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Abstract

The European seabass (Dicentrarchus labrax) is one of the most emblematic coastal fish
species in the Northeast Atlantic, with high commercial value for fisheries and aquaculture,
and importance for sport and recreational fishing. Despite its socio-economic importance,
the Iberian divisions, Cantabrian Sea (8c) and the Atlantic Iberian waters (9a), defined
by the International Council for the Exploration of the Sea (ICES), lack stock delimitation
data. Moreover, this species is missing basic biological information, a seasonal reproduc-
tive fishing ban, and the annual landings in this region are more than double the levels
recommended by ICES. To investigate the population structure of D. labrax in these areas,
140 adult individuals (36–51 cm of total length) were collected between January and March
2025 in three locations along the Atlantic coast of the Iberian Peninsula: Avilés (n = 47),
Peniche (n = 48), and Lagos (n = 45). Fish from each location were analyzed for body
geometric morphometrics (truss network) and otolith shape contour (Elliptical Fourier
Descriptors). Data were evaluated using univariate and multivariate tests to assess spatial
differences and reclassification success among locations. Results revealed regional differ-
ences using body morphometry and otolith shape analyses. The overall reclassification
success was 68% for truss networking, 51% for otolith shape, and 65% when both methods
were combined. Despite the observed differences, the absence of clear, isolated populations
supports the ICES definition of a single, though not homogeneous, European seabass stock
in the Atlantic Iberian coastal waters. Nevertheless, individuals from Avilés exhibited
distinctive morphometric patterns and otolith shapes, suggesting possible adaptations to
local selective pressures in slightly different environments. Further studies integrating
genetic tools, otolith chemistry, parasitic fauna and telemetry analyses, as well as other fish
samples from adjacent areas such as the Bay of Biscay, are recommended to achieve a more
comprehensive understanding of the population structure and migration patterns of this
key species in the Atlantic Iberian coastal waters.
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Key Contribution: The population structure of Dicentrarchus labrax along the Atlantic
Iberian coast was assessed using body morphometrics and otolith shape analyses, revealing
regional phenotypic differences with reclassification success rates up to 68%. Results
support a single but heterogeneous stock, with indications of local adaptation in Avilés fish
and the need for complementary research.

1. Introduction
The European seabass (Dicentrarchus labrax) is a widely distributed coastal fish that

inhabits most of the northeastern Atlantic, from Scotland and Scandinavia to the Canary
Islands and the Atlantic coast of Morocco, and also occurs throughout the Baltic, Mediter-
ranean and Black Seas [1–3]. Although primarily marine, adult D. labrax exhibits remarkable
ecological plasticity, tolerating a broad range of salinities from hyperhaline to brackish
waters with individuals that may migrate several tens of kilometres upstream into rivers [4]
and can even remain in freshwater habitats for over a year [5]. Vertically, the species
occupies depths from surface waters to more than 200 m, as shown by trawl catches and
electronic tagging data [6,7]. It can reach a total length of around 1 m, weigh more than
12 kg, and live for up to 30 years [1,8,9]. Females typically achieve larger maximum sizes
but exhibit slower growth rates than males. Growth rates are also influenced by water
temperature, with Mediterranean populations generally displaying faster growth than
those from the Atlantic [1,10].

Adult D. labrax typically spend the summer months in shallow coastal waters, where
they feed mainly on small fish and crustaceans [7,9,11]. The decrease in water temperature
in the winter triggers the migration of adults to deeper offshore waters, where they form
spawning aggregations and release pelagic eggs [1,6]. Following hatching, larvae drift in
open waters for up to several months, feeding on plankton while actively responding to
environmental cues that guide them toward coastal nursery habitats such as estuaries and
coastal lagoons [7,11,12]. Juveniles then settle in these sheltered areas, where they remain
up to age 2 to 5, depending on habitat characteristics, before gradually expanding their
range [1,9,10,13].

Despite the expansion of large-scale production of farmed D. labrax, wild-caught
individuals remain highly valued by both commercial and recreational fisheries, often
commanding prices up to three times higher than those of their farmed counterparts [14].
This high market value makes this species highly prized, with commercial landings in
Europe reaching €43.8 million at first sale, while the estimated economic value of recre-
ational fishing is approximately €356 million [14]. In the northeastern Atlantic, D. labrax
populations are managed by the International Council for the Exploration of the Sea (ICES),
which has defined four assessment units for this species: (1) West of Scotland and Ireland
(Divisions 6a, 7b,j), (2) North Sea, Channel, Celtic Sea, and Irish Sea (Divisions 4–7), (3) Bay
of Biscay (Divisions 8a–b), and (4) Atlantic–Iberian waters (Divisions 8c, 9a) [15]. Currently,
ICES provides scientific advice for only two of these population-units: the “northern”
stock (Divisions 4–7) and the “southern” stock (Divisions 8a–b) [16]. In northern Europe,
D. labrax populations have already undergone severe declines due to overfishing, driven
by both commercial and recreational sectors targeting spawning aggregations [17,18]. Al-
though management measures such as seasonal closures and catch limits have since been
implemented, recovery has remained slow [16]. In contrast, the Iberian D. labrax stock is
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still largely unassessed and unregulated. Classified as a “data-limited stock,” it has been
managed under a precautionary approach since 2014 [19]. However, annual landings in
ICES divisions 8c–9a have consistently exceeded the recommended limits, remaining above
the advised threshold for the past decade. In 2024, landings reached 846 tonnes, more than
twice the precautionary approach level of ≤382 tonnes per year [19]. Furthermore, there
are no enforced seasonal closures to protect the species during its breeding period. This
lack of data and proper stock management highlights the urgent need for more scientific
research to better evaluate and understand the dynamics of D. labrax populations in the
Atlantic waters of the Iberian Peninsula [19].

