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Abstract: Otoliths are used in taxonomy and ichthyology as they can provide a wide range of
information about specimens. They are an essential tool to monitor the most sensitive species for
a sustainable exploitation level. Despite the increasing use of sagittae in research, their inter- and
intra-specific variability and eco-functionality are still poorly explored. This paper aims to investigate
the inter- and intra-specific variability of Mugilidae sagittae using morphological and morphometrical
analysis, as well as scanning electron microscopy and shape analysis. The sagittae of 74 specimens
belonging to three different Mugilidae species, collected from a coastal lagoon, were analyzed to give
an accurate description of their morphology, morphometry, shape and crystalline habits. The results
highlighted the intra- and inter-specific variability of sagittae, showing morphometrical differences
among species and slight differences between left and right sagittae in C. labrosus individuals.
Moreover, SEM images showed a peculiar crystal organization, with several different crystal habits
and polymorphs. This study provides an accurate description of sagittae in the studied species,
deepening the knowledge on inter- and intra-specific variations and crystal habits and providing
data which will be useful for future studies on otoliths. With this data, it will be possible to improve
conservation and exploitation sustainability in sensitive habitats.

Keywords: sagittae; Mugilidae otoliths; fish biology; SEM imaging; shape analysis

1. Introduction

Otoliths are acellular biomineralized concretions of calcium carbonate and other
minor elements (Na, St, K, S, N, Cl and P), generated on a protein matrix in vertebrates’
inner ears. In teleosts, inner ears are multi-sensory, stato-acoustic organs [1] with basic
vestibular and acoustic functions (e.g., balance and hearing). They are essential in the
perception of angular acceleration (derived from head/body rotation), linear acceleration
and sound [1-7]. Each inner ear is composed of three semicircular canals, three end organs,
named ampullae, and three otolith organs (sacculus, utriculus and lagena). Inside these
are located three otoliths (or ear stones): sagitta, lapillus and asteriscus. Each otolith
is surrounded by an otolithic membrane. The latter mediates the connection between
the sensory epithelia (macula sacculi) and otoliths. The otolithic membrane, the macula
sacculi and the otolith are considered the “otolithic apparatus”, a single physiological and
morphological entity. Once perceived, sound occurs in the lower part of inner ear (sacculus
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and lagena), which is specialized in sound reception, while the upper part (consisting of
the utricle and semicircular canals) controls equilibrium. The otolith acts as a transducer of
acoustic and vestibular signals to the fish’s nervous system, through the macula sacculi. In
bony fish, it consists of a solid calcium carbonate concretion, normally in form of aragonite
crystals, with a small percentage (from 0.2% to 10% of the entire otolith) of organic matter
(otoline) and other inorganic salts, secreted by the labyrinth walls and associated with a
protein matrix on which they are developed [8,9].

Otolith growth is continuous over the fish’s entire life, showing a daily deposition of
new materials [10] and a high purity. They are metabolically inert [11,12] and represent a
source of information about an individual’s life history and age, thus possessing a high
time-keeping properties [12].

They are one of the most useful anatomical structures for various studies of fish,
leading to many practical applications [1,13,14]. These are not limited to ichthyology, but
include ecological studies of predator fish, and some aspects of paleontology, stratigraphy,
archeology and zoogeography. The otolith’s morphology, due to its high inter-specific
variability, is used in taxonomy for species discrimination and, since it is one of the main
fossil fish remains, in palaeoichthyology for the evaluation of the biodiversity and species
composition of past teleosts [9,13-18]. The otolith’s morphometry, shape and chemical
composition are also essential in ecological studies for prey identification during stomach
content analysis [19,20], in fisheries science for stock discrimination [21-26] and population
age structures [27,28], in fisheries management for migration pattern evaluations [29,30] and also
in defining the morphofunctional adaptations of teleosts to different environmental conditions.

Among otoliths, sagittae, or saccular otoliths, are the most studied, due to their
dimensions and their high inter-specific morphological variability. They are usually the
largest otolith, except in some otophysan species, such as Arius felis (Linnaeus, 1766) [31].
Therefore, the saccular otolith is widely used for age determination in most bony fish species.
In the mesial face of the sagitta, there is a depression called the sulcus acusticus, by which it
is linked to macula sacculi. The sulcus acusticus is made up of two areas, ostium (anterior)
and cauda (posterior), connected to each other by the collum. The morphological features,
shape and crystalline structure of the sulcus acusticus have increasingly been used as a tool
in stock assessment, species identification and ecological studies, analyzing their intra- and
inter-specific variability in relation to environmental factors and ecological behavior of the
species [32]. In fish, the size, shape and structure of sagittae vary ontogenetically, as well as
from species to species and even between different populations of the same species. For
this reason, it can be used in species discrimination and population studies [33-36].

The Mugilidae family, to which the species generally known as mullets belong, rep-
resents a large taxon of coastal marine fish, with a worldwide distribution that includes
temperate, subtropical and tropical seas. Due to their tolerance to a wide range of salini-
ties, they not only inhabit coastal marine waters, but also spend part of their life cycle in
coastal lagoons, lakes and /or rivers. Mullets, after their periods of rest and maturation in
transitional environments (coastal lagoons, estuaries), perform a reproductive migration
towards the sea; after spawning, some of them return to estuaries while others remain
in marine waters [37—40]. The Mugilidae family includes 17 genera and approximately
72 species [41]. The Mediterranean Sea is inhabited only by eight of these species, all of
which originally belonged to the same Genus: Mugil. Later, these were subdivided into
four Genera: Mugil, Liza, Chelon and Oedalechilus [42]. Taxonomical discrimination among
these species can be complex due to their complicated internal anatomy and external
morphology. They are of great importance for professional and artisanal fishing, being
species of high commercial value, especially for their gonads. Mugilidae are fished both
for food purposes (and also often for bait) [38,39,43-45] over almost the entire planet, and
for aquaculture production [43,44]. They are farmed both in extensive systems, and in
semi-intensive and intensive systems, often in polyculture with other species; however, the
latter production system is still based on the collection of wild fries, as induced spawning
it is not practiced commercially.
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Despite otoliths (especially sagittae) being increasingly used in many research fields, it
is not yet fully understood how differences detected in sagittae among several fish species
and populations are related to ecological, environmental or habitat variations. For this
reason, the present study aimed to investigate inter- and intra-specific variability within
Mugilidae sagittae, analyzing and comparing their morphology, morphometry, shape and
external textural organization among three selected species: golden grey mullet, Chelon
auratus (Risso, 1810), thicklip grey mullet, Chelon labrosus (Risso, 1827) and boxlip mullet,
Oedalechilus labeo (Cuvier, 1829). These three species are euryhaline and share similar habi-
tats. They inhabit neritic environments, forming inshore schools and frequently entering
brackish lagoons and estuaries. In freshwater, it is also common to find C. labrosus and
less common to find C. auratus [45-47]. O. labeo is the least euryhaline species among
them. It mainly inhabits marine environments; but, occasionally, it is found in coastal
lagoons [48,49]. All three species also share a similar trophic position, with C. auratus
exhibiting the most pronounced predatory feeding habit. It mainly feeds on small zooben-
thic organisms and detritus and, occasionally, on insects and plankton, while the other
two species alternate a vegetarian diet (e.g., benthic diatoms, epiphytic algae) with the
consumption of small invertebrates [50-53].

