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Population-level shape variation
and otolith asymmetry in Diplodus
annularis
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Sound detection in fishes relies on the inner ear and peripheral structures, such as calcareous otoliths,
which play a crucial role in perceiving movement, orientation, and balance. Otoliths, in particular,
respond to various environmental factors including temperature, salinity, and food availability, making
them valuable indicators of ecological conditions. This study applies geometric morphometrics (GMM)
to analyze the otolith shape of Diplodus annularis (Linnaeus, 1758) from two distinct populations
located in the Gulf of Asinara (Porto Torres, Sardinia) and the northern Adriatic Sea (Le Tegnue). By
using GMM techniques, precise and quantifiable differences in otolith morphology were revealed
between the two populations, demonstrating significant shape variation. In addition, fluctuating
asymmetry (FA), which serves as a marker for developmental stability and environmental stress, was
assessed. The results show marked disparities in FA between the populations: samples from Porto
Torres exhibited posterior asymmetry, while samples from Le Tegnue showed asymmetry in the
anterior region of the otoliths. These findings underscore the sensitivity of GMM in detecting even
subtle morphological differences, making it a powerful tool for studying environmental and genetic
influences on marine species.

Keywords Mediterranean Sea, Sagittae, Geometric morphometrics, Intraspecific variation, Annular
seabream.

Sound detection in fishes relies on the inner ear, and in certain species, additional peripheral structures
that improve sound detection. The inner ear in fishes is similar to that of other vertebrates, containing three
semicircular canals and three otolithic organs: the utricle, lagena, and saccule (see Fig. 1lin?). Otoliths are
calcareous structures that move in response to gravitational forces or accelerations, stimulating the underlying
hair cells and allowing the animal to perceive its position and movement. The otoliths of teleosts grow by the
addition of concentric layers of calcareous crystals, the number of which can be used as an indication of the
animal’s age’. Moreover, otoliths exhibit characteristic shapes in different species and even among populations of
the same species4’5. In fact, otoliths record information about the environmental context in which the fish lives,
as their growth and composition can be influenced by various environmental factors such as water temperature,
food availability, and the presence of pollutants®-¢. Therefore, by studying the characteristics of otoliths, such
as their shape and the composition of their layers, it is possible to obtain insights into environmental conditions
and the variations that have occurred over time!”~1%.

Morphometry involves quantitatively describing, analyzing, and interpreting shape and its variations®,
which has become a significant focus in biology. This has led to the development of various qualitative/
quantitative and comparative analyses on anatomical structures, benefiting evolutionary biology and ecology
studies?!-2%, Traditional morphometry, which considers aspects like lengths, widths, angles, and areas®, has
limitations such as high autocorrelation of measurements and struggles in identifying causes for shape change?.
This has spurred a revolution in morphometric investigation techniques since the early 1980s?*%’. Strauss and
Bookstein®® highlighted the limitations of traditional approaches, emphasizing the importance of focusing on
geometric relationships between variables based on ontogenetic models.
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Von Bertalanffy Growth Model with 95% Confidence Interval — D. annularis Porto Torres
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Fig. 1. Growth curve with 95% confidence interval for the Diplodus annularis population from Porto Torres.
X-axis = age; Y-axis = total length.

Geometric morphometrics and otoliths

As the name suggests, geometric morphometrics (GMM) focuses on the geometric relationships of homologous
points, known as landmarks, and has seen significant growth in usage in biological sciences, as evidenced by the
increasing relevance of related keywords in scholarly searches. Its applications range from studying intraspecific
and interspecific shape variability?**°to phylogeography**?and surveys on biological structure asymmetry,
which may indicate intrinsic or extrinsic perturbations in the ontogenetic process®. In this context, several
authors have proposed fluctuating asymmetry as an indicator of either environmental or genetic stresses®>.
However, the presence of fluctuating asymmetry, at both the population and individual levels, does not
necessarily imply an adaptive advantage. Conversely, other types of asymmetries, such as directional asymmetry
and antisymmetry, are considered adaptive®®. Geometric morphometrics has proven to be highly suitable for
quantifying even minor variations and shape differences with greater accuracy when compared to traditional
morphometric approaches>®7.

Various tools are available for analyzing geometric variables in two and three dimensions, using Cartesian
coordinates of features like landmarks, curves, and outlines. These methods typically transform these features
into shape coordinates, allowing for analysis using traditional statistical tools. Alternatively, some methods,
such as Euclidean Distance Matrix Analysis (EDMA), transform data into a matrix of distances between
variables. In geometric morphometrics landmarks are commonly used for shape analysis, employing Procrustes
superimposition to standardize structures based on landmark positions, minimizing differences in orientation,
position, and size for shape analysis®**.

Different methods are used for analyzing curves and outlines. Semi-landmarks, positioned at intervals along
curves between two landmarks*®*!, are commonly employed for outline analysis, despite lacking biological
meaning’?. They are treated similarly to normal landmarks using Procrustes superimposition. Fourier
analysis**describes outline coordinates using harmonic functions, while Eigenshape**~*converts coordinates
into angle lists for analysis. However, outline/curve analysis is criticized for its lack of biological homology
among single point coordinates?”. On the other hand, using GMM with landmarks and semi-landmarks
offers advantages over Fourier transformations in shape analysis***”. GMM can detect even subtle shape
variations***and is more intuitive for interpreting results. Unlike Fourier analysis, which distributes local shape
information across multiple harmonic functions®®, GMM enables decomposition into both global and local
components of variation, facilitating graphical display and enhanced understanding of shape differences.