A critical component of this understanding involves unravelling the species’ popu-
lation structure, describing how individuals are organized and differentiated, shaped by
factors such as genetic diversity, morphology, and spatial distribution [18,20,21]. In fish
ecology, geographically isolated groups that exhibit distinct life-history or demographic
traits are recognized as separate stocks, which may have unique responses to environmental
variability, fishing pressure, and conservation measures [21,22]. Their stock identification
and independent assessment are therefore essential to ensure sustainable exploitation and
long-term population resilience [20,21]. Multiple approaches have been developed to assess
the spatial isolation in fish and to identify population units. Although genetic techniques
(e.g., mitochondrial DNA, nuclear markers, and single nucleotide polymorphisms [SNPs])
are widely used to define population boundaries, they are most effective when popula-
tions have experienced long-term reproductive isolation [18,21,23]. These techniques may
not always be able to discriminate among different fish stocks, as even a small degree
of mixing can be sufficient to homogenize genetic variation [24]. Consequently, pheno-
typic approaches, including body morphometrics, otolith shape and chemistry, parasite
assemblages, as well as fish tagging and telemetry, can offer more recent insights into fish
movements and population connectivity, providing a more accurate reflection of the current
stock structure [21,25,26]. These phenotypic methods are often more cost-effective and
sensitive to recent ecological differentiation that may not yet be reflected genetically [27–29].
Consequently, modern stock identification studies increasingly adopt holistic and mul-
tidisciplinary approaches that integrate multiple natural markers that provide different
perspectives on the population structure, thereby enhancing the likelihood of accurately
delineating different stocks [27,30,31].

Body and otolith phenotypic traits, initially assumed to be purely genetic [32], are now
recognized as products of both heredity and environmental influence [21,33]. When popu-
lations become geographically isolated or exposed to distinct environmental conditions and
selective pressures for enough time (e.g., water temperature and salinity or feeding regime),
they may develop body and otolith characteristics that, when quantified, serve as natural
tags of habitat use and population differentiation [21,27,34]. Both body morphometric
and otolith shape analysis are considered effective tools for fish-stock identification and
have proven successful in resolving fish-stock structure in high gene-flow systems, when
environmental heterogeneity exists [27,35,36]. The combined use of both tools proved to
provide a more complete view of the population structure in marine fish [27,31,37].

Several genetic studies (including microsatellites, SNPs, and genome-wide data) have
consistently shown that D. labrax is divided into two deeply divergent lineages: an Atlantic
lineage and a Mediterranean lineage, separated across the Almeria–Oran front. However,
little or no clear population genetic structure along the Northeast Atlantic range was found,
apart from weak signals in certain local areas. D. labrax in this region appears to form a
single genetically connected population (metapopulation), with high gene flow and weak
spatial structure [38–40]. Movements of D. labrax have been investigated around British
waters and the Bay of Biscay using a range of complementary approaches, including genetic
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analyses (microsatellites and SNP genotyping), otolith microchemistry (laser ablation), and
tagging techniques (mark–recapture and electronic tagging) [7,26,38]. Genetic markers sug-
gest long-term mixing among populations across this region, whereas phenotypic tools and
tagging have revealed that many individuals display site fidelity to both summer feeding
areas and winter spawning grounds [7,26]. Although D. labrax is generally considered a
partially migratory species, some individuals exhibit residency and spawn in coastal ar-
eas [1,7,26]. Further south, along the Iberian Peninsula, genetic analyses of juvenile seabass
from nursery grounds along the Portuguese coast revealed some population differentiation.
An allozyme-based study identified a distinct southern population (Faro coast) with allele
frequencies resembling those of Mediterranean samples, suggesting restricted gene flow
between northern and southern Portuguese locations [41]. The previous studies support
the use of complementary phenotypic indicators such as body morphology and otolith
shape in combination with ecological knowledge to assess population structure

To address the current knowledge gap and provide important scientific advice for
sustainable fisheries management, the present study investigated the population structure
and habitat use of D. labrax in Atlantic Iberian waters by applying two complementary
phenotypic approaches: (1) body geometric morphometrics using truss network analy-
sis and (2) otolith shape contour using elliptic Fourier descriptors. By integrating both
methods, this study aims to determine whether D. labrax individuals in the Atlantic waters
Iberian Peninsula constitute a single stock, or multiple partially isolated populations. The
results will provide critical insights to support ICES assessments and guide the sustainable
management of this currently unassessed division.