Individuals belonging to the aforementioned species were collected from a peculiar
Sicilian transitional basin (Ganzirri lagoon) in order to add new information about the
eco-morphological adaptation of marine species to brackish and transitional environments,
especially in a constantly monitored area such as the Ganzirri lagoon. This is a sensitive
environment, exploited by human activities since ancient times, and it is very important
for the biodiversity it hosts, being a nursery and a shelter area for many marine species.

Investigating the sagitta features of individuals collected from this area, this study
aimed to monitor and improve the knowledge of these species for a sustainable exploita-
tion level of habitats and stocks and in order to better manage conservation. In order to
give an accurate description of the sagittae in the studied species, with morphometrical
measurements and comparisons between the left and right sagitta, a shape analysis was
performed with R software, and an SEM imaging evaluation of their microcrystalline
structure, between and within the species, was also performed. This research fills a gap in
the literature regarding the considered mullet species, highlighting intra- and inter-specific
otolith variability. Moreover, variability in microcrystalline organization, detected through
SEM imaging, provides useful reference data for future studies on the microchemical and
crystal organization of otoliths, which are essential for population studies and for environ-
mental variation monitoring in natural conditions. This research adds new information
regarding sagitta eco-morphology, laying the foundations for further studies concerning
their functionality, morphology and adaptative role in the lives of teleosts. Deepening this
knowledge is also essential for conservation purposes—both for brackish habitats, which
are very vulnerable, and, by adding new shape analysis data, for Mullets stocks, which are
exploited worldwide.

2. Materials and Methods
2.1. Study Area

The study area is located in the north-eastern area of Sicily, Italy (38°15'57" N,
15°37'50" E) (Figure la), between the Tyrrhenian and the Ionian Sea [49,50]. This area
is of particular ecological importance, being part of the extremely peculiar and characteris-
tic habitats of the area around the Strait of Messina [51-53].

In particular, the sampling location, Ganzirri Lagoon, is a brackish pond continuously
in communication with the Strait of Messina through the “Due Torri” and “Carmine”
Channels and with Faro Lake through the Margi Channel [54,55] (Figure 1b). The water
level of this basin is not stable, as it is affected daily by the Strait of Messina tidal currents
that change every 6h regularly, raising and lowering the level of the lagoon water [53].
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This basin covers a 0.33 km? area (maximum depth: ~7 m; water volume: ~106 m?). It
extends parallel to the coast of the Strait of Messina for 1670 m in length, and it is 282 m at
its maximum width, with an elongated form oriented in the SW-NE direction [50].

Ganzirri and Faro lagoons are “Assets of ethno-anthropological interest” (declaratory
measure 1342/88) since they are seats of traditional working and productive activities
related to shellfish farming (mussel and cockle farming). The Lagoon of Capo Peloro is also
an Oriented Natural Reserve (ONR), established by the Sicilian Region [56], as well as a
Site of Community Importance (SIC) [57] and a Special Protection Zone (ZPS) [58-63].

In Ganzirri lagoon, shellfish farming took place from the first half of the 1700s up
to 1995. Subsequently, due to sporadic events of anthropogenic pollution and contami-
nation by pathogenic prokaryotes from the nearby town, this activity was interrupted by
competent authorities [59].

Messina

Figure 1. Location of the studied area (a,b); image of Ganzirri lake (c) with sampling point in blue.

2.2. Sampling

Samples were collected between March 2021 and June 2021, in Ganzirri Lagoon
(38°15'33" N; 15° 36’ 58" E) (Figure 1c). A total of 74 Mugilidae (31 C. auratus, 32 C. labrosus
and 11 O. labeo) were caught using throwing nets, also known as sparrow hawks or
“rezzaglio” (Autorizzazione n.1138/A del 15.03.2021). This is an ancient circular fishing
net, tied to a rope in the center of the circle. Fish were sampled and transported to the
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Experimental Fish Pathology Center (Centro di Ittiopatologia Sperimentale della Sicilia—
CISS), Department of Veterinary Sciences University of Messina, Italy. The fish included in
this paper were not part of an experiment; all samples were used for diagnostic purposes
commissioned by fish farmers, aiming at fish disease control. For that reason, no ethical
committee approval was needed, even though all animal handling was performed under
the European and Italian guidelines on animal welfare. The conducted analysis does
not fall within the provisions of Legislative Decree No. 26/2014, implementation of the
European Directive 2010/63/EU of the European Parliament, as waste material was used
for diagnostic purposes and was, therefore, not regulated by laws on animal testing.

Next, each specimen was identified using dichotomous keys [50,51,64,65], weighed
and measured [60]. For species identification, the head morphology, which is the most
useful anatomical part from a taxonomic point of view and is normally employed in
any identification key of the mullet, was evaluated (Table 1) [50,51,64-66]. Although the
head is often broad and flattened or slightly dorsally convex in mullets, a wide variation
in relative shape and size can be observed among Mugilidae species. The positional
relationships between different anatomical elements such as jaws, nostrils, lips, eyes,
opercular and preorbital bones and jugular space and their shape and size generate a
variety of information useful for taxonomic identification [50,51,64-66]. For a precise
identification of the species, the number of spines and rays of paired and unpaired fins
and the number of scales in the lateral series were also evaluated. These features can be
observed on the left side of the specimens, from the scales located just behind the head. The
number of spines varied from approximately 24 to nearly 63, although sometimes different
species had the same number. To have a greater confirmation of the species, at the time
of necropsy, the pyloric blinds were collected and counted. Normally the number varies
within a certain range in specimens belonging to the same species. Pyloric blinds can vary
from 3 to 48 but more commonly from 5 to 10, although it is common to find several species
of the same genus with the same number of pyloric blinds.

Finally, pairs of sagittae were manually removed by auditory capsule dissection,
cleaned from tissue with 3% H,O, for 15 min and then washed with Milli-Q water and
stored dry inside Eppendorf microtubes. Images of left and right sagittae were captured
for each individual specimen by a Leica M205C stereomicroscope with a LEICA IC80
digital camera. Each sagitta was photographed twice, once with the inner face facing
up and once with the external face facing up, using the longest axis to orient the images
horizontally for external face photos and vertically for inner face photos, in accordance
with the literature [31].

Table 1. Morphological characters of studied species used for taxonomical identification.

