of the species’
distribution range, they have highlighted that the greatest percentage of total variation is
observed within populations. Nevertheless, while allozyme data revealed no differentiation
between Atlantic and Mediterranean samples, mitochondrial DNA (mtDNA) marker and
microsatellite analysis revealed that P. bogaraveo populations are structured at a regional
level in the northeast Atlantic: specimens in the Azores are genetically distinct from those
on the European continental slope. Moreover, in their latest study, in 2024, Cunha et al. [19]
confirmed the genetic difference in the Azores’ population and described a more local
differentiation along the Atlantic coast of Spain. These conflicting results may depend on
the markers’ ability to distinguish between different populations, which is important for
determining their effectiveness [21,22].

Previous studies [18,23] have provided valuable insights into the population genetics
of P. bogaraveo by analysing nuclear and mitochondrial markers. However, each study
was limited in its geographic scope. Building on these achievements, the present study
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integrates mitochondrial data from different regions to assemble the first dataset covering
almost the entire geographical range of the species. The specific objective of this study is
therefore to describe the phylogeographic patterns of P. bogaraveo across its biogeographic
extent and to identify potential signals of localised divergence.

The results expanded and confirmed the lack of genetic differences between the
Blackspot Seabream individuals, as reported by Ferrari et al. in 2023 [18], except for
the samples collected from the Azores Islands. Remarkably, the absence of population
structure is also evident at very large distances, from the Bay of Biscay to the Ionian Sea,
strengthening the hypothesis that egg and larval dispersion is crucial for maintaining the
genetic connectivity of this species, but not sufficient, as it needs to be accompanied by a
persistent evolutionary and spawning strategy suggested by recent studies.

2. Materials and Methods

Thanks to an extensive sampling strategy carried out by EU and non-EU countries
along the Atlantic and Mediterranean coasts during the “Transboundary population struc-
ture of sardine, European hake and Blackspot Seabream in the Alboran Sea and adjacent
waters” (TRANSBORAN) research project carried out under the framework of the regional
project CopeMed II of the Food and Agriculture Organization of the United Nations (FAO),
in close collaboration with the GFCM [24]—a total of 320 specimens was collected. These
ranged from the Atlantic Ocean and the Strait of Gibraltar to the western, central and east-
ern Mediterranean Sea—covering much of the species” known distribution. The individuals
were collected during scientific surveys from the EU-funded MEDITS data collection [25]
between 2018 and 2019 and from contracted commercial fisheries along the European and
African coasts, for a total of 13 sampling locations ascribable to six regional seas/macro-
areas (Figure 1 and Table 1). When possible, sex and size measurements (i.e., weight, total
length, and depth of capture) of individuals were recorded (Table S1).
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Figure 1. Pagellus bogaraveo samples distribution in the Atlantic Ocean and Mediterranean

Sea: the map displays collected samples from this study, from Robalo et al. 2021 [20], and
Ponce et al. 2008 [26].
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Table 1. Details of population samples analysed in the present work, with their respective Sampling
Location names and codes, Regional Sea and Country.

Regional Sea/Macro Areas

Country Location Code  Thisstudy* Robalo et al. 2021 [20] *  Ponce et al. 2008 [26] *

France FRA 21
Spain STD 15 22
Atlantic Ocean Portugal POR 14 25
Spain COL 15 23 2
Portugal AZR 20
KSR 14
Strait of Gibraltar Morocco TNG 14
EDL 15
. SPA-18 10 16
Alboran Sea Spain SPA-19 15
Alboran Sea/Balearic Sea Aleeria GHZ 9
Balearic Sea 8 ANB 13
Balearic Sea/Tyrrhenian Sea  Tunisia TBK 15
. .. Italy MZR 14
Strait of Sicily Malta MLT 15
Ionian Sea Greece ION 12
Total n° 190 127 2

* The number of individuals in the columns refers to the samples successfully analysed in the present study.

Muscle tissue (about 1 cm3) was collected from fresh or frozen specimens and immedi-
ately preserved in 96% ethanol (Merck&Co, Darmstadt, Germany). The ID-labelled vials
containing the tissue were stored at —20 °C until further processing.

Of the 320 samples collected during the TRANSBORAN project, 199 were randomly
selected for this study, to include almost 10 individuals from each sampling location. The
exceptions are the samples collected from GHZ sampling location (nine individuals).