2. Materials and Methods
2.1. Fish Sampling

Adult individuals of D. labrax were collected at three locations along the Atlantic coast
of the Iberian Peninsula [Avilés (northern Spain), Peniche (central Portugal), and Lagos
(southern Portugal)] between January and March 2025 (Figure 1). Because only adult fish
were sampled and all collections occurred within a three-month window, short-term intra-
annual fluctuations in body morphology and otolith shape are expected to be negligible [42].
A total of 140 individuals were captured and used for body morphometric and otolith shape
and analyses: 47 from Avilés, 48 from Peniche, and 45 from Lagos (Table 1). Specimens were
captured by local small-scale fishers using longlines and gillnets and purchased at public
first-sale auctions, with landing sites corresponding to well-defined capture locations. This
sampling strategy minimizes potential overlap among areas. Although D. labrax can exhibit
seasonal movements, recent tagging and telemetry studies show that many individuals
display strong site fidelity to summer feeding and winter spawning areas, as well as region-
specific residency in coastal areas for extended periods [43,44]. These findings support the
assumption that the sampling regions used in this study can be treated as relatively discrete
for body and otolith shape comparisons, despite some seasonal movement. Following
landing, fish were stored in ice and immediately transported to the laboratory. Total length
(TL, ±0.1 cm) was recorded, and each individual was photographed with anatomical
landmarks indicated by pins for further geometric morphometrics analysis. Both sagittal
otoliths were extracted from the skulls using forceps, cleaned of adhering tissue, left to
dry, and stored in plastic tubes for later otolith shape analyses. Left and right otoliths
were distinguished according to the orientation of the sulcus acusticus and the rostrum [45].
Finally, fish were carefully dissected to remove the gonads for histology processing to
confirm the sex and maturity under microscope observation.
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Figure 1. Location of the Iberian Peninsula in the world map (black box) and the three sampling
locations (Avilés, Peniche and Lagos–coloured dots) in the Northeast Atlantic (main map) where
Dicentrarchus labrax individuals used in this study were caught between January and March 2025.

Table 1. Location, date of collection, sample size (n), total length (TL) (mean ± standard error)
and age (range) of Dicentrarchus labrax used for otolith shape and body morphometrics. Age was
estimated by counting the annual growth increments in otoliths using a stereomicroscope against a
dark background.

Location Date of Collection n TL (cm) Age (Years)

Avilés 14 January 2025 47 41.7 ± 0.3 3–5
Peniche 12 February 2025 48 44.3 ± 0.3 2–5
Lagos 25 March 2025 45 45.3 ± 0.5 2–4

2.2. Sex Determination

After dissection, gonads were carefully extracted and fixed in Bouin’s solution for 24h,
then stored in 70% ethanol until tissue processing. Samples were subsequently processed
with a tissue processor (Diapath, Donatello series 2, Martinengo, Italy) following classical
histological techniques, including dehydration in a graded ethanol series, clearing in xylene,
and impregnation in paraffin. Followed by embedding in paraffin (Leica, EG1140H, Wetzlar,
Germany), sectioning at 3 µm with a rotary microtome (Leica, RM2255, Wetzlar, Germany),
hematoxylin-eosin staining and slide mounting [46]. Sex identification was performed
by transmitted light optical microscopy (Olympus, CX41, Tokyo, Japan), coupled with a
USB camera (Olympus, SC30, Tokyo, Japan) based on the morphological characteristics
observed in histological sections, such as the presence of specific structures of testicular
tissue (seminiferous tubules, spermatogonia, spermatocytes, spermatozoa) or ovarian tissue
(oogonia, oocytes at different stages of development, follicles, theca, granulosa layer). The
classification of sexual development stage was carried out according to histological criteria
defined for Danio rerio adapted to the species under study [47]. All fish used in this study
were successfully sexed and confirmed as mature individuals (Figure 2).
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A B 

Figure 2. Representative examples of the histological classification system applied to the go-
nads of Dicentrarchus labrax, based on the defined criteria. Images were obtained by light mi-
croscopy at a total magnification of 40× using hematoxylin-eosin staining. Both specimens were
caught on 14 January 2025 in Avilés. (A) The female (ovaries) was 43.4 cm; (B) The male (testis)
measured 44.2 cm.

2.3. Body Geometric Morphometrics

The body morphometrics of D. labrax were analyzed using a Truss Network system
standard protocol [48]. This method was selected for its practical, non-destructive, and
sensitivity to subtle morphological variation between subpopulations [27–29]. It relies on
the definition of a series of homologous landmarks along the contour of the fish’s body
and measures the distances between them to quantify the overall body shape. For this
analysis, the left side of each fish was photographed from a fixed distance with the fins in
an extended position. A precise scale (10 mm) was included in the frame, and images were
captured using a Sony IMX363 high-resolution digital camera (CMOS, 12 MP sensor; image
resolution: 4032 × 3024 pixels; Sony Corporation, Tokio, Japan). A total of 14 anatomic
landmarks (Figure 3, Table 2) were defined in specific anatomic points, easily identifiable
in all fish, determining 29 distances (Figure 3, Table 2). Landmarks were performed on
the digital images using TpsUtil (ver. 1.83) and TpsDig2 (ver. 2.31). This is a user-friendly
interface that allows for precise placement and recording of the X and Y coordinates of each
landmark, enabling the construction of a truss network. Vertex positions were estimated
from the X and Y coordinates of all specimens using the least squares method [27–29].

Figure 3. Location of the 14 landmarks (numbers) in the fish’s left side and the corresponding
morphometric distances (dashed lines). For more information see also Table 2.
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Table 2. Body landmarks defined along the body contour of Dicentrarchus labrax and morphometric
distances used for the body shape analysis. For more details, please see also Figure 3.