Traditional shape analyses of otoliths involve outline extraction techniques initially transformed into
harmonic functions via Fourier transformation**->2. Over time, there’s been a shift towards landmark-based
analyses, refined with semi-landmarks for improved accuracy’®33-%, This transition has led to the adoption
of GMM methods, emphasizing a reduced number of landmarks and semi-landmarks along otolith outlines.
However, most GMM studies focus on shape discrimination rather than asymmetry. Palmer et al.%! pioneered
the use of GMM for studying otolith asymmetries, integrating landmarks (N=2) and semi-landmarks (N=29).
Prior studies mainly relied on traditional morphometry®-°or outline transformation methods®®-°,
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Von Bertalanffy Growth Model with 95% Confidence Interval — D. annularis Le Tegnue
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Fig. 2. Growth curve with 95% confidence interval for the Diplodus annularis population from Le Tegnue.
X-axis = age; Y-axis = total length.

Growth Parameters for D. annularis

Population |Le | p-value | K p-value | t, p-value
Porto Torres | 15.08 | <2e-16 | 0.36 | 0.0038 | -1.68 | 0.0735
Le Tegnue 19.21 | <2e-16 | 0.32 | 0.0010 | —2.89 | 0.0001

Table 1. Growth parameters of the Von Bertalanffy function for the two populations of D. Annularis.
L oo =asymptotic length; K = growth coefficient; t0 =length at time 0.

Background of the study and goals

This study is embedded within the broader framework of long-term marine monitoring initiatives led by ISPRA
(Ttalian Institute for Environmental Protection and Research). ISPRA has been involved in various monitoring
programs across the Mediterranean, aimed at assessing the status and trends of marine habitats and species.
These programs have facilitated the collection of numerous Diplodus annularis (Linnaeus, 1758) specimens
over time, providing a valuable resource for comparative morphological studies. The current study focuses
on the detailed morphological analysis of otoliths in D. annularis, using geometric morphometrics (GMM)
to assess shape variation and otolith fluctuating asymmetry (FA). Through a combination of landmark-based
and outline analyses, this research aims to provide a comprehensive qualitative and quantitative framework for
understanding otolith size, shape variation, and asymmetry in this species. Additionally, through the analysis of
shape variation and otolith FA, two populations of D. annularis inhabiting two highly different environmental
contexts will be compared. By leveraging advanced morphometric techniques, the study sets the groundwork for
future shape-based comparisons and analyses of D. annularis populations.

Results

Biological data: Von Bertalanffy growth curve

Differences in somatic growth between the two populations of D. annularis were analyzed using the Von
Bertalanffy growth function and their associated parameters. Growth models were generated for the Porto
Torres and Le Tegnue populations, with length plotted against age classes (Figs. 1 and 2). Resampling of the
mean square errors was conducted to obtain frequency distributions of the growth parameters, which allowed
for the calculation of confidence intervals.

In Table 1, the growth parameters of the Von Bertalanffy growth function for the two populations are presented,
alongside their respective p-values. For the Porto Torres population, the asymptotic length (Leo, the theoretical
maximum length an organism can reach) was 15.08 cm (p <2e-16), the growth coefficient (K, describing the
rate at which the organism approaches its maximum length) was 0.36 (p=0.0038), and the theoretical age at
which length is zero (t,, the time offset to adjust the growth curve) was —1.68 (p=0.0735). For the Le Tegnue
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population, Leowas 19.21 cm (p <2e-16), K was 0.32 (p=0.0010), and t, was —2.89 (p=0.0001). Assumptions
of the growth model, including homoscedasticity, normal distribution of errors, model fit, and absence of
significant outliers, were tested. Residual plots and histograms were used to evaluate these assumptions, with the
results also presented in the supplementary materials.

Geometric morphometrics: size analyses
In Fig. 3, the configurations of landmarks and semilandmarks relative to all samples belonging to the two studied
populations are depicted (performed after the removal of identified outliers).

The size distribution of otoliths was analyzed through the creation of box plots (Supplementary Figures
S1-S6) for the variables described in the subsection Statistical analyses: morphometric data’ of Materials and
Methods section. Regarding sex, analyses were only possible on a subsample of 46 individuals from Porto Torres,
for whom sex was unambiguously determined. Out of 46 individuals, there were 15 females and 31 males. In the
overall box plots generated on the dimensional data of otoliths, it is necessary to highlight (from a qualitative
perspective) two different situations. The first is shown by comparing the distributions of otolith CSs between
the two different populations (Porto Torres vs. Le Tegnue) where a difference was observed (Figure S4). The
second is shown by the distribution of otolith CSs across different age classes, and within each class comparing
right side with left side, which was performed for both Porto Torres (Figure S5) and Le Tegnue (Figure S6)
populations. Both distributions clearly demonstrate dimensional growth along an age gradient, highlighting
subtle but present differences between the left and right sides within the same age class.

In Table 2, the results of ANOVAs regarding CS of otoliths from the two populations are presented for
the previously identified factors (significant differences are indicated in bold, setting p<0.05). A significant
difference is observed in terms of age class for both populations (p < 0.02*e™1*), and between the two populations
of D. annularis (p<0.02*e™), and in terms of site for the combined sample of D. annularis (p<0.02*e™'4).
However, there is no significant difference regarding the sex factor, indicating the absence of dimensional sexual
dimorphism.

Diplodus annularis Porto Torres Diplodus annularis Le Tegnue

-0.2

-0.1 0.0 0.1 02 |-02 -0.1 0.0 0.1 02
X X
sample n=176, method=BE sample n=75, method=BE
Consensus configuration Consensus configuration

Fig. 3. Distribution of landmarks and semilandmarks (gray dots) fixed on all studied specimens (up) and their
relative consensus configurations (black points, down) obtained for both populations of Diplodus annularis
from Porto Torres (left) and Le Tegnue (right). BE =bending energy.
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Species (site) Age (yrs.) | Side | Sex | Site

D. annularis (PT) 0.02*e™ 14 | 0.762 | 0.223

D. annularis (LT) 0.02%e™'* | 0.432 | na

D. annularis (PT+LT) | 0.02*¢'* | 0.873 | na 0.02%e™14

Table 2. p-values related to ANOVAs on the dimension data (CS = centroid size) of otoliths from the two
populations of Diplodus annularis, with significant factors in bold, indicating a difference in size. Na=not
available; LT =Le Tegnue; PT =Porto Torres.