The DNA extraction for all the samples was performed as described in the study
Ferrari et al. published in 2023 [18], but 77 samples were re-extracted due to degradation of
the previous extractions. DNA was extracted from ~20 mg of tissue using a modified salting-
out method [27]. The quality of the extracted DNA was assessed on a 1% agarose gel (Sigma-
Aldrich, St. Louis, MO, USA), and only samples that yielded high-quality DNA were
subsequently amplified by PCR. Of the 199 individuals initially selected, DNA extraction
was successful for 190, which were subsequently included in the analyses (Table 1).

The mitochondrial Control Region (CR) fragment was amplified using primers L-prol
(5’-ACTCTCACCCCTAGCTCCCAAAG-3') and H-DL1 (5-CCTGAAGTAGGAACCAGAT
GCCAG-3), originally developed by Ostellari et al. in the 1996 [28] and employed by
Robalo et al. in their study in 2021 [20]. PCR amplifications were carried out with an initial
denaturation at 94 °C for 7 min, followed by 35 cycles of 30 s at 94 °C, 30 s at 55 °C, and
60 s at 72 °C, and a final extension step of 7 min at 72 °C. Finally, the PCR products were
sequenced by the external service provider Macrogen Europe (Milan, Italy).

Electropherograms were manually inspected and edited in MEGA v.11 [29]. Sequence
alignments were conducted using the ClustalW algorithm [30] implemented with the same
software. A total of 127 publicly available CR sequences of P. bogaraveo from Robalo et al.
study published in 2021 [20], along with two additional sequences obtained from complete
mitochondrial genomes reported by Ponce et al. in 2008 [26], were retrieved from NCBI
and incorporated into the final CR dataset (Table 1 and Table S2 for more detailed informa-
tion). The newly obtained sequences have been deposited in the NCBI GenBank database;
accession numbers from PX215809 to PX215998 (Table S2).
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For all genetic analyses, the samples labelled in Table 1 as SPA-18 and SPA-19 (collected
during the MEDITS oceanographic campaigns carried out, respectively, in 2018 and 2019)
were considered a single population, considering the species’ reproductive timing [10].

Sequences were collapsed into haplotypes using DnaSP v.6 [31], which was also used
to estimate genetic diversity within each population sample, including the number of
haplotypes (n), haplotype diversity (Hd), and nucleotide diversity (7). Phylogeographic
relationships among haplotypes were reconstructed using the Median-Joining (M]) network
algorithm [32] implemented in PopART v.1.7 [33].

Genetic differentiation was quantified as pairwise fixation indices (PST) based on
haplotype frequency distribution analysis [34] and corrected for inter-haplotype sequence
divergence using ARLEQUIN v.3.5 [35]. Statistical significance of ®ST values was assessed
through 1000 random permutations after Bonferroni correction.

Analysis of molecular variance (AMOVA) [36] was also performed in ARLEQUIN,
grouping Mediterranean samples according to a three-level hierarchical geographical struc-
ture: (i) among geographical areas, (ii) among populations within geographical areas, and
(iii) within populations. The significance of AMOVA-derived fixation indices was evaluated
by comparing observed values with a null distribution generated from 1000 permutations.

Three alternative grouping schemes were tested in the AMOVA: (i) a single group
including all populations (AMOVA-one group); (ii) six groups corresponding to the dif-
ferent regional seas (Atlantic Ocean, Strait of Gibraltar, Alboran Sea, Sicilian Channel,
central Mediterranean, and eastern Mediterranean Sea, AMOVA-six groups); and (iii) seven
groups, in which the Azores were considered as a separate group. This last grouping
scheme was also based on ®ST results (AMOVA-seven groups).

Following these analyses, principal component analysis (PCoA) and non-metric Multi-
dimensional scaling (nMDS) analyses were conducted in R v. 4.3 [37] using, respectively,
“ape” [38] and “vegan” [39] packages to ordinate samples based on the genetic distance
matrix. The distance matrix was generated using the Kimura 2-parameter distance method
in MEGA v.11 software. nMDS was performed with k = 3. To further evaluate differ-
ences between groups, PERMANOVA analysis and post hoc pairwise comparisons were
performed employing adonis2 and pairwiseAdonis functions of the “vegan” package with
9999 permutations and the Bonferroni correction applied to control for multiple testing.
The beta-dispersion (homogeneity of variances) of the sample was investigated with the
betadisper function in “vegan”.

