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ABSTRACT

Vertebrate ear is the organ responsible of the sense of hearing and balance, with a high structure and
functioning variability inside the group. The semicircular canals of the vestibular part of the inner
ears are the structures allowing to the detection of angular acceleration, while the detection and
production of sounds is regulated by several structures. In the entire group, the transduction
mechanisms for the conversion of sounds (and vestibular stimuli) involves the sensory hair cells, with
their cilia, that, once bent due to the pressure component of particle movements related to sound,
induce a physiological response of cells. This stimulates the innervating eighth cranial nerve, by the
conversions of head movements and sounds into neurochemical signal. Concerning teleost species,
their inner ear is characterized by the presence of three semicircular canals, with their end organs
(ampullae) and sensory cristae, and three otolith end organs. These form three pouches (utricle,
saccule, lagena), and their rostro-caudal angular orientation (taxon specific) is essential for sound-
source location. Otoliths are located inside the otolithic end organs (one for each end organs): sagitta
in sacculus, lapillus in utricle and asteriscus in lagena. These thanks to their strictly connection with
the sensory epithelium (macula), can convert the particle motion related to sound field in
physiologically response resulting in nerve stimulation. Fishes using only the direct stimulation to
detect sound (called “hearing generalists”) show a lower sensitivity and a narrower band width of
hearing, while the so called “hearing specialists” can detect sound with indirect pathways (through
the detection of sound pressure) thanks to accessory auditory structures, peripheral to the ear. Otoliths
are solid carbonate acellular masses (with a small fraction of proteins), biomineralizing during the
entire teleost’s life with a daily growth with a metabolic inertia. Any chemical compounds or elements
added during the growth process is permanently maintained and, due to the continue growing during
the entire animals’ lifecycles, otoliths can be the “flight recorder” of fishes. They can preserve several
information on environmental conditions experienced by fishes, their life habits, metabolism, and
physiology. For this reason, they are widely used to investigate migration pathways and pollution
exposure, to validate age and identify stocks, being also used as metabolic indicators, natural tag, and
mass marking. Among the interesting features of fish ears, the most striking is for sure the inter
specific diversity, ranging from their gross structure to the sensory hair cells’ organization. Ear shape
can be related both to fishes’ size and ear function, but it is almost unknown its significance.
Concerning the most studied among otoliths, sagifttae, they are often the most involved in hearing
process, as reported for “hearing specialist” species. The morphological diversity of sagittae also

involves the sensory epithelia (e.g., shape, size) and its relationship with otolith (e.g., coverage ratio



of otolith on epithelia), with inter specific variation also in sulcus depth. The significance of this high
variability at intra and inter specific level is almost completely unknown, but morphology directly
influences otoliths’ functioning. The peculiar chemistry of otoliths, their growing and deposition
dynamics, their intra and inter specific variability in morphology and shape, all these features make
otoliths essential tools used, from more than a century, to investigate many aspects of teleost’s
lifestyle, taxonomy, and population dynamics, as well as to obtain essential information for fisheries
management and conservation purposes. Understand the relation between habitats, ecological
conditions and otoliths is essential to clarify the dynamics allowing their intra and inter specific
diversity, deepening the knowledge on the development dynamics of the entire inner ear, and its
relationships with environmental features and different habitat’s preferences.

This thesis aims to explore the information that otoliths can provide about the eco-morphological
adaptation of Mediterranean teleost fishes to different environments, through the investigation of the
intra and inter specific differences of several species characterized by different life habits and
exploited habitats. Six cases of study have been provided, obtaining data on the variability of sagittae
at intra and inter specific level, with useful information on the functional morphology of otoliths in
the studied species. The intra specific variability of sagitfae, in shape, morphology and external
textural organization, has been analyzed at inter and intra population level, between different size
classes, while the variability at inter specific level has been explored among species belonging to the
same genus or family. Moreover, in two of the studied species, for the first time in the Mediterranean
Sea, in addition to sagittae, they have been analyzed also lapilli and asterisci, providing a complete
description to fill the gap about their intra specific variability. The first, the second and the third cases
of study involved respectively the species belonging to Pagellus genus (P. erythrinus, P. bogaraveo,
P. acarne), Mugilidae family (C. auratus, C. labrosus, O. labeo) and Macrouridae family (H. italicus,
N. sclerorhynchus, N. aequalis, C. guentheri, C caelorhincus), exploring the inter and intra specific
variability of sagittae in phylogenetically close species. The fourth and the fifth cases of study
involved A. hemigymnus and B. belone, respectively, with the analysis of the three otoliths’ pairs
(sagittae and lapilli of A. hemigymnus, sagittae, lapilli and asterisci of B. belone) at intra specific
level to assess their variability in these deeply different species. The inter population variability of
sagittae has been analyzed in the sixth case of study, involving S. porcus specimens, comparing the
sagittae features of two populations inhabiting completely different environments. They have been
also analyzed feeding habits, growth dynamics and age structures, comparing them with literature
data from other geographical areas, to find a most clear correlation between environmental conditions

and sagittae features.



The results provided by the six cases of study have explored the diversity in morphology, mean shape,
and morphometry of several Mediterranean teleost species, characterized by different life habits,
habitat preferences and phylogenetic relationships. They were also described the inter and intra
specific variability occurring between and within the different species, also providing, for the first
time, data on the mean sagittae shape from shape analysis for many of them. Moreover, for the first
time in the Mediterranean Sea, it was provided an accurate description, with data from shape,
morphometric analyses, and their intra specific variability, of lapilli and asterisci belonging to A.
hemigymnus and B. belone specimens. It was also confirmed the reliability for populations
discrimination of sagittae in S. porcus, with the inter population analysis which provided several
evidence on the high plasticity in sagittal otoliths features, feeding habits and somatic growth rates
under different environmental pressures, experienced by specimens from two totally different habitats.
All these data have opened new scenarios for future studies on the eco-morphology of the three otolith
pairs from marine teleost species, to better understand the inner ear functioning and detect the
mechanisms of population differentiation and speciation processes. Thanks to otoliths, and future
advances in otoliths science, it will be possible to understand several aspects of species ecology,
difficult to explore directly, and evolution. This will increase our knowledge about the ecological
relationships and niche partitioning in marine communities, the dynamics of populations

discrimination and the connection between phylogenetic and morphological differentiations.

1. INTRODUCTION

Vertebrates’ ear is a complex anatomical structure, essential for sound perception (hearing) and
vestibular function (spatial orientation and balance), with a high structure and functioning variability
inside the group. In all the vertebrates, the region dealing with the detection of locomotion movements
(e.g., head and body movements), and hence equilibrium, is the vestibular part of the inner ear, that,
thanks to the presence of semicircular canals (three in gnathostomes), recognizes the angular
acceleration, while the linear one is detected by means of utricle and saccule [1,2]. Concerning the
perception and production of sounds in living vertebrates, it is performed by the means of different
structures. In tetrapods these differ between non mammalians and mammals; in the first, lagenar
recess and stapedial structure are involved in sound transmission, while in the latter are the cochlea
and middle ear ossicles [3,4]. In elasmobranchs, the labyrinth and lateral line receptors (thanks to
cupulae-like displacement systems with sensory air cells) carry out hearing function [5,6], while in
teleost fishes exists different sound transmission systems, always depending on the relationship

between gas cavities, or gas-filled organs and vesicles, and ear regions [7,8] (Fig. 1). Indeed, it is



widely reported how, in teleost species which use only the direct stimulation of sensory epithelium to
perceive and process sounds, the auditory ability does not allow to detect sounds outside their near-

field [9,10].

Figure 1. Schematic Inner ear’s images of cartilaginous (a) and teleost (b) fish: (HSC) horizontal semicircular canal; (ASC) anterior
vertical semicircular canal; (CC) crus; (PSC) posterior vertical semicircular canal; (A) ampullae; (MN) macula neglecta; (U) utriculus; (S)
sacculus; (L) lagena; (DEL) endolymphatic duct; R and C rostral and caudal directions. Image from: Kasumyan, A. The vestibular system
and sense of equilibrium in fish. J. Ichthyol. 2004, 44, S224.

Accessory auditory structures have been evolved in different taxonomic groups, under the
evolutionary pressure, to enhance and expand the frequency (up to several thousand Hertz) detection
and sensitivity, improving the overall hearing capability. These structures are (i) gas cavities present
at intracranial level (e.g., in mormyrids and anabantids), (ii) gas-filled vesicles extending anteriorly
from the swim bladder (e.g., in clupeids, sciaenids, cichlids, holocentrids) and (iii), in otophysans
species, a ligaments and ossicles chain linked to the swim bladder, called Weberian apparatus [11,12].
All these structures, thanks to the connection or the closeness with the inner ear, influence the species’
hearing ability, improving the detection of spatial hearing and long-distance frequencies.

The transduction mechanisms for the conversion of sounds (and vestibular stimuli) involves the
sensory hair cells, as in all the vertebrates. Their cilia, present in the apical ends projecting into the
otolithic chamber, once bent due to the pressure component of particle movements related to sound,
induce a physiological response of cells, stimulating the innervating eighth cranial nerve. As
introduced above, in many teleost species several indirect mechanisms of sound pression detection
have been evolved independently, involving structures peripheral to the ear (gas filled cavities or
organs) (Figure 2) [13,14]. The gas bubbles present inside them, being of different density and
compressibility than water, are set in motion by the pressure of the sound field. Their volume
oscillations transmit the signal by particle motion to the otoliths sensory epithelium, thanks to the

strict connection between gas filled cavities/organs and inner ears, adding pressure detection to the



simple particle movements once [10]. The swim bladder linked with an otophisic connection (e.g,
Weberian ossicles) is the most common mechanism used to permit the detection of pressure, with
some limitations related to the distance from the ear. Indeed, species with best hearing sensitivity and
very wide hearing bandwidth are those showing a “closer” swim bladder to the inner ear [15,16], or
by means of additional gas bubble very closed, or attached to it (as in mormyrids species).
Considering the Holocentridae family, it is clear how those species with a swim bladder extension,
ending at the saccule (as many squirrelfishes), show a most enhanced hearing bandwidth and
sensitivity than those holocentrids species without this extension [17]. Similar cases are also founded
in many other teleosts’ species [15,18], and it is reasonable to think that, according to the presence of
swim bladder extension (such as other indirect mechanisms of sound pressure detection), different
species are more or less skilled to detect particle motion than pressure, and vice versa, for the
detection of sound. Indeed, as suggested by Popper et al. [10], the amount of how auditory stimulation
are linked to particle motion or/and pressure could be another hearing related feature varying inter
specifically. Among the adaptations allowing to the auditory stimulation through pressure detection,
the presence of air bubbles near, and in, the ear (as in many Anabantidae and Mormiridae species) is
another specialization showed by teleost with an enhanced hearing sensitivity. According to literature,
it has seen how the bubbles removal, or swim bladder deflation, reduce drastically the hearing
sensitivity, contrary to those species without an apparent hearing specialization [13,14,19]. While,
otophysan fishes (goldfish, catfish, and relatives) with Weberian ossicles have shown an over 3 kHz
hearing, thanks to the direct distribution of swim bladder motion, derived by sound pressure, on
otoliths [10,20]. Concerning clupeids, them, instead, show a unique inner ear structure among
vertebrates, with the presence of a small gas bubble close to utricle, that move, transferring the
pressure derived by sound to otolith with an increase of sound detection [21]. This peculiar adaptation
makes them able to detect up to 4 kHz sounds, with many species, as those in Alosinae group,

specialized to arrive to the detection of ultrasounds, to over 180 kHz [22,23].
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Figure 2. Schematic relationship between the accessory hearing structures and inner ear enhancing hearing ability in fishes. (A)
Anterior swim bladder extensions, which may bear an anterior enlargement (e.g., clupeids). (B) A direct connection between inner ear
and swim bladder with the Weberian ossicles chain, transmitting swim bladder vibrations to the ear. (C) Air-filled cavities directly
connected to the inner ear, with the absence of connection to the swim bladder (e.g., mormyrids). (D) Absence of connection between
gas bladder (swim bladder, lungs) and inner ear, with the bladder that could (lungfish, damselfish) or could not (toadfish) have an
auditory function (see question marks). (E) No gas-filled cavity, as swim bladder, and no accessory structure to improve hearing (sharks,
flatfishes, sculpins). Double-headed red arrows: oscillations of gas bladder walls related to sound pressure fluctuations. Blue arrows:
particle motion within the inner ear related to the entire fish movement in the sound field. Image from: Ladich, F., & Schulz-Mirbach,
T. (2016). Diversity in fish auditory systems: one of the riddles of sensory biology. Frontiers in Ecology and Evolution, 4, 28,
doi:10.3389/fevo.2016.00028.

All these different mechanisms, evolved separately in multiple time and in species unrelated each
other, could be examples of parallel evolution, mirroring the limited ways used by fish for pressure
signals detection and, consequently, to increase the earing sensitivities [12]. Moreover, the high
differences in hearing dynamics and inner ear morphology showed by fishes, the largest among
vertebrates (as highlighted by the bandwidth variation, from 100 or 200 Hz to 180 kHz, among the
few fishes’ species for which data are present in literature, larger than those of any other vertebrate
group [18]), reflect the high biodiversity and ecomorphological adaptation to marine environments

of this vertebrates group.



1.1 Teleost inner ear structure and functioning

Teleost and cartilaginous fishes together represent the largest vertebrate group present in nature (over

30,000 extant species, see www.fishbase.org), with a biodiversity mirroring the wide morpho-
functional adaptation which allowed these vertebrates to colonize and inhabit all the marine and
freshwater habitats worldwide. The large variability of inner ears’ morphology and hearing process
among different fishes’ taxa is a manifestation of this biodiversity. As argued by Popper et al. [10],
this wide ears’ structural and functional variability could be a reflection of how sounds detection and
processing change among fishes’ taxa, being shaped by different evolutionary “experiments” that
often can achieve a similar or equal sound detection and processing results, by the meaning of
different ways.

It is very difficult to find a unique inner ear structure for fishes, but, despite the extensive variations,
an accelerometer-like system is the basis of signal processing and hearing in the large part of teleost
and cartilaginous fishes, with a basic inner ear structure shared by all of them. The mechanosensory
stimuli at which inner ear is sensitive are oscillations at auditory frequencies and vibrational,
gravistatic and acceleratory stimuli [7]. As reported in Figure 3, the shared basic structure of the inner
ear is characterized by the presence of three semicircular canals with their end organs (ampullae) and
sensory cristae, and three otolith end organs [24]. In teleost fishes, these form three pouches (utricle,
saccule, lagena), and their rostro-caudal angular orientation (taxon specific) is essential for sound-

source location [25,26].
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Figure 3. (A) The teleost inner ear position relative to fish’s brain. (B) The inner ear components’ details through a three-dimensional
(3D) reconstruction with micro-computed tomography (microCT) in lateral (A) and medial (B) views, illustrating: anterior (asc),
horizontal (hsc), and posterior (psc) semicircular canals; ampulla of the anterior (aa), horizontal (ha), and posterior (pa) canals; cc,
common canal (= crus commune); otolith end organs: utricle, saccule, lagena; sensory epithelia: cristae of the anterior (ca), horizontal
(ch), posterior (cp) canals; maculae of the utricle (mu), saccule (ms), and lagena (ml); otoliths: uot, utricular otolith (lapillus), sot,
saccular otolith (sagitta), and lot, lagenar otolith (asteriscus). a, anterior; d, dorsal. Image from: Schulz-Mirbach, T.,; Ladich, F.; Plath,
M.; Hefs, M. Enigmatic ear stones: what we know about the functional role and evolution of fish otoliths. Biol. Rev. 2019, 94, 457-482,
doi:10.1111/brv.12463.

Inside all the ducts and pouches of the inner ear is present a viscous endolymphatic liquid with
peculiar ionic properties. The semicircular canals are three orthogonally situated ducts (anterior,
posterior, and lateral or horizontal), with a single dome-shaped sac (ampulla) at the origin of each
one. Inside each ampulla is located the sensory crista, characterized by the presence of a gelatinous
cupula above of it, which, being deformed by the fluid passage, detect the endolymphatic liquid
movement within the canal. The sensory crista is composed of hair cells covered by
mechanoreceptors called stereocilia. Their deflection, triggered by the angular acceleration of the
head during rotation, allow to the release of chemical transmitter to the synapses of nerves present at
their base [27]. Indeed, during head rotational movements and turns, the inner ear moves with head,
while the endolymphatic fluid inside of it remains inert, exerting a mechanical force against the

cupula and leading to the stereocilia deflection, and the consequential chemical transmitter release.