Chelon auratus

Chelon labrosus

Oedalechilus labeo

Presence of pure gold stain
on theoperculum

Oval jugular space

Anal fin with 8-9 rays, without spiny
rays closetogether
Scales on head not extending
beyond eyes

Upper lip not deep, shorter than pupil

Rudimentary adipose eyelid
Dorsal scales with a dimple
Space between the two
nostrils devoid of scales

Absence of pure gold stain on
the operculum
Jugular space very short, straight,
delimiting a very narrow oval space
Anal fin with 8-9 rays, without spiny
rays closetogether

Scales on head extending beyond the eyes

Upper lip very deep, larger than pupil,
with 34 sets of papillae
Rudimentary adipose eyelid
Dorsal scales with a short dimple

Space between the twonostrils with scales

Absence of pure gold stain on
the operculum

Jugular space very narrow and linear

First anal fin with 3 spiny rays
closetogether and 11 soft rays

Scales on head extendingbeyond the eyes
Upper lip deeper than pupil with
finelabial fold
Rudimentary adipose eyelid
Dorsal scales without dimple

Space between the twonostrils devoid
of scales
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2.3. Morphometrical Analysis

Using Image] (Image] 1.48p software, freely available at https:/ /imagej.nih.gov/ij/)
(accessed on 21 September 2021) [61], in accordance with the literature [17,32,35,67-69],
otolith measurements were recorded: otolith length (OL, mm), otolith width (OW, mm),
otolith perimeter (OP, mm), otolith surface (OS, mm?), sulcus perimeter (SP, mm), sulcus
surface (SS, mm?), sulcus length (SL, mm), cauda length (CL, mm), cauda width (CW, mm),
cauda perimeter (CP, mm), cauda surface (CS), ostium length (OSL, mm), ostium width
(OSW, mm), ostium perimeter (OSP) and ostium surface (OSS). Afterwards, other otolith
shape indices were calculated: circularity (P2/A), rectangularity (OS/(OL x OW)), aspect
ratio (OW/OL; %), the ratio of the otolith length to the total fish length (OL/TL), the
percentage of the otolith surface occupied by the sulcus (55/0S, %), the percentage of the
sulcus length occupied by the cauda length (CL/SL, %) and the percentage of the sulcus
length occupied by the ostium length (OSL/SL, %) (Tables 2 and 3).

Table 2. Morphometric mean values with standard deviation (SD) and range of Chelon auratus and
Oedalechilus labeo individuals: OL (otolith length), OW (otolith width), OP (otolith perimeter), OS
(otolith surface), SP (sulcus perimeter), SS (sulcus surface), SL (sulcus length), CL (cauda length),
CW (cauda width), CP (cauda perimeter), CS (cauda surface), OSL (ostium length), OSW (ostial
width), OSP (ostium perimeter), OSS (ostium surface), CI (circularity), RE (rectangularity), aspect
ratio (OW/OL %), the ratio of otolith length to total fish length (OL/TL), percentage of the otolith
surface occupied by the sulcus (S5/0S %), percentage of the sulcus length occupied by the cauda
length (CL/SL %) and percentage of the sulcus length occupied by the ostium length (OSL/SL %).

Morpholoc;ti(c):lillﬂéharacters Chelon auratus Chelon auratus Oedalechilus labeo Oedalechilus labeo
(mm-mm?) Mean + SD Min.-Max. Mean £ SD Min.-Max.
OL 6.82 + 0.78 5.56-9.60 6.27 + 0.81 5.27-7.43
oW 3.38 +0.27 2.97-4.24 3.27 +0.28 2.83-3.62
or 17.32 + 1.44 14.21-22.05 16.38 + 2.39 13.46-20.45
(03] 17.06 + 2.38 12.71-26.01 15.48 4+ 3.18 11.65-20.05
SP 14.72 + 1.89 10.62-19.28 14.24 +2.18 10.54-16.95
SS 0.12 +0.01 0.08-0.16 0.11 4+ 0.02 0.08-0.13
SL 6.35 + 0.89 4.31-8.41 6.05 + 1.09 4.15-7.36
CL 412 +0.71 2.47-5.92 3.72 +£0.83 2.27-4.63
CW 1.08 £ 0.24 0.50-1.60 0.98 + 0.23 0.57-1.40
cp 9.04 +1.54 5.69-12.34 8.29 + 1.53 5.77-10.30
(@) 0.07 +0.01 0.04-0.09 0.06 + 0.01 0.04-0.08
OSL 2.23 +0.38 1.54-3.20 2.34 + 047 1.69-3.16
OSW 1.24 +0.29 0.80-2.09 1.24 +0.17 1.00-1.45
OSP 5.69 + 0.83 4.02-7.60 595+ 1.01 4.75-7.93
0SS 0.04 +0.01 0.03-0.06 0.04 +0.01 0.04-0.06
OP%/0S 17.65 + 1.10 15.89-19.99 1741 +1.73 15.55-20.93
0OS/(OL x OW) 0.74 + 0.04 0.52-0.78 0.75 + 0.03 0.71-0.79
OW/OL % 49.88% =+ 0.04 38.11%-57.50% 52.44% + 0.03 46.97%-56.48%
OL/TL 0.04 + 0.01 0.03-0.06 0.04 + 0.01 0.02-0.05
SS/0S % 0.66% =+ 0.001 0.42%-1.12% 0.72% =+ 0.00 0.47%-1.02%
CL/SL % 64.76% =+ 0.05 52.00%~71.66% 0.61 £+ 0.06 0.53-0.69
OSL/SL % 35.24% + 0.05 28.34%—-48.00% 0.39 4+ 0.06 0.31-0.47
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Table 3. Morphometric mean values with standard deviation (SD) and range of right (R) and left (L)
sagittae in Chelon labrosus individuals: OL (otolith length), OW (otolith width), OP (otolith perimeter),
OS (otolith surface), SP (sulcus perimeter), SS (sulcus surface), SL (sulcus length), SW (sulcus width),
CL (cauda length), CW (cauda width), CP (cauda perimeter), CS (cauda surface), OSL (ostium
length), OSW (ostium width), OSP (ostium perimeter), OSS (ostium surface), CI (circularity), RE
(rectangularity), aspect ratio (OW/OL %), the ratio of otolith length to total fish length (OL/TL),
percentage of otolith surface occupied by the sulcus (SS/OS %), percentage of the sulcus length
occupied by the cauda length (CL/SL %) and percentage of the sulcus length occupied by the ostium
length (OSL/SL %). (R = right, L = left).