3. Results

The 77 re-extracted samples during this study displayed high-quality DNA and were
all amplified, bringing the total number of processed samples to 199. However, sequences
suitable for subsequent analyses were obtained for only 190 of these samples despite
multiple attempts (Table 1).

Along with the sequences downloaded from the NCBI online database, our final
dataset consisted of 319 individual sequences (Table S2).

The final alignment contained 424 bp in length. The complete dataset is constituted
by 88 distinct haplotypes. Haplotype diversity (Hd) ranged from 0.767 (STD) to 0.945
(MZR), with an overall mean Hd of 0.839. Nucleotide diversity (7) values varied between
0.00263 (GHZ) and 0.00544 (MLT), with an average 7t of 0.00477 across all populations. The
standard deviations (SD) for haplotype diversity ranged from 0.06 (KSR) to 0.128 (ION
and GHZ populations), reflecting variable levels of genetic variation among the sampled
populations (Table 2).
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Table 2. Genetic diversity indices: calculated for each population sample of P. bogaraveo using all the

319 individuals.

Population Sample N. n Hd SD L

FRA 21 11 0.781 0.094 0.00438
STD 37 18 0.767 0.075 0.00521
POR 37 16 0.808 0.064 0.00454
COL 42 24 0.839 0.058 0.00543
AZR 20 7 0.805 0.068 0.00321
KSR 14 10 0.923 0.06 0.00457
TNG 14 9 0.901 0.062 0.00514
EDL 15 11 0.905 0.072 0.00522
SPA 41 24 0.898 0.042 0.00524
GHZzZ 9 6 0.833 0.127 0.00263
ANB 13 8 0.859 0.089 0.00521
TBK 15 9 0.876 0.07 0.00396
MZR 14 10 0.945 0.045 0.00447
MLT 15 9 0.886 0.069 0.00544
ION 12 7 0.773 0.128 0.00379
Total n° 319 88 0.839 0.021 0.00477

N: number of gene copies; n: number of haplotypes; Hd: haplotype diversity; SD: haplotype diversity standard
deviation; 7: nucleotide diversity.

The CR haplotype network showed a star-like pattern, indicating population expan-

sion (Figure 2).

%,

1sample
O FRA
@ STD
@ POR
@ coL
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@ MLT
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Figure 2. Median-joining network of Control Region (CR) haplotypes shown by P. bogaraveo. Circles
are proportional to haplotype frequencies. Orthogonal bars between branch nodes indicate substi-
tutions. Black circles at network nodes represent unsampled haplotypes. The codes for geographic
population samples correspond to the Location Codes listed in Table 1.

Genetic differentiation analysis revealed that the Azores (AZR) population sample was
distinct from several others, as indicated by high and significant ®ST values (p < 0.00047619
after Bonferroni correction). In particular, pairwise comparisons showed significant differ-
entiation between the AZR population and the STD, COL, SPA, ANB, TBK, MLT and FRA
populations, with p-values of 0 reported in all cases (see Table S3).
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Geographic populations were grouped according to the three different partitioning
scenarios described in the “Materials and Methods” section in order to perform the AMOVA
analyses (Table 3).

Table 3. Analysis of molecular variance (AMOVA) results obtained under three different population
structure scenarios for P. bogaraveo samples. The grouping of locations for each AMOVA analysis is
reported in the Materials and Methods section. * showed the significant results (p-value < 0.05).

AMOVA Grouping Percentage of Variation Fixation Index  p-Value

AMOVA 1, one group

Among populations 2.04

Within populations 97.96 0.02042 0.00293 *
AMOVA 2, six groups

Among groups —0.68 —0.00679 0.61681
Among populations  5¢ 0.02546 0

within groups

Within populations 98.12 0.01885 0.00293 *
AMOVA 3, seven groups

Among groups 2.95 0.02954 0.00489 *
Among populations —_ 4 ~0.00167 0.00587 *
within groups

Within populations 97 .44 0.02558 0.00098 *

When all populations were considered as a single group (AMOVA 1), most of the
molecular variation (97.96%) was found within populations, with only 2.04% of the varia-
tion occurring among populations. The fixation index was low but statistically significant
(FST = 0.02042, p = 0.00293). Under the six-group scenario (AMOVA 2), the variation among
groups was slightly negative (—0.68%) and not significant (FCT = —0.00679, p = 0.61681),
indicating no clear differentiation among these groups. Instead, most variation (98.12%)
remained within populations, while variation among populations within groups accounted
for 2.56% of the total variance and was highly significant (FSC = 0.02546, p < 0.001). In
contrast, when the AZR population was treated as a separate group in a seven-group
scenario (AMOVA 3), the percentage of variation among groups increased to 2.95% and
was statistically significant (FCT = 0.02954, p = 0.00489). Concurrently, the variation among
populations within groups decreased to —0.40% (FSC = —0.00167, p = 0.00587), while
most of the variation (97.44%) was retained within populations. These results indicate
that recognising AZR as a distinct group better captures the genetic differentiation among
groups, as reflected by the increased molecular variation among-groups.