Concerning the otolithic end organs, these pouches-like structures are characterized by the internally
presence of dense calcium carbonate masses, called otoliths or statoconia, covering the sensory
epithelia (maculae). Otoliths and macula are embedded in an acellular gelatinous membrane (otolithic
membrane), mediating the contact between them. These three structures (otolith, macula and otolithic
membrane) form the otolithic apparatus, that in teleost fishes represents a physiological and
morphological entity [24]. In addition to the three maculae present in the three otolithic end organs,
in some teleost species there is another macula (macula neglecta) located in the common zone at the
base of the labyrinth’s canals [28]. Despite in elasmobranchs this play a fundamental role in sound
perception [29], it is still unknown its function in teleost fishes. Concerning the function of otolith
end organs, they play multiple roles in both hearing and vestibular functions [18,30]. Maculae sacculi
and utricle are involved in the detection of linear acceleration and head position in relation to gravity.
This is fundamental for the motion perception in both horizontal and vertical planes, thanks to the
different orientation of saccule and utricle (respectively vertical and horizontal) [31]. The otoliths,
covering the maculae and connected with them by the otolithic membrane, acts as a mass that follow
the gravity direction, shifting with respect to the macula. The otoliths movement, in accordance with
gravity, during head inclination, lead to a membrane shift witch allow to the stereocilia deflection in
the hair cells, depolarizing them [32,33]. This depolarization seems to be coupled with a
neurotransmitters release to the afferent neural fibers’ terminals. Otolithic organs are also involved in
auditory function [7,34], but it is not still completely clear the specific role of each of them. The
relative contribution of saccule, lagena and utricle to the detection of sounds seems to vary species
specifically, also in relation to the presence of accessory auditory structures able to detect and transmit,
in the form of particle motion, also pressure component of sound. The otoliths, located inside the
otolithic end organs (one for each end organs, called sagitta in sacculus, lapillus in utricle and
asteriscus in lagena), thanks to their strictly connection with the sensory epithelium (macula), can
convert the particle motion related to sound field in physiologically response resulting in nerve
stimulation. Fish body and sensory epithelia, approximately of the same density of water, shift and
vibrate as water particle, for phase and amplitude, subjected to a sound field. Differently, otoliths,
being denser than body and sensory epithelia, move in a different way. This allows to the banding of
ciliary bundles, present in in the hair cells of sensory epithelia, produced by the relative motion
between otoliths and sensory epithelia under sound stimulation, allowing to the direct stimulation of
the inner ear by a sound source [9]. The hair cells bending leads to the nerve stimulation, with the
same physiological mechanism discussed above for sensory crista of the ampulla, which is the same
in the ears of all the vertebrates, also with a virtually same hair cells structure [35]. This indeed

represents the most common and ancient hearing mechanism among vertebrates, while the pressure



component detection of sound is relatively new from an evolutionistic point of view. Fishes using
only the direct stimulation to detect sound (called “hearing generalist”) show a lower sensitivity and
anarrower band width of hearing if compared with those so called “hearing specialists”, able to detect
sound with indirect pathways (through the detection of sound pressure) by the meaning of accessory
auditory structures, peripheral to the ear [36].

Concerning hair cells’ structure, as showed in Figure 4, they present a ciliary bundle consisting of
numerous stereocilia and a kinocilium, eccentrically located. A cuticular plate, extending beneath the
cell membrane, enclose the stereocilia, that are organized based on their height, with the longest
placed close to the kinocilium. Excitatory of inhibitory response resulting from cilia bending, related
to a hyperpolarization and a depolarization mediated by physiochemical receptor potential, depend
on the deflection direction of cilia; if it occurs toward the kinocilium will result in an excitatory
response (hyperpolarization), otherwise in a maximum inhibition (depolarization) [9,10,37]. These
receptor potentials induced inside the cells allow to the stimulation of the eighth nerve neurons by the
release of neurotransmitters. Inside the sensory epithelia, the hair cells are organized in orientation
groups according with the position of the kinocilium, with the same kinocilium orientation showed
by the hair cells belonging to a same orientation group [38]. The hair cells patterns change
interspecifically, and this association of morphological and physiological polarization make possible
the detection of the direction of a sound source by teleost species. This can happen thanks to the
responses of hair cells, that is directionally polarized proportional to the vector component along the
axes of the most pronounced physiological sensitivity. According to literature mainly regarding
sacculi [38,39], each hair cells orientation group is innervated by a different neuron. Once
neurological information arrives to the central nervous system, the sound direction is calculated by a
comparison of the directional response properties of neurons from sensory cells in the macula,
especially those of sacculi, with different orientations, resulting in the detection of a sound source in

three-dimensional space from different angles [40,41].
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Figure 4. Components of the Inner ear, features influencing otolith movement, including otolith’s properties. Scheme of otolith end
organ’s transverse section showing otolith, otolithic membrane, macula, and their relationships, with its motion described as a
rocking-like movement instead of a simple back-and-forth motion. (A) Medial (top) and dorsal view (middle) of the saccular otolith’s
scanning electron micrograph of Paratilapia polleni Bleeker, 1868. The white arrow indicates the saccular otoliths’ antisulcal face with
protrusions (Argyrosomus regius Asso, 1801). (B) Histological section (thickness: 1 um) illustrating the saccular tip’s attachment in
Etroplus maculatus, Bloch, 1795, to the neurocranium. (C) Histological section (thickness: 1 um) illustrating the otolithic membrane’s
components (OM), the fibrous and gelatinous portions. (E) Scanning electron micrograph image of the ciliary bundles on the macula.
cb, ciliary bundle; k, kinocilium; st, stereovillus. Image from: Schulz-Mirbach, T.; Ladich, F.; Plath, M.; Hefs, M. Enigmatic ear stones:
what we know about the functional role and evolution of fish otoliths. Biol. Rev. 2019, 94, 457482, doi:10.1111/brv.12463.

2. WHY OTOLITHS? THEIR PECULIAR FEATURES AND SCIENTIFIC VALUE

2.2 Otoliths chemical composition, growing dynamics and biomineralization process

Otoliths are solid acellular masses (over 90% of their chemical composition consists of inorganic
materials [42], with a small fraction of proteins), composed of calcium carbonate which biomineralize
during the entire teleost’s life, with a daily growth allowing to new material accretion [43]. They are
embedded in a non-collagenous organic matrix, and they are metabolically inert. Any chemical
compounds or elements added during the growth process is permanently maintained and, due to the
continue growing during the entire animals’ lifecycles, otoliths can be the “flight recorder” of fishes,
in which every moment of their life is recorded [44], with information on environmental temperature
history, anadromy, migration pathways, pollution exposure, validation of age, stock identification,
being also used as metabolic indicators, natural tag and mass marking [24,45,46]. Due to the massive
presence of calcium carbonate in their chemical composition, otoliths are most pure then many other
biological structures. Calcium, oxygen, and carbon are the main elements, with many others (e.g., P,

Na, K, Sr, N, S and CI) detected in trace (<100 ppm) or at minor level (>100 ppm).



Concerning biomineralization process, despite it has been widely studied mainly in sagittae, it is not
yet fully understood ([47,48] and references therein). The description provided below is referred on
sagittae and sacculi, being data on the other otoliths and otolithic end organ almost totally absent.
Being otoliths not directly in contact with the calcification region, calcium carbonate deposition is
strictly related to the chemical composition of the endolymphatic fluid surrounding them. Its pH
seems to be one of the key factor regulating biomineralization, influenced also by the bicarbonate
ions concentration in endolymph [42,49,50]. Being otoliths acellular, for the biomineralization
process and, consequently, for their growth play a fundamental role the epithelial cells of sacculum.
All necessary growth components are produced by specialized epithelial cells of the endolymphatic
epithelium and secreted in the extracellular space full of endolymph. Sacculum epithelium is
composed of four areas: the macula (sensory zone), two meshwork zones on either macula sides
(composed of large ionocytes), intermediate zones and patches zone, rich of small ionocytes, facing
the macula (also called squamous epithelia) [51,52]. Protein production is carried out by the entire
epithelium [53], while the ion transport to the endolymph is probably mainly provided by meshwork
and patches zones, with different functions (e.g., Ca?>"/H" exchange, K* supply to endolymph)
according to the differences reported for cell distribution and size between these two zones [54]. Both
are rich of carbonic anhydrase isozyme and Na*/K* - ATPase [55]. Connection between macula (rich
of hair cells) and otoliths occurs through an acellular gelatinous membrane [56], formed by two areas,
an unstructured sub-cupular meshwork area and a structured gelatinous layer. This last stretches from
the sulcus acusticus (a groove presents along the otolith inner face) to the macula’s hair cells,
covering half of the otolith inner face and following the sulcus shape and external structures. The
former area is composed of a fibers network extending from the otolith, being incorporated into its
organic matrix, to the apical epithelium [57]. The proteins founded in otolith membrane are
homologous to those identified in mammals (e.g., Otogelin, Otolin, Alpha- and Beta- tectorin,
Otogelin-like), with often differences in expression areas [53,58,59]. The otoliths formation starts at
embryo stage with a cluster of precursor particles containing glycogen and glycoproteins (that could
form primordia), grounded to the epithelial tissue of sacculus. As suggested by otoliths’ cores analysis,
organic compounds seem to be the mainly constituent of primordia, controlling the verso of mineral
precipitation [60]. Biomineralization process starts, after the primordium formation, with the
alternating deposition, laid down over daily, of mineral-dominant and organic matrix-rich increments.
On otoliths’ organic matrix (between 0.1 and 2.3 %, and mainly compose of non-collagenous proteins,
collagens and proteoglycans [61,62]) depends the formation of the growth bands, used for age lecture
and growth rate reconstructions. Indeed, daily and seasonal variations on the organic matrix

concentration create the different colors, detected under reflected light, among zones deposited during



the growth season (“opaque zones”, colored withe, more rich of organic matrix concentrations) and
the winter season (“translucent or hyaline zones”, colored dark, more rich of minerals) [63]. The
mechanisms allowing increments deposition are poorly understood, indeed ageing techniques still in
use are based on otoliths marking studies [64]. The organic matrix included in otoliths (between 0.1
to 2.3 %) [61] is approximately composed for 23% of collagens, 29% proteoglycans and 48 % of
other non-collagenous proteins [42,62]. Nowadays, more than 380 matrix proteins have been
identified, with the function of many of them that still remains unknown [65]. Generally, the otolith
organic matrix is divided in “water soluble” and “insoluble”. This subdivision refers to the capability
of molecules to solubilize after EDTA decalcification, with the “water soluble matrix” mainly
composed of non-collagenous proteins, proteoglycans and polysaccharides, and the “insoluble” of
collagenous molecules [47,59,66]. The main component of these molecules is the Otolin-1, an inner-
ear specific collagen essential for the maintenance of otolith position (anchored over the sensory
epithelium) and the crystal formation, acting as a nucleation site [58,59,67]. Recently it has been
discovered another component of the collagenous matrix, a sialo phosphoprotein (Starmarker) acting
as a support for crystal growth by creating other nucleation sites [65]. Concerning the “soluble”
fraction of otoliths’ organic matrix, it is mainly composed of glycoproteins, polysaccharides,
lipoproteins, and acidic proteins. They are essential for the growing process, as highlighted by the
otoliths’ longest growth axes, which show the highest soluble matrix intensity, following and
revealing the daily increments of growth. Polysaccharides serve to stabilize the matrix, with
glycosaminoglycans (mucopolysaccharides) as mainly component [68]. The glycoproteins play an
active role in the calcium carbonate formation process, forming large complexes with others fibrous
proteins (as collagen) to facilitate the calcium binding capacity (as Otolith Matrix Protein, OMP-1),
regulates increment growth (as Neuroserpin) and bind collagen and calcium (as Secreted protein
acidic and rich in cysteine, Sparc) [58,59,65,67,68]. Proteins seem to play an important role on
otoliths daily growth, as highlighted by their high concentrations and numbers in endolymph, with
values comparable to blood serum [65]. According to literature [50,69,70], it seems clear that there is
a connection between the fluctuations of endolymph proteins concentrations and increments
formation. However, not all these proteins are involved in the biomineralization process, and it must
be considered that all the studies dealing with this topic quantified concentrations of the total protein
amount, without focusing on expression changes related to otolith matrix proteins [65]. But there are
alot of evidence on the fluctuation of endolymph proteins concentration between day and night period,
with higher proteins levels generally detected in nigh than day. As also highlighted by the high CO2
concentrations founded during day, and by immunohistochemical studies on proteins of otoliths

matrix, the formation of proteinaceous band is believed to start at dusk, continuing for the entire night.



While aragonite precipitation seems to occur mainly during daytime, starting at dawn [67,71,72], with
specie specific differences in this day-night alternation on deposition, as highlighted by several
examples present in literature of an inverse process [70,73]. Growth, and consequently otoliths
symmetry and size, are regulated by key isozymes (Carbonic anhydrase), highly conserved in all the
vertebrates, catalyzing the formation of the bicarbonate ion from carbon dioxide.

Two Carbonic anhydrase types have been identified, one in endolymph and saccular epithelium, and
another on otoliths surface, confirming the dual role of this isozyme. Indeed, the first type (called CA
1) is involved in the maintenance of a saturated solution in endolymph to enhance the aragonite
precipitation, acting as a transport for bicarbonate (Figure 5); the other type (called CA 6) is involved
in the maintenance of the local bicarbonate supersaturation on otolith surface to allow the continue
aragonitic precipitation [65,74]. There are also mechanisms of pH control, fundamental to maintain
chemical condition favorable for aragonite precipitation. These involve energy dependent Na*/K*
exchangers and V-type ATPase, which regulate the ionic concentration in endolymph, working
together with CA 6 to maintain a bicarbonate concentration useful for aragonitic precipitation [49,65].
Essential for the biomineralization process it is also the Cl- and HCO3 exchanger involved in the
transport of carbonate ions from saccular epithelial cells to endolymph [65]. All these information
about the mechanisms, and both organic and inorganic substances involved in the biomineralization
and otolith growth, highlight how this physiochemical process needs a strictly regulated chemical

environment, both in endolymph and on otolith face.
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Figure 5. Scheme of ion transport occurring in the inner ear, image from: Thomas, O.R.B.; Swearer, S.E.; Kapp, E.A.; Peng, P.; Tonkin-
Hill, G.Q.; Papenfuss, A.; Roberts, A.; Bernard, P, Roberts, B.R. The inner ear proteome of fish. FEBS J. 2019, 286, 66-81,
doi:10.1111/febs.14715.

In addition to this, it is widely known how the exposition to different environments, with different
physiochemical features, can alter the concentration of minor and trace elements. Fish otoliths are
composed by to date 50 elements. These include the majors, as Ca, C, O and N, and minors, as Sr, P,
Na, Mg, Cl, K and S. Many of them are required for growth and reproduction processes, and metabolic
reactions, with the elemental absorption in marine species occurring mainly across the gut wall.
According to literature, which is mainly focused on Sr and Ba [44,45,75], water could be the main
source of ions (Figure 6). The mechanism allowing the movement of trace and minor elements from
the blood plasma to the endolymph is not completely understood. Calcium, occurring in plasma as
ion, moves to endolymph using active transport, assisted by calmodulin, or also by passive transport
following the concentration gradient [76]. Data on the other elements is almost absent, except for Sr,
which seem to move passively across the endolymphatic epithelium [77]. Concerning other elements,
they could occur in plasma as hydrated free ions (e.g., Li*. Mg?*, Ba?") and presumably they could

enter across the endolymphatic epithelium through passive diffusion along concentration gradient



[44,78]. But the transport of these elements could not be the same for all of them, according to their
dimension and chemical behavior. They are involved in the functioning of several enzymes and
proteins both in otoliths and endolymph. For instance, magnesium (Mg) is essential for the enzymes’
phosphorylation process, as in Starmarker enzymes. Iron (Fe) is a component of Serotransferrin, an
endolymph protein, while Copper (Cu) and Selenium (Se) are essential for the well-functioning of
several enzymes. Manganese (Mn) is a co-factor of the Extracellular serine threonine protein kinase
FAM20C, a biomineralization protein acting on the phosphorylation process of Starmaker homologs,
while Zinc (Zn) is a fundamental co-factor for many enzymes (such as metalloproteinases and
carbonic anhydrase) involved in the carbon dioxide conversion to bicarbonate ions during the
mineralization process [48,65,78]. Trace elements are incorporated into increments following a
mechanism does not clear at all. As reported for strontium, they can substitute calcium in aragonite
lattice, or they could be trapped both as free ion and with macromolecules interactions, or through
interactions with otoliths’ organic matrix [44,75]. According to Thomas et al. [79], elements with an
ionic radius like Calcium (e.g., Sr, Mn, Ba), appearing with a high enrichment factor, can compete
with it for binding sites, interacting with the same proteins and, thus, occurring in the carbonate
fraction. Otherwise, elements which appear with no enrichment factors in endolymph and otoliths
(e.g., Li, K, Rb, Mg) could be randomly trapped in the crystal lattice. Transitions metals (e.g., Fe, Ni,
Zn, Cu) are typically found bounded to soluble fraction of the organic matrix, associated to
metalloproteins complexes. As reported by literature [45,78], their incorporation in increments is
strongly influenced by physiochemical environmental features, such as concentration gradients,
dissolved oxygen, pH, temperature and salinity. This make their concentration in otoliths a way to
predict in a consistent way the ambient environmental conditions [44]. The main elements used as
environmental tracers are Sr, Ba and Mn, thank to their capability to substitute the Ca [75], but also
other elements randomly trapped in the carbonate structure may exhibit environmental sensitivity,

serving as geographic markers [47].
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2.2 Otoliths’ variability and the influence of morphology on their motion

Among the interesting features of fish ears, the most striking is for sure the inter specific diversity,
ranging from their gross structure to the sensory hair cells’ organization. Ear shape can be related
both to fishes’ size and ear function, but it is almost unknown its significance [80]. Sagittal otoliths
perfectly reflect this morphological variability, being their shape and size substantially different at
inter specific, and often also at intra specific level. Concerning the other two otoliths’ pairs, their intra
and inter specific morphological variability has not been investigated deeply as in sagittae, except
few studies [81-86]. In ‘non-otophysan’ teleost this could depend to their very smaller dimensions
and enhanced fragility respect saccular otoliths, that are considered the only that can provide
information about specie-specific morphology, allowing to species delimitation, and intra-population
variability [87]. However, in otophysans (Gymnotiformes, Cypriniformes, Siluriformes and
Characiformes) including all the taxa with Weberian apparatus [88], sagitfae, characterized by a
needle-like shape, are by far frailer and smaller than lapilli and asterisci. But, despite this, literature
dealing with these otoliths pairs also in otophysans is poor and fragmentary [83,84,89-91]. Contrary

to the general belief, Assis [82—84] has provided accurate overviews showing as also these otoliths



types present different specie-specific morphology, while two most recent studies have provided
significant evidences of their population-specific morphological variability [81,92].