Body Landmarks

Number Location

1 Anterior tip of the mouth
2 Most posterior aspect of neurocranium
3 Anterior insertion of the 1st (spiny) dorsal fin
4 Posterior insertion of the 1st (spiny) dorsal fin
5 Anterior insertion of the 2nd (soft-rayed) dorsal fin
6 Posterior insertion of the 2nd (soft-rayed) dorsal fin
7 Dorsal insertion of the caudal fin
8 Posterior margin of the caudal peduncle
9 Ventral insertion of the caudal fin
10 Posterior insertion of the anal fin
11 Anterior insertion of the anal fin
12 Posterior insertion of the pelvic fin
13 Anterior insertion of the pelvic fin
14 Ventral insertion of the operculum
Morphometric Distances

Number Landmarks Description
D1 1 to 2 Head length
D2 1 to 14 Maxilla length

D3 2 to 3 Distance from the most posterior aspect of
neurocranium to the 1st dorsal fin

D4 2 to 13 Posterior height of head
D5 2 to 14 Anterior height of head
D6 3 to 13 Anterior body height

D7 3 to 14 Distance from the posterior tip of the mouth to the
anterior insertion of the 1st dorsal fin

D8 13 to 12 Length of pelvic fin
D9 13 to 14 Distance from maxilla to pelvic fin
D10 3 to 4 Length of 1st (spiny) dorsal fin

D11 3 to 11 Distance between the origin of 1st dorsal fin and
the origin of anal fin

D12 3 to 12 Distance from the anterior insertion of the (spiny)
dorsal fin to the posterior insertion of the pelvic fin

D13 4 to 11 Posterior body height

D14 4 to 12 Distance from the anterior insertion of the caudal
fin to the anterior insertion of the 2nd dorsal fin

D15 11 to 12 Distance between pelvic fin and anal fin
D16 4 to 5 Distance between 1st and 2nd dorsal fins
D17 5 to 6 Length of 2nd dorsal fin
D18 5 to 10 Anterior diagonal height of posterior body

D19 5 to 11 Distance from the anterior insertion of the anal fin
to the anterior insertion of the 2nd dorsal fin

D20 6 to 10 Anterior caudal peduncle height

D21 6 to 11 Distance from the anterior insertion of the anal fin
to the posterior insertion of the 2nd dorsal fin

D22 10 to 11 Length of anal fin
D23 6 to 7 Distance between 2nd dorsal fin and caudal fin
D24 6 to 9 Anterior diagonal of caudal peduncle
D25 7 to 9 Posterior caudal peduncle height
D26 7 to 10 Posterior diagonal of caudal peduncle
D27 9 to 10 Distance between anal fin and caudal fin

D28 7 to 8 Distance between the dorsal insertion of caudal fin
and the posterior end of vertebrate column

D29 8 to 9 Distance between the ventral insertion of caudal
fin and the posterior end of vertebrate column
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2.4. Otolith Shape Contour

The otolith shape contour was analyzed using elliptical Fourier descriptors (EFD)
which quantifies the otolith outline as a closed curve and decomposes it into a set of
harmonics that summarize its geometry across multiple scales and orientations [27,29,30].
This method offers a straightforward semi-automated implementation and has demon-
strated high discriminatory capacity in distinguishing fish stocks [27,29,30]. Bilateral
asymmetry in otolith shape is very unlike for D. labrax. A mixed-effects model de-
tected no significant directional asymmetry differences between left and right otolith
shape using EFD after 100 days post-hatching in D. labrax [49]. Consequently, all left
sagittae were photographed, positioned with the sulcus acusticus facing up and the rostrum
pointed to the left (Figure 4A). Pictures were taken under reflected light against a dark
background using a Sony IMX363 high-resolution digital camera at 5× magnification
(CMOS, 12 MP sensor with an image resolution of 4032 × 3024 pixels. Sony Corpora-
tion, Tokyo, Japan). The black and white contrasts to binary digital images (Figure 4B)
were obtained using the free software Paint 3D (v.2024.2410.13017.0). The programme
Shape v.1.3 was used to extract the otolith contour and to determine the number of EFD
required to adequately describe the otolith outline [27,29,30]. The software generated
20 harmonics, each containing four coefficients (a, b, c and d), resulting in a total of
80 EFD (20 harmonics × 4 coefficients). The harmonics for each otolith were normalized
to the first harmonic to ensure invariance with respect to otolith size [27,50,51]. Conse-
quently, the first three coefficients (a1, b1 and c1) were considered invariant and have
been excluded. The first 6 harmonics (excluding coefficient d6) reached 95% of the cumu-
lative power indicating that the otolith shape contour could be summarized by 20 EFD
[i.e., 6 (harmonics) × 4 (coefficients: a, b, c and d) − 3 (a1, b1, c1) − 1 (d6)]. Mean otolith
outlines were quantified using standardized EFD (Figure 4C).

2.5. Statistical Analyses

Raw data were checked for normality (Shapiro–Wilk’s test), variance homogeneity
(Brown Forsythe’s test) and equal within-group covariance matrices (inspection of discrim-
inant function scores) [52]. For morphometric distances, the potential effects of fish size
were assessed before spatial comparisons. The relationship between each distance (D) and
total length (TL) was tested with One-Way Analysis of Co-variance (ANCOVA), revealing
significant positive correlations (p < 0.05). Location was treated as a fixed factor, and TL as a
covariate. The morphometric distances were corrected to eliminate any variation resulting
from allometric growth. Thus, the following transformation was used:

