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Abstract: Sagittal otolith shape analysis is one of the most widespread techniques worldwide to
discriminate fish stock units, as this proxy integrates both environmental and genetic factors. All
previous otolith shape studies have been carried out using two-dimensional (2D) images, a partial
representation of the whole shape of the otolith. However, prior to the identification of stock unit
boundaries, the influence of other potential drivers controlling the otolith shape must be analysed
to limit their bias. In this study, the presence of asymmetry in otolith shape depending on the
inner ear side (i.e., left versus right inner ears) was tested by comparing the approaches of 2D and
three-dimensional (3D) sagittal otolith shape analyses. Eighty-two red mullet adults (Mullus barbatus)
from three locations in the eastern part of the Mediterranean Sea were studied. Fourier harmonic
descriptors computed from 2D outlines and spherical harmonic descriptors computed from 3D
meshes were used to evaluate otolith shape variation. The results of a multivariate mixed-effects
model from 2D images showed that there was no asymmetry effect of inner ear side on the otolith
shape in any location. There was, however, a significant geographical effect for the 2D otolith shape
between the Adriatic Sea and the Levantine Sea. In contrast, 3D information showed that both side
effects and geographical differences were significant. This is the first study comparing 2D and 3D
data showing different results on the same sample of red mullet. These results demonstrate the
importance of 3D otolith shape analysis for stock discrimination.

Keywords: otolith shape; Fourier analysis; 2D; 3D; effect of inner ear side

1. Introduction

The level of fishery resource exploitation remains high, with stocks fished at biologi-
cally sustainable levels falling from 90% to 65.8% between 1974 to 2017 [1]. A fish stock unit
(called “stocks” in this study) is defined by all individuals presenting similar phenotypic
and genetic compositions [2–4]. Around 59.6% of fisheries stocks are at the maximum
sustainable level of exploitation; however, the global catch trend has been relatively stable
since 1980 [1]. In 2020, 52% of stocks caught by French vessels were healthy fish stock
or sustainable (9% of stocks were healthy fish stock in 2000) [5]. Efforts to implement
fishery management measures and research developments on fish stocks and resources
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have enabled these advances in sustainability. The effectiveness of fishery management
depends on the correct delineation of the stocks, which is a prerequisite for the study of
the dynamics and structure of fishery management units [3,4,6–8]. Each stock responds
differently to fishing pressure and management measures. Misidentification of stock units
can lead to poor management results, increasing overfishing risks [9,10]. In addition, these
stocks are considered the basic unit for evaluation of fishery resources and their sustainable
levels of exploitation [1,11–13].

There are several methods to define fish stocks [14], including genetic markers [15,16],
natural markers such as parasites [17–19], growth rates and fatty acids in tissues [20], life
history traits, external tags, or microchemistry [4,6]. Sagittal otolith shape and microchem-
istry are widely used proxies for stock identification in many fish species, employed either
separately or in combination [4,6,14,21]. Otolith shape is a very efficient tool to identify
the stock structure of fishes [14], as it results from a combination of environmental condi-
tions [22–27], genetic heritage [8,26–32], and ontogenetic evolution [8,33,34]. Additionally,
variations in the shape of otoliths between the inner ear can provide interspecific [35] and
intraspecific [36] fish differentiating.

The otolith is a calcified structure located in the vestibular system of the inner ear.
Otoliths are metabolically inert structures, i.e., they cannot be altered or generally re-
sorbed [37]. The primary research use of the otolith is to provide the age data necessary for
age-structured models. Since Reibisch (1899) [38], many studies have used otoliths as tools
in fishery sciences. These structures are regarded as natural archives, meaning that past
environmental and climatic information, together with the life history of the individual,
are recorded permanently [26,39].