Concerning the most studied among otoliths, sagittae, the otolithic end organ to which they belong
(saccule) is often the most involved in hearing process, as reported for “hearing specialist” species,
that also show specialization in sagittae structure and morphology [11]. This is the case of the silver
perch (Bairdiella chrysoura, Lacepéde, 1802), a sound specialist species able to detect sounds up to
several kilohertz. It shows a very large sagitta, with a deeply grooved sulcus acusticus, and a saccule
located very close to a large utricle [80]. The morphological diversity of sagittae involves also the
sensory epithelia (e.g., shape, size) and its relationship with otolith (e.g., coverage ratio of otolith on
epithelia) [ 18], with inter specific variation also in sulcus depth [15,93]. The significance of this high
variability at intra and inter specific level is almost completely unknown, but, as suggested by several
authors [24,80], morphology influences directly otoliths’ functioning. The otoliths’ properties
relevant to their functionality are density (related to the calcium carbonates’ polymorphs composition
and influenced by its modifications), mass and thickness (amount of mineralized material), center of
gravity and the overall three-dimensional (3D) and two-dimensional (2D) shape [24].

The main polymorphs of calcium carbonate detected in teleosts’ otoliths are aragonite (in sagittae and
lapilli) and vaterite (in asterisci). Usually, the crystalline forms of calcium carbonate also include
calcite in addition to the above mentioned, that generally are the more instable among the three.
Differently to mammals, in which otoconia are composed of calcite, polycrystalline aragonite is the
main component of almost all sagittal and utricular. Despite it is unclear the reason why there is this
strong predominance of aragonite over calcite, organic molecules seem to regulate and control the
polymorph selection [94]. This has been proven by research performed on macromolecules extracted
from mollusks shells. Aragonitic formation have been induced by macromolecules from aragonitic
shell layers, while calcite formation by those from calcitic shell layers, providing evidence for the
organic control (mainly of proteins) on crystal formation [95]. Different polymorphs are also present
in the different otolithic end organs. As stated above, sagittal and utricular otoliths are mainly
composed of aragonite, while almost all the lagenar otoliths are made of vaterite, explaining their
glassy appearance. This polymorph is also founded in aberrant (crystalline) otoliths, without a clear
and accepted explanation for its formation [96], that are mainly related to the absence of equilibrium
in supersaturated solutions [97]. The influence of crystalline polymorphs on otoliths density, vaterite
is less dense than aragonite [98], resulting in different patterns of oscillatory movement respect
macula of vateritic lagenar otoliths compared to aragonitic saccular and utricular ones. Different
densities, together with differences in ciliary bundles orientation, could result in differences of the

sensory hair cells’ stimulation patterns on the maculae [24], but it is not clear what triggers the



deposition of one polymorph rather than another. Concerning otoliths size, it is not still clear its
influence of vestibular and auditory functions, with conflicting results showed by research dealing
with this topic in different species [80,99,100]. It is very difficult to predict also how otoliths shape
(both 3D and 2D) and mass can affect ear function. As reported by several authors, otoliths’
(especially sagittae) 2D (contours) and 3D shape show stock- [101-103], population- [104,105] and
specie- specific [82,87,106,107] differences. The ear function could be affected by otoliths’ shape in
two different ways, according to otoliths movements. If this is a back-and-forth movement induced
by tilts, left to right shifts and dorso-ventral axes acceleration of the body, the linear acceleration
related to these positional changes could generate an otolith motion more dependent to its mass than
shape. If the otolith’s movement is a motion/oscillation induced by the particle motion related to a
sound source, this could allow to a rather simple back-to-forth movement if the otolith shape is
approximately spherical or ellipsoidal, deviating from this simple motion in otoliths with a complex
shape, with an increasing influence of mass on motion when this shape is significantly different from
a sphere or an ellipse [7,24,108,109]. Several studies, performed on different species or based on
mathematical modeling [109-112], have confirmed the frequency- / shape- dependent motion of
otoliths, confirming that different frequencies stimulate specific macula regions, with the different
otoliths’ parts (e.g., margin vs center) that move dissimilarly. Also, sulcus acusticus (in sagittae and
lapilli) and fossa acustica (in asterisci) play an essential role in relative motion of otoliths respect
their maculae. These otoliths’ parts represent the zones housing the maculae, with their shapes
matching that of their respective maculae [7]. For this reason, it is assumed that an increased sulcus
(or fossa) acusticus (expressed as sulcus or fossa/macula size to otolith size) results in an improved
hearing ability [105,113]. Sulcus dimensions have been related by several ecomorphological studies
to habitat features (e.g., depth, trophic niche, mobility) and ontogeny [114—116], showing how this
otoliths feature could be strictly dependent on the ecology and distribution of the different species. In
addition, the others inner ears’ structural components (such as the features of the otolithic membrane,
the sensory hair cells’ number, the length of the ciliary bundle and its stereo villi distribution) can
also affect the sensory hair cells’ stimulation and the otoliths motion [24], confirming the complexity
of the otolithic end organs and the several otoliths’ features influencing hearing and vestibular

functions.

2.3 Otoliths’ science and their importance in ecomorphological analysis

The peculiar chemistry of otoliths, their growing and deposition dynamics, their intra and inter

specific variability in morphology and shape, all these features make otoliths essential tools used,



from more than a century, to investigate many aspects of teleost’s lifestyle, taxonomy, and population
dynamics, as well as to obtain essential information for fisheries management and conservation
purposes. The growth bands formation allowed by the biomineralization process (as reported in the
first part of this chapter) enables the age estimation through the annual growth increment counting
[43,80]. This technique is widely diffused from the 1960s, making possible the longevity estimation
of a species and the evaluation of the growth rate of a population. Data about age are also the basis
for productivity and mortality rate calculations and, consequently, for population dynamics studies,
on which accuracy depend a correct evaluation of stocks and fisheries assessment procedures [117]. ,
Otoliths” microstructures are used for daily aging to investigate the recruitment and population
dynamics of young fishes [118]. The analysis of trace elements, through an evaluation of their
concentrations, and stable isotopes composition are used to analyze the migration patterns of teleost
species and their movement across area with different salinities [45,119,120], essential information
for conservation porpoises and fisheries management. Also, the otoliths mean shape is widely used
in fisheries science as tool to discriminate among different stocks [121,122]. Stock assessment is,
indeed, essential to improve the evaluation of the fishing effort affecting a population, increasing the
fisheries’ management policies. In addition to mean shape, also otoliths’ overall morphology, thanks
to the inter specific variability, is widely used in many scientific fields. First in trophic ecology, where
otoliths, thanks to their specie specific morphology, are fundamental for prey identification in
stomach content analysis of ichthyophages predators. Indeed, often they are the only preys remains,
resilient to the digestion process, useful for preys’ identification and the reconstruction of the marine
trophic network [123,124]. Moreover, In addition to fisheries science and ecology, otolith
morphology is also widely used in archaeological and palaeoichthyological studies, for the analysis
of the fossil fish remains applied in the reconstruction of the fossil fish communities and the marine
paleo-environments [106,125,126]. Otoliths shape and morphology can be also influenced by the
ecological conditions faced by the different species, or by the different populations of a same species,
in distinct environments or geographical areas. This process can shape otoliths’ diversity and
evolution through an imposed ear structures’ selection and a phenotypic plasticity induced by the
environment [24]. Ecomorphological studies deal with the correlation between otoliths’ morphology
(and shape) and differences in life-history traits (e.g., slow growth, fast growth), feeding habits and
food intakes, lifestyle (e.g., fast-swimming species, bottom dwelling species) and ecological gradients
(related for instance to salinity, water depth, temperature) [127-132].

Understanding the relation between habitats, ecological conditions and otoliths is essential to
comprehend the dynamics allowing their intra and inter specific diversity, deepening the knowledge

on the development dynamics of the entire inner ear, and clarifying how it can be influenced by the



environmental features and different habitat’s preferences. According to literature [132,133], water
depth and temperature, for instance, seem to affect otoliths’ size. Indeed, this seems to increase at
higher temperatures and grater depths, despite in abyssal species otoliths size decreases. Concerning
lifestyle, otoliths size has been found to be reduced in epipelagic species [134], while shape has been
found to be less elongated in benthic species than pelagic fast-swimming once [135,136]. The
combination of phylogenetic information and data about species’ ecology, eco-acoustic, inner ear
physiology, otoliths morphology and life-history traits can clarify the selective force influencing
otoliths” morphological features [137—-139], also elucidating the impact of the phylogenetic pressure
on otoliths development, as well as the relation between otoliths morphology and other components
of the inner ear [24]. Tuset et al. [139] have shown the combined effect of environment (habitat depth)
and phylogenetic signal on otoliths evolution in the family Sebastidae, joining phylogenetic and shape
analysis. Their results confirmed the influence of biogeography, depth distribution, feeding habits and
age on otoliths morphological evolution in rockfishes, highlighting the consistence of the sensory
drive hypothesis in the studied species and the reliability of the otoliths shape for eco-phylogenetic
studies. The so-called sensory drive hypothesis deals with the thesis that sensory interactions between
organisms, environment and their diversification may promote speciation [140,141]. In this context,
otoliths are the perfect biological structure for the ecomorphological studies, allowing to explore the
connections between diversification and sensory processes. Phenotypic, or developmental plasticity,
and genetic differences (both at intra and inter specific level) are the two forces triggering to
phenotypic divergences founded along ecological gradients and to the taxon-specific morphological
differences in otoliths [127,142]. According to Vignon and Morat [127], at intra specific level,
contrasting environmental conditions reshape overall otoliths contours, while the locally otolith shape
(e.g., rostrum and antirostrum length) is mainly affected by genetic variations at intra-specific level
related to long-time segregations. These direct correlations between otoliths shape, genetic and
environmental features have been provided by authors exploring, through shape and phylogenetic
analysis, a non-indigenous species (Lutjanus kasmira, Forsskal, 1775), introduced by humans in
Hawaii archipelagos. Indeed, comparing data between native (inhabiting French Polynesia) and
introduced populations, authors have been able to assess that the degrees of phenotypic plasticity are
not the same in all the otolith portions. This was highlighted also by others scientists, who have
postulated that the shape of sulcus acusticus and otoliths mass are mainly controlled by genetic, while
overall 3D otoliths shape, margins’ sculpture and the presence of humps on the anterior or posterior
regions are mainly influenced by environment [143-145]. These evidences confirm the dual

regulation controlling otoliths’ development, with genetics that influence the general otoliths form,



and environmental factors that, regulating physical constraint and metabolic expression, influence the
quantity of deposited material during the otoliths growth [127].

Also diet composition and food quantity can influence otolith features (e.g. shape, morphology,
chemical composition) and body morphology, as suggested by several authors [142,146—155]. Food
quantity has an indirect impact on otoliths shape affecting its growth, while influence directly the
structure of otoliths’ margin [147,154,155]. Starvation and food restriction periods can influence
otoliths’ structure, composition, and growth. Periods of reduced feeding can induce a reduction in the
otoliths’ increments width, influencing the growth and allowing to an enhanced translucency of the
deposited material, through variations in their organic and inorganic compounds’ composition [156].
This can lead to structural discontinuities affecting the seasonal alternance of hyaline and opaque
annuli, used for teleost fish aging [157]. A reduction of the aragonite precipitation rate, induced by a
starvation period, can negatively affect the otoliths’ daily growth rate and the biomineralization
process [50]. This can be related to variations in blood plasma composition, leading to alterations on
chemical equilibrium of the saccular endolymph, and to a concentration decrease of the “factor
retarding crystallization” (FRC), a protein precursor for the biomineralization [158]. Concerning
energy metabolism, standard metabolic rate and thermogenesis induced by feeding, these strongly
regulate otoliths growth and accretion [159]. The energy density of the diet is mainly related to the
preys’ lipid component, that, consequently, as highlighted in larvae and juveniles, alter otolith growth,
influencing the individual condition index which depend to the fish lipid composition [160—-162]. In
addition to the abundance and the energy content of food, also the diet composition can influence
otoliths features, especially regarding their chemical composition [152]. This is the case of
Pomatomus saltatrix (Linnaeus, 1766), that showed concentrations of Barium (Ba) and Strontium (Sr)
in otoliths and preys strictly related. Buckel et al. [153] suggested that diet can influence the
concentrations of these two elements in otoliths indirectly, through diet-based changes in otoliths
growth rate inducing variations in element incorporation rate, and directly, through the concentrations
of these elements in preys. This is also the case of Manganese (Mn), that, according to Sanchez-Jerez
et al. [152] showed a clear correlation between its concentration in habitat, preys items and otoliths
of Helotes sexlineatus (Quoy & Gaimard, 1825). Indeed, despite the 80% of these microelements
present in otoliths come from water, trophic transfer can be considered another potential source for
metallic element accumulation, as also highlighted by Thorrold et al. for the Mg/Ca ratio [163] in
larval and juveniles Micropogonias undulatus (Linnaeus, 1766) otoliths. The influence of diet on
otoliths chemical composition has been widely confirmed also by stable isotopes analysis [120,164],
as showed in reared juveniles of Fundulus heteroclitus (Linnaeus, 1766), with a correlation between

813C values in muscles and otoliths [165]. This confirm that amino acids in otoliths and muscles co-



varies, suggesting that amino acids found in otoliths proteins come from food items. According to
Mille et al. [146], there is also a relationship between sagittae shape and diet, with a clear influence
of both primary and secondary preys categories on global shape and fine details, that seems to be
more enhanced than that of the quantity of ingested food. The intra specific variations, related to
taxonomic preys’ category consumed, on sagittae shape and morphology mainly deal with ellipticity
degree, otoliths crenation and excisura major width. Indeed, saccular endolymph proteins can be
influenced in their quantity and composition by fish diet, affecting the biomineralization process and,
consequently, the entire 3D structure of the otoliths, their growth and their 2D shape and morphology.
The influence of diet on otoliths shape is also confirmed by the ontogenetic variations reported in
several species undergoing feeding habits variations during their growth, as Odontesthes
argentinensis (Valenciennes, 1835) and Perca fluviatilis (Linnaeus, 1758) [151,166], and in larval
stages and juvenile of Gadus morhua (Linnaeus, 1758) and Dicentrarchus labrax (Linnaeus, 1758)

[147,150].

3 AIM OF THE THESIS

This thesis aims to explore the information that otoliths (mainly sagittae) can provide about the eco-
morphological adaptation of Mediterranean teleost fishes to different environments.

The sagittae of several Mediterranean species, with different life habits and habitat preferences, have
been analyzed using shape, morphometric and Scanning electron microscopy (SEM) analysis to
explore their shape, morphology, and external textural organization. The obtained data allowed to
deepen the knowledge on the variability of sagittae at intra and inter specific level, providing useful
information on the functional morphology of otoliths in the studied species. In particular, the intra
specific variability of sagittae, in shape, morphology and external textural organization, has been
analyzed at inter and intra population level, between different ontogenetic classes, while the
variability at inter specific level has been explored among species belonging to the same genus or
family. Moreover, in two of the studied species, for the first time in the Mediterranean Sea, in addition
to sagittae, they have been analyzed also lapilli and asterisci, providing a complete description to fill
the gap about their intra specific variability.

In present thesis they have been provided six cases of study (reported in the six following chapters of
the thesis), that have led to the drafting of six scientific papers, with the following involved species:
Pagellus erythrinus (Linnaeus, 1758), Pagellus bogaraveo (Briinnich, 1768), Pagellus acarne (Risso,
1827), Chelon auratus (Risso, 1810), Chelon labrosus (Risso, 1827), Oedalechilus labeo (Cuvier,
1829), Hymenocephalus italicus (Giglioli, 1884), Nezumia sclerorhynchus (Valenciennes, 1838),
Nezumia aequalis (Glinther, 1878), Coryphaenoides guentheri (Vaillant, 1888), Coelorinchus
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caelorhincus (Risso, 1810), Argyropelecus hemigymnus (Cocco, 1829), Belone belone (Linnaeus,
1760) and Scorpaena porcus (Linnaeus, 1758).

The first, the second and the third cases of study involved respectively the species belonging to
Pagellus genus (P. erythrinus, P. bogaraveo, P. acarne), Mugilidae family (C. auratus, C. labrosus,
O. labeo) and Macrouridae family (H. italicus, N. sclerorhynchus, N. aequalis, C. guentheri, C
caelorhincus), exploring the inter and intra specific variability of sagittae in phylogenetically close
species. Concerning Mugilidae and Macrouridae families, their differences in shape and morphology
have been applied to confirm the reliability of sagittae for taxonomic identification of cryptic species.
The fourth and the fifth cases of study involved 4. hemigymnus and B. belone, respectively. In these
two species, completely different for life habits and habitats preferences, the three otoliths’ pairs
(sagittae and lapilli in A. hemigymnus, sagittae, lapilli and asterisci in B. belone) have been analyzed
to explore their intra specific variability at ontogenetic level, defining the level of variability also
lapilli and asterisci. The obtained data have been also compared to literature from other geographical
area, exploring the inter population variability of the three otoliths pairs.

The inter population variability of sagittae has been analyzed in the sixth case of study, involving S.
porcus specimens, comparing the sagittae features of two populations inhabiting completely different
environments. They have been also analyzed feeding habits, growth dynamics and age structures,
comparing them with literature data from other geographical areas, to find a most clear correlation
between environmental conditions and sagittae features.

Deepen the knowledge on how the otoliths’ variability in shape and morphology could be related to
different habitats’ preferences, life habits and environmental condition experienced by species during
their life cycles is fundamental to clarify how the entire inner ear has adapted, under the evolutionary

pressure, to different environmental condition.
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Intra- and interspecific variability
among congeneric Pagellus otoliths
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Otolith features are useful tools for studying taxonomy, ecology, paleontology, and fish biology since
they represent a permanent record of life history. Nevertheless, the functional morphology of otoliths
remains an open research question that is useful to completely understand their eco-morphology.
This study aims to deepen the knowledge of intra- and interspecific variation in sagitta morphology

in three congeneric seabreams, to understand how such variability could be related to the lifestyles

of each species. Therefore, the sagittae (n =161) of 24 Pagellus bogaraveo, 24 Pagellus acarne, and

37 Pagellus erythrinus specimens, collected from the south Tyrrhenian Sea, were analyzed using
scanning electron microscopy and a stereomicroscope to assess morphometric features, variability
between otolith pairs and the external crystalline structure the of sulcus acusticus. Statistical analysis
demonstrated that, between the species, variability in sagittal otolith rostral length growth and
sulcus acusticus features, correlated with increased fish total length and body weight. Moreover, slight
differences between otolith pairs were detected in P. acarne and P. erythrinus (P < 0.05). The results
confirm changes in otolith morphometry and morphology between different congeneric species and
populations of the same species from different habitats.