TD = 10ˆ[log(D) − β [log(TL) − log(TLmean)]

where TD is the transformed distance, D is the original distance, β is the slope of the
regression of log(D) on log(TL), TL is the total length of the individual, and TLmean is
the overall mean total length for all locations [53]. The effect of sex on the variation in
morphometric distances (TD) within locations was first assessed using a Two-Way Analysis
of Variance (ANOVA) with location and sex as factors. Significant influence of sex for TD6,
TD10, TD12 and TD14 was verified (p < 0.05) and therefore these distances were removed
from subsequent analyses. The same analysis was applied to the elliptic Fourier descriptors
(EFD); however, no significant effect of sex was detected for any descriptor (p > 0.05), and
therefore all EFD were retained for subsequent analyses. One-Way Analysis of Variance
(ANOVA) was used to explore differences in TD and EFD among locations. If significant
differences were found (p < 0.05), this was followed by a Tukey pairwise post hoc test.
Multivariate Analysis of Variance (MANOVA) was used to test for spatial differences in
TD, EFD and both combined. For the MANOVA, the approximate F-ratio statistic for the
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most robust test of multivariate statistics (Pillai’s trace) was reported. Post hoc multivariate
pairwise comparisons between regions were performed using Hotelling’s T2 test. Linear
Discriminant Function Analysis (LDFA) was applied to visualize spatial differences, and
the correct re-classification of individuals to their original sampling location was evaluated
using a jackknifed re-classification matrix [27,30,36]. All these statistical analyses were
performed using Systat (ver. 13.0), Sigmaplot (ver. 16.0) and Past (ver. 4.03). The statistical
level of significance (α) was 0.05.

 

 

 

A 

B 

C 

Figure 4. Left sagittal otolith of Dicentrarchus labrax. (A) original photograph; (B) corresponding
binary digital image; (C) Averaged outline contour for each location. Avilés (AV: red line); Peniche
(PE: blue line); Lagos (LA: green line).

3. Results
3.1. Body Geometric Morphometrics

Univariate tests showed significant differences in body morphology between at least
two of the regions for 16 out of 25 distances (29 initial − 4 which sex influenced significantly)
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(One-Way ANOVA followed by a Tukey test, p < 0.05). Two measurements (TD1 and TD3)
presented significant differences among all sampling locations and three measurements
differed Avilés from all other locations (TD8, TD9 and TD24) (Table 3).

Table 3. Results from the univariate statistics of the transformed body-morphometric distances and
elliptical Fourier descriptors calculated for Dicentrarchus labrax. Values are presented as mean ±
standard error. For each row, variables showing different superscript letters among locations indicate
significant statistical differences (One-Way ANOVA, followed, if needed, by a post hoc pairwise
Tukey test p < 0.05).