Otolith Chelon labrosus Chelon labrosus Chelon labrosus Chelon labrosus
Morphological Characters Mean + SD. Min.-Max Mean + SD Min.-Max.
(mm-mm?) (L. otoliths) (L. otoliths) (R. otoliths) (R. otoliths)
OL 6.73 +£0.33 5.97-7.54 6.71 +£0.33 6.04-7.45
oW 3.52 +0.19 3.24-4.00 3.48 +0.15 3.21-3.88
or 17.36 £ 0.79 15.88-19.62 17.24 £ 0.72 15.93-18.89
(O8] 18.21 +1.44 15.98-21.64 17.91 + 147 15.67-22.05
SP 1557 £1.22 13.19-18.13 14.72 £ 1.51 12.31-19.30
SS 0.12 +0.01 0.10-0.13 0.11 £+ 0.01 0.09-0.14
SL 6.29 +0.41 5.45-7.25 243 +0.77 0.93-5.75
CL 4.21 +0.39 3.39-4.80 1.18 + 0.52 0.84-3.67
CW 1.20 +0.19 0.65-1.58 4.15 +0.68 1.04-5.13
(@ 9.78 + 1.05 7.58-11.68 9.51 + 1.15 6.99-13.44
CSs 0.07 £ 0.01 0.06-0.09 0.07 £ 0.01 0.05-0.10
OSL 2.09 +0.31 1.64-2.90 1.26 +£ 0.37 0.09-2.07
OSW 1.43 +0.25 0.97-2.00 1.90 + 0.34 0.94-2.37
osp 5.79 + 0.65 4.82-7.20 521 +0.76 3.79-6.98
0SS 0.04 £+ 0.005 0.04-0.05 0.04 +0.01 0.03-0.05
OP2/0S 16.58 £+ 0.61 15.71-18.48 16.62 + 0.60 15.59-18.69
0OS/(OL x OW) 0.77 £ 0.02 0.71-0.81 0.77 £+ 0.02 0.72-0.81
OW/OL % 52.43% + 0.03 48.43-59.70% 51.95% + 0.02 46.58%-55.80%
OL/TL 0.03 4+ 0.003 0.03-0.04 0.03 4+ 0.003 0.03-0.04
SS/0S % 0.64% + 0.001 0.48%—0.78% 0.61% + 0.00 0.46%—0.85%
CL/SL % 66.84% =+ 0.04 56.98%—74.49% 48.51% + 0.10 34.29%-90.46%
OSL/SL % 33.16% =+ 0.04 25.51%-43.02% 51.49% + 0.10 9.53%—65.71%

2.4. Otolith Shape Analysis

Analysis of otolith shapes was performed using shape R, an open-source software
package that runs on the R platform (R Gui 4.0.5), globally used to study otolith shape vari-
ation among teleost populations and species [62]. A threshold pixel value of 0.05 (intensity
threshold) was used to binarize sagittae images. Each extracted outline was coupled to a
master list file enclosing information on analyzed specimens (e.g., fish length, weight and
origin). Wavelet and Fourier coefficients were extracted and adjusted to define the allo-
metric relationships with fish lengths. The graph shown in Figure 2 was obtained through
wavelet coefficient, with a mean otolith shape comparison among analyzed species. De-
viation from the otolith outline was used to estimate the quality of obtained wavelet and
Fourier reconstruction. The value 15 was set as the maximum number of Fourier harmonics
to be shown. Finally, a g-plots R package was used to obtain the graph shown in Figure 3,
to evaluate how variation in the wavelet coefficients is dependent on the position along
the outline.
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Figure 2. Mean and standard deviation (SD) of wavelet coefficients for all combined otoliths and the
proportion of variance among species (black line). The horizontal axis shows angle in degrees (°)
based on the polar coordinates of mean shapes of left otolith contours. The centroid of the otolith is
the centre point of polar coordinates.
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Figure 3. Plotting the quality of wavelet and Fourier outline reconstruction. The red lines indicate the
level of wavelet and number of Fourier harmonics needed for a 98.5% accuracy of the remodelling.

2.5. SEM Analysis

A total of 9 otoliths were observed using SEM analysis, including 3 of C. auratus, 3 of
C. labrosus and 3 of O. labeo. They were fixed for 48 h in 70% alcohol. Subsequently, samples
were dehydrated in a graded series of alcohol from 70 to 100%, for 1 h in each solution.
To avoid the critical drying point, samples were placed on a stub (SEM-PT-F-12) using
conductive adhesive tables (G3347) and left for 12 h at 28 °C. Finally, the samples were
sputter coated with 20 nm gold palladium. The samples were examined using a Zeiss EVO
MAI10 operating at the acceleration voltage of 20 Kv.

2.6. Data Analyses

All statistical analyses were conducted using Sigmaplot V.14, R vegan package V.2.5,
and PAST V. 2.756 software.

Specific morphological parameters (OP2/0S, OS/[OL x OW], OL/TL, OW/OL %,
S55/0S %) were analyzed using a one-way analysis of variance (One-Way ANOVA) or
Kruskal-Wallis one-way ANOVA to highlight any significant differences between the right
and left sides of the otolith specimens within the same species. Differences in morphological
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parameters between specimens of different species were also analyzed using one-way
ANOVA or Kruskal-Wallis one-way ANOVA. Additionally, sulcus acusticus parameters
were subjected to a linear discriminant analysis (LDA) to show differences between all the
analyzed species.

Finally, the correlation between the measured parameters and fish weight and total
length was tested using the Pearson correlation coefficient.

To determine differences in otolith contours, wavelet coefficients were used to analyze
shape variation among species using an ANOVA-like permutation test. Moreover, shape
coefficients were subjected to an LDA to obtain an overview of the differences in otolith
shape between the species examined. The significance level was set at p < 0.05.

3. Results
3.1. Morphometric and Shape Analysis

As shown in Figures 4 and S1, the C. auratus specimens had a sagitta with rectangular
or oblong shape, with an entire margin in the dorsal rim and lobed to the entire margins in
the ventral rim. The anterior region was angled-round, with a short and pointed rostrum
and an almost entirely absent anti-rostrum. The posterior region was flattened-round.

As shown in Figures 5 and S2, the C. labrosus specimens had a rectangular shaped
sagitta, with crenate to irregular margins and irregular protuberances. The anterior region
was angled-irregular, with a short and broad rostrum. The dorsal rim showed a marked
plateau tilting towards the anterior rim. The anti-rostrum was absent or, in some specimens,
poorly marked with a wide and small excisura. The posterior region was slightly irregular
to round.

As shown in Figures 6 and S3, the O. labeo specimens’ sagitta had a rectangular shape,
with irregular margins in the dorsal and ventral rims. The anterior region was round to
irregular, with a short and broad rostrum, and a short and pointed anti-rostrum.

>

osL

(k4
o6

Figure 4. Left sagittae of Chelon auratus with scale bar. (a) Medial view; (b) lateral view; (c) mean
shape; (r) indicates the rostrum, and (*) indicates the dorsal rim.

Concerning intra-specific differences (Table 4) among sagitta morphometrical parame-
ters, in the specimens belonging to the C. auratus species, the correlation analysis revealed a
moderate significant correlation between TL and SS/0S % (p = 0.416; p = 0.001). C. labrosus
was the only species that showed differences between the right and left side of the otoliths,
for the parameters CL/SL % (H = 38.48, df 1, p < 0.001) and OSL/SL % (H = 38.48, df 1,
p <0.001). Moreover, a significantly positive correlation was detected between TL and
OW/OL (p = 0.411; p = 0.001), while a negative correlation was noted between TL and
OL/TL (p = —0.366; p = 0.0029) and between BW and OL/TL (p = —0.392; p = 0.001). In
O. labeo specimens a strong negative correlation was observed between TL and OL/TL
(p =—0.729; p = 0.001) and between BW and OL/TL (p = —0.658; p = 0.001). A significant
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positive correlation was recorded between TL and SS/OS % (p = 0.561; p = 0.008) and
between BW and SS/OS % (p = 0.499; p = 0.02).