Heterometry

Species (site) mCS | Age (yrs.) | Age classes | Sex | Site
D. annularis (PT) 0.39 |0.143 0.0299 0.318

D. annularis (LT) 0.568 | 0.956 0.884 na

D. annularis (PT+LT) | 0.305 | 0.888 0.357 na 0.77

Table 3. p-values related to ANOVAs on heterometry indices calculated individually for both populations of
Diplodus annularis. Significant factors in bold. mCS =mean centroid size; na =not available; LT = Le Tegnue;
PT =Porto Torres.

The figures from S7 to S12 depict the distribution of individual heterometry indices calculated in the
studied populations in the form of box plots. Overall, deviations from the optimal condition were observed,
with some cases of accentuated heterometry. When comparing populations (S7), subtle deviations from the
optimal condition can be noted, with the presence of some outliers. Regarding sex differences (S8), females
exhibit a wider distribution, indicating a higher degree of heterometry compared to males, who show a more
concentrated distribution around the optimal condition. In analyzing the distribution by age class (S9 and S10),
juvenile classes are more concentrated around the optimal condition compared to adult classes, which display
greater variability and deviations from the optimal condition, especially in certain classes. For developmental
stage (S11 and S12), juveniles exhibit a distribution more concentrated around the optimal condition, while
adults have a greater number of outliers and substantial deviations from the optimal condition, although the
difference between classes is not significantly appreciable. Following this (Table 3) are the results of the ANOVA
pertaining to heterometry for the factors identified earlier (significant differences are indicated in bold, setting
p<0.05). The only significant difference was observed for the age classes factor in the D. annularis population
from Porto Torres (p=0.0299). There was no significant difference at the individual or site level, nor regarding
otolith size or age class. Furthermore, regarding the sex factor (non-significant), the presence of heterometric
sexual dimorphism can be excluded.

Geometric morphometrics: shape analyses

Concerning the shape analysis, the result of principal component analysis for all samples is graphically represented
in Fig. 4, with site used as the discriminating factor (Fig. 4-A). The goal was to identify clear groupings that reflect
a sufficiently appreciable morphological distance between the two populations (PC1=23.4%; PC2=14.7%). In
fact, two clusters were distinguished, corresponding to morphological diversity between the two populations
of D. annularis. In terms of shape, individuals from Le Tegnue exhibit a less pronounced “bump” on the lower
margin at the median position, and a longer rostrum, giving the sagittae a more streamlined shape. In the same
figure (Fig. 4-B), the PCA regarding differences between sexes in the population from Porto Torres aiming to
detect possible sexual dimorphism is presented (analysis performed on the subsample identified above). There is
no clear spatial segregation between male and female individuals, suggesting an absence of sexual dimorphism
even in terms of shape (PC1=27.8%; PC2=14.2%).

The abundance of age classes complicates the interpretation of the PCA plots obtained for the Porto Torres
and Le Tegnue samples (Figures S13 and S14, respectively). However, regarding the Le Tegnue population, it is
possible to observe that the younger classes are fairly clustered in the upper space of the Cartesian system, albeit
displaying some degree of dispersion, while the older classes are particularly concentrated in the central/lower
portion of the plot, showing a low degree of dispersion. The subsequent graphs, grouped by developmental
stages, facilitate visual interpretation. In the Porto Torres population (Fig. 5-A), spatial segregation among the
three classes was observed (PC1=25.3%; PC2=15.1%). Individuals not yet sexually mature primarily occupy
the lower part of the Cartesian plane, while adults are found mainly in the upper part. Subadults show greater
dispersion. The sagittae of young individuals are rounder with a convex lower margin and a short rostrum,
whereas adults’ sagittae have a concave lower margin and a more streamlined appearance. In the Le Tegnue
population (Fig. 5-B), the graph grouped by developmental stages highlights the morphological proximity of
adults and the dispersion of subadults (PC1=25.7%; PC2=16.9%). Again, spatial segregation among classes
was observed, more pronounced for adults who are more closely clustered in the lower-left part of the Cartesian
plane. Young individuals primarily occupy the upper-right part with less dispersion than adults do display. The
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Fig. 4. A: Principal Component Analysis plot on the entire sample of Diplodus annularis using origin site as
the discriminating factor, with associated deformation grids. B: Principal Component Analysis plot on the
subsample of Diplodus annularis from Porto Torres using sex as the discriminating factor, with associated
deformation grids.

sagittae of young individuals have a pronounced bump on the lower margin, while adults’ sagittae have a flatter
margin and a more streamlined appearance.

The ANOVAs conducted on the shape factors (Table 4) concerning the identified variables (see above)
demonstrate an absence of sexual dimorphism in the shape of otoliths (Porto Torres population), consistent
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Fig. 5. Principal Component Analysis plots of the entire sample of Diplodus annularis from Porto Torres (A)
and Le Tegnue (B) grouped by developmental stages with corresponding deformation grids.

with the previously observed lack of size dimorphism. However, significant shape differences were observed
(in bold, p set<0.05) when considering (1) age classes (p=0.001), (2) developmental stages (p=0.001), and
(3) otolith size itself (p=0.001; although this variable is strongly autocorrelated with size), in both populations
considered separately and together. Additionally, the shape difference between the two populations, considering
the individuals’ origin sites, was also found to be significant (p=0.001), as qualitatively highlighted earlier (see
Fig. 4-A).
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Shape
Species (site) Age (yrs.) | Ageclasses | Sex | CS Site
D. annularis (PT) 0.001 0.001 0.134 | 0.001 | -
D. annularis (LT) 0.001 0.001 na 0.001 | -
D. annularis (PT+LT) | 0.001 0.001 na 0.001 | 0.001

Table 4. p-values related to ANOVAs conducted on shape factors. Significant factors are shown in bold.
CS = centroid size; na=not available; LT =Le Tegnue; PT =Porto Torres.