The inner ear is fundamental for vestibular and acoustic functions (balance and hearing) in teleost fishes. Its
structure comprises three semicircular canals and their end organs, the ampullae, and three otolith organs (the
sacculus, utriculus, and lagena). These organs contain three pairs of otoliths (three on each side), known as the
sagitta, lapillus, and asteriscus"?.

The main chemical component of otoliths is calcium carbonate. This is normally in form of aragonite, and
other inorganic salts, associated with a protein matrix from which the otoliths develop®.

Otoliths are one of the most studied elements of teleost fish anatomy because they represent a permanent
record of life history. Due to their species-specific morphology, otoliths are especially important in taxonomy
and are a useful tool for distinguishing species among large numbers of bony fishes'*-1. Several factors affect
the morphology, morphometry, and microstructure of otoliths. These include environmental factors (e.g., water
depth, temperature, salinity, and substrate)'!, feeding habits'>'?, ontogeny'*, physiology (e.g., hearing capabili-
ties associated with acoustic communication)*'* and phylogeny'®. In recent decades, otolith shape analysis has
become fundamental in fisheries management for differentiating between fish stock, populations and their
migration'”!, and eco-geochemistry".

The sagitta (or saccular otolith) is usually the largest otolith and displays the highest inter-specific morpho-
logical diversity (exceptions include some otophysan species, in which the utricular otoliths are much larger
than the sagitta, e.g., Arius felis (Linnaeus, 1766)%°). Therefore, it is the most studied otolith. It is linked to the
macula sacculi by a depression (called the sulcus acusticus) on the mesial face. The macula sacculi are indirectly
attached to the complete sulcus acusticus via the otolithic membrane. The sulcus acusticus is composed of two
areas, the ostium (anterior, generally in the rostral position) and the cauda (posterior), which are connected by
the collum. Morphological features, shape, and the crystalline structure of the sulcus are occasionally used to
differentiate between different fish stock, species, and size relationships within populations, regarding the envi-
ronmental, biological, and ecological behavior of the species?~**. Conversely, otolith morphology has long been
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used to distinguish between species, and in stomach contents analysis for prey identification, since otoliths are
often the only identifiable components.

The Sparidae family (seabreams) is a ubiquitous taxon found in waters worldwide, especially in coastal eco-
systems. Several important recreational and commercial fisheries are sustained by this teleost family. Sparidae
are hosted by many marine habitats, from rocky to sandy substrates, at depths ranging from 0 to 500 m.

Among seabreams, species belonging to the Pagellus genus exhibit a wider geographical distribution. Blacks-
pot seabream, Pagellus bogaraveo (Briinnich, 1768), axillary seabream, Pagellus acarne (Risso, 1826), and com-
mon pandora, Pagellus erythrinus (Linneus, 1758) are the most significant Pagellus species due to their high
commercial value in the East Atlantic and the Mediterranean. Consequently, different fisheries target them.

These fishes demonstrate a cosmopolitan distribution in both hemispheres, with differences in relative abun-
dance and frequency in Mediterranean areas, especially between western and eastern regions. Seabreams have
different biological and ecological features. P. acarne and the P. erythrinus predominantly inhabit the continental
shelf floor, while the continental slope is inhabited by P. bogaraveo®.

The P. acarne is commonly found in muddy and sandy substrates at depths between 40 and 500 m, with the
highest frequency of occurrence between 40 and 100 m*. It is a carnivorous, euryphagous, and zooplanktivorous
fish?*. P. acarne exhibit protandric hermaphroditism; they are initially male with an immature ovarian zone,
which subsequently becomes mature and functional as testicular regression occurs®. In most Atlantic fisheries
(the northern Atlantic Algarve, Azores, and the Canary Islands), the P. acarne is a target species, especially among
small-scale commercial fisheries?. In the Mediterranean, however, it is one of the principal by-catch species of
artisanal vessels and trawlers. Little information exists about the status of stocks in Mediterranean regions, where
the minimum landing size (17 cm) is the only management measure for the species.

Pagellus erythrinus is a demersal species with gregarious habits. It largely inhabits rocky and muddy-sandy
substrates, exhibiting a high frequency of occurrence at depths between 20 and 300 m. Pagellus erythrinus is a
generalist predator and a benthic feeder. It displays protogynous hermaphroditism?>%. Pagellus erythrinus has a
high commercial value worldwide and is targeted by many commercial and artisanal fisheries, especially in the
Atlantic and Mediterranean, where signs of overexploitation have been reported in many sub-regions®.

Pagellus bogaraveo is ubiquitous throughout the Mediterranean Sea, common in the western Mediterranean
Sea, less common in the eastern Mediterranean Sea, and absent from the Black Sea?. It is also a species with
high commercial value. Pagellus bogaraveo forms small schools above all substrata, near offshore banks, on
seamounts?”*’, and in cold-water reefs. Pagellus bogaraveo is a benthopelagic predator and a protandrous her-
maphrodite (late first maturity as females). Juveniles live near the coast, whereas adults live on the continental
slope at depths reaching 800 m. Adults reproduce all year round, with maximum reproduction varying according
to region. This biological feature makes the species more sensitive to fisheries efforts?”..

Although otoliths, particularly sagittae, are commonly used in several disciplines (e.g., systematics, auditory
neuroscience, bioacoustics, fisheries biology, and ecology) to investigate fish biology and assess stocks, it is not
yet fully understood how sagitta morphology varies inter- and intra-specifically regarding several ecological
features of species.

Therefore, we investigate the intra- and inter-specific differences among P. bogaraveo, P. acarne, and P. eryth-
rinus otoliths, to add to the knowledge base regarding the eco-morphology of sagittae.

To achieve an accurate description of the sagittae for each species, we first investigated existing differences
in morphology and morphometry between juvenile and adult specimens and left and right sagittae. Moreover,
it is of fundamental importance to answer still open questions, “What are the differences in sagittae between
these congeneric species?” and “how these differences could be related to the eco-functional features and ecol-
ogy of each seabream species by considering similarities and differences in lifestyle (e.g., feeding, bathymetric
distribution, habitat, and locomotion)”.

Therefore, we examined a representative sample of sagittae from three congeneric seabreams, carefully ana-
lyzing the morphology, morphometry, and microstructure of the otoliths, and highlighting possible changes at
different life stages and between left and right sagittae.

This study provides an accurate description of the sagittae of these seabream species, providing new data
regarding the shape, using R software, and microstructure, using SEM imaging, of the Pagellus genus sagittae.

Moreover, deepening the knowledge about variations in sagitta eco-morphology and morphometry between
and within these three congeneric species will lay the foundations for further studies concerning the functional-
morphological aspects of fish otoliths. Concerning fisheries management, deeper knowledge about sagittae and
their changes during fish growth can aid understanding of the stock structure, population connectivity, and
dynamics of these species. This is essential for developing improved strategies for managing stocks with high
commercial value.

Comparing the morphological features and morphometry of the Pagellus genus sagittae in the study area
with data from other geographical areas could improve understanding of variations in sagittae morphology and
morphometry in different geographical areas and habitats since these changes could be related to both genetic
differentiation between populations and ecomorphological adaptation to different environments.

Results

Morphometric and shape analysis. The otoliths extracted from each specimen of the three studied spe-
cies were examined and divided into juveniles and adults (when applicable). The 24 P. bogaraveo individuals
were divided into seven juveniles (14 otoliths) and 17 adults (30 otoliths). The 37 P. erythrinus individuals were
divided into eight juveniles (13 otoliths) and 29 adults (57 otoliths). All 24 P. acarne individuals belonged to
adults (46 otoliths). The means and standard deviations of the measured morphometries are summarized in
Table 1 (juveniles) and Table 2 (adults).
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P. erythrinus | P. erythrinus | P. erythrinus | P. erythrinus
Otolith morphological characters | P. bogaraveo | P. bogaraveo | Mean+SD Min.-Max Mean+SD Min.-Max
(mm-mm?) Mean = SD Min.-Max (R otoliths) (Rotoliths) (L otoliths) (L otoliths)
OL 5.75+0.091 5.26-6.67 5.75+0.198 5.44-5.96 5.41+0.136 5.26-5.58
ow 3.77+0.078 3.44-4.58 4.35+0.394 3.85-4.88 3.93+0.222 3.74-4.25
OP 17.97+0.58 15.81-24.96 18.71+2.409 15.98-22.44 17.53+0.918 16.67-18.94
oS 15+0.61 13.05-22.17 17.37+2.070 14.54-19.8 15.38+£1.277 13.76-16.69
SP 11.66+0.211 9.47-12.61 12.41+0.189 12.14-12.64 12.14+0.575 11.23-12.80
SS 2.46+0.088 1.52-2.92 3.44+0.036 3.40-3.49 3.49+0.493 2.77-3.97
SL 4.60£0.115 3.66-5.15 4.80+0.217 4.62-5.16 4.82+0.208 4.57-5.02
CL 2.44+0.073 1.71-2.88 2.60+0.228 2.29-2.92 2.44+0.232 2.15-2.66
Ccw 0.90+0.065 0.53-1.49 1.08+0.255 0.85-1.42 0.97+0.100 0.87-1.09
CP 5.81+0.17 3.91-6.61 6.51+0.300 6.13-6.97 6.08+0.417 5.72-6.67
CS 1.15+£0.052 0.62-1.40 1.56+0.117 1.35-1.64 1.47+0.187 1.26-1.75
OSL 2.15+0.093 1.68-2.67 2.20+0.119 2.04-2.33 2.38+0.034 2.34-2.43
osSw 1.19+0.064 0.83-1.62 1.32+0.128 1.22-1.54 1.28+0.294 0.91-1.68
OSP 5.84+0.121 5.23-6.72 5.90+0.379 5.57-6.50 6.06+0.350 5.57-6.50
[OAN] 1.31+£0.064 0.90-1.73 1.89+0.141 1.79-2.13 2.02+0.382 1.51-2.52
RW 2.21+0.064 1.82-2.82 5.88+0.486 5.56-6.72 2.32+0.349 1.98-2.85
RL 1.36£0.064 0.93-1.97 1.59+0.286 1.35-2.07 1.02+£0.213 0.77-1.28
OP?/0S 21.57+0.618 18.89-28.10 20.18+3.057 17.57-25.44 20.14+2.677 17.42-24.13
OS/(OLxOW) 0.68+0.004 0.65-0.72 0.69+0.007 0.68-0.7 0.71+0.012 0.67-0.73
OW/OL % 65.73+1.001 61.05-74.55 75.60+4.46 70.81-81.92 73.53+2.62 71.02-77.44
OL/TL 0.05+0.000 0.05-0.06 0.058+0.002 | 0.054-0.0038 0.054+0.002 | 0.053-0.056
SS/0S % 1.6+0.8 9.9-19 20.03+£2.47 17.29-23.49 22.59+1.68 20.15-24.54
CL/SL % 53.3+1.3 46.7-60.3 54.04+2.96 49.56-56.64 50.56+2.69 46.95-53.26
OSL/SL % 46.6+£1.38 39.6-53.2 45.96+£2.96 43.36-50.44 49.44+2.69 46.72-53.05
RW/RL % 165+5 131-194 233.58+24.58 | 197.40-256.63 | 229.78+23.61 | 198.01-257.33
RL/OL % 23.4+1.15 15.8-34.9 17.73£1.99 14.94-19.28 18.93+£3.94 14.04-22.97

Table 1. Morphometric mean values with standard deviation (SD) and range of P. bogaraveo and P. erythrinus
juvenile group 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), OSL, (ostium length), OSW (ostial width), RW (rostrum width), RL (rostrum length),

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 (SS/0S%), percentage of the sulcus length
occupied by the cauda length (CL/SL%), percentage of the sulcus length occupied by the ostium length (OSL/
SL%), rostrum aspect ratio (RW/RL%) and percentage of the rostrum length occupied by the otolith length
(RL/OL%). The morphometric data of Pagellus bogaraveo shown in the table relate only to the left otolith since
no significant difference was found between the left (L) and right (R) sides.

The P. bogaraveo specimens exhibited an elliptical otolith shape with crenate margins, developmentally
increasing margin regularity, notch depth, and antirostrum length. The t-test performed on otolith morpho-
metrical parameters did not reveal differences between the right and left sagittae in the two size groups analyzed
(Supplementary Table S1).

The differences between adults and juveniles were observed in the shape and size of the rostrum, the shape
and borders of the ventral and dorsal margins, and the proportions of otolith length to fish length and otolith
width to otolith length. In the otoliths of juveniles, dorsal and ventral margins were lobed, and the rostrum was
shorter, broader, and rounder. The sulcus acusticus occupied a greater sagittal area compared to adult otoliths,
with the cauda larger than the ostium. In adult specimens, the sulcus penetrated deeper into the sagitta’s car-
bonate structure compared to juveniles. Significant differences were detected in sagitta aspect ratio (OW/OL
%), sagitta length to total fish length ratio (OL/TL), and rostrum aspect ratio (RW/RL %) between juveniles and
adults (Supplementary Table S1).

As in P. bogaraveo, in P. acarne adult specimens, the sulcus acusticus penetrated deeper into the sagitta struc-
ture (Figs. 2d-e; 4e—f). In the P. acarne specimens, significant differences in rostrum aspect ratio (RW/RL %) were
detected between right and left sagittae (Supplementary Table S1). A significant negative correlation was found
between sagitta aspect ratio (OW/OL %) and fish total length (TL), while a positive correlation was observed
between relative sulcus area percentage (SS/OS %) and fish weight (Supplementary Table S2).

The P, erythrinus specimens displayed a pentagonal otolith shape, highlighted by high rectangularity, with a
high circularity value. In juvenile specimens, the rostrum and sagittal width increased in relation to fish length
and weight, while the sagitta length values did not varied significantly between juveniles and adults, highlighting
an exponential increase in fish length compared to sagittal length. In adult P. erythrinus specimens, the sulcus
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gtoorlll)tl'lnlological P. erythrinus | P. erythrinus | P. erythrinus | P. erythrinus | P. acarne P. acarne P. acarne P. acarne
characters P. bogaraveo | P. bogaraveo | Mean+SD Min.-Max Mean +SD Min.-Max Mean +SD Min.-Max Mean +SD Min.-Max
(mm-mm?) Mean +SD Min.-Max (R otoliths) (R otoliths) (L otoliths) (L otoliths) (R otoliths) (R otoliths) (L otoliths) (L otoliths)
OL 9.81+£0.34 7.40-13.90 10.04+£1.092 7.37-11.95 9.83+£1.175 7.46-12.16 9.67+0.875 8.11-11.25 9.81+£1.332 4.98-11.24
ow 6.06+0.19 4.57-8.29 7.76 +0.865 5.89-9.14 7.21+0. 894 5.44-8.76 4.99+0.500 4.09-5.70 5.21+0.901 4.38-9.10
(0)3 29.37+1.06 21.64-43.63 31.10+£3.628 | 24.56-11.95 31.19+£3.273 | 26-37.94 28.77+£3.69 21.85-38.22 30.12+£3.390 | 23.10-35.84
(oM} 41.4+2.85 24.23-76.71 52.59+10.56 | 31.25-72.21 49.40+£10.943 | 27.50-69.45 32.79+£5.381 |22.47-41.49 34.66+4.682 | 26.37-41.54
Sp 19.83+0.51 14.01-25.24 21.61+3.507 | 12.26-26.47 21.91+2.750 | 16.30-27.27 20.06+2.605 | 15,01-25,12 20.52£2.535 | 16.49-25.21
SS 6.12+0.27 3.61-9.49 11.72+£3.201 5.58-18.42 10.56£2.750 | 5.77-15.81 7.38+1.562 4.95-9.98 7.87+1.608 5.55-10.41
SL 8.01+0.20 5.95-9.69 8.43+1.129 5.95-11.18 8.71+1.101 6.33-10.85 7.49+1.739 3.05-10.22 7.98+1.874 3.13-10.47
CL 4.189+0.131 3.03-5.59 4.51+0.580 3.26-5.47 4.70+0.613 3.52-5.74 4.03+1.042 1.38-5.61 4.55+1.203 1.26-5.96
Ccw 1.50+0.063 0.77-2.13 2.370+0.584 1.41-3.94 1.73+£0.255 1.25-2.40 2.19+0.997 1.30-5.44 1.91+0.940 1.25-5.00
CpP 9.93+£0.29 7.32-12.74 11.20£2.730 2.34-14.97 11.66+1.454 | 9.03-14.03 10.69+1.565 |8.12-13.47 11.33+£1.369 | 13.37-8.60
CS 2.95+0.14 1.46-4.35 5.41+1.524 2.85-8.28 4.74+1.181 2.78-7.25 4.07+1.080 2.15-5.76 4.39+0.890 3.08-5.97
OSL 3.82+0.10 2.61-4.92 3.913-0.685 2.69-6.29 4.01+£0.610 2.81-5.26 3.46+0.795 1.48-4.68 3.43+0.756 1.87-4.80
OoSwW 1.70+0.080 1.03-3.26 3.053+2.191 1.30-12.86 2.10+0.391 1.45-2.93 2.06+0.611 1.43-3.89 2.19+0.460 3.40-1.40
OSP 9.89+£0.29 6.46-14.24 10.41+1.401 7.20-12.71 10.26 £1.545 | 7.27-13.23 9.37+1.437 6.88-12.25 9.19+1.362 6.71-11,93
[OXN] 3.16+0.15 1.88-5.65 6.31+1.800 2.51-10.14 5.82+1.708 2.93-9.55 3.31+0.793 2.14-4.76 3.48+0.837 5.20-1.96
RW 3.26+0.08 2.31-4.42 9.83+1.805 6.20-13.30 3.67+0.537 2.87-5.04 3.17+0.520 2.25-4.05 3.42+0.510 2.57-4.34
RL 2.29+0.080 1.61-3.18 4.37+1.748 1.41-8.23 1.73+0.380 1.13-2.77 2.58+0.400 1.77-3.22 2.97+0.049 2.29-4.33
OP?/0S 21.39+0.26 19.07-25.16 18.57+1.271 16.61-22.65 20.21+£3.27 17.54-33.28 25.46+3.917 | 19.94-36.90 26.35+£3.892 | 20.24-34.67
0OS/(0lx OW) 0.67+0.006 0.55-0.73 0.67+0.023 0.62-0.72 0.69+0.66 0.42-0.80 0.67+0.025 0.64-0.73 0.69+0.021 0.63-0.72
OW/OL% 62+0.5 57-69 77.45+5.06 69.38-91.22 73.41+2.53 68.53 -80.04 51.71+3.49 47.01-59.43 56.02 +27.21 | 44.27-182.66
OL/TL 0.04+0.001 0.04-0.06 0.054+0.0038 | 0.048-0.062 0.053+£0.005 | 0.04-0.06 0.047£0.005 | 0.035-0.054 0.047+0.006 | 0.024-0.055
$S/08% 15£0.5 9.4-18.9 22.15+2.34 16.10-25.52 21.44+3.86 16.03-38.36 22.50+2.80 16.39-27.08 22.59+2.60 16.57-27.78
CL/SL% 52+0.6 47-63 53.69+3.22 43.76-58.86 54.05+2.98 44.30-60.72 53.44+4.38 41.09-58.09 56.28+5.82 39.22-63.82
OSL/SL% 47+0.6 36-52 46.31+£3.22 56.24-41.14 45.95+2.98 39.28-55.70 46.56+4.38 41.91-58.91 43.73+£5.82 36.18-60.78
RW/RL% 144+2.8 120-186 230.51+£38.28 | 91.43-317.81 | 215.95+23.33 | 161.49-254.20 | 125.15+22.76 | 79.47-152.30 | 115.85+12.44 | 87.70-132.92
RL/OL% 23.7+0.6 18-30 17.42+3.80 9.31-30.07 17.60+3.02 10.97-24.80 26.78+4.23 20.39-36.57 30.87+6.78 22.07-57.14
Table 2. Morphometric mean values with standard deviation (SD) and range of P. acarne, P. bogaraveo, and