Avilés Peniche Lagos

Transformed Distances

TD1 9.68 ± 0.11 a 8.86 ± 0.08 b 9.23 ± 0.11 c

TD2 8.39 ± 0.11 a 8.52 ± 0.08 ab 8.82 ± 0.08 b

TD3 5.50 ± 0.07 a 6.11 ± 0.05 b 5.91 ± 0.05 c

TD4 9.56 ± 0.07 a 9.63 ± 0.06 a 9.64 ± 0.06 a

TD5 7.82 ± 0.06 a 7.54 ± 0.04 b 7.70 ± 0.05 ab

TD7 10.75 ± 0.08 a 10.50 ± 0.05 b 10.54 ± 0.06 ab

TD8 1.90 ± 0.03 a 2.20 ± 0.05 b 2.23 ± 0.04 b

TD9 4.85 ± 0.07 a 4.35 ± 0.08 b 4.47 ± 0.05 b

TD11 15.43 ± 0.10 a 15.95 ± 0.13 a 15.51 ± 0.08 a

TD13 9.41 ± 0.07 a 9.74 ± 0.09 b 9.62 ± 0.07 ab

TD15 12.37 ± 0.1 a 12.19 ± 0.22 a 11.99 ± 0.09 a

TD16 1.09 ± 0.04 a 1.08 ± 0.06 a 1.21 ± 0.06 a

TD17 6.91 ± 0.07 a 7.26 ± 0.14 b 7.22 ± 0.06 ab

TD18 10.23 ± 0.08 a 10.46 ± 0.05 b 10.30 ± 0.06 ab

TD19 8.99 ± 0.07 a 9.41 ± 0.11 b 9.21 ± 0.06 ab

TD20 5.26 ± 0.05 ab 5.51 ± 0.14 a 5.19 ± 0.04 b

TD21 7.82 ± 0.06 a 8.45 ± 0.03 a 8.10 ± 0.06 a

TD22 4.95 ± 0.05 a 5.28 ± 0.16 a 5.12 ± 0.06 a

TD23 6.66 ± 0.10 a 6.40 ± 0.09 ab 6.31 ± 0.07 a

TD24 8.19 ± 0.10 a 7.87 ± 0.06 b 7.80 ± 0.07 b

TD25 4.36 ± 0.05 a 4.27 ± 0.07 a 4.44 ± 0.04 a

TD26 7.40 ± 0.08 a 7.42 ± 0.12 a 7.37 ± 0.07 a

TD27 5.70 ± 0.07 a 5.43 ± 0.05 b 5.50 ± 0.08 ab

TD28 2.95 ± 0.03 a 3.00 ± 0.02 a 2.92 ± 0.03 a

TD29 2.95 ± 0.03 a 3.13 ± 0.04 a 3.00 ± 0.03 a

Elliptical Fourier Descriptors

D1 0.0014 ± 0.0036 a 0.0020 ± 0.0036 a −0.00262 ± 0.0042 a

A2 0.0019 ± 0.0039 a 0.0033 ± 0.0033 a −0.00548 ± 0.0032 a

B2 −0.0057 ± 0.0039 a 0.0009 ± 0.00211 ab 0.0052 ± 0.0027 b

C2 −0.0052 ± 0.0020 a −0.0007 ± 0.0022 a 0.0066 ± 0.0024 b

D2 0.0009 ± 0.0017 a 0.0008 ± 0.0015 a −0.002 ± 0.0021 a

A3 0.0030 ± 0.0012 a −0.0031 ± 0.0013 b 0.0003 ± 0.016 a

B3 0.0007 ± 0.001 a 0.0008 ± 0.0019 a −0.0013 ± 0.0014 a

C3 −0.0003 ± 0.0010 ab −0.0023 ± 0.0009 a 0.0028 ± 0.0013 b

D3 −0.0012 ± 0.0009 a 0.0010 ± 0.0012 a 0.0001 ± 0.0009 a

A4 −0.0018 ± 0.0009 a 0.0009 ± 0.0008 a 0.0009 ± 0.0010 a

B4 −0.0002 ± 0.0009 a 0.0004 ± 0.0010 a 0.0003 ± 00008 a

C4 0.010 ± 0.0007 a 0.0001 ± 0.0008 a −0.0011 ± 0.0010 a

D4 0.0011 ± 0.0006 a −0.0009 ± 0.0007 a −0.0002 ± 0.0008 b

A5 0.0013 ± 0.0006 a 0.0007 ± 0.007 a −0.0021 ± 0.0007 b

B5 −0.0001 ± 0.0008 a −0.0002 ± 0.0006 a 0.0002 ± 0.0006 a

C5 0.0014 ± 0.0006 a −0.0007 ± 0.0006 b −0.0008 ± 0.0007 b

D5 0.0002 ± 0.0005 a 0.0001 ± 0.0005 a −0.0004 ± 0.0007 a

A6 0.0006 ± 0.0006 a −0.0004 ± 0.0006 a −0.0002 ± 0.0005 a

B6 −0.0003 ± 0.0005 a −0.0001 ± 0.0005 a 0.0004 ± 0.0006 a

C6 0.0004 ± 0.0004 a −0.0007 ± 0.0006 a 0.0003 ± 0.0006 a
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MANOVA statistical tests performed on the TD presented significant differences
among the sampling locations (Pillai’s Trace: F-ratio = 4.864, p < 0.05).

The plot obtained in the LDFA showed a significant overlap of individuals from all
locations (Figure 5A). The jackknife matrix indicated an overall modest reclassification score
of 68%. Samples from Lagos exhibited the lowest score with 56% reclassification, whereas
Peniche and Avilés displayed highest accuracies with 71% and 77%, respectively (Table 4).

A B C 

Figure 5. Linear Discriminant Function Analysis (LDFA) plots displaying spatial differences for
(A) truss network (Transformed Distances), (B) otolith shape (Elliptical Fourier Descriptors) and
(C) both approaches combined from Dicentrarchus labrax. Ellipses represent 95% confidence intervals
around the data, and each data point represents an individual fish. Locations: Avilés (red circles),
Peniche (blue crosses) and Lagos (green plus signs).

Table 4. Jack-knifed cross validation re-classification matrix following a linear discriminant function
analysis based on body truss network (Transformed Distances, TD), otolith shape contour (Elliptical
Fourier Descriptors, EFD), and the combination of both approaches (TD + EFD) for Dicentrarchus
labrax individuals

Original Location Predicted Location

TD Avilés Peniche Lagos %Correct

Avilés 36 4 7 77
Peniche 3 34 11 71
Lagos 11 9 25 56
Total 50 47 43 68

Original Location Predicted Location

EFD Avilés Peniche Lagos %Correct

Avilés 29 14 4 62
Peniche 13 17 18 35
Lagos 5 14 26 58
Total 47 45 48 51

Original Location Predicted Location

TD + EFD Avilés Peniche Lagos %Correct

Avilés 34 9 4 72
Peniche 6 28 14 58
Lagos 5 11 29 64
Total 45 48 47 65
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3.2. Otolith Shape Contour

Univariate tests (One-Way ANOVAs, p < 0.05) showed significant differences in otolith
shape among locations for 7 EFD (b2, c2, a3, c3, a5 and c5). Two EFD differed Lagos from
all other locations (c2 and a5); no measurements differentiated Peniche or Lagos from the
other locations (Tukey tests, p < 0.05) (Table 3). MANOVA statistical tests performed on
the EFD presented significant differences among the sampling locations (Pillai’s Trace:
F-ratio = 2.951, p < 0.05). The plot obtained in the LDFA showed a significant overlap
of individuals from all locations (Figure 5B). The jackknife matrix indicated an overall
score of 51% reclassification. Samples from Lagos exhibited the lowest reclassification
score with 35%, whereas Peniche and Avilés displayed better accuracies with 58% and 62%,
respectively (Table 4). The mean otolith contour image (Figure 4C) displays the averaged
otolith shapes for each location. Avilés’ contour is slightly narrower along the horizontal
axis (0–180◦) and taller along the vertical axis (90–270◦) compared to Lagos’, which is wider
left–right and shorter vertically.

3.3. Combination of Both Approaches

The combination of both TD and EFD resulted in an overall reallocation of 65%
(Table 4). The best reclassification was for Avilés with 72%, while the lowest was obtained
for Peniche (58%). The LDFA plot shows no overlap between Avilés and the other locations
(Figure 5C) despite the decrease in correct reallocation (Table 4). MANOVA statistical test,
followed by Hotelling’s T2 (p < 0.05) performed on the combination of data presented
significant differences between all locations (Pillai’s Trace: F ratio = 3.995, p < 0.001).