Heteromorphy

Species (site) mCS | Age (yrs.) | Age classes | Sex | Site
D. annularis (PT) 0.503 | 0.809 0.629 0.601 | -

D. annularis (LT) 0.323 | 0.0545 0.0401 na -

D. annularis (PT+LT) | 0.861 | 0.779 0.357 na 0.271

Table 5. p-values related to ANOVAs on heteromorphy indices calculated individually for both populations
of Diplodus annularis. Significant factors in bold. mCS = mean centroid size; na=not available; LT = Le Tegnue;
PT =Porto Torres.

Theanalysis of heteromorphy in the studied populations reveals that females (only for Porto Torres population)
exhibit a more concentrated distribution and a slightly higher degree of heteromorphy when compared to males
(S15). When examining the heteromorphy distribution by age classes and comparing the two populations (Porto
Torres vs. Le Tegnue), a constant level of mean heteromorphy was observed in younger age classes, with an
increase in adult stages and greater variability in both populations (Figs. S16, S18). Subsequently, heteromorphy
decreases in older individuals, though this is evident only in the Porto Torres population (Figure S16) and not
in Le Tegnue (Figure S18). Figures S17 and S19 depict heteromorphy levels grouped by developmental stage
in both sites. In the Porto Torres population, a slight difference in mean heteromorphy levels was observed,
with a trend towards increased variability in adult individuals (S17). Finally, in Figure S19, juvenile individuals
exhibit the highest degree of variability, while subadults show the lowest variability and the lowest level of mean
heteromorphy. Following, Table 5 presents the result of the ANOVAs regarding heteromorphy for the previously
identified factors, with significant factors highlighted in bold. A significant difference was observed only for
the developmental stage factor in the Le Tegnue population (p=0.0401). There was no significant difference
at the individual or site level, nor regarding otolith size or age class. Furthermore, the sex factor was also not
significant, thereby excluding the presence of heteromorphic sexual dimorphism.

The components of symmetric variation (i.e., directional asymmetry) and asymmetric variation (i.e.,
fluctuating asymmetry) of shape were used to disentangle and visualize the relative contribution of the two main
types of asymmetry to the variation of shape itself. From the visual analysis of the deformation grids (Fig. 6), it is
possible to infer a greater contribution of fluctuating asymmetry to the total component of asymmetric variation
in both populations studied.

As a final analysis, an ANOVA was conducted on the spatial distribution of the FA component along the
landmarks, considering the previously identified factors for both studied populations. Results are shown in
Table 6. The only significant difference observed was between the D. annularis populations based on their site
of origin (Porto Torres vs. Le Tegnue; p=0.016). This difference confirms what was already evident from the
qualitative analysis of the previously examined deformation grids, but is now quantitatively confirmed by the
performed ANOVA.

Discussion
The study of otolith morphology has proven to be a powerful tool for understanding ecological and evolutionary
patterns in fish species. Our results from the morphometric investigations are extremely interesting,
demonstrating a significant and real difference in shape between the otoliths belonging to samples from Porto
Torres and those from Le Tegnue. These differences manifest along two defined anatomical zones (see Fig. 7): one
extending from the ostium (i.e., semilandmarks 45 to 50) of the rostrum (i.e., landmark 1), through the collum
(the natural location of the auditory nerve involving the middle portion), directly adjacent to the antirostrum
(i.e., landmark 2) on the dorsal margin. The other zone involves the area of the postrostrum (i.e., landmark 3)
and the middle portion of the ventral margin. On average, samples from Le Tegnue have larger otoliths, a more
concave channel (inflected ostium) and a wider postrostrum compared to samples from Porto Torres.
Differences between populations of the same species in different geographical areas are common among
marine species®®’?, particularly in osteichthyans”!~7¢, including the species considered in this study, which belong
to various areas of the Mediterranean’”’%. For example, Bacha et al.” explored the relationships between age,
growth, diet, and environmental parameters in Engraulis encrasicolus (Linnaeus, 1758) in the Mediterranean,
revealing how these factors interact to shape the species’ development. Similarly, Bose et al.®® demonstrated
congruent geographic variation in otolith shape across multiple African cichlid species, suggesting a strong link
between environmental conditions and morphological variation.
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Fig. 6. Symmetric (left) and asymmetric (right) components of shape variation of otoliths at the individual
level compared to consensus configurations (black dots), and relative deformation grids representing the
contribution of directional and fluctuating asymmetry in the populations of Diplodus annularis from Porto
Torres (above) and Le Tegnue (below).

Investigating the dimensional data of both right and left otoliths of each sample reveals no dimensional
difference related to the side of the otolith or sex. Differences manifest concerning individual specimens and
age and site groups. An expected result is related to growth: both otoliths significantly increase in size with age,
especially in samples from Le Tegnue, which show larger otoliths than those belonging to samples from Porto
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0.306 | -

D. annularis (PT)

0.41

0.557

0.792

D. annularis (LT)

0.991

0.148

0.986

na

D. annularis (PT+LT) | -

na

0.016

Table 6. ANOVA on the spatial distribution of the fluctuating asymmetry component calculated for both
populations of Diplodus annularis. Significant factors are highlighted in bold. mCS =mean centroid size;
na=not available; LT = Le Tegnue; PT = Porto Torres.
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Fig. 7. Comparison between the mean shapes of Diplodus annularis otoliths from the two different sites with
vectors indicating the direction of shape variation associated with each landmark (red) and semi-landmark
(grey) pointing in the direction of shape variation.