P, erythrinus adult group 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), OSL (ostium length), OSW (ostium width), RW (rostrum width), RL (rostrum
length), 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 (§5/0S%), percentage of the sulcus length
occupied by the cauda length (CL/SL%), percentage of the sulcus length occupied by the ostium length (OSL/
SL%), rostrum aspect ratio (RW/RL%) and percentage of the rostrum length occupied by the otolith length
(RL/OL%). (R=right, L=left).

did not penetrate as deeply as in the other two seabreams species (Fig. 3d-f). Pagellus erythrinus individuals did
not display significant differences between juveniles and adults, although significant differences in circularity
(OP%/0S), rectangularity (OS/(OL x OW)), and sagitta aspect ratio (OW/OL %) were detected between right
and left sagittae (Supplementary Table S1).

In the juvenile group, a negative correlation between sagitta length to total fish length ratio (OL/TL), fish
weight, and total length was highlighted. A statistically significant positive correlation was observed between
rostrum aspect ratio (RW/RL %) and fish weight, sagitta aspect ratio (OW/OL%) and fish weight, and sagitta

aspect ratio (OW/OL%) and fish total length (Supplementary Table S2).

The negative correlation between sagitta length to total fish length ratio (OL/TL), fish weight, and total length
was also observed in the adult group, whereas a significant positive correlation was detected for relative sulcus
area percentage (SS/OS %) and fish weight, and relative sulcus area percentage (SS/0S%) and fish total length
(Supplementary Table S2).

The t-test performed on juvenile specimens of P. bogaraveo and P. erythrinus did not show significant differ-
ences only for percentage of the sulcus length occupied by the cauda length (CL/SL%), percentage of the sulcus
length occupied by the ostium length (OSL/SL%), and percentage of sagitta length to total fish length ratio (OL/
TL %). A one-way ANOVA performed on the morphometrical parameters of adult samples, showed the follow-
ing significant differences: circularity (OP%*/OS), sagitta length to total fish length ratio (OL/TL), sagitta aspect
ratio (OW/OL%), relative sulcus area percentage (SS/OS%), percentage of the otolith length occupied by ros-
trum length (RL/OL%), and rostrum aspect ratio (RW/RL%) between P. bogaraveo and P. erythrinus; circularity
(OP?/0S), sagitta length to total fish length ratio (OL/TL), sagitta aspect ratio (OW/OL%), relative sulcus area
percentage (SS/0S%), percentage of the otolith length occupied by rostrum length (RL/OL%), rostrum aspect
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ratio (RW/RL%), 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%) between P. bogaraveo and P. acarne; and circularity (OP?/
09), sagitta length to total fish length ratio (OL/TL), sagitta aspect ratio (OW/OL%), percentage of the otolith
length occupied by rostrum length (RL/OL %) and rostrum aspect ratio (RW/RL %) between P. erythrinus and
P. acarne (Supplementary Table S1).

Interestingly, the first two axes (PC1 and PC2) of the PCA plot showed slight separation in the sulcus acusticus
parameters between the fish species analyzed. In particular, PC1 (74%) separated P. erythrinus sulcus acusticus
parameters from P. bogaraveo and P. acarne parameters, which overlapped on the left side of the diagram along
PC2 (26%). As shown in the LDA plot, Pagellus spp. resulted well separated (Supplementary Figure Sla, b).

The mean shape of otoliths differed significantly between P. bogaraveo, P. erythrinus, and P. acarne (P<0.001),
although minor differences were observed between P. bogaraveo and P. acarne. The otolith contours are shown in
Fig. 1a. The first two axes (PC1 and PC2) of the PCA plot showed a separation of otoliths contours between the
three fish species. In particular, PC1 (80%) separated P. erythrinus otolith shape from that of P. bogaraveo and P.
acarne, which overlapped on the left side of the diagram along PC2 (20%) (Fig. 1b). Marked differences in the
otoliths shape have also been confirmed by LDA. From the LDA plot of the first two discriminant functions, we
can see that Pagellus species were quite well separated (Fig. 1¢).

Scanning electron microscopy (SEM) analysis. Among the otoliths in all the examined species, SEM
showed clear changes in the shape, size, and direction of the external textural organization of the sulcus acusticus
and differences in the surface of the crista superior and inferior between juvenile and adult individuals at the
intra-specific level.

In juveniles, the crista superior and inferior sloped gently toward the sulcus acusticus depression, with an
almost flat surface (Figs. 2a, 3a). The sulcus surface appeared smoother than in adults, with several tips distributed
over the entire sulcal surface (Figs. 2b, ¢, 3c). In juveniles, the external textural organization of the sulcus was
composed of smaller and thin crystals sometimes melted together or embedded in organic materials. In com-
parison, however, the crystals in adult specimens had become larger and thicker (Figs. 2b, f, 5a-h). The crystals
of juveniles were grouped, with rounded edges, and slightly orientated in the vertical and oblique planes, with
the long axis of crystals following the incremental growth direction of the otoliths (from the nucleus to the outer
edge of the growth) (Fig. 5a, b, e, f). Not all the crystals had the same shape and external 3D organization as in
the adults; they had a smoother surface with a more compact structure.

Regarding adult specimens, the crista surface steeply declined towards the sulcus, with a hollow preceding
the sulcal depression (Figs. 2d, 3d, 4a—d). The external sulcal structure was more complex with a more textured,
rougher surface than in juveniles. The crystals were narrowed, with a prismatic shape. They had sharp edges, were
almost equally sized, longer, and had a more chaotic orientation than in juvenile individuals (Fig. 5¢, d, g, h).

Our results showed that the sulcus of Pagellus individuals from the south Tyrrhenian Sea was heterosulcoid.
Furthermore, a greater size difference in the ostium and cauda was observed in adult P. erythrinus and P. boga-
raveo compared to juveniles. Generally, the cauda was larger than the ostium and markedly different in shape.
Despite the ostium, cauda growth during fish development indicated a most pronounced heterosulcoid character
in adult individuals than in juveniles.

The macroscopic structure and shape of sulcus acusticus displayed in the SEM images exhibited inter-specific
differences between the three congeneric seabreams. The ostium of P. acarne otoliths was deeper than that in the
other congeneric species, and it displayed, with those of P. bogaraveo, according to with the ostium and cauda
shape classification’, a funnel-like shape with concave ostium walls that expand and broaden anteriorly from
the region of confluence with the cauda. Unlike the other seabreams examined in this study, the shape of the
ostium in the P. erythrinus sulcus acusticus was more rectangular, with a markedly tubular shape, and the cauda
was distinctly curved, especially in juvenile specimens.

Discussion
Intra- and interspecific differences: comparison with former studies on Pagellus species and
other fish species. To understand the relationship between function, shape, and the environment, it is
essential to include the morphological variability of otoliths, considering biological and environmental vari-
ability leads to otolith shape heterogeneity through morpho-functional adaptation to different habitats. Several
authors have highlighted changes in otolith shape between species and, in many cases, among populations of the
same species (e.g., herrings, salmonids, and lutjanids). The intra-specific variability of otolith morphology and
shape are the basis of stock separation and assessment and is related, especially in sagittae, with environmental
(e.g., water temperature, salinity, and depth) and biological factors (e.g., sex, ontogeny, and genetic variability)*.
The analysis of the three Pagellus species revealed that otolith morphology and morphometry did not follow
those described in a previous study' conducted in the western Mediterranean Sea and the Atlantic Ocean in
term of rectangularity, circularity, sagitta aspect ratio and sagitta length to total fish length ratio. Although the
images provided in our study closely resembled those from research in other geographical areas, the morpho-
metric measures (obtained according to the procedures and methods described in the previous literature’»2*2*32)
exhibited several differences. Considering the scale of our study compared to previous studies, it is difficult
to provide an entirely valid comparison; the differences in sagitta morphology and morphometry could have
been triggered by biotic and abiotic parameters (e.g., temperature, salinity, genotype, habitat type, differences
in food quality and quantity)'**3-%*. Such environmental and genetic factors may be primary drivers of otolith
morphometry and morphology among fishes in different habitats. Therefore, detected shape differences are at
the basis of fish stock differentiation’.
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Figure 1. (a) Mean shapes of otolith contours. PA is Pagellus acarne, PB is Pagellus bogaraveo, and PE is Pagellus
erythrinus. (b) Principal component analysis plot (PC1 versus PC2) of the otolith contours computed between
the species analyzed. The PCA was based on wavelet Fourier descriptors, with 95% probability ellipses shown.
(c) Linear Discriminant Analysis between species, calculated on elliptic Fourier descriptors. Ellipses include
95% confidence interval.
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Figure 2. SEM images of the proximal surface of P. bogaraveo: juvenile (a) and adult (d) right sagitta, with
details of a tip on sulcus acusticus surface (b-c), and details of external textural organization and crystalline
structure (f) of caudal surface (e). (r) Indicates the rostrum and (*) indicates the dorsal rim.
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Figure 3. SEM images of the proximal surface of P. erythrinus: adults (d) and juveniles (a) otoliths left sagittae,
with details of sulcus acusticus (b, ¢, e, f). (r) indicates the rostrum and (*) indicates the dorsal rim.
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Figure 4. SEM images of the proximal surface of P. acarne: adult otoliths left sagitta (a-d), with details of sulcus
acusticus (b-e), and external textural organization (c—f). (r) indicates the rostrum and (*) indicates the dorsal
rim.
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Figure 5. SEM images of the crystalline structure of P. bogaraveo, juveniles (a, b) and adults (¢, d), and P
erythrinus, juveniles (e, f) and adults (g, h) sagittae.

Our results indicate that the min—-max circularity and rectangularity of P. bogaraveo from the Southern Tyr-
rhenian Sea differ from those calculated in a previous study' in the western Mediterranean Sea, and the north
and central-eastern Atlantic ocean. Moreover, the increase in circularity in larger specimens, confirms a greater
tendency toward circular than elliptical otolith shape in southern Tyrrhenian Sea species compared to those in
other Mediterranean and Atlantic areas.

Despite statistical differences and correlations in this study supported the hypothesis that some changes in
sagitta morphology are related to fish size differences, several aspects and studies should be performed to better
understand this relation. The negative correlation between the ratio of sulcus acusticus surface to the entire sagitta,
rostral morphology, and the increase in specimen’s size was related to the expansion in the length and surface
of the entire sagitta and rostral area in larger specimens. These features, with no statistical relevant increment
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in sulcus acusticus surface and increased rostrum length, could be correlated with more pronounced peripheral
sagitta growth in this species. Sagitta, in fact, after fish pelagic phase, might increases its surface in the rostral
area and the margins. Since the present study did not take into account ontogenetic stages and specimens age,
it is hard to relate this result with sagitta and sulcus acusticus growth. But reading this increase by an ecological
point of view, it could be related to the lifecycle of the species. During the juvenile stage, in the early stage of
pelagic life, the species inhabits shallow water. Adults inhabit deep-water environments, migrating down the
continental slope to a depth of 800 m after the juvenile stage. These changes in habitat might be the cause of
morphological variations in the sagittae, highlighting the relationship between sagitta features and environmental
and biological factors.

The P, acarne specimens demonstrated the highest number of morphometrical parameters that did not follow
those of the same species described in a previous study (i.e., circularity, rectangularity, sagitta length to total fish
length ratio, and sagitta aspect ratio)'. These morphometrical changes are reflected in otolith shape. The otoliths
from specimens in our study were largely circular, with highly irregular margins and a rostrum that varied in
length and width through the left and right sagitta, as indicated by the significant differences in rostrum aspect
ratio values.

The morphometrical results in P. erythrinus revealed differences in circularity, rectangularity, sagitta length
to total fish length ratio and sagitta aspect ratio compared to a previous study' in the western Mediterranean Sea
and north-central eastern Atlantic ocean.

The P. erythrinus specimens were characterized by a pentagonal otoliths shape, and increased circularity
compared to the same species from other areas. The results also indicated small differences between the left and
right sagitta. This small differences were previously described in other Mediterranean sub-areas, for example,
otolith width values in P. erythrinus specimens collected in the Gulf of Tunisia®”*.

As said above for P. bogaraveo, it is hard to relate the differences between juveniles and adults with fish growth
due to the absence in present paper of ontogenetic and age analysis. The higher width than length, demonstrated
by min-max width values in Tables 1 and 2, in sagittae of adults P. erythrinus specimens could be correlated with
an exponential increment in fish size compared to the sagittal length. Further analyses on ontogenetic develop-
ment of this species are required to better define the sagitta growth related to fish growth.

The increase in sulcus acusticus surface exhibited in the adult specimens could be correlated with feeding
habits; during its adult life, this species is a benthic feeder and inhabits deeper environments than juveniles***’.

Although meaningful lateral dimorphism of the sagittae was detected only in flatfish, statistical analysis
revealed several small differences between the left and right sagitta in P. erythrinus and P. acarne, as previously
described in other round fish species, such as Chelon ramada (Risso, 1827)*°, Diplodus annularis (Linnaeus,
1758)*, Diplodus puntazzo (Walbaum, 1792)*?, Clupea harengus (Linnaeus, 1758)*, and Scomberomorus nipho-
nius (Cuvier, 1832)*4,

Our study confirmed slight differences between width values in left and right sagitta previously described
in P. erythrinus and extend the differences to other parameters, such as circularity and rectangularity (Tables 1,
2). Concerning P. acarne, however, marginal differences between the left and right sagittae were observed for
the first time.

This slight differences are supported by the literature concerning genetic and environmental stressors*. Since
the functional morphology of otoliths is not completely understood, it is difficult to find a direct link between
these small differences and the ecology of the species. However, several eco-functional factors, such as feeding
behavior, deserve attention as fundamental for a better understanding of the relationship between otolith features
and species habitat. For example, P. erythrinus largely preys on strictly benthic organisms, such as polychaetes,
brachyuran crabs, and benthic crustaceans. Most of these species frequently escape predators by hiding under
the sandy substrate. Other Sparidae (Lythognathus mormyrus, Linnaeus, 1758) feed on benthic fauna, engulfing
sediment and filtering it in the buccal cavity, demonstrated by the high percentage of detritus and benthic remains
(e.g., scales, urchin spines, and benthic foraminifers) in the gut and stomach contents®. To engulf sediment, P
erythrinus performs a particular movement with the head and body, laterally shifting and pushing forward, to
dig the bottom sand and reach prey. This kind of behavior, common in all benthopelagic species with the same
feeding habits, could influence the sagitta growth and morphology, triggering small differences between the left
and right sagitta. Further studies on this and other species with this behavior (e.g., L. mormyrus) are necessary
to confirm this hypothesis.

Concerning inter-specific differences in sagitta morphology among the three species, it is difficult to read the
results obtained in this study eco-morphologically since an insufficient understanding of the functional morphol-
ogy and physiology of otoliths prohibits a direct relationship, valid for all the species, between eco-functional
features and otolith morphology. Nevertheless, as expected, the shape analysis (Fig. 1) revealed clear differences
between the three congeneric species. Considering several ecological, functional, and biological features in each
species, the results have demonstrated a sagitta morphology that could be in accordance with the ecology and
lifestyle of these three congeneric seabreams.