4. Discussion
The phenotypic indicators used in this study, namely body morphometrics and

otolith shape, are cost-effective, relatively easy to observe, and require minimal equip-
ment, while providing objective and reproducible data for detecting population differ-
entiation [27,29,37]. Body truss network analysis captures overall body shape variation
and enables quantitative comparisons among populations; however, body morphome-
tric traits may be influenced by phenotypic plasticity and environmental conditions,
potentially reflecting morphological differences not solely driven by genetic differentia-
tion [27,35,54]. Otolith shape analysis allows fine-scale discrimination among popula-
tions and is relatively stable over an individual’s lifetime, although otolith morphology
can also be affected by environmental factors experienced during growth [33,36,55].
Both methods require standardized measurement protocols, adequate sample sizes,
specialized imaging, and complex statistical analyses. Despite these limitations, the
combined use of body morphometric and otolith shape contour analyses provides a
complementary and robust framework that integrates external and internal phenotypic
signals, enhancing the reliability of population structure assessment and making these
approaches suitable for large-scale or preliminary investigations [27,31,37].

Previous studies have investigated Dicentrarchus labrax population structure in the
northern ICES divisions and in the Bay of Biscay using tagging, genetic and otolith ele-
mental analyses [7,26,43]. These studies showed that it is a highly mobile species capable
of long-distance migrations, yet individuals often display strong site fidelity to winter
spawning and summer feeding areas, with evidence also suggesting natal homing [7,26].
Tagging and recapture studies point to the existence of two distinct stocks: one in the
Bay of Biscay and another encompassing the English Channel and the Celtic Sea around
the UK coasts [7,26,43,56–58]. Genetic studies of D. labrax in the Northeast Atlantic have
consistently reported very low levels of genetic differentiation among sampling locations,
indicating that populations within this region form a largely genetically connected metapop-
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ulation, with only subtle signals of regional differentiation [38–41,56]. Nevertheless, minor
local differences and introgression gradients have been detected, highlighting that neutral
genetic structure alone may not fully capture demographic or phenotypic variation. This
low level of genetic spatial differentiation therefore supports the use of complementary,
heterogeneous phenotypic indicators to investigate population structure. Indeed, genetic
markers primarily reflect evolutionary and long-term gene flow, integrating population
connectivity over multiple generations and often showing limited sensitivity to recent
or short-term demographic processes. In contrast, phenotypic indicators can respond to
environmental conditions and developmental processes within an individual’s lifetime,
thereby capturing more recent or contemporary population structuring [21,22]. As noted
above, the Iberian divisions (8c, 9a), which are generally assumed to represent a single
stock, remain largely unassessed [19].

The body shape analyses found differences in fish collected from different locations. It
was verified that fish from Avilés exhibited a longer and taller head, contrary to Peniche’s
fish that had the smallest and shortest head (TD1 and TD5, respectively) (Table 3). In-
terestingly, Avilés’ fish, despite a larger head, had the shortest maxilla, whereas Lagos
fish had the longest (TD2) (Table 3). These differences could reflect local prey availability,
as head morphology is often linked to feeding strategies [27,59,60]. Similar ecological-
driven morphological variation has been observed in other species like Sparids [59] and
pelagic fish such as mackerel and the blue jack mackerel [27,60]. Upwelling regimes differ
markedly along the Atlantic Iberian coast, particularly between the Cantabrian Sea, the
western Portuguese coast, and the Gulf of Cádiz, leading to regional differences in food
availability and prey composition [61,62]. Such environmental contrasts provide a plausible
ecological explanation for the head and mouth morphological divergence observed in the
present study. Fish from Aviles had narrower second dorsal fins, and a shorter distance
to the anal fin (TD13, TD17, TD18, and TD19), whereas Peniche fish had wider second
dorsal fins (TD17) and a taller body (TD13, TD18 and TD19) (Table 3). Caudal traits also
differed, with Avilés fish having longer tails (TD23, TD24, and TD27) (Table 3). Differences
associated with fins and tail size are often associated with habitat hydrodynamics, fish with
a streamlined morphology and deeper caudal peduncles exhibit enhanced capability to
counter hydrodynamic resistance within fast-flowing water [63–66]. Contrary to the south
of the Iberian Peninsula, the Cantabrian Sea, is influenced by strong tidal and wind-driven
currents [67–69], possibly selecting for fast, efficient swimmers with deep caudal peduncles.
Despite the overall percentage of correct reclassification being relatively low (51%) (Table 4)
and some overlap of the individuals of each location in the LDFA graph (Figure 5A), the
MANOVA revealed significant differences among all locations (Hotelling’s T2, p < 0.05).
Fish from Avilés and Lagos showed the highest level of separation, as only a few indi-
viduals were misclassified between these two locations in the jackknife reclassification
matrix (Table 4).