The PCoA and the nMDS analyses did not reveal a clear separation among sample
groups based on their geographical origin. The points corresponding to the various cate-
gories were distributed in a largely overlapping pattern within the two-dimensional space.
Although some groups displayed a few points slightly distanced from others, no strong or
well-defined clusters were observed, suggesting that this dispersion is due to a high level
of internal genetic variability (Figure 3).
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Figure 3. Principal Coordinates Analysis (PCoA) and Non-metric Multidimensional Scaling (nMDS):
plots illustrating the genetic relationships among P. bogaraveo populations. Both analyses were
performed using R v 4.3. Colours and population names correspond to those used in the haplotype
network in Figure 2.

The PERMANOVA did not detect any significant genetic differentiation between
populations (pseudo-F = 1.336, p = 0.0513). However, pairwise comparisons revealed
significant differences between the Azores and the remaining populations (p < 0.05 after
Bonferroni correction). Notably, the test for homogeneity of multivariate dispersion (beta-
dispersion) was not significant (F = 0.706, p = 0.768), suggesting that the significant results
of the pairwise comparisons are not due to differences in within-group variability. Overall,
these findings suggest that genetic homogeneity among most populations may hide signals
of differentiation at the global level, but the pairwise analysis highlights the distinctive
divergence of the Azores population from all other geographical samples.

4. Discussion

The present study, based on the mitochondrial Control Region (CR) marker, provides
novel insights into the phylogeography of P. bogaraveo across its Mediterranean and At-
lantic range. By combining previously published sequences produced by Ponce et al. in
2008 [26] and Robalo et al. in 2021 [20], with our newly generated ones, which cover
both overlapping and complementary areas, the geographical coverage was expanded to
encompass large portions of the western and central Mediterranean Sea with respect to
previous studies [18,20].

Our results indicate generally comparable levels of genetic diversity across the sam-
pled regions, with values that are entirely consistent with those obtained by Robalo and
colleagues in 2021 [20].

The Azores resulted in being the only area showing significant differentiation from
the others in the ®ST analysis. Our global PERMANOVA revealed no significant genetic
structure across populations, suggesting a high level of mitochondrial homogeneity within
the study area. However, pairwise comparisons confirmed the significant differentiation
between the Azores and the other populations. This apparent discrepancy can be explained
by the fact that strong homogeneity among most populations tends to hide localised
divergence when tested at a global scale, a condition that has been described in other
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teleost species, even using different types of markers [40-42]. The lack of significance in the
beta-dispersion test indicates that the observed differences may not be influenced by the
heterogeneity in within-group variability, validating the pairwise findings and suggesting
that the genetic distinctiveness of Azores reflects a true biological signal rather than a
methodological artefact. Further evidence of the genetic distinctiveness of the Blackspot
Seabream Azorean populations was described by Cunha and colleagues in 2024 [19], who
used whole-genome sequencing SNPs to examine the genetic variation along the Atlantic
coast from France to Cadiz, including the Azores. Their analyses identified three distinct
genetic units based on fixation indices: (i) the Azores; (ii) the Iberian Atlantic coast from
Cantabria to Peniche (Portugal); and (iii) the Gulf of Cadiz.

This is typical of scenarios where most populations experience gene flow or share
a common genetic background, while one population (or a small group) undergoes lo-
calised divergence. This divergence could be driven by geographic isolation, environmental
barriers, and historical demographic events that limit connectivity with neighbouring pop-
ulations [41,43]. Comparable phylogeographic patterns have also been observed in other
species. For instance, da Fonseca et al. in 2024 [40] reported similar genetic structuring in
Sardina pilchardus (Walbaum, 1742) across the Eastern Mediterranean and the Azores using
whole-genome data. Likewise, in Labridae, populations of Labrus bergylta (Ascanius, 1767)
from the Azores were found to be genetically distinct from those in Portugal, Spain, France,
Northern Ireland, western Ireland, western Scotland, and southern Norway when the mito-
chondrial CR was analysed [44]. In addition, this has also been observed in large migrating
species: cod species inhabiting fjords showed significant population differentiation from
the offshore specimens living on the shelf [45,46].