Torres. However, concerning the heterometry index, it varies significantly only among growth groups in the
sample from Porto Torres alone, with an increase in heterometry from young to adult individuals. Regarding
the ontogenetic structure of shape differences in the two areas, interesting results also emerged concerning
the distribution of data by sex, growth groups, and age. In this case, differences are structured according to a
common shape gradient from juveniles to adults, with juveniles displaying differences attributable to the rostral
zones compared to adults, where the areas of greater variability are found in the median portions of the upper
and lower margins. The main difference between the two samples lies mainly in the orientation of the gradient,
surprisingly opposite between Porto Torres and Le Tegnue samples. Considering the descriptive and quantitative
results, the significance found for age, growth groups, otolith size, and site factors suggests a differing effect of
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growth on otolith shape changes depending on the site. In fact, while in samples from Porto Torres, juveniles
tend to have a more conservative shape compared to adults (with noticeable data dispersion), in samples from
Le Tegnue the pattern is the opposite, where the only similarity is the considerable data dispersion observed for
intermediate individuals, who exhibit a transitional shape between juveniles and adults. One possible explanation
for these observations is the hypothesis that where trophic resources are a limiting factor (as in oligotrophic
Sardinian waters), niche partitioning is stronger. Consequently, younger individuals, with a much narrower
trophic spectrum than adults, become more competitive. Conversely, where trophic resources are never limiting
(as in eutrophic Adriatic waters), niche partitioning could homogenize less competitive individuals (adults, with
a much broader trophic spectrum than young ones) and offer more trophic “degrees of freedom” to juveniles,
which would not undergo selection of a “mean” otolith shape. In fact, several studies support the notion that
otolith shape can provide insights into species’ adaptation to different environments. For instance, D’Iglio et
al8! investigated Scorpaena porcus Linnaeus, 1758, finding significant differences in otolith morphology and
somatic growth rates between populations from different habitats, highlighting the role of ecological adaptation
in shaping these traits. Cardinale et al.® further emphasized how factors such as sex, stock, and environment
influence the otolith shape of Atlantic cod (Gadus morhua Linnaeus, 1758), providing a deeper understanding
of population-specific traits. Mille et al.3 also found that diet significantly influences otolith shape in marine
fish, further supporting the idea that functional demands of feeding behavior are closely tied to morphological
adaptations.

Regarding the heteromorphy index, it varies significantly only according to growth groups and only in the
sample from Le Tegnue, with greater heteromorphy in adults and young individuals compared to the lower
degree observed in subadults. In this case, the data does not seem to support what has already been discussed
regarding shape variation patterns within the sample from Le Tegnue. In fact, if the eutrophy of the Adriatic site
homogenizes the shape of adults more than it does for young individuals, the expected result for the right-left
heteromorphy of adults should have shown the lowest value. Unfortunately, the lack of contrast in the comparison
sample from Porto Torres does not allow us to fully support this hypothesis. Evidently, a trophic gradient, albeit
pronounced, is reflected differently in heterometric and heteromorphic gradients. This observation is a reminder
that size variations and shape variations are independent of each other, responding differently to internal and
external organism conditions. Lombarte and Cruz®!analyzed marine fish communities and observed that
otolith size varied with depth (but see also'®), indicating that environmental pressures such as temperature
and depth play a significant role in shaping otolith morphology. In earlier work, Lombarte and Lleonart® had
also established a link between otolith size and factors like body growth and habitat depth, reinforcing the
importance of environmental factors in otolith development, confirmed later by Mejri et al.!! and Deida et al.'>.
In our study, unfortunately, there was no access to the environmental data that have been used in similar studies.
But for future studies, the inclusion of such data is desirable in order to carry out correlation analyses between
the size and shape of otoliths, and different environmental parameters.

It is therefore important to always consider and analyze size and shape variables, independently, in
morphometric studies, and synthetic indices such as heterometry and heteromorphy are a valid tool for
identifying even general asymmetries.

The analysis of symmetric and asymmetric components of shape variation and individual levels of asymmetry
has highlighted a prevalence of the fluctuating type over the directional type. In D. annularis from Porto Torres,
the FA component concentrates in the posterior portion of the sagittae, around the postrostrum zone, while in
the sagittae of samples from Le Tegnue, fluctuating asymmetry concentrates in the anterior regions and mainly
involves the portion of the antirostrum. Therefore, as confirmed by quantitative tests, there is a difference
between the two sampling sites regarding right-left heteromorphy, which topologically manifests in antipodal
areas of the sagitta depending on the site but without showing differences in terms of magnitude. Furthermore,
the results regarding the directionality of asymmetries are well explained in light of the ontogenetic results for
shape variation. The samples seem to be pulled from opposite sides of the same morphological gradient (both in
terms of heterometry and heteromorphy), one characterized by sagittal asymmetries concentrated anteriorly (a
juvenile characteristic), the other with asymmetries concentrated more posteriorly (a characteristic of adults).
This result tends to consolidate the idea that the right-left shape differences between the samples from the two
sites are a stable and well-fixed characteristic in the populations from which the samples are drawn, probably due
to prevalent ecological conditions of the sites of origin.

Conclusions

In this study, we investigated the presence of asymmetries, with particular attention to fluctuating asymmetries,
in a common marine fish species along the Mediterranean coasts. More generally, we described the shape
variation associated with these structures during ontogeny and in relation to different ecological contexts, thus
providing an initial understanding of population dynamics of D. annularis in the Gulf of Asinara area and the
upper Adriatic Sea. Based on the results of qualitative and quantitative analyses, we can assert that bilaterally
symmetric structures like otoliths well fit to geometric morphometric investigations, being able to identify even
subtle asymmetries and provide an accurate description of shape variations in relation to observed variables
(sampling site, species, sex, age).