0Lz
oe

Figure 5. Left sagittae of Chelon labrosus with scale bar. (a) Medial view; (b) lateral view; (¢) mean

; c

shape; (r) indicates the rostrum, and (*) indicates the dorsal rim.

o8l

3 mm.
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06

Figure 6. Left sagittae of Oedalechius labeo with scale bar. (a) Medial view; (b) lateral view; (c) mean
shape; (r) indicates the rostrum, and (*) indicates the dorsal rim.

Concerning inter-specific differences among sagitta morphometrical parameters (Table 5),
the investigated species showed significant differences in some parameters. C. auratus
and C. labrosus showed differences in OP2/0S (H =20.802, df2, p < 0.001), OS/[OLXOW]
(p =0.001), OW/OL % (p < 0.002) and OL/TL (H = 12.477, df 2, p = 0.002). C. auratus and
O. labeo showed significant differences only in OW/OL % (p = 0.014). Finally, C. labrosus
and O. labeo showed differences in OS/[OLXOW] (p = 0.012).

As shown in the LDA plot (Figure 7), the first two axes showed a slight separation in
the sulcus acusticus parameters between the three fish species analyzed.

The mean shape of otoliths differed significantly between the C. auratus, C. labrosus
and O. labeo specimens (p < 0.001). The otolith contours are shown in Figure 8a. Marked
differences in otolith shape have also been confirmed by LDA. From the LDA plot of the
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first two discriminant functions, we can see that the three species were quite well separated
(Figure 8b).

Table 4. Pearson Correlation results between total length, weight and selected morphometric param-
eters of Chelon auratus, Chelon labrosus and Oedalechilus labeo. Significant result was set at p = 0.05. OS
(circularity), OS/(OL x OW) (rectangularity), aspect ratio (OW/OL; %), the ratio of the otolith length
to the total fish length (OL/TL), percentage of the otolith surface occupied by the sulcus (SS/OS, %),
percentage of the sulcus length occupied by the cauda length (CL/SL, %) and percentage of the sulcus
length occupied by the ostium length (OSL/SL, %). ns = not significant.

Fish Species M;:fal;?:::;lc Weight L:i:tlh
P p Value [} p Value
OP?2/0S ns ns ns ns
OS/(OL x OW) ns ns ns ns
OW/OL % ns ns ns ns
Chelon auratus OL/TL ns ns ns ns
SS5/0S % ns ns 0.416 0.001
CL/SL % ns ns ns ns
OSL/SL % ns ns ns ns
OP2/0S ns ns ns ns
0OS/(OL x OW) ns ns ns ns
OW/OL % ns ns 0.411 0.001
Chelon labrosus OL/TL —0.392 0.001 —0.366 0.0029
SS/0S % ns ns ns ns
CL/SL % ns ns ns ns
OSL/SL % ns ns ns ns
OP2/0S ns ns ns ns
0OS/(OL x OW) ns ns ns ns
OW/OL % ns ns ns ns
Oedalechilus labeo OL/TL —0.658 0.001 —0.729 0.001
SS/0S % 0.499 0.02 0.561 0.008
CL/SL % ns ns ns ns
OSL/SL % ns ns ns ns
Table 5. Results of t-test and ANOVA carried out on selected morphometric parameters between
left and wright sagitta and among left sagittae of Chelon auratus, Chelon labrosus and Oedalechilus
labeo. Significant result was set at p = 0.05. OP2/0OS (circularity), OS/(OL x OW) (rectangularity),
aspect ratio (OW/OL; %), the ratio of the otolith length to the total fish length (OL/TL), percentage
of the otolith surface occupied by the sulcus (S5/0S, %), percentage of the sulcus length occupied
by the cauda length (CL/SL, %) and percentage of the sulcus length occupied by the ostium length
(OSL/SL, %). ns = not significant.
OP?/0S OS/(OL x OW) OW/OL % OL/TL SS/0S % CL/SL % OSL/SL %
Comparison between
L and R otoliths:
Chelon auratus ns ns ns ns ns ns ns
Chelon labrosus ns ns ns ns ns p <0.001 p <0.001
Oedalechilus labeo ns ns ns ns ns ns ns
Comparison between species:
Chelon auratus vs. Chelon labrosus p <0.001 p=0.001 p < 0.002 p =0.002 ns ns ns
Chelon auratus vs. Oedalechilus labeo ns ns p=0.014 ns ns ns ns

Chelon labrosus vs. Oedalechilus labeo

ns p=0.012

ns

ns

ns

ns
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Axis 2 2064%)

45 . @ Chelon auratus
® Chelon labrosus

@ Oedalechilus labeo

Axis 1 (79.36%)

Figure 7. Linear Discriminant Analysis (LDA) of the sulcus acusticus computed between the species
Chelon auratus, Chelon labrosus and Oedalechilus labeo. The LDA was based on selected sulcus acusticus
parameters: sulcus acusticus area, sulcus acusticus perimeter, sulcus acusticus length, ostium area,
ostium perimeter, ostium length, ostium width, cauda area, cauda perimeter, cauda length, cauda
width, percentage of the otolith surface occupied by the sulcus (S5/0S, %), percentage of the sulcus
length occupied by the cauda length (CL/SL, %) and percentage of the sulcus length occupied by the
ostium length (OSL/SL, %). 95% probability ellipses are shown.

b © Chelon auratus
 Chelon labrosus

© Oedalechilus labeo

ey

Figure 8. (a) Mean shapes of left otolith contours. CA is Chelon auratus, CL is Chelon labrosus and
OE is Oedalechilus labeo. (b) Linear discriminant analysis plot between the species Chelon auratus,
Chelon labrosus and Oedalechilus labeo, calculated on elliptic Fourier descriptors. Ellipses include 95%
confidence interval.

3.2. Scanning Electron Microscopy (SEM) Analysis

Figure 9 gives an accurate sagittae view via SEM of the studied species. The sulcus
acusticus was heterosulcoid with a supramedian position and flat colliculi (homomorph)
in all three species. The ostium was opened wide in the anterior margin and the cauda
was distinctly closed away from the posterior margin (ostial mode opening). The ostium
was tubular and curved in all the three species, with a more markedly curved shape in
C. labrosus and O. labeo than C. auratus (Figure 9a—d). In this last species, the ostium was
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funnel-like (Figure 9a), while in the other two species, it was more rectangular (Figure 9e,f).
The anterior regions of the sagittae were peaked in all the studied species, with an absent
or poorly developed anti-rostrum and a short and poorly pronounced rostrum, while the
posterior regions were flattened and slightly oblique in some C. auratus specimens.

ENT= 10,635 SignslA = SE1 Oate 27 Jul 2021
W= 200 mm Photo No = 1807 Time :112458

EHT= 19,6380 Signal A= SE1 Dste 27 4ul 2021 = EHT= 19,635V SignsiA = SE1 Date 27 Jul 2021

WD 255 ;m Photo o, = 1915 Time 125257 WD =255 mm Photoo.= 1917 Time 130148

ENT= 10,634V SignsiA = SE1 Oate 9 Sep 2021

WD= 240 mm Proto . = 1911 Time :1240.63 W= 175 mm Phato o, = 1957 Time 142543 WD= 255 mm Photo o = 1916 Time :1257.57

EHT= 19.63KV SignatA = SE1 Dste 27 Jut 2021 EHT= 10.63KV. Signaf A= SE1 Oste 27 Jut 2021

Figure 9. SEM imaging of the left sagittae proximal surface; (a—d) Chelon auratus; (b—e) Chelon labrosus;
(c—f) Oedalechilus labeo; (r) indicates the rostrum, and (*) indicates the dorsal rim.