Relationship between otolith morphology and ecology/lifestyle. The sagittae of P acarne exhib-
ited a shape resembling those in other pelagic species, with a long rostrum and the entire sagitta elongated and
narrower than those in other two seabream species. The species that show the most pelagic habits, with largely
planktivorous feeding at a small size, adapt also to benthopelagic feeding activity in adult life. The statistically
relevant similarity found in P. bogaraveo could be proof of the ecomorphological adaptation of sagittae to pelagic
and demersal environments. This hypothesis may be confirmed by marked differences in shape compared to
those in P. erythrinus, which is the most benthic among the three species.
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Pagellus erythrinus was the species with the shortest rostrum. It also has the most benthic habits, largely prey-
ing on epibenthic and infaunal species. Moreover, its ecology and life cycle differ among the three species under
study since they are strictly related to the benthic environment. This lifestyle could be in accordance with the dif-
ferences observed in the shape analysis results. The sagitta contours appeared more circular and wider than those
in the other two species. The PCA and LDA also confirmed the most difference in shape among the three species.

The species with the most marked antirostrum and sagitta shape was P. bogaraveo, which is a cross between
the other two congeneric species. Pagellus bogaraveo is a demersal species, which inhabits the deep biocenosis
and feeds in both benthic and mesopelagic environments. Furthermore, the ecology of this species could support
the sagitta shape described in our study**.

Otolith morphology and morphometry in congeneric Pagellus species described in this study has followed
the relationship between sagittal parameters, habitat, and depth described in previous literature'. According
to several authors, the percentage of species with large otoliths increases with depth, except for abyssal depth.
The specimens of P. bogaraveo analyzed in this paper (especially adult individuals) had larger otoliths than the
other two Pagellus species due to their demersal habits (they inhabit the continental slope to a depth of 800 m).
A larger sagitta is essential in demersal environments to compensate for light reduction by providing improved
acoustic communication, sound perception'>**, and a sense of equilibrium*.

Sulcus shape. Considering the sulcus acusticus, in the otolith atlas for the western Mediterranean Sea and
Atlantic ocean!, studies describing and comparing otoliths'* and the diversity and variability of otoliths in teleost
fishes’, the sulcus in P. bogaraveo, P. acarne and P. erythrinus was described as heterosulcoid, with an ostium
shorter than the cauda and a long, narrowed rostrum, especially in adult P. bogaraveo and P. acarne individuals.
Heterosulcoid otoliths were also observed in south Tyrrhenian Sea Pagellus individuals, with marked differences
between juvenile and adult specimens. In a demersal species, such as P. bogaraveo, juveniles live in shallow,
coastal water. Once adults, they inhabit deeper water (to a depth of 800 m). Changes in the crystalline and mor-
phological structure of sulcus acusticus between juveniles and adults reflect this species’ need to adapt to deeper
environments with less light.

The results indicate that in P. bogaraveo, the sulcus acusticus does not differ in surface between juvenile and
adult specimens. This feature could be correlated with earlier sulcus acusticus development in this species, com-
pared to P. erythrinus and P. acarne, emphasizing the role of the sulcus acusticus in this demersal species*®*. This
might also confirm the strict correlation between biological and environmental factors and sagitta morphology
in studied seabreams species.

Another morphological feature of the sulcus acusticus, which might support the ecology of the species, is the
deep ostium and cauda. In adult specimens of P. bogaraveo and P. acarne, the sulcus structure deeply penetrated
in the sagitta carbonate structure. Conversely, in adult P. erythrinus specimens, the sulcus did not penetrate as
deeply as in the other two seabream species. This sulcal feature could correspond with the ecology and feeding
behavior of P. erythrinus, which specializes in benthic strategies, including small differences between left and
right sagitta and the absence of the notch and antirostrum in sagittae.

Although the deeper sulcus acusticus in P. bogaraveo and P. acarne might be linked to depth distribution, as in
P. bogaraveo, it may also correspond with high mobility related to feeding behavior, as in both P. bogaraveo and P,
acarne. The different depths of sulcus acusticus can change the thickness of the otolithic membrane, by varying
the relative motion of otoliths with the macula sacculi®. As previously demonstrated®, the different thicknesses of
the otolithic membrane induce differences in mechanical resistance between the otolith and sensory epithelium.

The differences in sulcus acusticus and otolith ratio between P. bogaraveo specimens and the other congeneric
species, demonstrated by the results, might be also correlated to the differences in habitat, feeding habits, and
soundscape.

Despite the lack of information concerning the physiological ear response related to variations in macula or
sulcus size, the sensory hair cells in macula sacculi are likely to be affected by changes in sulcus depth, shape, 3D
structure (planar vs. curved), and surface.

The significant difference in relative sulcus area may be due to typical alteration in this parameter concerning
differences in the mobility patterns, food, feeding behavior, and spatial niche.

Higher relative sulcus area ratios have been observed in the deepest species or those with high mobility*.
In our study, the morphometry results concerning the sulcus did not follow those in the previous literature,
displaying higher values in P. erythrinus and P. acarne compared to P. bogaraveo, although the latter inhabits a
deeper environment than the other congeneric species.

This higher relative sulcus acusticus surface and the larger, curved sulcus acusticus of P acarne and P, erythrinus
could be correlated with higher mobility in these species (especially P. acarne). In P. erythrinus, however, these
features might be related to its benthic lifestyle.

As demonstrated by the PCA and LDA of sulcus acusticus parameters, P, erythrinus and P. acarne, which share
similar depths and habitats, revealed marked similarities, whereas P. bogaraveo, which lives in the deepest strata of
the water column, displayed the most different sulcus acusticus. However, PCA and LDA indicated that the otolith
shape in the entire P, erythrinus sagitta was significantly different compared to those in P. acarne and P. bogaraveo.

These features could provide a reading key for sagitta and sulcus acusticus eco-morphology in the life cycle
and environmental adaptation of fish.

The connection between the otoliths and the macula sacculi is fundamental for transducing environmental
acoustic signals and for the relative motion of fish (balance). The sulcus acusticus is the area of the otoliths in
which this connection occurs.
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Features of the texture. Furthermore, the external textural organization?® changes between juveniles and
adults or when environmental changes occur. The differences in the external textural organization found in juve-
niles and adults support those reported in the literature concerning other species®. Figures 3b, c and 5a-h, dem-
onstrate that our study supported this prediction. However, P. bogaraveo and P. erythrinus juveniles, compared
with other species (such as gurnards)* displayed a more uniform, mineralized, external textural organization.

According to previous literature®, improved hearing capabilities in a species are closely related to a higher
value of relative sulcus area ratio. Habitat features, such as depth, feeding strategies, mobility, trophic distribu-
tion, and ontogeny, could also influence this ratio.

Hence, it may be concluded that morphological differences in sulcus acusticus shape and surface among spe-
cies are important for comprehending the ecomorphological and eco-functional role of sagitta >*.

Comparing the intra-specific differences indicated by our results with those in the literature, discussing other
populations, we cannot determine whether site-differences observed in sagitta shape are related to genetic evolu-
tion and/or adaptative response to environment. To make this distinction it would require a specific experiment
in which offspring from different populations are raised in a controlled environment.

Furthermore, the knowledge about physiology and functional morphology is insufficient to provide a clear
correlation between inter-specific differences among the three congeneric Pagellus species and their ecological
and functional features. However, differences in sagitta morphology and morphometry among these three Pagel-
lus species may be related to differences in lifestyle, ecology, and biology since they follow the ecomorphological
features of sagittae and species ecology described in the literature.

Concluding remarks

This study has considered a wide range of morphometric and morphological characteristics in Pagellus species
otoliths. Despite excellent and detailed photographs provided in previous studies”'’, this paper provides, to our
best knowledge, the first shape analyses, using R software of P. bogaraveo and P. acarne otoliths, and the first
accurate SEM analyses of P. bogaraveo, P. acarne, and P. erythrinus from the study area and other regions.

An overall image of P. bogaraveo sagitta and its morphometrical features was created. Due to SEM imaging,
we obtained, for the first time, the most accurate image of otoliths in these species and their external textural
organization. This preliminary study provides grounding for an improved understanding of the structure and
eco-morphological role of the sagitta in the life cycle of this species. Other methodologies (e.g., X-ray diffraction,
auditory sensitive measurement, CT scan) are needed to deeply investigate the physiology of the sagitta and its
ecological adaptation to the environment. The results could aid stock identification and improve understanding
of the distribution of different Mediterranean populations and their differences. Improved understanding of the
phenotypic plasticity and ecomorphological role of otoliths could also serve to compare the structure, morpho-
metry, and crystalline composition of otoliths in congeneric species of Pagellus from different populations, to
evaluate how the sagittal structures and features change according to different environments and habitats. This
approach is essential to evaluate how the morphometry and shape of different sagittal areas, such as the sulcus
acusticus, change under different environmental pressures.

It is essential to deepen the knowledge about the later asymmetry between sagitta pairs in P, erythrinus and
P, acarne since this may affect stock differentiation based on shape analysis between populations from different
sub-areas. This feature of otolith morphometry and shape could be another response to environmental pressure,
which may clarify the role of phenotypic plasticity in sagitta development.

Materials and methods

A total of 44 P. bogaraveo otoliths (n=24), 46 P. acarne otoliths (n=24), and 71 P. erythrinus otoliths (n=37)
were collected from trawled specimens in the southern Tyrrhenian Sea (GSA10) between March and October
2019. Fish specimen collection was authorized by the CAMP.BIOL.19 project®™>?. Fish otoliths were collected as
part of annual research surveys, all involving lethal sampling. No experiments were conducted, nor were surgi-
cal procedures performed. No procedures caused lasting harm to sentient fish, nor were sentient fish subjected
to chemical agents. The care and use of collected animals complied with animal welfare guidelines, laws, and
regulations set by the Italian Government.

Before otolith extraction, each specimen was measured (TL to the nearest mm), weighed (body weight
(BW) to the nearest g), and dissected to evaluate the sex and the maturity stage, according to the codes of
sexual maturity in fish (MEDITS, freely available at http://archimer.ifremer.fr/doc/00002/11321/). For accurate
morphometric analysis and statistical comparison of the data, specimens of each species were divided into two
groups, according to the sexual maturity codes (i.e., juvenile and adult individuals).

The sagittae were removed from the otic capsule and cleaned of tissue using 3% H,O, for 15 min, followed
by Milli-Q water. The dry otoliths were stored inside an Eppendorf microtube.

A Leica M205C stereomicroscope with a built-in LEICA IC80 digital camera was used to collect digital images
of the otolith samples (Supplementary Figures S2, S3, S4).

Each sagitta was photographed twice, once with the sulcus acusticus facing upwards and once with the annuli
side facing up.

Before being converted into binary format for contour extraction using Image] 1.48p software®® (freely avail-
able at http://rsb.info.nih.gov/ij/), the longest axis was used to orientate the images horizontally and vertically to
capture clear sulcus acusticus images, according to the literature®.

Morphometry. According to the literature?%*32, Image] was used to recorded several otolith measure-
ments: otolith length (OL, mm), otolith width (OW, mm), otolith perimeter (OP, mm), otolith surface (OS,
mm?), sulcus perimeter (S, mm), sulcus surface (SS, mm?), sulcus length (SL, mm), cauda length (CL, mm),
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Figure 6. (a) Quality of the wavelet and Fourier outline reconstruction of left adult sagittae of studied species.
The red vertical lines show the level of wavelet and number of Fourier harmonics needed for a 98.5% accuracy of
the reconstruction. (b) Mean and standard deviation (SD) of the wavelet coeflicients for all combined left adult
sagittae of studied species and the proportion of variance among species or the intraclass correlation (ICC, black

solid line). The horizontal axis shows an angle in degrees (°) based on the same polar coordinates of Fig. 1a, in
which the centroid of the otolith is the center point of the polar coordinates.

cauda width (CW, mm), ostium length (OSL, mm), ostium width (OSW, mm), rostrum width (RW, mm) and
rostrum length (RL, mm). Afterward, other otolith shape indices were calculated: circularity (OP?/OS), rectan-
gularity (OS/[OL x OW]), aspect ratio (OW/OL%), the ratio of otolith length to the total fish length (OL/TL), the
percentage of the otolith surface occupied by the sulcus (S5/0S%), the percentage of the sulcus length occupied
by the cauda length (CL/SL%), the percentage of the sulcus length occupied by the ostium length (OSL/SL%),
the rostrum aspect ratio (RW/RL%) and percentage of the otolith length occupied by rostrum length (RL/OL%).
Supplementary Figure S5 provides a schematic diagram of the measured features.

Otolith shape analysis. Analysis of otolith shape was performed using shape R, an open-source software
package that runs on the R platform (R version 4.0.5). This package was specifically designed to study otolith
shape variation among fish populations or species®. First, the stereoscope captured otolith images were bina-
rized using a threshold pixel value of 0.05 (intensity threshold). Once the outline of each image was detected,
the master file containing the analyzed specimen information (e.g., fish length, weight, origin, maturity, and
sex) was linked to each extracted outline. Wavelet and Fourier coefficients, required for statistical analysis, were
extracted and adjusted for allometric relationships with the fish lengths. The wavelet coeflicient was also used to

Scientific Reports |

, https://doi.orq/10.1038/541598-021-95814-
et Ebdurtesy of Sprmyer RYtr Ve Sfusd'ap

. ature portfolio
ly. Rights reserved P



www.nature.com/scientificreports/

obtain the graph shown in Fig. 1a, which compares the mean otolith shapes of the analyzed species. The quality
of the wavelet and Fourier reconstruction was estimated by comparing how it deviated from the otolith outline
(Fig. 6a). The maximum number of Fourier harmonics to be displayed was set at 15. Finally, the graph presented
in Fig. 6b was produced by running a specific function of the g-plots R package, to investigate how the variation
in wavelet coefficients is dependent on the position along the outline.

SEM analysis. A total of four P. bogaraveo otoliths, three P. acarne otoliths, and four P. erythrinus otoliths
underwent SEM analysis as described in previous studies®. The samples were fixed in 70% alcohol for 48 h and
subsequently dehydrated using a graded series of alcohol from 70 to 100% (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 MA10 operating at an acceleration voltage of 20 kV.

Data analysis. All statistical analyses were conducted using the following software: Prism V.8.2.1 (Graph-
pad Software Ltd., La Jolla, CA 92037, USA), R vegan package V.2.5, and PAST V. 2.7°.

Selected morphological parameters (OP?/0S, OS/[OL x OW], OL/TL, OW/OL%, SS/OS%, RW/RL%, and
RL/OL%) were analysed using an unpaired f test to highlight any significant differences between the right and
left sides of the otoliths and between juvenile and adult specimens. Differences in morphological parameters
between specimens of different species (at the same maturity stage) were analyzed using a one-way analysis of
variance (one-way ANOVA). Additionally, sulcus acusticus parameters were subjected to a principal component
analysis (PCA) based on a variance-covariance matrix and Linear Discriminant Analysis (LDA) to show differ-
ences 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 coeflicients were subjected to a PCA, based on
a variance-covariance matrix, and LDA to obtain an overview of the differences in otolith shape between the
congeneric species examined. The significance level was set at P<0.05.

Received: 7 May 2021; Accepted: 29 July 2021
Published online: 11 August 2021

References

1. Tuset, V. M., Lombarte, A. & Assis, C. A. Otolith atlas for the western Mediterranean, north and central eastern Atlantic. Sci. Mar.
72, 7-198 (2008).

2. Schulz-Mirbach, T., Ladich, E, Plath, M. & Hef3, M. Enigmatic ear stones: What we know about the functional role and evolution
of fish otoliths. Biol. Rev. 94, 457-482 (2019).

. Cermeno, P, Morales-Nin, B. & Uriarte, A. Juvenile European anchovy otolith microstructure. Sci. Mar. 70, 553-557 (2006).

4. Chaine, J. & Duvergier, J. Recherches sur les otolithes des poisons. Etude déscriptive et comparative de la sagitta des téléostéens.
Act Soc Linn 86, 1-254 (1934).

. Chaine, ]. & Duvergier, J. Recherches sur les otolithes des poisons. Etude déscriptive et comparative de la sagitta des téléostéens.
Act Soc Linn 92, 3-133 (1942).

. Nolf, D. Otolithi Piscium. Handbook of Paleoichthyology, Vol. 10. (1985).

. Volpedo, A. & Echeverria, D. D. Catdlogo y claves de otolitos para la identificacién de peces del mar Argentino. (2000).

. Tuset, V. M. et al. Testing otolith morphology for measuring marine fish biodiversity. Mar. Freshw. Res. 67, 1037-1048 (2016).

. Nolf, D., de Potter, H. & Lafond-Grellety, ]. Hommage d Joseph Chaine et Jean Duvergier: Diversité et variabilité des otolithes des

poissons. Palaeo Publishing and Library vzw. (Palaeo Publishing and Library vzw, 2009).

10. Chaine, J. Recherches sur les otolithes des poisons. Etude descriptive et comparative de la sagitta des Téléostéens. Actes Soc. Linn.
Bord 89, 5-252 (1937).

11. Volpedo, A. & DianaEcheverria, D. Ecomorphological patterns of the sagitta in fish on the continental shelf off Argentine. Fish.
Res. 60, 551-560 (2003).

12. Amorim, M. C. P, Stratoudakis, Y. & Hawkins, A. D. Sound production during competitive feeding in the grey gurnard. J. Fish
Biol. 65, 182-194 (2004).

13. Cardinale, M., Doering-Arjes, P., Kastowsky, M. & Mosegaard, H. Effects of sex, stock, and environment on the shape of known-
age Atlantic cod (Gadus morhua) otoliths. Can. J. Fish. Aquat. Sci. 61, 158-167 (2004).

14. Capoccioni, E. et al. Ontogenetic and environmental effects on otolith shape variability in three Mediterranean European eel
(Anguilla anguilla, L.) local stocks. J. Exp. Mar. Biol. Ecol. 397, 1-7 (2011).

15. Lombarte, A. & Cruz, A. Otolith size trends in marine fish communities from different depth strata. J. Fish Biol. 71, 53-76 (2007).

16. Torres, G. J., Lombarte, A. & Morales-Nin, B. Sagittal otolith size and shape variability to identify geographical intraspecific dif-
ferences in three species of the genus Merluccius. J. Mar. Biol. Assoc. U. K. 80, 333-342 (2000).