The integration of studies on otolith shape analysis highlights that such methodologies are critical for stock
discrimination. For instance, research on two insular populations of D. annularisfrom Tunisia demonstrated
significant left-right asymmetries and sexual dimorphism in otolith morphology, supporting the hypothesis
that otolith shape variations are influenced by both genetic and environmental factors®. Similarly, analysis of
D. vulgarisotoliths from two Tunisian lagoons revealed marked fluctuating asymmetry, particularly in width
and area parameters, reflecting environmental pressures such as salinity and temperature variations, as well as
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anthropogenic impacts. These findings underline the role of fluctuating asymmetry as a potential indicator of
developmental instability linked to habitat-specific stressors’.

This study confirmed the adequacy of the method for investigating morphological differences, especially
regarding the ability to elucidate shape variations between two populations of the same species and within
populations among biologically identified groups (sexes, developmental stages). The lack of direct measurements
of stress indices, chemical and ecotoxicological analyses, in the two study areas, along with the absence of a
significant difference in fluctuating asymmetry between the two studied populations, limits the formulation
of cause-effect relationships between stress factors and levels of fluctuating asymmetry. This evidence does not
allow us to assess the adequacy of otolith FA as an index of stress states and/or population success. In the specific
case, however, we can conclude that fluctuating asymmetries are present and that the degree differs significantly
between the two populations.

Furthermore, this study clearly highlights how shape is a conserved variable within individual stable
evolutionary units such as populations and therefore attributable, in addition to genetics that determine its
development and intrinsic variability, also to the ecological context from which individuals originate®.
Consequently, shape also responds to factors that directly or indirectly contribute to its definition, such
as anthropogenic pressures and stressors of various kinds®*’*%. The hypothesis regarding morphological
variability suggests that environmental factors, such as water quality and nutrient levels, may influence the shape
and structure of biological features, like otoliths or other morphological traits in marine species. The use of
a trophic index, specifically the TRIX index®, could be highly beneficial in this context because it provides
a quantitative measure of the trophic status of coastal marine waters. TRIX integrates four key parameters
reflecting the nutrient levels, primary productivity, and potential for eutrophication in a given area. By applying
the TRIX index to the study sites, researchers can more precisely characterize the environmental conditions
under which the populations live. Incorporating TRIX data into the analysis of morphological variability could
help determine whether differences in environmental quality, such as nutrient availability or productivity, are
correlated with observed variations in morphological traits. This would provide a clearer understanding of how
environmental factors influence the physical characteristics of marine organisms, making it easier to evaluate
the hypothesis of morphology being shaped by environmental conditions. This study confirms the reliability
of geometric morphometric methods in distinguishing morphological groups within a species. It suggests that
these methods could be valuable for identifying fish stocks at the population or subpopulation level, particularly
for migratory species or in areas where species have extensive distributions and there is high spatial overlap. Such
information could aid in effective fisheries management strategies. It fits within a wide range of methodologies,
often meticulous and susceptible to error introduction. Additionally, the ability to assess the presence of any
directional asymmetries in otoliths is a necessary tool to avoid introducing bias in the process of discriminating
fish stocks.

Materials and methods

Ethics declarations

The otoliths analyzed were extracted from fish that were already deceased; no fish were sacrificed for the
purpose of this research. Additionally, the fish used in the study were not collected by us but were obtained from
commercial fishing activities conducted by professional fishermen. All experimental protocols were approved by
the Italian Institute for Environmental Protection and Research (ISPRA) as part of a monitoring plan associated
with the installation of high-voltage submarine cables between Sardinia and mainland Italy, under the ‘SAPET’
project (CIPE n. 144/2005, December 2). All methods were conducted in accordance with relevant guidelines
and regulations and are reported in compliance with the ARRIVE guidelines.

Study area

The primary study area for this research is the Gulf of Asinara, located in the municipality of Porto Torres, in
northwestern Sardinia, Italy (40°51'47.66''N, 8°36'1.91"'E; Fig. 8). The Gulf is part of a semi-enclosed basin
influenced by Mediterranean currents and characterized by a mix of shallow coastal zones and deeper areas.
The seafloor in the specific study area is dominated by degraded Posidonia oceanica meadows, composed
primarily of dead rhizomes and detritus, resulting from both natural processes and anthropogenic impacts.
These environmental conditions provide a unique habitat, which has undergone significant ecological changes,
offering a valuable opportunity to investigate the morphological characteristics of otoliths in D. annularis. Long-
term monitoring efforts by ISPRA (Italian Institute for Environmental Protection and Research), have further
enriched the ecological understanding of this region.

A comparative study area in the northern Adriatic Sea, within the biological protected area of Le Tegnue,
situated off the coast of Chioggia, near Venice, Italy (45°12'58.31''N, 12°33'24.57"'E; Figuer 8). Le Tegnue is
characterized by its complex benthic habitats, which include natural reefs and rocky substrates interspersed
with sandy and muddy patches. These structures create a high level of habitat heterogeneity, supporting a rich
diversity of marine life. The Adriatic Sea is a shallow basin with high nutrient input, influenced by freshwater
inflows and strong hydrodynamic activity, which shape the local environmental conditions.

This dual focus on the Gulf of Asinara and Le Tegnue allows for a comparative analysis of otolith morphology
in D. annularis, contributing to a broader understanding of how environmental variability influences shape
variations in this species.