Concerning the external textural organization, SEM analysis highlighted a polymorph
transformation, strictly related to the otoliths” mineralization process. All the analyzed
sagittae showed radial oriented crystalline units, which had a chaotic orientation and
were not equally sized (Figures 10a—e, 11a—c and 12a—c), probably due to the polymorph
composition of the crystals. In all the studied species, the aragonite was found in two
crystal habits (columnar habits and distinct plate habits) on the cauda surface with bigger,
longer and narrower crystals (Figures 10d,e, 11b and 12c—e), while in the ostium, they were
smaller and shorter than in the cauda, with a smooth surface (Figures 10b, 11d and 12b).

= WD = 24.0 mm Photo No. = 1911 Time :12:40:49

1mm EHT = 19.63 kV. Signal A= SE1 Date :27 Jul 2021

Figure 10. SEM imaging of left sagitta proximal surface in Chelon auratus (a), with details of ex-
ternal textural organization of ostium (b), area between cauda and dorsal rim (c) and cauda (d,e);
(r) indicates the rostrum, and (*) indicates the dorsal rim.
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ENT= 19634V Signai A= SE1 Owte 9 Sep 2021

wo= 90mm PhatoNo. = 1922 Time 120311

EMT= 19634V Signar A= SET Date 3 Sop 2021
WO= 95mm Proto Ho. = 1920 Time 115328

EHT = 19634V Signel A= SE1
Wo= 35mm Photo No. = 1921
-

300 ym EHT = 19.63 kV Signal A= SE1 Date :27 Jul 2021 25
WD = 200 mm Photo No. = 1897 Time :11:24:58

Figure 11. SEM imaging of left sagitta proximal surface in Chelon labrosus (a) with details of external
textural organization of cauda (b), dorsal area (c) and ostium (d); (r) indicates the rostrum, and
(*) indicates the dorsal rim.

Dote 9 Seop 2021
Time 13:43:51

EHT = 19634V, Signat A= SE1 Dte 9 Sep 2021 ==
WD = 80mm Photo No. = 1953 Time :13:5257

EHT = 19.63kV Signal A= SE1 Date :27 Jul 2021
WD =250 mm Photo No. = 1918 Time :13.05:08

Signat A= SE1 Dato 9 Sep 2021 Eiss, EHT= 19634V SignalA= SE1 Date 9 Sep 2021 —
wo= 75 mm Pheto N = 1952 Time :13:50:49 Wo= 75 mm PhatoNo, = 1951 Time 13:48.45

Figure 12. SEM imaging of left sagitta proximal surface in Oedalechilus labeo (a) with details of external
textural organization of ostium (b) and cauda (c—e); (r) indicates the rostrum, and (*) indicates the
dorsal rim.

Moreover, several polymorphs and habits of calcium carbonates were detected in many
otoliths, especially of C. labrosus. These crystalline habits showed different shapes and or-
ganizations including small, locally oriented needles, long prisms and large rhombohedral
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crystals. This last kind was detected on the C. labrosus sagitta surface (Figure 13a-h); the
long prism shaped crystals (Figure 14a,c,e) and small, locally oriented needles (Figure 14b,d)
were detected on the cauda surface of O. labeo and of C. auratus. SEM imaging also showed
carbonate formations similar to “globular secretion” on the sagitta surface of C. labrosus
(Figure 15a—c), along with evidence of large prismatic crystals (Figure 16a—d).

ENT= 19634V Signal A= SE1 Date 9 Sep 2021 zx1s]
WD=205mm Photo No. = 1966 Time :14:59:19

Date 9 Sop 2021 s
Time 150826

Figure 13. SEM imaging of left sagitta proximal surface in Chelon labrosus (a) with details of sev-
eral calcium carbonate habits in posterior area (b), ventral area (c-h), cauda (d,e) and ostium (f);
(r) indicates the rostrum, and (*) indicates the dorsal rim.

Signala=
wo= 70mm PhotoNo. = 1943

T EnT= 1963k
wo 70mm
WY R S T I O T T T M S

o= Gl .1
Signat = SE1 Date 9 Sop 2021 —
wo= 75mm Photo No.» 1942 Time 130543
= cue NS )

EHT = 19.63kV Signal A= SE1 Date :27 Jul 2021
WD =255 mm Photo No. = 1916 Time :12:57:57

Figure 14. SEM imaging of left sagitta proximal surface in Oedalechilus labeo (a) with details of several
calcium carbonate habits in ostium (b), dorsal area (c—e) and cauda (d); (r) indicates the rostrum, and
(*) indicates the dorsal rim.
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WO =175 mm Photo No. = 1957 Time 1142543 WO = 18.0mm Photo No. = 1958 Time :1428:39 WO= 180 mm Photo o, = 1959 Time 143043

Figure 15. SEM imaging of left sagitta proximal surface in Chelon labrosus (a) with details of granular
crystalline habit in ventral area (b,c); (r) indicates the rostrum, and (*) indicates the dorsal rim.
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r

Figure 16. SEM imaging of large prismatic crystals in Chelon labrosus (a-d).

4. Discussion

The evaluation of intra-specific morphological differences among sagittae is essential
to better understand otolith variability in relation to environmental factors and habitats.
The morphological and shape variability of sagittae among populations from different
geographical areas is at the base of stock assessment, and it has been demonstrated and
thoroughly investigated by several authors [31,63-70]. Although the application of shape
and morphological studies on wild populations are not enough to explain all the adap-
tative response of sagittae to environmental conditions or habitats, and common garden
experiments are generally required, studies on otolith morphometry and morphology and
the comparison among otoliths of different populations are essential to broaden knowledge
on these differences and to help in detecting them.

Morphometrical results reported in the present study showed slightly morphological
differences between the sagittae of Mugilidae species from the investigated area and those,
described in the literature, from western Mediterranean Sea, northeastern Mediterranean
Sea and Atlantic Ocean populations [17,42,71-80]. The C. auratus specimens from Ganzirri
lagoon showed a more rectangular sagitta, with pronounced sagitta length to total fish
length ratio and rectangularity values, and a lower circularity and sagitta aspect ratio than
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those, reported by previous literature, from others geographical areas [17,42,79,80]. The
margins of anterior region showed an accentuated regularity in the studied specimens
compared to those from the northeastern Mediterranean Sea [71], while the rostrum was
more pointed than those from the western Mediterranean Sea [15,72]. The positive correla-
tion shown by statistical analysis confirmed the most pronounced sagitta dimension in the
studied specimens. The positive correlation between ratio of sulcus acusticus surface to
the entire sagitta and the increase in specimen size was probably related to an accentuated
sulcus acusticus growth, which could depend on species ecology and its adaptation to the
sampling area.