Recent advances in image analysis, processing, and free libraries [40] have reinforced
the use of otoliths for fish research. Importantly, otolith shape analysis is much less costly
than genetic analysis for stock identification purposes [6]. The main method used to
describe the shape of an otolith is standardized elliptic Fourier analysis, which integrates
the real external outline [14]. Otolith shape is generally extracted from the two-dimensional
(2D) images [41], but a 2D image represents only one projection plane of a three-dimensional
(3D) object. A potential bias could therefore exist due to the object position during 2D
acquisition. Consequently, the comparison of 2D and 3D data needs to be performed in
order to estimate this potential bias. Several previous studies have used otolith weight
as an estimator of shape proxy [42–47], but otoliths can have different shapes for a given
weight. However, stock discrimination using the 3D shape of the otolith has not yet been
performed. Studies on the 3D otolith have been focused on scans and/or extraction of
otolith shape in three dimensions [48–52], and on understanding the functional role and
evolution of the inner ear and the otolith with sound effects [53–56].

In contrast to flatfish, roundfishes generally show no asymmetry between left and
right otoliths, caused mainly by the developmental canalization process [8,57]. Some of
those studied species do, however, have a significant difference between the left and right
otolith shapes [8,58,59]. Such differences could lead to misidentification of stock, as shown
in the Mediterranean Sea for bogue (Boops boops Linnaeus, 1758) [60]. For red mullet (Mullus
barbatus Linnaeus, 1758), only one study has been carried out in the gulf of Lions (North-
West of Mediterranean Sea), where 2D analysis showed that the left and right otoliths are
symmetrical [57].

The aims of this paper are (1) to test the potential bias of inner ear side differences
in comparing left and right inner ear sagittal otoliths of the specimens between 2D and
3D approaches, and (2) to compare morphological variation of otoliths according to the
geographical effect (i.e., boundaries of the stock units) analysed in two and three dimen-
sions. The case study species is the red mullet (Mullus barbatus), which is one of the main
commercial fish species in the Mediterranean Sea [61].
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2. Materials and Methods
2.1. Sampling

Sampling was carried out during the Mediterranean International Trawl Survey (MED-
ITS survey) from 2019 [62]. Eighty-two fish were sampled, distributed over three geograph-
ical sub-areas (GSAs defined by the General Fisheries Commission for the Mediterranean,
GFCM) in the eastern part of the Mediterranean Sea: 29 individuals in the Adriatic Sea
(GSA-18c), 30 individuals in the Aegean Sea (GSA-22b), and 23 individuals in the Lev-
antine basin (GSA-27b) (Figure 1). To minimize any ontogenetic effect on the otolith
shape, all individuals were selected in the total length range between 141 and 212 mm
(mean = 167 ± 16 mm), corresponding to young mature fishes. Both left and right whole
sagittal otoliths were collected for each individual. The otolith extraction was performed
by an experienced person to prevent breaking. The otoliths were carefully cleaned and
transported to the laboratory using micro-tubes to avoid damage and/or dirt.
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Figure 1. Fish sampling distribution in Mediterranean Sea in red areas; numbers correspond to the
General Fisheries Commission for the Mediterranean GSA and letters to the subdivision of GSA.

2.2. Two-Dimensional Outlines and Three-Dimensional Surfaces

Prior to image acquisition, sagittal otoliths were cleaned in water. A binocular mi-
croscope (Leica MZ6, Leica Microsystems, Wetzalar, Germany) was used to acquire the
calibrated images with 1.6 magnification (SONY XCD-U100CR Camera, Sony, Tokyo, Japan)
under reflected light. An R algorithm was developed to standardize all otolith images [63].
This algorithm consists of several steps: similar orientation and binarization, application of
mirror effect to the right otolith images (Figure 2), and outline extraction of binarized images.