Sampling

For both study areas, a fishery-independent sampling was conducted, meaning that researchers were present
during sampling and controlled fishing operations. The otoliths analyzed were extracted from fish that were
already deceased, and no fish were sacrificed by us for the purpose of this research. Furthermore, the fish

Scientific Reports |

(2025) 15:2464 | https://doi.org/10.1038/s41598-025-87096-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

*&e Tegnue

‘Gulf offAsinara

A
AN
700 km

Fig. 8. Schematic representation of sampling areas (light blue squares) in the Gulf of Asinara (Porto Torres)
and in the Adriatic Sea (Le Tegnue). Map created with Google Earth Pro (ver. 7.3, https://www.google.co.uk/in
tl/en_uk/earth/) by FS.

used in the study were not collected by us but were obtained from commercial fishing activities carried out by
professional fishermen. Concerning the primary study area of Porto Torres, sampling occurred seasonally from
June 2017 to October 2018, and the choice of fishing gear (i.e., type and mesh size of the net) was made following
a pre-survey conducted in the same area to measure capture effectiveness and selectivity. A “Barracuda” type
gillnet made of three panels of different lengths, each with 2000 meshes: 50 m with 30 mm mesh, 30 m with
20 mm mesh, and 20 m with 15 mm mesh was chosen. Panels were deployed and repeated twice on the same
frame for a total of 210 m including spacers of about 2 m between panels. Nets were deployed shortly before
sunset and retrieved after a minimum of three hours. Fish were sorted onboard by mesh category, with basic
biometric measurements taken (see below). Target species were stored in plastic bags with detailed information
(i.e., study area, replicate, mesh, and individual progressive number) and frozen for transport to ISPRA
laboratories. Sampling of D. annularis in the northern Adriatic Sea was conducted using methods comparable
to those in Porto Torres, as both campaigns were part of ISPRA’s monitoring plans. However, it is important to
clarify, for a better understanding of the subsequent analyses, that for the samples from the Porto Torres site,
whole individuals were available, whereas for the samples from the Le Tegnue site, only extracted otoliths were
available (as the sampling of individuals dates back to 2007). So, for the latters, the biological information on
individual length was sourced from a historical and unpublished dataset (dated back to 2007). The combination
of data collected during these two samplings allowed a robust morphological comparison of otoliths between D.
annularis populations in the two study areas.

Biological data collection
Specimens from Porto Torres were further processed by removing gonads, and sagittae (i.e., the large pair of
otoliths) for subsequent analyses. Gonads were macroscopically classified by maturity stage and sex according
to the guidelines of the Food and Agriculture Organization (FAO) for osteichthyans®, and the excised sagittae
were rinsed in distilled water and stored dry until reading of growth rings. For age determination, sagittae
(from both study areas) were placed on a microscope slide, immersed in glycerol, and growth patterns (annuli)
were interpreted using a stereomicroscope based on available scientific literature®*!. Reading was preferably
performed on the lateral surface (i.e., the opposite side of the mesial surface), starting from the nucleus towards
the rostrum of the otolith, under white light as tangentially as possible to the curvature of the inner face of the
otolith. If interpretation was ambiguous, the second otolith belonging to the same individual was also considered
before reading from the mesial surface (see Fig. 9).

All otoliths were independently read by two expert researchers in the field (SK, US). Specimens were grouped
by developmental stage following available literature on the sexual maturity degree of D. annularisbelonging to
those Mediterranean areas found to be as geographically and/or ecologically overlapping as possible with the
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(Lateral surface) (Mesial surface)
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Fig. 9. Right otolith of D. annularis. On the left, lateral surface opposite to the sulcal side; on the right, mesial
surface where the sulcal side is found. In white, main anatomical parts of otolith placed on the mesial surface.
A =anterior; D=dorsal; N =nucleus; P= posterior; R=rostrum; V =ventral.

Porto Torres Le Tegnue
Ageclass | N | Developmentstage | N | Ageclass | N | Development stage | N
0+ 0 0+ 9
Juvenile 26
1 8 | Juvenile 21 |1 17
2 13 2 19 | Subadult 19
3 34 | Subadult 34 |3 11
4 46 4 6
5 28 5 7
6 24 6 4
Adult 30
7 14 | Adult 121 |7 1
8 5 8 1
9 3 9 0
10+ 1 10+ 0
Tot 176 176 75 75

Table 7. Grouping by age classes and developmental stage of the Diplodus annularis sample from Porto Torres
(left) and Le Tegnue (right).

two areas considered in this study78’92‘94, as shown in Table 7 for specimens from Porto Torres and Le Tegnue,

respectively. A total number of 176 individuals from Porto Torres and 75 from Le Tegnue were involved in the
present study.

Geometric morphometrics data collection

GMM data was collected only for individuals with intact sagittae (since they often proved difficult to extract
due to their small size and fragility). Given the considerable thickness of the otoliths, in order to obtain suitable
digital data in terms of sharpness and focus, the ZEISS Axio Zoom v16 multifocal microscope connected to
a 3-megapixel Axiocam 503 microscope camera was used. A constant distance of 10 pm between shots was
maintained, resulting in a total of shots ranging from 50 to 150 for each otolith. Shots were subsequently
overlapped applying the Extended Depth of Focus method, an image processing tool that aims at minimizing
the distortion effect. Regarding the acquisition side, the mesial surface was chosen as the sulcus acusticus is
useful for identifying homologous points where landmarks were positioned. For landmark positioning, the
general approach of Palmer et al.%! was followed, modified based on the most recent scientific literature. Using
TPSdig2 (ver 2.32., https://www.sbmorphometrics.org/index.html), 4 true anatomical landmarks were manually
positioned at clearly identifiable points on the otolioth. In addition, 46 semi-landmarks were automatically
generated along the otolith outline to capture its curvature These semi-landmarks were distributed as follows: 8
equidistant points between landmarks 1 and 2, 18 between 2 and 3, 22 between 3 and 1. The software’s automated
function ensured consistent spacing and accurate representation of the otolith contour, reducing potential
operator bias during semi-landmark placement. Figure 10 illustrates and describes the anatomical position of
both landmarks and semi-landmarks on the acquired otoliths.
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_N° | Typology | Positioning
n Landmark Rostrum
n Landmark Antirostrum
n Landmark Postrostrum

Ventral margin of sulcus
Landmark acusticus on the collum

Semilandmarks Ostium outline

Fig. 10. Mesial surface of right otolith belonging to Diplodus annularis and landmarks/semilandmarks
list, with their anatomical positions on the otolith. Red dots are landmarks; blue dots are semilandmarks.
A =anterior; D =dorsal; P=posterior; V =ventral.