In addition, for C. labrosus, the morphology of the sagittae was different compared to
those, shown by the literature, from the western Mediterranean and Atlantic Ocean [15].
The rectangularity was higher, while circularity was lower than data reported by previous
literature [15], while the sagitta aspect ratio was the same, and the sagitta length to total
fish length ratio was slightly higher. The irregular margins of the anterior region were
similar to those observed in specimens from the northeastern Mediterranean Sea, western
Mediterranean Sea and north Atlantic [17,71-80]. By contrast, the posterior region was
flattened. Statistical analysis showed an accentuated increase in sagitta width, related to
total fish length increase. This condition was also confirmed by the negative correlation
observed between total fish length and the sagitta length to total fish length ratio. This was
also the only species to show slight differences between left and right sagittae, especially
on sulcus acusticus proportions (the cauda length to sulcus acusticus length ratio and the
ostium length to sulcus acusticus length ratio). To the best of our knowledge, this is the
first description of these differences in C. labrosus otoliths, confirming the peculiarity of
specimens inhabiting Ganzirri lagoon. The detection of directional bilateral asymmetry
is essential for stock assessment studies since it can affect otolith shape enough to be a
potential new accurate method for stock identification [73,74]. Slight changes between left
and right sagittae could be related to ecology (e.g., feeding strategy), and it is possible that
the C. labrosus population from the studied area could show ecological features, related to
habitat peculiarity, not found in other populations. Further analysis on specimens from
Ganzirri lagoon are required to confirm this hypothesis.

To the best of our knowledge, this is also the first time in which O. labeo morphometrical
parameters have been described. Regarding morphological aspects, the O. labeo specimens
from the investigated area showed a rectangular sagitta, with regular rims in dorsal and
ventral margins and an irregular anterior region different than those shown in the literature
regarding the northeastern Atlantic and Mediterranean Sea [41]. The strong negative
correlation observed between sagitta length and total fish length and weight showed an
otolith dimension not directly related to those of the specimens. In contrast, the positive
correlation between the sulcus acusticus surface to sagitta surface ratio and total fish length
and weight confirmed a more accentuated increase in sulcus area than in the entire sagitta.
These morphometrical features of the sagitta could be related to species lifestyle and life
history. Further analysis of its ecology, migration patterns and key lifetime habitats are
required to understand what might be related to these correlations.

All these differences in morphology detected between the studied fish species and
populations from other geographical areas could lead to changes in sagittae between differ-
ent stocks and they could be related to transitional environment peculiarities. It is difficult
to find a direct correlation between environmental factors and variations in morphology
and the morphometrical parameters of sagittae, but this kind of study broadens knowledge
of the morphofunctionality of Mugilidae sagittae and their adaptation to different environ-
mental factors. The results reported in the present paper confirm the great value of research
on sagitta morphology in exploring the differences between different populations of the
same species inhabiting different environments, highlighting the adaptation of teleosts
to various habitats, as well as their features. Regarding Ganzirri lagoon, the particular
water circulation affecting this transitional basin often generates a vertical gradient of
nutrient stratifications, which determines consequences for the biogeochemical cycling of
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nutrients and the anaerobic decomposition of organic matter [75]. Moreover, these also
influence a vertical zonation of the planktonic microbial community of the basins. Water
exchanges with the sea and underground springs, as well as meteorological and climatic
conditions, influence the environmental characteristics of Ganzirri lagoon across seasons
through large fluctuations in chemical-physical parameters, especially salinity, temperature
and dissolved oxygen [76]. This kind of environmental factor fluctuation leads to adap-
tative behavioral and morphological responses, especially influencing otolith structure
and composition [12,27,77-79], to a greater extent in fish that inhabit transitional waters
than in fish that inhabit the open sea. According to the literature, salinity and temperature
variations can influence the deposition rate of calcium carbonate, causing variations in
sagitta polymorph percentage, crystal habits and, at the macroscopical level, morphological
and shape variations too [80-83]. For this reason, Ganzirri lagoon features could lead to
several variations among the sagittae of investigated species [12,32,34,73,84-92], confirming
the importance of otoliths for eco-morphological and morphofunctional studies. Further
analysis on feeding behavior and population dynamics is required to better understand
the ecology of these three species in peculiar environments, such as the brackish lagoon
considered in the present study.

The relatively few interspecific differences detected among the morphometrical param-
eters could be strictly related to the closeness at the taxonomic level of the studied species,
since these belong to the same family and, in the case of C. auratus and C. labrosus, to the
same genus [43]. Interspecific differences among otoliths, reported between the studied
species, primarily concerned circularity, rectangularity, sagitta aspect ratio and the ratio
of the sagitta length to the total fish length. All these differences were confirmed by the
shape analysis. Indeed, O. labeo sagitta contours have clearly shown a stronger circularity
than in those of the other species. A marked rectangular shape and longer sagitta were
detected in C. auratus, which showed the highest otolith width compared with the other
species analysed. This result have been confirmed by the highest values of sagitta aspect
ratio and otolith length to total fish length ratio, compared to the other two species,

The C. labrosus specimens showed an intermediate sagitta morphology compared with
the other two species, with a more pronounced rectangularity than O. labeo and a marked
circularity compared to C. auratus. Concerning the sulcus acusticus parameters, the three
Mugilidae species showed a similar morphology, as confirmed by LDA, with few differ-
ences. Indeed, the species share the same habitats and a similar ecological niche. Ecological
differences with regard to the feeding habits—which in C. auratus are mainly those of a
pelagic predator, while the other two species are herbivorous and benthic predators—could
lead to the variation, although small, in sagittae morphology and shape between species,
as reported by the previous literature on different species [32,33,35,73,88,93,94]. Further
analysis of the feeding habits and diet of the studied species is required to confirm this
hypothesis. Regarding the life cycles of the analyzed fish species, O. labeo has some differ-
ences compared to the other two. It is mainly a marine species; but it is common to find
it in Ganzirri lagoon as well. It probably enters the brackish lagoon during the spawning
period. The lagoon is a transition zone with high water trophism and low hydrodynamism,
especially compared to the Strait of Messina waters. Because of these features, the study site
represents a nursery area for many marine species and an optimal environment for feeding
and protection against predators and the strong Strait of Messina currents. Further analysis
of the ecology and life history traits of the studied species are required to better understand
what drives the interspecific shape variations shown by the results. As reported in the
previous literature on different species [28,34,64,84-89], the factors influencing sagittae
shape diversity among species are manifold. They are mainly related to life history traits
and ecological differences, highlighting how otoliths can reflect eco-morphological and
morphofunctional adaptation to several habitats and lifestyles.