Acquisition of 3D sagittal otolith images was carried out with an X-ray microtomo-
graph. Two-dimensional X-ray images of the otolith were acquired at different angles (with
regular rotation step from 0◦ to 180◦) expressing differences in density between the otoliths
and the air. Supplementary Table S1 shows the scan parameters used in this study with
µCT Skyscan 1174 (Bruker, Kontich, Belgium), with 800 µA intensity, 50 kV of tension, and
29.2 µm of voxel size.
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Figure 2. (A) 2D image with left and right inner ear side otoliths; (B) 3D volumes with left otolith
in inner and outer face with six landmarks (red points, 1 on the rostrum, 2 on the postrostrum, 3 at
the end of dorsal, 4 at the tip of ventral, 5 on the middle of outer face of the otolith, 6 on top of the
sulcus acusticus).

Then, reconstruction was performed with Nrecon software (Bruker, Kontich, Belgium)
to transform the X-ray images into virtual slices. Fiji software was used to compress
and combine images into a single file (.nifti) while preserving the image properties. A
segmentation was finally performed with 3D Slicer to extract the otolith isosurfaces as 3D
meshes. A mirror transform was also applied to the right otoliths.

Six landmarks were digitized on the sagittal otolith meshes using digit3DLand [64]
(Figure 2). Those landmarks will be used in the Spharm analyses [65] (Matlab functions
using the Spharm analysis has been translated to R language) to pre-align the meshes.

2.3. Two-Dimensional and Three-Dimensional Extraction of Shape Information

Elliptic Fourier analysis [66,67] was performed on the outlines of each otolith in order
to analyse them in 2D. Momocs R-package version 1.3.2 [68] was used to compute all the
elliptic Fourier descriptors (EFDs) from the otolith contours. To standardize the outlines, a
constant number of points was taken with the same distance between the points (n = 200;
coefficients may be biased if the number of points per contour is different). Each contour
was described by the signals given by the parametric functions x(Ө) and y(Ө) [68], passing
through all points from the same starting point of the otolith (on the rostrum). For each
otolith, the first 99 elliptical Fourier harmonics (H) were extracted, normalized to the
first harmonic, and made invariant to otolith size, rotation, and starting point of contour
description [66]. The cumulated Fourier Power (F) for each individual otolith was calculated
as a measure of the precision of contour reconstruction obtained with n harmonics (i.e.,
the proportion of variance in contour coordinates accounted for by the nk harmonics) to
determine the number of harmonics required to reconstruct the otolith outline:

F(nk)
=

nk

∑
i=1

A2
i + B2

i + C2
i + D2

i
2

(1)

where Ai, Bi, Ci, and Di are the coefficients of the Hi harmonic. F(nk) and nk were calculated
for each individual otolith k to ensure that the contours were reconstructed with a precision
of 99.99% [67]. The maximum number of harmonics, n = max(nk) across all otoliths, was
then used to reconstruct the contours of each individual otolith and all the 2D analysis.

To extract the 3D Fourier coefficients, the Spharm analysis with Matlab function was
coded in the R language. First, the surface of each mesh was described using three param-
eterized variables, x(Ө, Φ), y(Ө, Φ), and z(Ө, Φ) [69] (as shown in Figure 3). Next, each
mesh was mapped onto a reference unit sphere using the CALD spherical parameterization
algorithm [70]. In order to make the surfaces homologous between otoliths, the meshes
were registered using six landmarks. A global average shape for each side (left or right)
was calculated iteratively, and all individuals were aligned to this reference shape. Finally,
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the spherical Fourier coefficients were calculated from the otoliths mapped onto a sphere
and aligned using the six homogenous points. The standardization process for all of these
methods involved using 502 vertices per otolith, with 1000 triangles with 325 decimations,
11 harmonics (or degree), and 4 icosahedral subdivisions.
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2.4. Statistical Analysis

The Euclidean distance (Ed) [68] was calculated on both the 2D and 3D EFDs to mea-
sure the difference in otolith shape between the left and right inner ear of each individual:

Ed =

√
n

∑
i=1

(le f t.signali − right.signali)
2 (2)

where n is the number of signals, the distance between each left and right otolith sig-
nal was calculated. An average of these distances was then calculated per geographical
location (GSA).