17. Mahé, K., Evano, H., Mille, T., Muths, D. & Bourjea, J. Otolith shape as a valuable tool to evaluate the stock structure of swordfish
Xiphias gladius in the Indian Ocean. Afr. J. Mar. Sci. 38, 457-464 (2016).

18. Morat, E, Letourneur, Y., Nérini, D., Banaru, D. & Batjakas, I. E. Discrimination of red mullet populations (Teleostean, Mullidae)
along multi-spatial and ontogenetic scales within the Mediterranean basin on the basis of otolith shape analysis. Aquat. Living
Resour. 25,27-39 (2012).

19. Truman, C. N., Chung, M. T. & Shores, D. Ecogeochemistry potential in deep time biodiversity illustrated using a modern deep-
water case study. Philos. Trans. R. Soc. B Biol. Sci. 371, 20150223 (2016).

20. Lombarte, A. & Tuset, V. M. Chapter3- Morfometria de otolitos. in Métodos de estudios con otolitos: principios y aplicaciones/
Métodos de estudos com otélitos: principios e aplicagdes (eds. Volpedo, A. V. & Vaz-dos-Santos, A. M.) 31 (2015).

21. Murta, A. G. Morphological variation of horse mackerel (Trachurus trachurus) in the Iberian and North African Atlantic: Implica-
tions for stock identification. ICES J. Mar. Sci. 57, 1240-1248 (2000).

22. Bolles, K. L. & Begg, G. A. Distinction between silver hake (Merluccius bilinearis) stocks in U.S. waters of the northwest Atlantic
based on whole otolith morphometrics. Fish. Bull. 98, 451-462 (2000).

w w

N RN o)

Scientific Reports 116 ~ o https://doi.org/10.1038/s41598-021-95814-w . ature portfolio
ports| et edurtesy of SPHmder RYNITE TS STiis&'4pbly. Rights reserved”



www.nature.com/scientificreports/

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

Montanini, S., Stagioni, M., Valdr¢, G., Tommasini, S. & Vallisneri, M. Intra-specific and inter-specific variability of the sulcus
acusticus of sagittal otoliths in two gurnard species (Scorpaeniformes, Triglidae). Fish. Res. 161, 93-101 (2015).

Spedicato, M. T. et al. Geographical distribution, abundance and some population characteristics of the species of the genus Pagellus
(Osteichthyes: Perciformes) in different areas of the Mediterranean. Sci. Mar. 66, 65-82 (2002).

Di Maio, E. et al. Age structure of spawners of the axillary seabream, Pagellus acarne (Risso, 1827), in the central Mediterranean
Sea (Strait of Sicily). Reg. Stud. Mar. Sci. 34, 101082 (2020).

ilhan, D. Age, growth, and diet of axillary seabream, Pagellus Acarne (Actinopterygii: Perciformes: Sparidae), in the central Aegean
sea. Acta Ichthyol. Piscat. 48, 329-339 (2018).

Morato, T., Sol3, E., Gros, M. P. & Menezes, G. Feeding habits of two congener species of seabreams, Pagellus bogaraveo and Pagel-
lus acarne, off the Azores (northeastern Atlantic) during spring of 1996 and 1997. Bull. Mar. Sci. https://doi.org/10.1016/j.yhbeh.
2011.02.016 (2001).

Busalacchi, B., Bottari, T., Giordano, D., Profeta, A. & Rinelli, P. Distribution and biological features of the common pandora, Pagel-
lus erythrinus (Linnaeus, 1758), in the southern Tyrrhenian Sea (Central Mediterranean). Helgol. Mar. Res. 68, 491-501 (2014).
Fanelli, E. et al. Food partitioning and diet temporal variation in two coexisting sparids, Pagellus erythrinus and Pagellus acarne.
J. Fish Biol. 78, 869-900 (2011).

Savoca, S. et al. Microplastics occurrence in the Tyrrhenian waters and in the gastrointestinal tract of two congener species of
seabreams. Environ. Toxicol. Pharmacol. 67, 35-41 (2019).

Lorance, P. History and dynamics of the overexploitation of the blackspot sea bream (Pagellus bogaraveo) in the Bay of Biscay.
ICES J. Mar. Sci. 68, 290-301 (2011).

Jawad, L. A, Sabatino, G., Ibanez, A. L., Andaloro, F. & Battaglia, P. Morphology and ontogenetic changes in otoliths of the mes-
opelagic fishes Ceratoscopelus maderensis (Myctophidae), Vinciguerria attenuata and V. poweriae (Phosichthyidae) from the Strait
of Messina (Mediterranean Sea). Acta Zool. https://doi.org/10.1111/az0.12197 (2018).

Swan, S. C. et al. Otolith chemistry: An aid to stock separation of Helicolenus dactylopterus (bluemouth) and Merluccius merluccius
(European hake) in the Northeast Atlantic and Mediterranean. ICES J. Mar. Sci. 63, 504-513 (2006).

Vignon, M. & Morat, F. Environmental and genetic determinant of otolith shape revealed by a non-indigenous tropical fish. Mar.
Ecol. Prog. Ser. 411, 231-241 (2010).

Gagliano, M. & McCormick, M. I. Feeding history influences otolith shape in tropical fish. Mar. Ecol. Prog. Ser. https://doi.org/10.
3354/meps278291 (2004).

Stransky, C., Murta, A. G., Schlickeisen, J. & Zimmermann, C. Otolith shape analysis as a tool for stock separation of horse mackerel
(Trachurus trachurus) in the Northeast Atlantic and Mediterranean. Fish. Res. 89, 159-166 (2008).

Mejri, M. et al. Use of otolith shape to differentiate two lagoon populations of Pagellus erythrinus (Actinopterygii: Perciformes:
Sparidae) in Tunisian waters. Acta Ichthyol. Piscat. 48, 153-161 (2018).

Mejri, M. et al. Fluctuating asymmetry in the otolith shape, length, width and area of Pagellus erythrinus collected from the Gulf
of Tunis. Cah. Biol. 60, 1-7 (2020).

Volpedo, A. V. & Cirelli, A. E. Otolith chemical composition as a useful tool for sciaenid stock discrimination in the south-western
Atlantic. Sci. Mar. https://doi.org/10.3989/scimar.2006.70n2325 (2006).

Rebaya, M. et al. Otolith shape discrimination of Liza ramada (Actinopterygii: Mugiliformes: Mugilidae) from marine and estuarine
populations in Tunisia. Acta Ichthyol. Piscat. 47, 13-21 (2017).

Trojette, M. et al. Stock discrimination of two insular populations of diplodus annularis (Actinopterygii: Perciformes: Sparidae)
along the coast of tunisia by analysis of otolith shape. Acta Ichthyol. Piscat. 45, 363-372 (2015).

Bostanci, D. et al. Sagittal Otolith Morphology of Sharpsnout Seabream Diplodus puntazzo (Walbaum, 1792) in the Aegean Sea.
Int. ]. Morphol. https://doi.org/10.4067/s0717-95022016000200012 (2016).

Bird, J. L., Eppler, D. T. & Checkley, D. M. Comparisons of herring otoliths using Fourier series shape analysis. Can. J. Fish. Aquat.
Sci. https://doi.org/10.1139/86-152 (1986).

Zhang, C. et al. Population structure of Japanese Spanish mackerel Scomberomorus niphonius in the Bohai Sea, the Yellow Sea and
the East China Sea: evidence from random forests based on otolith features. Fish. Sci. https://doi.org/10.1007/s12562-016-0968-x
(2016).

Buran, B. N, Deng, X. & Popper, A. N. Structural variation in the inner ears of four deep-sea elopomorph fishes. J. Morphol. https://
doi.org/10.1002/jmor.10355 (2005).

Kéver, L., Colleye, O., Herrel, A., Romans, P. & Parmentier, E. Hearing capacities and otolith size in two ophidiiform species
(Ophidion rochei and Carapus acus). J. Exp. Biol. https://doi.org/10.1242/jeb.105254 (2014).

Paxton, J. R. Fish otoliths: Do sizes correlate with taxonomic group, habitat and/or luminescence?. Philos. Trans. R. Soc. B Biol.
Sci. https://doi.org/10.1098/rstb.2000.0688 (2000).

Torres, G. J., Lombarte, A. & Morales-Nin, B. Variability of the sulcus acusticus in the sagittal otolith of the genus Merluccius
(Merlucciidae). Fish. Res. 46, 5-13 (2000).

Tuset, V. M., Lombarte, A., Gonzélez, J. A., Pertusa, J. F. & Lorente, M. ]. Comparative morphology of the sagittal otolith in Serranus
spp. J. Fish Biol. 63, 1491-1504 (2003).

Popper, A. N., Ramcharitar, ]. & Campana, S. E. Why otoliths? Insights from inner ear physiology and fisheries biology. Mar.
Freshw. Res. 56, 497-504 (2005).

Capillo, G. et al. Quali-quantive analysis of plastics and microfibers found in demersal species from Southern Tyrrhenian Sea
(Central Mediterranean). Mar. Poll. Bull. 150, 110596 (2020)

Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to Image]J: 25 years of image analysis. Nat. Methods 9, 671-675 (2012).
Mangano, M. C,, Kaiser, M. J., Porporato, E. M. D., Lambert, G. I. & Spano, N. Trawling disturbance effects on the trophic ecology
of two co-generic Astropectinid species. Mediterr. Mar. Sci. 16, 538-549 (2015).

Libungan, L. A. & Pélsson, S. ShapeR: An R package to study otolith shape variation among fish populations. PLoS ONE 10, 1-12
(2015).

Savoca, S. et al. Plastics occurrence in juveniles of Engraulis encrasicolus and Sardina pilchardus in the Southern Tyrrhenian Sea.
Sci. Total Environ. 718, 137457 (2020).

Hammer, @., Harper, D. A. T. & Ryan, P. D. Past: Paleontological statistics software package for education and data analysis. Pal-
aeontol. Electron. 4,9 (2001).

Author contributions

C.D. procedure design, investigation, writing; M. A. investigation, formal analysis, data curation, writing; S.F.
Formal analysis, data curation; S.S. writing, data analysis, review and editing; G.P. investigation, data collection,
visualization; D.D.P. formal analysis, data curation, visualization, ; A.P. formal analysis, visualization, data cura-
tion; P.R. project administration, conceptualization, resources; G.L. resources, formal analysis and supervision;
N.S. project administration, supervision, review and editing; G.C. project supervision, conceptualization, writ-
ing, review and editing .

Scientific Reports 116 ~ o https://doi.org/10.1038/541598-021-95814- . ature portfolio
ports| et e durtesy of SPHmder RYtire: TeHms ST s apbly. Rights reserved 7



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-95814-w.

Correspondence and requests for materials should be addressed to S.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports 116 ~ o https://doi.org/10.1038/s41598-021-95814-w . ature portfolio
ports| et edurtesy of SPHmder RYNITE TS STiis&'4pbly. Rights reserved”



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature™).

Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not:

1. use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access
control;

2. use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is
otherwise unlawful;

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in
writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal
content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at

onlineservice(@springernature.com



mailto:onlineservice@springernature.com

<@ sustainability

Article

Otolith Analyses Highlight Morpho-Functional Differences of
Three Species of Mullet (Mugilidae) from Transitional Water

Claudio D’Iglio > , Sabrina Natale ¥, Marco Albano ", Serena Savoca 3*, Sergio Famulari 17,

Claudio Gervasi !, Giovanni Lanteri !, Giuseppe Panarello !, Nunziacarla Spané %3

check ror
updates

Citation: D’Iglio, C.; Natale, S.;
Albano, M.; Savoca, S.; Famulari, S,;
Gervasi, C; Lanteri, G.; Panarello, G.;
Spano, N.; Capillo, G. Otolith
Analyses Highlight
Morpho-Functional Differences of
Three Species of Mullet (Mugilidae)
from Transitional Water. Sustainability
2022, 14, 398. https://doi.org/
10.3390/5u14010398

Academic Editor: Mario D’Amico

Received: 15 November 2021
Accepted: 18 December 2021
Published: 31 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

and Gioele Capillo %*

Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina,
Viale F. Stagno d’Alcontres 31, 98166 Messina, Italy; cladiglio@unime.it (C.D.); snatale@unime.it (S.N.);
malbano@unime.it (M.A.); serfamulari@unime.it (S.F.); claudio.gervasi@unime.it (C.G.);
giovanni.lanteri@unime.it (G.L.); gpanarello@unime.it (G.P.)

Institute for Marine Biological Resources and Biotechnology (IRBIM), National Research Council,
98122 Messina, Italy; spano@unime.it (N.S.); gcapillo@unime.it (G.C.)

Department of Biomedical, Dental and Morphological and Functional Imaging, University of Messina,
Via Consolare Valeria, 98166 Messina, Italy

Department of Veterinary Sciences, University of Messina, Viale Dell’annunziata, 98168 Messina, Italy
Correspondence: ssavoca@unime.it

t These authors contributed equally to this work.

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 providingdata 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 (381557 N,
15°37'50” E) (Figure 1a), 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 m3). 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 fishingnet, 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% H20:2 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 3-4 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 (0S, 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 (0SS). Afterwards, other otolith
shape indices were calculated: circularity (P?/A), rectangularity (0S/(OK 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 (SS/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 (SS/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 %).

Morpholo(;ti(c);lilltgharacters Chelon auratus Chelon auratus Oedalechilus labeo Oedalechilus labeo
2 Mean + SD Min.—Max. Mean £ SD Min.—Max.
(mm-mm®)
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
OoP 17.32 £ 144 14.21-22.05 16.38 + 2.39 13.46-20.45
oS 17.06 £ 2.38 12.71-26.01 15.48 £ 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 £ 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
CS 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
0oSP 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
OPZ/OS 17.65 £ 1.10 15.89-19.99 17.41 £ 1.73 15.55-20.93
0S/(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 £ 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/0OS %), 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 3.24-4.00 348 £ 0.15 3.21-3.88
oP 17.36 £ 0.79 15.88-19.62 17.24 £ 0.72 15.93-18.89
0sS 18.21 + 1.44 15.98-21.64 17.91 £ 1.47 15.67-22.05
SP 15.57 £ 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 421 £ 0.39 3.39-4.80 1.18 £ 0.52 0.84-3.67
Cw 1.20 £ 0.19 0.65-1.58 415 % 0.68 1.04-5.13
CP 9.78 £ 1.05 7.58-11.68 951 £ 1.15 6.99-13.44
CS 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 143 £ 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
OPZ/OS 16.58 £ 0.61 15.71-18.48 16.62 + 0.60 15.59-18.69
0S/(OL x OW) 0.77 £ 0.02 0.71-0.81 0.77 £ 0.02 0.72-0.81
OW/0L % 52.43% + 0.03 48.43-59.70% 51.95% % 0.02 46.58%-55.80%
OL/TL 0.03 £+ 0.003 0.03-0.04 0.03 £ 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
MA10 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, 0S/[OL OW], OL/TL, OW/OL %, SS/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 setat 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 rostrumand
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.

>

o8l

0Lz
06

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 =6.001). 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/0S % (p = 0.561; p = 0.008) and
between BW and SS/0S % (p = 0.499; p = 0.02).

o8l

0Lz
s [3

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

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

o8l

3 mm.
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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), 0S/[OLXOW]
(»=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 0S/[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. 0S
(circularity), 0OS/(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/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.

. . Morphometric . Total
Fish Species Palgmeters Weight Length
o] p Value P p Value

0P?/0S ns ns ns ns

0S/(OL x OW) ns ns ns ns

OW/OL % ns ns ns ns

Chelon auratus OL/TL ns ns ns ns
SS/0S % ns ns 0.416 0.001

CL/SL % ns ns ns ns

OSL/SL % ns ns ns ns

0P?/0S ns ns ns ns

0S/(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

0P?/0S ns ns ns ns

0S/(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. OP2/0S (circularity), 0OS/(OL X OW) (rectangularity),
aspectratio (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/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.

OP2/0S 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

ns
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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 (SS/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

® Oedalechitus fabeo

LI .

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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EHT= 106380

Wo= 255 mm
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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.

Date 27 4ul 2021
Time 125257

EHT= 106250 Signat 4= SE1 Date 27 4ul 2021

ENT= 18,6350 Signat A= SE1 Dste 27 4u1 2021
WD+ 200 mm Photo o, = 1897 Time (112458

WD =255 5 Photo o= 1017 Time 130148

ENT= 10,6347 Signat A= SE1 o 21
W= 175 mm Photo o, = 1957 Time 142543

Date 27 Jut 2021
Time 124048

ENT= 19,634V Signat A= SE1 Date 27 4ut 2021 —
WD =255 mm PhotaNio = 1916 Time 1257:57

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).

EHT=19.63kV Signal A= SE1 Date :27 Jul 2021
WD = 24.0 mm Photo No. = 1911 Time :12:40:49

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= 10634V Signat A= SET Dote 9 Sep 2021
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EHT= 19,634V SignalA = SET Date  Sop 2021
WO» 95 mm Photo Ha = 1920 Time 114328

EHT = 19.63 kV Signal A= SE1 Date :27 Jul 2021
WD = 20.0 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.

WD= 80mm PhotoNo. = 1953 Time 13:52:57

EHT= 19.63AV. Signat A= SET Date 9 Sep 2021

EHT= 19634V Signat A= SE1 Date 9 Sep 2021 ==
wo= 80mm Photo No. = 1950 Time 13.4351

1mm EHT=19.63kV Signal A= SE1 Date :27 Jul 2021
WD =250mm Photo No. = 1918 Time :13:05:08

SignatA = SE1 Date 9 Sop 2021
Photo No. = 1952 Time :13:50:49

EHT= 19636V Signal A= SE1 Date 9 Sep 2021 z618]
Wo=75mm Photo No. = 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).

EHT= 1963 AV Signel A = SE1 Date 9 Sep 2021
WD =205 mm Photo No. = 1966 Time :14:59:19

10pm BT 19838V SignaiAs SET Date 9 Sep 2021 e
wor210mm Photo No. = 1968 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.