Statistical analyses: biological data
Growth curves for D. annularis were constructed using the Von Bertalanffy growth equation, specifically
following the Beverton-Holt parameterization: E [L|t] = Loo (1 —e K (t_to)). Initial estimates for Loo

and K were obtained using the Ford-Walford graphical method based on mean age data. The initial value of to
was estimated using a second-degree polynomial regression on mean length data for age classes®. Using these
parameters, the Von Bertalanffy growth curve was fitted via nonlinear least squares minimization. The goodness
of fit and confidence intervals for the estimated values were assessed through a bootstrap resampling process of
the mean square errors. Additionally, frequency histograms of residuals were created, and actual model values
were plotted against residuals to evaluate normality and homoscedasticity®”.

For the D. annularisdataset from Le Tegnue, individual age readings, derived from growth rings, could not be
directly linked to biometric data due to the absence of individual identification numbers at the time of database
creation (i.e., it was impossible to link each individual to its biometric data). Assuming a linear correlation
between otolith length and fish length?*-%’, a linear regression was performed on the mean otolith lengths of
each pair against an equivalent number of randomly extracted total fish lengths from the original dataset, both
ordered in ascending order. This analysis continued until the trend line in the “otolith length/total length” graph
was significant for both the intercept and the slope, with an Akaike Information Criterion (AIC) not exceeding
35 (see supplementary figures S20-S24 for both graph and equation applied). The resulting equation was then
used to calculate the expected lengths for each fish based on mean otolith length (which were subsequently used
to construct the Von Bertalanffy growth curve, see above).

All ecological analyses were conducted using R, version 3.6.3 (R Core Team, 2013), with the assistance of the
following packages: FSA!%, dplyr!?!, nlstools!??, AICcmodavg!®, and basicTrendline!%.

Statistical analyses: geometric morphometrics data
Before conducting Procrustes superimposition?”1%>1%, adjustments were made to the images to ensure they were
alignable. This involved mirroring half of the images (specifically, all right sides) by reversing the x-coordinate
values of all landmarks. Following this, the images were scaled uniformly, centroids were aligned, and the images
were rotated around the centroid to minimize distances between corresponding landmarks. Consequently,
Procrustes shape variables were computed for each landmark and semilandmark, along with centroid size (CS),
a dimensionless measure reflecting the otolith’s size. To identify and remove outliers, Procrustes distances of
each specimen were compared to the mean configuration of the entire sample, and consensus configurations
were calculated, excluding outliers. Box plots were used to illustrate CS distribution across different variables:
(1) side, (2) sex (only for D. annularisfrom Porto Torres), (3) site, and (4) age. Analysis of variance (ANOVA)
was conducted to analyze dimensional data variability for these variables. Then, heterometry!?”’, measuring
the difference in size between bilateral structures, was calculated for each individual as the ratio between left
and right CSs. As for CS, heterometry is a dimensionless measure as well. Box plots were generated to display
the distribution of heterometry data across population, sex (only for D. annularis from Porto Torres), age, and
developmental stage. ANOVA was performed considering these variables plus the mean CS ( w )
Shape variables obtained through Procrustes superimposition were employed for both qualitative and
quantitative shape analyses. Principal component analysis (PCA) was used to discern any morphological
affinity groups based on site, sex (specifically for D. annularis from Porto Torres), age, and developmental stage.
Additionally, extremes of shape variation along principal axes were compared to a consensus configuration
derived from all samples, aiding in visualizing shape differences. Hypothesis testing via ANOVA aimed to detect
significant shape differences related to site, sex (only for D. annularisfrom Porto Torres), age, developmental stage,
and CS. Heteromorphy'?”, an index reflecting shape diversity between bilateral structures, was calculated using
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Procrustes distances between left and right sides of otolith, wherein a higher value of heteromorphy identifies a
greater difference in form. Box plots were employed to visualize heteromorphy distribution by sex (only for D.
annularisfrom Porto Torres), age (for both populations), and developmental stage (for both populations). As for
CS and heterometry, heteromorphy is a dimensionless measure as well. Similar ANOVA analyses were conducted
with CS as an additional variable. Directional asymmetry (DA) and fluctuating asymmetry (FA) components
were calculated for the populations from both sites based on the symmetric and asymmetric components of
shape variation around the mean. A mixed-model statistical framework was employed, including Procrustes
ANOVASfor bilateral symmetries, and the multivariate extension of the univariate mixed model initially
proposed by Leamy!'%and Palmer and Strobeck!®. To visualize the symmetric and asymmetric shape variation
components, a qualitative approach was used initially. Then, permutation-based variance tests were employed
to identify differences in the spatial distribution of FA components across landmarks between populations.
The tests considered additional variables such as site, age, developmental stage, sex (only for D. annularisfrom
Porto Torres), and CS. All analyses were conducted in R (ver. 4.3.3) using packages including geomorph!!%!11,
RRPP!2, sp!13, shapes!!, and car!'>.

Data availability

The raw data used in this study is available upon request to the corresponding author.
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