Two steps were processed in order to analyse how 2D or 3D otolith shapes depend
on inner ear side or fish location. Firstly, Principal Components Analysis (PCA) was
applied to the EFDs matrix from 2D and 3D images of the otolith [71]. Significant principal
components (PCs) were then selected as otolith shape descriptors according to the broken
stick model [72]. The method was based on the assumption that the distribution of the
variance is random, and the components were selected in order of their contribution to
the total variance [72]. The significant PCs are those that exceed the expected value of
the variance based on the random distribution. This procedure allowed decreasing of
the number of variables used to describe otolith shape variability while ensuring that
the main sources of shape variation were kept, and to avoid co-linearity between shape
descriptors [71]. This technique allows the main sources of variation in shape to be retained.



Symmetry 2023, 15, 1067 6 of 15

Secondly, a multivariate mixed-effects model was used to test the inner ear side (SI)
and geographical zone (GSA) effects on the shape of the otolith in 2D and 3D analysis (O,
i.e., the matrix of selected PCs):

O ∼ α0 + α1SI + α2GSA + α3SI.GSA (3)

where side effect (SI) and geographical effect (GSA) and their interactions were considered
fixed effects (only the slope has been tested, not the origin), while individual was considered
a random effect on the slope. The analysis of variance (ANOVA) was performed using
the mixed-effects model and generates a statistical test known as “Chi-square” (or χ2).
This statistic measures the difference between the estimated variance of the random effects
of the model and the residual variance (or error). A pairwise test was performed on
the geographical location to determine if there were any shape differences between each
GSAs. Statistical analyses were performed using the following packages in the statistical
environment R [40]: ‘abind’ [73], ‘car’ [74], ‘digit3DLand’ [64], ‘effects’ [75], ‘ggplot2’ [76],
‘lme4’ [77], ‘Matrix’ [78], ‘Momocs’ [68], ‘nlme’ [79,80], ‘pracma’ [81], ‘rgeos’ [82], ‘rgl’ [83],
‘Rvcg’ [84], ‘sp’ [85], ‘vegan’ [86].

3. Results

The acquisition of 2D images took about two minutes per otolith, while the acquisition
time was about 11 min per otolith for 3D images. In addition, image analysis time was
two minutes and four minutes per otolith for 2D and 3D images, respectively. However, it
should be taken into account that these calculation times depend on the performance of the
3D scan device and computer used.

The first 33 harmonics were used in 2D images on EFDs analysis, and 11 harmonics in
3D images. After performing PCA on the EFDs mentioned earlier, the broken-stick model
was used to select 24 and 15 PCs in 2D and 3D, respectively. This approach helped to retain
the main sources of variation in shape by reducing the number of variables used. In 2D
analysis, 24 PCs explained 72% of the total variance of the otolith shape, whereas in the 3D
EFDs, 15 PCs explained 68% of the variance.

Table 1 showed the results of the multivariate mixed-effects models from 2D and
3D analysis.

Table 1. Results of multivariate mixed-effects models on the otolith shape matrix O.