The observed discrepancy between mitochondrial and nuclear markers is not unex-
pected, given that these genomic regions have markedly different evolutionary dynamics.
Mitochondrial DNA, with its rapid mutation rate, maternal inheritance, lack of recombina-
tion and smaller effective population size, often provides a sensitive signal of population
differentiation [47]. Conversely, nuclear DNA (nuDNA) markers can offer greater reso-
lution in detecting subtle or fine-scale patterns of genetic structure owing to their higher
levels of polymorphism and biparental inheritance [21,22,48].

The effectiveness of mitochondrial markers in detecting population differentiation is
attributable to two factors. Firstly, their lower effective population size [49], and secondly,
the faster genetic drift, coupled with a significantly higher mutation rate. The latter is
approximately five to ten orders of magnitude higher than that of nuDNA [50,51]. It has
been demonstrated that this process serves to enhance their discriminatory power [21,22].
Within the mtDNA, the CR is the most rapidly evolving region [52]. These findings
highlight the importance of considering both mitochondrial and nuclear markers to fully
resolve the population structure of P. bogaraveo.

Among the factors contributing to genetic differentiation in marine fish populations,
fishing pressure and resource exploitation, along with regional oceanographic features,
are particularly significant [48,53]. The Azores archipelago is recognised as a biodiversity
hotspot in the North Atlantic and has also been the focus of recent studies [54,55]. This
status is largely due to its geographical isolation, complex geomorphology related to
its volcanic origin, temperate climate and diverse habitats [56,57]. These characteristics
are reflected in the growing number of recorded endemic species and the discovery of
numerous cryptic or sibling species confined to the archipelago [58].

Although detailed information on the circulation around the Azores remains limited,
the observed genetic differentiation of P. bogaraveo populations in this region may be
strongly influenced by local oceanographic dynamics. Marine currents are known to
play a critical role in shaping gene flow, promoting homogenization among populations
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within the Mediterranean, while the Azores are subject to Atlantic currents with different
salinity, density, and temperature characteristics [59]. The structure and dynamics of
Azorean populations are particularly influenced by the Azores Front, which is associated
with the Azores Current. This acts as a barrier to gene flow through the Mediterranean
Outflow Waters (MOW), contributing to the genetic distinctiveness of Azorean populations
compared to those in the Mediterranean Sea [59]. Also relevant, the distance between the
Azores and the European mainland is likely too big for larvae before they arrive at the
size/age of bottom settlement, and is impeded by regional oceanography, triggering low
survival according to phenotypic—environment mismatches (PEM, selection bias survival
against exogenous colonisers [60]. Indeed, recent research by Nadal et al. (2022) [61]
supports this hypothesis and demonstrates that larval dispersal in P. bogaraveo is strongly
affected by the prevailing current patterns in the region, underlining the importance of
effective fish stock management for the conservation of the species.

Finally, the lack of genetic differentiation over the rest of the Atlantic and Mediter-
ranean samples must be attributed to two complementary processes: the large larval
dispersal and a common spawning migration strategy. Recent research on otoliths collected
in the known spawning area of the Gibraltar Strait showed contrasting otolith microchem-
istry composition in the core and the edge of otoliths, suggesting that these potential
migrations may also take place at regional scales [24]. In the aforementioned study, large
spatial segregation of the sampling was observed in otolith edge microchemistry, with the
lack of segregation shown by otolith core microchemistry pointing to a spawning location
with a common environmental signal, consistent with the hypothesis that the Strait of
Gibraltar is the site of a common spawning aggregation.

5. Conclusions

This study provides a comprehensive assessment of the genetic population structure
of P. bogaraveo across nearly its entire distribution range, spanning the Mediterranean
Sea to the eastern Atlantic. Our findings, which were based on a wide sampling effort
covering a large spatial scale, reveal broad genetic connectivity throughout the Atlantic—
Mediterranean region, most likely driven by larval dispersal, but also pinpoint the Azores
as a genetically distinct unit. These results emphasise the critical importance of integrating
both large-scale connectivity and localised divergence into future fisheries management
and conservation strategies.
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