Otolith shape undergoes clear modifications during ontogeny, with the specific pattern
of change strongly influenced by environmental conditions [27,51,70]. Factors such as
habitat use, food availability, and temperature can affect otolith morphology beyond
simple size differences [51,70,71]. Studies have shown that somatic growth rates are closely
linked to otolith shape: faster-growing fish (i.e., greater length at age) tend to develop
more elongated and narrow otoliths with pronounced rostrum and postrostrum, whereas
slower-growing individuals display shorter, wider shapes [51,70,71]. Fish from colder
waters (Avilés ~15 ◦C) are expected to grow slower and therefore develop more elongated,
narrow otoliths, while individuals from Lagos (~19 ◦C) growing faster and consequently
having shorter, wider otoliths, with fish from Peniche (~16 ◦C) displaying intermediate
characteristics (mean annual sea surface water temperatures obtained from [72]). This
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theoretical growth rate difference was represented in the mean otolith shape (Figure 4C).
This suggests that fish were exposed to environmental conditions for sufficient time for
these variables to be reflected in their growth rate and consequently in the otolith phenotype.
Despite MANOVA indicating differences between otolith shapes of all locations (Hotelling’s
T2, p < 0.05), the variation in otolith morphology across locations was relatively minor
(Figure 4C) showing spatial differences in 7 out of the 20 analyzed EFD (Table 3) and
high overlap in the LDFA graph (Figure 5B). This indicates some degree of connectivity
among populations, which may act to homogenize otolith shape [27,37,71]. Similar studies
along the Portuguese coast in both pelagic and demersal fish have also reported minor
otolith shape variation across locations [27,30,36]. Studies along the Iberian and Northeast
Atlantic coasts generally interpret otolith-shape differences among regions as the result
of environmentally driven phenotypic plasticity rather than neutral genetic divergence.
Spatial variation in temperature, upwelling intensity, productivity, and prey availability
influences growth rates and metabolic processes during early life and juvenile stages,
which are known to affect otolith accretion and shape [73–75]. Consequently, otolith
morphology can retain a regional signature reflecting local growth and feeding conditions,
even in species with high dispersal potential and weak genetic structure, consistent with
the patterns observed in the present study.

Combining body morphometrics and otolith shape analyses, the LDFA plot showed
a better visual isolation of fish from Avilés (Figure 5C). These results indicate a greater
isolation between fish from the north and from the south since there was very low reallo-
cation of Aviles to Lagos and vice versa (Table 4) with Peniche acting as an intermediate
population. Despite this, the overall reclassification accuracy slightly decreased (Table 4).
In fact, for Peniche and Avilés, the highest reclassification success was achieved using body
shape alone (71% and 77%, respectively) whereas otolith shape gave the lowest scores (35%
and 62%) (Table 4). Lagos was the only location where the combined approach enhanced
accuracy (64%) relative to individual methods (Table 4). The absence of a significant im-
provement may indicate that, in Iberian fish samples, environmental and genetic variation
could be more reflected in external body morphology than in otolith shape contour. Similar
results were also observed in other marine fish such as Trachurus picturatus and Scomber
colias, where body morphometrics showed greater discrimination than otolith shape [27,31].
Several studies on marine fishes have shown that phenotypic markers such as body mor-
phometrics and otolith shape can reveal spatial structure not detected by neutral genetic
markers, particularly when gene flow is high or when genetic sampling uses markers with
limited resolution: direct comparison of microsatellite results and body-shape landmarks
in Altolamprologus compressiceps revealed that morphological differentiation was stronger or
more spatially structured than neutral genetic markers [76]; otolith-shape analyses have
identified potential stock units for Dentex dentex while microsatellite analyses reported
little or no differentiation [73]; and otolith the analysis and body morphometrics have
shown the presence of, at least, three different population-units of Trachurus picturatus in
the NE Atlantic Ocean when preliminary MtDNA markers indicated the absence of genetic
structure among populations [36,54,60]. Otolith morphology and body shape integrate on-
togenetic and environmental history (temperature, growth rates, salinity) and therefore may
reflect recent or ecologically driven divergence, whereas traditional neutral genetic markers
typically record longer-term connectivity [24]. This complementarity means phenotypic
methods are especially useful to detect ecologically meaningful population structure or
recent isolation, however results must be interpreted with caution because otolith and body
shape are influenced by age, size, year-class and local environment; temporal replication
and controlling for covariates are therefore recommended.
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5. Conclusions
Effective population management and monitoring are essential to ensure adequate

management frameworks to guide decision-making for environmentally and socio- eco-
nomically sustainable D. labrax fisheries. Currently, catches of the European seabass
in Iberian Peninsula water greatly exceed ICES advice. It is considered a data-limited
species, lacks protective measures during the breeding season when it is particularly
vulnerable to fisheries targeting spawning aggregations, and there is no stock assessment
or management measures other than a minimum legal landing size of 36 cm TL and min-
imum mesh sizes for nets. This study, integrating geometric morphometrics and otolith
shape analyses, supports ICES’s designation of a single but not entirely homogeneous
fish stock across the Iberian divisions (8c, 9a), with some regional differentiation likely
driven by environmental and ecological factors. Although year-class effects cannot be
entirely excluded, the consistency of regional discrimination across phenotypic markers
supports the interpretation of environmentally mediated population structuring. To
refine this assessment, future research should incorporate complementary approaches
for better monitoring, such as genetic analyses, tagging and telemetry (acoustic or RFID
tags), otolith chemistry, and parasite assemblages, considering a systematic sampling
and collection of data over time.
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The following abbreviations are used in this manuscript:

ANCOVA One-way Analysis of Covariance
ANOVA One-way Analysis of Variance
D Distance
DNA Deoxyribonucleic Acid
EFD Elliptical Fourier Descriptor
ICES International Council for the Exploration of the Sea
LDFA Linear Discriminant Function Analysis
MANOVA Multivariate Analysis of Variance
MP Megapixels
N Sample Size
RFID Radio-Frequency Identification
SNP Single Nucleotide Polymorphism
TL Total Length
TD Transformed Distance
UK United Kingdom
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