Type of Data Response
Variable

Explanatory
Variable χ2 Df p-Values

2D PCs PCs 436,088.849 24 <0.001 ***
PCs:SI 27.216 24 0.290

PCs:GSA 921.882 48 <0.001 ***
PCs:SI:GSA 66.359 48 0.087

3D PCs PCs 0.289 15 0.134
PCs:SI 42.967 15 <0.001 ***

PCs:GSA 83.682 30 <0.001 ***
PCs:SI:GSA 67.176 30 <0.001 ***

*** highly significant effect.

The model showed that there was no significant effect of inner ear side (left/right, SI)
on the otolith shape in 2D (χ2 = 27.216, p-value = 0.290 with Anova). Two-dimensional
analysis showed a significant geographical effect (i.e., GSA) on the otolith shape. For 2D
otolith shape, the side effect increased from the central area to the eastern part of the
Mediterranean Sea (Figure 4). The difference in shape between the left and right inner ear
otoliths was relatively consistent for the red mullets located in the west (18c) and centre
(22b), while the specimens in the eastern GSA (27b) exhibited a greater difference than
those in the other two sub-areas (Figure 4). The pairwise test showed that all geographical
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locations had a significant difference between them (p-value < 0.001 for all with Anova).
However, there was no significant interaction of side (SI) with sub-areas (GSA) on the shape
of the otolith in 2D analysis (χ2 = 66.359, p-value = 0.087 with Anova).
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The model for the 3D analysis of the shape showed that the side effect (SI) had a
significant effect on the shape (χ2 = 42.967, p-value < 0.001 with Anova). The results from
the 3D analysis also indicated a notable influence of geographic location on the shape of
the otolith (χ2 = 83.682, p-value < 0.001 with Anova). There was a significant interaction
between the inner ear side (SI) and the geographical location (GSA) on otolith shape
(χ2 = 67.176, p-value < 0.001 with Anova). This interaction was observed through both ther
Euclidean distance visualization (Figure 5) and the pairwise comparison tests. Specifically,
the comparison between the left and right inner ear otolith shapes indicated a similar
value for the western (18c) and central (22b) sub-areas, while the eastern geographical
location (27b) exhibited a smaller difference compared to the other sub-areas (Figure 5).
This trend was also confirmed by the pairwise test, as the western and central geographical
locations showed no significant difference (χ2 = 24.457, p-value = 0.067 with Anova), while
the eastern sub-area exhibited significant differences compared to the other two sub-areas
(p-value < 0.001 for both with Anova).
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4. Discussion

Various techniques have been developed to discriminate stocks, including genetic
analysis, analysis of biological markers, and otolith shape analysis (e.g., [6,87–91]). Otolith
shape is species-specific [35] and can indicate intra-specific [36] geographic differences,
making it a commonly used tool for delimiting stocks. However, to date, otolith shape
has only been extracted from 2D images, which do not take into account the whole shape.
Multivariate approaches, such as Fourier, wavelet transform, and geometric morphometric
analysis, are commonly used to investigate otolith outlines [14,92–95]. In this study, EFDs
computed from 2D outlines and Spherical EFDs computed from 3D meshes were used to
compare otolith shape, because this is an efficient method for describing the variation in the
shape contours [96] without bias from the information extraction. For 3D shape analysis,
other methods are often used with landmarks, but for the sagittal otolith, the Spherical
EFDs were found to be relevant for extracting shape information from a closed 3D object.

Only nine otolith studies have been identified to date using 3D data, and these studies
have only been conducted since 2014. Most of these studies have all focussed on otolith
scanning methods [48–52]. The present study continues in this direction, analysing the
signals from these 3D scans. Other 3D imaging studies have focused on the role of the
otolith within the fish, including hearing [53,55,56] and the roles and evolution of the
otolith throughout the life of the fish to better understand the ontogenetic effect [54]. To
date, however, no 3D studies have investigated the influence of factors that control the
shape of the otolith. In this paper, the EFD database from 2D and 3D otolith shapes was
used to test the effect of inner ear side (left/right) and the stock structure within the
red mullet in the Mediterranean Sea. This first approach, using only three geographical
locations to discriminate the stock units, aimed to show whether EFDs from 3D images
can be used as a tool to identify stock units in the same way as EFDs from 2D images.
This study showed that these spherical EFDs from 3D data can be an efficient method to
discriminate fish stocks. The geographical effect on the 2D and 3D approaches showed
similar results, with significant differences among these three GSAs from the Adriatic Sea to
the Levantine Sea. However, while the 2D analysis revealed significant differences between
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all sub-areas (GSAs), the 3D analysis indicated that GSAs 18c and 22b were similar to each
other, but different from GSA 27b. This finding was also supported by visualizing the
Euclidean distance between the left and right inner ear otolith shapes in both 2D and 3D
analysis. Specifically, red mullets from GSAs 18c and 22b exhibited small differences in
otolith shape between the left and right inner ears, while those from GSA 27b showed
significant differences compared to the other two GSAs. This suggests that the 3D analysis
retained more information than the 2D analysis. Visually and using simple Euclidean
distance calculations in either 2D or 3D, GSA 27b stood out from the other two GSAs
(18c and 22b). However, the 2D model failed to demonstrate this division through shape
analysis of the otolith. The previous study on the EFDs corroborated this same division
of red mullet in Mediterranean Sea, which identified several differences in otolith shape
linked to the sampled geographical areas (Gulf of Lions, Aegean Sea and Black Sea [97]).
Moreover, a recent study on the European hake (Merluccius merluccius Linnaeus, 1758)
identified the same boundary of two stock units (i.e., Central Mediterranean Sea and
Eastern Mediterranean Sea) that separated the Adriatic Sea (GSA 18c and 22b in this study)
and the Eastern Mediterranean Sea (GSA 27b in this study) [21]. Analyses of the stock
structure of red mullet could be expanded in the future by adding other geographical areas
to these three GSAs.