Moreover, our results have confirmed the effectiveness of interspecific variation among
sagittae shape and morphology as a useful tool for discrimination among congeneric
species, especially in a cryptic family such as Mugilidae. Indeed, discrimination of species
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through taxonomic identification in this family is very difficult, due to high morphological
similarities [40]. For this reason, molecular phylogenetic analysis provides essential infor-
mation to understand the speciation mechanism of the Mugilidae family, as reported in the
literature [42,90-92]. Interspecific morphological, morphometrical and shape differences
among sagittae are another useful tool with which to discriminate among Mugilidae species.
However, it is essential to consider the dual regulation which influence otolith growth
and shape. Indeed, several studies have shown how environmental factors (e.g., water
temperature and depth), species biology (e.g., year class, age, sex and stock) and genet-
ics could influence the differences in otolith shape and morphology between stocks and
species [23,93-96]. Further genetic analysis is required to understand the systematic re-
lationship among studied species from Ganzirri lagoon and to evaluate the influence of
genetics and environmental factors on otolith shape and morphology. This is essential
for proper fisheries management and for all studies that involve such species with high
commercial and ecological value.

The SEM imaging, performed in this study for the first time to investigate the sagittae
external textural organization of C. auratus, C. labrosus and O. labeo, showed a very peculiar
crystal organization.

SEM imaging analysis showed the presence of aragonitic crystals with various shapes
(circular, hexagonal and lamellar forms) as described by previous research for other
species [97]. As reported by a previous study on Poecilia mexicana (Steindachner, 1863) [98],
large hexagonal crystals were detected in the sulcus acusticus of some O. labeo specimens
(see Figure 12¢,d). This peculiar crystalline habit was related to populations living in well-lit
surface environments. Despite Ganzirri lagoon being a typical transitional environment,
it is characterized by well-lit and oxygenated water for most of the year. In the Acipenser
brevirostrum (Lesueur, 1818) specimens, these hexagonal crystals were described as calcite-
like crystals [97]. The large rhombohedral crystals found in some C. labrosus specimens
resembled those described in Macruronus novaezelandiae (Hector, 1871) as static calcitic
crystals. Similar prismatic calcite crystals were also found in Cilus gilberti, (Abbott, 1899)
and Sciaena deliciosa (Tschudi, 1846) specimens [99]. This carbonate habit was found in
sulcus acusticus and near the posterior margin of C. labrosus specimens (see Figure 13b,d,e).
Moreover, near the sagitta ventral margin, another peculiar crystal habit was detected (see
Figure 13¢,g,h), similar to those described in Hoplostethus atlanticus (Collett, 1889) as small
granular vateritic crystals [97]. The large crystals found in C. labrosus (see Figure 16a—d)
were like the calcium carbonate overgrowth observed by previous investigation on the
otolith surface and in vitro crystallization experiments [100]. Moreover, the presence of
on the sagitta surface of some specimens was also detected (see Figures 13h and 15b,c).
These spherules, composed of several subunits, seemed to be similar to those described in
Encheliophis boraborensis (Kaup, 1856) [101]. The spherules could be the layer of carbonate
deposition, which give otoliths their globular surface. This globular carbonate deposition
was similar to the calcium carbonate precipitate found on extracellular globules secreted by
Desulfonatronum lacustre [102,103]. The endolymph proteins in teleosts” inner ears could
induce carbonate precipitation, as seen in this bacterium [104], triggering the globular sur-
face of otoliths with the presence of spherules, as shown in SEM images of the specimens
analyzed in our study.

The presence of different crystal habits and of polymorphs with small locally oriented
needles, long prism shapes, large rhombohedral crystals and globular secretion, especially
in C. labrosus specimens, may be related to several environmental factors. Considering the
Ganzirri lagoon, this is indeed a highly unstable environment close to the sea, with salinity
fluctuation, which could influence the carbonate precipitation triggered by endolymph
proteins and consequently the crystalline orientation and composition of otoliths, as re-
ported in previous literature on other geographical area and species [1,11,12,31,34,105-115].
The presence of calcite and vaterite crystals and the several habits of different carbonate
polymorphs are strictly related not only to environmental parameters, but also to individ-
ual pathological conditions and the species” ecological features, such as feeding habits,
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as demonstrated by several authors [76,107,109,110,115]. Further analysis on the micro-
chemical composition of sagittae is required to confirm the presence and the percentage
of different carbonate polymorphs, investigating also how their occurrence is related to
the environmental conditions and parameters of Ganzirri lagoon, or to species ecology
or physiology. The continuous environmental parameter monitoring of this brackish la-
goon offers a unique opportunity to find a correlation between crystalline variations in
sagittae and the physico-chemical parameters of a natural environment. Understanding
the morphological, morphometrical and microcrystalline structure variations in relation
to transitional environmental conditions is essential to increase knowledge about teleost
adaptation to several environmental factors and habitats and to the investigation of how
sagittae variations are related to environmental parameters or anthropogenic activities.
Indeed, the changes between populations might be caused by both ecomorphological
adaptation to different environments and genetic differentiation.

This study has also created data that will be useful as reference data for future studies
by means of which it will be possible to improve conservation and sustainable exploitation
in sensitive habitats such as transitional water. An improved analysis and study of Mugili-
dae sagitta microchemistry and crystal composition will aid the comprehension of the
coastal lagoon’s role in stock maintenance as an essential environment associated with re-
cruitment, settlement and spawning [82,105-108]. Therefore, improving the conservation of
these sensitive environments, with sustainable stock and habitat exploitation, is essential for
species protection and for the good functioning of the entire marine ecosystem [91,116-121].

5. Conclusions

The present study provides an accurate description of sagitta morphology, morphome-
try, shape and crystal habits in C. labrosus, C. auratus and O. labeo, deepening our knowledge
of inter- and intra-specific variations. This kind of study is essential for a correct evaluation
and subdivision of several species and stocks, especially for cryptic species, such as those
belonging to the Mugilidae family, which are of high commercial value. Proper fisheries
management is essential for their conservation, to guarantee a sustainable exploitation level
in compliance with the environmental history and ecology of the species; for this purpose,
thorough and accurate studies of the otoliths of each Mugilidae species are needed. To
the best of our knowledge, this study reports the first description of the external textural
organization of C. labrosus, C. auratus and O. labeo investigated using SEM imaging, and
the first otolith shape and contour analysis performed with R software. Morphometrical
analysis on O. labeo sagittae has never been carried out before, and this study adds new
and important information to the knowledge base.

SEM images of the crystalline structure showed peculiar crystalline habits and poly-
morphs which could be related to several factors, such as environmental parameters and
chemical features of Ganzirri lagoon, individuals’ physiological conditions and species eco-
logical features. This study confirmed that otolith capacity reflects environmental and other
parameters; this should be reconfirmed by further analyses of the same and similar areas.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/5u14010398 /51, Figure S1: Representative stereomicroscope pictures of left Sagittal otoliths
of Chelon auratus examined in the study. Scale bar: 3 mm; Figure S2: Representative stereomicro-
scope pictures of left Sagittal otoliths of Chelon labrosus examined in the study. Scale bar: 3 mm;
Figure S3: Representative stereomicroscope pictures of left Sagittal otoliths of Oedalechilus labeo
examined in the study. Scale bar: 3 mm. Table S4: Chemical parameter of Ganzirri lagoon during the
sampling periods.
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