The side effect (i.e., the difference in shape between the left and right otoliths of an
individual fish) was tested, and the results of this study showed that this factor is significant
for the 3D otolith shape, while it was not found to be significant for the 2D otolith shape.
This result suggests that the accuracy of the 2D outline was not sufficient to detect the
differences observed in the whole otolith shape (i.e., 3D otolith shape). The 2D image is
just one projection plane of the 3D image (i.e., with a 3D image, multiple 2D images can be
generated from different projections). While a difference in shape was noticed between the
left and right inner ear otoliths in this projection, Figure 5 (in the results section) showed
that differences can be found throughout the whole otolith, not just at the edge as seen
in 2D projection plane (as shown in Figure 4 in the results section). In fact, the most
significant differences were found in parts of the otolith that cannot be illustrated in 2D
projections. This is the first study combining 2D and 3D otolith shapes, and so this result
should be tested for other species for which the 2D data show no asymmetry. Additionally,
the spherical EFDs analysis showed that the interaction between geographical and inner
ear side effects was significant. Consequently, the difference between the shapes of the
left and right otoliths observed in 3D space could significantly change the stock structure,
as observed in the 2D analysis of bogue in the Mediterranean Sea [60]. Generally, for
roundfish, left and right otolith shapes are symmetrical in 2D space (i.e., no significant side
effect, [44,57,94,98–100]). In roundfish, it is therefore expected that no asymmetry is the
norm and is maintained through homeostatic processes [101]. Asymmetry is often linked to
stress and/or variations in the environment, and is viewed as a marker of developmental
instability [102,103]. For red mullet, otoliths do not show asymmetry from 2D analysis [57]
as corroborated by this work from 2D data. This same study of the otolith shape from
3D data showed a significant asymmetry between left and right otoliths in this species.
Consequently, it is possible that this new 3D approach may show that many species
are ultimately asymmetrical, and that this asymmetry has been underestimated by the
2D approach.

The significant effect of the inner ear side that was found using 3D analysis, but not
2D, could lead to inaccurate stock unit identification (i.e., significant interaction between
geographical and side effect). As bogue in the Mediterranean Sea and common sole (Solea
solea Linnaeus, 1758) in the eastern English Channel and the southern North Sea showed
potential boundary separation according to the mean level of bilateral asymmetry in 2D
analysis [104], this approach could be developed from 3D data with greater accuracy
than previously obtained by 2D images. It is currently unclear whether the variation in
directional asymmetry of otolith shape across geographical locations is due to adaptive or
passive phenotypic plasticity, or adaptive or neutral genetic differentiation. This study has
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revealed that there is a greater difference between left and right otolith shapes in sub GSA
27b, which is located in the east of the Mediterranean in the Levantine basin. This difference
in shape was also observed in the European hake in the same area [21]. This could indicate
that the European hake and red mullet are particularly affected by environmental or other
factors that are driving this difference in shape. Otolith shape asymmetry, whether it is
fluctuating or directional, can lead to dysfunction of the vestibular sensing system [105].
It can also impact the fish’s ability to process sound and self-orient [106], and influence
its swimming patterns [105,107,108]. Currently, however, there is currently no known
advantage to otolith asymmetry, which suggests that it may be non-adaptive, regardless of
its origin (plastic or genetic).

In addition to providing more detailed and accurate information about the shape and
structure of otoliths, the use of 3D imaging and analysis can also have important implica-
tions for stock identification. Furthermore, 3D analysis can also be used to investigate the
surface texture and microstructure of the otolith, which can provide additional information
about the fish stock of origin. This extra information can be used to identify different stocks
of fish that may have similar otolith shape but different surface texture and microstructure.
The analysis of the shape of the otolith from a 2D image represents only the outline of
the otolith on a single projection plane, while 3D images have several projection planes.
The sulcus acusticus (cavity on the inner side of the otolith, which connects the otolith
to the sensorial macula, [109]) cannot be described in a 2D image, whereas it can with
3D analysis. The projection described by Gonçalves et al. [110] was mainly used in 2D
shape analysis to identify stocks, but it cannot be used to analyse the sulcus acusticus.
Previous studies have attempted to examine the size and shape of this part of the otolith
using 2D shape analysis [111–113]. However, these approaches have limitations, as they
do not take into account the depth of this structure. In contrast, 3D analysis provides a
more comprehensive view of the sulcus acusticus by enabling the extraction of both depth
and volume measurements. This additional information can provide a more complete
characterization of otolith shape, which can in turn aid in distinguishing between different
fish species or populations. All other shape microstructures, either on the inner or outer
side of the otolith, can be analysed with 3D images. Not all shape microstructures may be
important for all cases, however, and the added complexity of 3D imaging and analysis
may not be necessary depending on the research question.

It is important to note the difference in processing time between 2D and 3D imaging
and analysis, with 3D taking longer than 2D, which may be a factor to consider in choosing
the best method of shape analysis. This study has shown that 3D analysis provides more
detail on the shape of the otolith because the results differ between the average shape for
each analysis. It should also be noted that the method used (i.e., spherical EFDs) has errors
in 3D, especially for unclosed meshes [69]. These images could not be processed because
they cannot be mapped onto a sphere, hence why the number of samples for each GSA
is different.

The 3D analysis of sagittal otoliths provides a new dimension to the shape analysis
method, but still remains to be optimised (time-consuming, issues with otoliths with holes
or non-manifolds). From this study, however, stock delimitation for the red mullet is
possible by using the effect of 3D otolith asymmetry between inner ear sides, and could be
further improved by adding more geographical locations to test the variability within and
between stock units. To further improve the accuracy and precision of stock identification,
multiple methods of analysis should be incorporated with 3D analysis, such as genetic
analysis, otolith microchemistry, and stable isotope analysis. Several studies [14,21] have
used 2D analysis and have reported successful results using this approach. Additionally,
incorporating environmental data such as temperature, salinity, and dissolved oxygen
levels can provide a better understanding of the environmental factors that may influence
the distribution and migration patterns of fish stocks. It is also recommended to analyse
otoliths from different life stages of fish, including larvae and juveniles, in addition to
adults, to gain a more comprehensive understanding of stock structure and dynamics.
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Lastly, it is important to collect and analyse a large number of otolith samples from different
locations and time periods to increase the statistical power of the analysis and reduce the
potential for bias. By incorporating these suggestions, the accuracy and precision of stock
identification can be improved, which can ultimately lead to better fisheries management
and conservation efforts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/sym15051067/s1, Table S1: Scan parameters on the µCT Skyscan
1174 (Bruker).
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