EHT= 19,634V Signal A=SE1 Date 9 Sop 2021
Photo No.= 1943 Time 13:1424

sﬂfl{h
=
e

ENT= 19634V SignatA = SET Date 9.S0p 2021
W= 75mm Photo No.» 1942 Time 130543 |

200m EHT=19.63kV Signal A= SE1 Date :27 Jul 2021 ZE1ss
I WD=255mm 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.



Sustainability 2022, 14, 398 16 of 25
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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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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. Itis difficult to
find a direct correlation between environmental factors and variations in morphologyand
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 researchon
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 12c,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 13c,gh), 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.
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10.3390/su14010398/s1, 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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Eco-morphology of sagittal otoliths in five Macrouridae species from

Central Mediterranean Sea

ABSTRACT

The increase of deep environments exploitation and depletion related to fisheries activities have
enhanced the needing to improve the knowledge base about demersal and abyssal species. Macrourids
are an ecologically essential component of bathyal community, and among the most abundant species
in the deep environments world-wide. Present paper aims to investigate the sagittae morphology,
morphometry, and shape of five Mediterranean’s Macrouridae species, investigating their intra and
inter specific relationships, also comparing data with literature from other geographical areas. Result
showed the absence of directional bilateral asymmetry in all the studied species, with clear differences
in morphometry and shape at inter specific level. They were detected statistically significant
similarity patterns between Coelorinchus caelorhincus and Coryphaenoides guentheri specimens
(Coelorhynchus/Coryphaenoides group), and even between Nezumia aequalis and Nezumia
sclerorhynchus specimens (Nezumia sp group). Hymenocephalus italicus showed the most marked
differences in otoliths features compared to the other investigated species. Results confirmed the
similarity in shape and morphometry of sagittae belonging to phylogenetically close species, sharing
several aspects of their life habits. Furter analysis on the genetics, growth dynamics, feeding habits
and environmental conditions experienced by specimens are required to confirm the environmental

influence on sagittae, also comparing data from different Macruridae populations.

Keywords: Macrouridae, sagittae, otolith analysis, Shape analysis, Tyrrhenian Sea

1. INTRODUCTION

Concerning marine demersal domain, species belonging to Macrouridae family, also called
grenadiers or rattails, are among the most globally abundant for biomass (Shi et al., 2016) and species
numbers (405 of valid species) (Eschmeyer and Fong, 2014). These benthopelagic global distributed
species inhabit a wide range of environments, from the continental shelves and slopes between 200
and 2000 m (Dunn et al., 1992; Marshall, 1979; Weitzman, 1997), to the abyssal plains between 2000
and 6000 m (Gaither et al., 2016; Linley et al., 2016). In the Mediterranean Sea, this family represents

an essential component of the bathyal community in continental slope environments (Garcia-Ruiz et



al., 2019; Sobrino et al., 2012), and a dominant component for abundance below the 1000 m of depth
(Danovaro et al., 2010), with temporal and spatial trends in abundance and distribution which vary
geographically for the different species (Garcia-Ruiz et al., 2019). Grenadiers, despite their low
commercial value in Mediterranean basin, are caught by trawling fisheries, being one of the major
components of by-catch in deep-seas shrimps fisheries (D’Onghia et al., 2000, 1998; Matarrese et al.,
1996). The increases of deep environments exploitation and depletion related to fisheries activities
(Devine et al., 2012; Kuemlangan and Sanders, 2008; Norse et al., 2012), together with the essential
role of species belonging to Macrouridae family for meso- and bathypelagic ecological dynamics
(Drazen, 2002; Stergiou and Karpouzi, 2002), have led to an improving attention of scientific
community on grenadiers species to monitor the effects of over-exploitation on Mediterranean
demersal fish assemblage and deep habitats.

In the Mediterranean basin, the Macrouridae family is composed by eight species, belonging to five
genera (Coelorinchus, Giorna, 1809, Coryphaenoides, Gunnerus, 1765, Hymenocephalus, Giglioli,
1884, Nezumia, Jordan, 1904, Trachyrincus, Giorna, 1809) (Bauchot, 1987; Lloris, 2015). Present
paper aims to investigate the intra and inter specific sagittal otoliths variability in five species of
grenadiers (Hymenocephalus italicus, Giglioli, 1884, Nezumia sclerorhynchus, Valenciennes, 1838,
Nezumia aequalis, Glnther, 1878, Coryphaenoides guentheri, Vaillant, 1888, Coelorinchus
caelorhincus, Risso, 1810) by comparing otoliths weight and data obtained from shape and
morphometrical analysis.

Otoliths are calcareous structures contained in teleost’s inner ears. Both organs (one for side),
fundamental in balance and hearing, are composed by three semicircular canals, three end organs
(ampullae) and three otoliths’ organs (sacculus, utriculus and lagena). These last contains otoliths,
respectively sagitta, lapillus and asteriscus. Sagittae, or sagittal otoliths, are the largest among them
in non-ostariophysian fishes (Lombarte and Tuset, 2015; Popper and Lu, 2000), and they are widely
used in many research fields: in paleontology and palaeoecology, to asses past marine teleost
biodiversity and populations (Lin et al., 2016; Nolf, 1995, 1985; Nolf et al., 2009); in fisheries science,
to identify stocks, species and populations through otoliths shape analysis (Begg and Brown, 2000;
Lord et al., 2012; Morat et al., 2012; Stransky et al., 2008; Torres et al., 2000a; Tuset et al., 2003b;
Zhuang et al., 2015); in ecology, being used for prey identification in stomach content analysis, and
in ecomorphological studies for their intra-specific variability (Battaglia et al., 2013; Bose et al., 2020;
D’Iglio et al., 2022¢, 2021c, 2021b; Jaramilo et al., 2014; Karachle and Stergiou, 2010; Lombarte et
al., 2010; Lombarte and Cruz, 2007; Mangano et al., 2017; Montanini et al., 2015; Neves et al., 2021,
Tiralongo et al., 2020; Torres et al., 2000b; Tuset et al., 2020, 2018; Volpedo and Diana Echeverria,
2003; Volpedo et al., 2008); in taxonomy, for their species-specific morphology (D’iglio et al., 2022;



D’Iglio et al., 2021a; Lombarte et al., 2018; Moore et al., 2022; Ponton, 2006; Reichenbacher et al.,
2007; Teimori et al., 2019; Tuset et al., 2016a, 2008, 2003a; Zischke et al., 2016) and in migratory
and life cycle studies through microchemical analysis (Dul¢i¢ et al., 2005; Mati¢-Skoko et al., 2020b,
2020a, 2005).

Concerning the Macrouridae family, several studies have been performed on otoliths of these species

worldwide (Draganik et al., 1998; Labropoulou and Papaconstantinou, 2000; Lombarte and Morales-

Nin, 1995; Schwarzhans, 2014; Wilson, 1988). In the Mediterranean Sea, studies on grenadiers’
otoliths were mainly focused on their populations structure and growth dynamics (Massuti et al., 1995;
Sion et al., 2012; Swan et al., 2003). On our best knowledge, present paper represents the first intra
and inter specific comparison among sagittal otoliths morphology, morphometry, and shape of five
species belonging to the Macrouridae family from the Southern Tyrrhenian Sea. Data provided, for
each studied species, by the analysis on intra specific sagittal otoliths variability were valuable to
assess: (i) the efficiency of shape analysis for stock discrimination in Macrouridae species, (ii) the
presence of directional bilateral asymmetry, (iii) the relationships between sagittal otoliths
morphometries, and (iv) changes in sagittal otoliths mass, morphology and morphometry related to
fish length and weight. Inter specifically, it has been possible to assess the taxonomy of grenadiers’
species through sagittal otoliths morphology, morphometry, and shape, also investigating the
differences of the analyzed specimens with those from other geographical areas, through a literature
comparison. These data are essential to improve the knowledge base on the ecology and taxonomy
of these species, for a better management and conservation of marine environment and resources,

being grenadiers’ species important for the well-functioning of the deep Mediterranean ecosystems.

2. MATHERIALS AND METHODS

2.1 Samples collection

A total of 144 individuals (35 C. guentheri, 20 C. caelorhincus, 24 H. italicus, 24 N. aequalis, 40 N.

sclerorhynchus) collected from Tyrrhenian Sea were obtained by professional fisherman.

After landings, they were transferred in the laboratory, where each specimen was measured (total
length, TL) and weighted (total weight, TW), sampling the left and right sagittal otoliths. After
sampling, each left and right sagittal otolith was polished from tissues remains using 3% H202 for 15
minutes, and Milli-Q water. Once dried, they were weighted and stored in plastic Eppendorf

microtubes.



Each left and right sagittal otolith was photographed twice (one photo for each otolith face) under a
Axiocam 208 colour camera (Carl Zeiss, Jena, Germany), installed on a stereomicroscope Zeiss
Discovery V8 equipped. According to literature (Lombarte and Tuset, 2015), the photos of the
macular surface were acquired with the otoliths orientated vertically with respect to the longest axis

to obtain sulcus acusticus images as clear as possible.

2.2 Images elaboration and morphometric analysis

ImageJ 1.48p software (Schneider et al., 2012) was used to perform several otoliths measurements
and to convert images into binary format for contour extraction.

The performed otoliths measurements have been otolith length (OL, mm), otolith height (OH, mm),
otolith perimeter (OP, mm), otolith surface (OS, mm?), otolith weight (OW, g), sulcus perimeter (SP,
mm), sulcus surface (SS, mm?), sulcus length (SL, mm), cauda length (CL, mm), cauda width (CW,
mm), ostium length (OSL, mm), ostium width (OSW, mm). Several shape indices were also
calculated according to literature (Jawad et al., 2018; Pavlov, 2021, 2016; Tuset et al., 2016a, 20033,
2003b): circularity (OP?/0S), rectangularity (OS/[OLxOW]), ellipticity (OL-OW/OL+0OW), aspect
ratio (OW/OL%), form factor (4mOS/OP?), roundness (40S/mOL?), the ratio of otolith length to the
total fish length (OL/TL), the percentage of the otolith surface occupied by the sulcus (SS/0S%), the
percentage of the sulcus length occupied by the cauda length (CL/SL%), the percentage of the sulcus
length occupied by the ostium length (OSL/SL%). The ostium and cauda measurements were not
performed in sagittal otoliths of H. italicus specimens due to the peculiar sulcus acusticus structure
showed by this species. Indeed, this is characterized by the absence of separation between ostium and

cauda which make it impossible to measure separately their length and width (Schwarzhans, 2014).

2.3 Otolith shape analysis

Shaper R (open-source software package running on R version 4.0.5, RStudio 2022.07.1 Build 554;
R Gui 4.1.3 2022.03.10) was used to perform the otolith shape analysis, with a specific package for
the investigation of the intra and inter specific otoliths shape variability (Libungan and Palsson, 2015).

ImageJ software (version 1.53k freely available at https://imagej.nih.gov/ij/) was used to binarized

each image of sagittae, with an intensity threshold value of 0.05, classifying the extracted outlines
according to the individuals and otoliths information (e.g., species, otolith side). The
getMeasurements function was applied to calculate the otoliths measurements, using the previously

detected outlines. The extraction of Wavelet and Fourier coefficients were performed for the


https://imagej.nih.gov/ij/

statistical analysis, adjusting them for the analysis of the allometric relationships between otolith
shape and fish length. The comparison between the mean sagittae shape of the analyzed species were
obtained using the Wavelet coefficients. The deviation of the coefficients reconstruction from the
otolith outline was analyzed to estimate the quality of the reconstruction (Supplementary materials
1 _Figure). Finally, a g-plots R package’s specific function was used to investigate how the position

along the outline can influence the wavelet coefficients variation (Supplementary materials 2_Figure).

2.4 Data analysis

Univariate and multivariate statistical methods were applied to conduct investigations on sagittae
using Prism V.8.2.1 (Graph- pad Software Ltd., La Jolla, CA 92037, USA), R vegan package V.2.5,
and PAST V 4.

An unpaired t-test was used as a tool to investigate the occurrence of differences in morphometric
parameters between right and left otoliths. Any otolith morphometric variations between the different
species investigated were detected using a one-way analysis of variance (one-way ANOVA) and
Linear Discriminant Analysis (LDA). Additionally, the correlation between the measured parameters
and fish body weight (BW) and total length (TL) was tested using the Pearson correlation coefficient.
To explore the variation of otolith contours between the specimens, the shape indices were
extrapolated and analyzed through an ANOVA-like permutation test and a Linear Discriminant
Analysis (LDA) to obtain an overview of the differences in otolith shape between the species

examined. The significance level of p-value was set at < 0.05.

3. RESULTS

3.1. Morphometric and shape analysis

All the analyzed sagittae have been described according to the terminology of Assis, Nolf, and Tuset
et al. (Assis, 2000; Nolf, 1985; Tuset et al., 2008).

H. italicus specimens showed an overall elliptical and lobed shape of sagittae, with irregular margins

slightly lobed anterodorsally, and generally equals length and heigh (Figure 1 a-c).
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Figure 1. Lateral view (a) and medial view (b) of right sagitta of H. italicus, with mean otoliths' shape (c)

The maximum length was infra median, while the maximum heigh was pre median. Both the dorsal
and ventral margins were deeply asymmetric and convex. The dorsal one was crenate and slightly
lobed, while the ventral was flat and smooth. The posterior region was bifid and slightly sharp, while
the anterior was irregular to double-peacked. The external face was concave, while the internal was
convex. Rostrum and antirostrum were both triangular, small, and almost of the same size. Rostrum
was generally longer than the antirostrum, antero-dorsally oriented. The excisura ostii was
asymmetric, pointed and generally small. Excisura caudalis was deeper or deep as the excisura ostii.
Pseudorostrum and pseudoantirostrum were triangular and almost of the same size, more dorsally
oriented and pointed than rostrum and antirostrum. Sulcus acusticus was archaeosulcoid, median,
with indistinct cauda and ostium, and a horizontal orientation.

The morphometrical parameters of sagittae calculated for H. ialicus specimens are summarized in

Table 1. The unpaired t-test did not detect the presence of bilateral asymmetry.

Table 1. Morphometric mean values of right sagittae of H. italicus individuals with standard deviation (SD) and minimum (Min.) and
maximum (Max.) range: OL (otolith length), OH (otolith height), OP (otolith perimeter), OS (otolith surface), OW (otolith weight), SP
(sulcus perimeter), SS (sulcus surface), SL (sulcus length), SH (sulcus height), C (circularity), Re (rectangularity), E (ellepticity), AR
(OW/OL %), FF (form factor), Ro (roundness), OL/TL (the ratio of otolith length to total fish length), SS/OS % (percentage of otolith
surface occupied by the sulcus), CL/SL % (percentage of the sulcus length occupied by the cauda length) and OSL/SL % (percentage
of the sulcus length occupied by the ostium length)

| ‘ Mean | s.d. ‘ Min. - Max.




oL 3.66 | 0.6 2.58-4.77
OH 3.88 | 058 | 2.76-481
OP 14.48 | 2.45 | 9.97 -18.88
oS 9.81 | 280 | 515-1438
ow 0.02 | 0.01| 0.01-0.04
SP 515 [ 097 | 3.61-6.92
SS 133 | 045 0.76-2.2

SL 225 | 046 | 1.49--3.13
SH 0.76 | 014 | 053-1.01

C 21.75 | 1.94 | 18.36- 25.24
Re 0.68 | 0.02 | 0.65-0.71
E -0.03 | 0.02 -0.07-0

AR 1.07 | 0.05| 0.99-1.16
FF 0.58 | 0.05 0.5-0.69
Ro 092 | 0.06 | 0.83-1.04
OL/TL 0.04 | 0.01 | 0.03-0.05
S§S/0S% | 0.14 | 0.02 0.1-0.17

Concerning N. sclerorhynchus specimens, they showed longer than higher sagittae, with an
approximately oval overall shape. The general morphology of irregular polygon was characterized

by a visible different angulation of the five sides (Figure 2).
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Figure 2. Lateral view (a) and medial view (b) of right sagittae of N. sclerorhynchus, with mean otoliths' shape (c)



The maximum sagittae length was not perfectly median in all the specimens, and the maximum heigh
was always pre medial. The posterior region was more pointed than the anterior, that was
characterized by a bilobed antero-dorsal part. The dorsal and the ventral regions of the sagittae were
both convex, with an evident crenulation in the anterior one. The rostrum was rounded and not clearly
defined, with the general not differentiation of an antirostrum and an excisura ostii. Sulcus acusticus
was generally homosulcoid and median, with cauda and ostium both oval, straight, almost equal in
length and heigh. The cauda was characterized by a visible distance of its ending part from the
posterior otolith’s margin.

The morphometrical parameters of sagittae calculated for N. sclerorhynchus specimens are
summarized in Table 2. The unpaired t-test did not detect the presence of a marked bilateral
asymmetry, despite SS/OS% parameter varied significantly between the right and left side (p<0.001).

Table 2. Morphometric mean values of right sagittae of N. sclerorhynchus individuals with standard deviation (SD) and minimum
(Min.) and maximum (Max.) range: OL (otolith length), OH (otolith height), OP (otolith perimeter), OS (otolith surface), OW (otolith
weight), SP (sulcus perimeter), SS (sulcus surface), SL (sulcus length), SH (sulcus height), CL (cauda length), CW (cauda width), CP
(cauda perimeter), CS (cauda surface), OSL (ostium length), OSW (ostium width), OSP (ostium perimeter), OSS (ostium surface), C
(circularity), Re (rectangularity), E (ellepticity), AR (OW/OL %), FF (form factor), Ro (roundness), OL/TL (the ratio of otolith length to
total fish length), SS/0S % (percentage of otolith surface occupied by the sulcus), CL/SL % (percentage of the sulcus length occupied
by the cauda length) and OSL/SL % (percentage of the sulcus length occupied by the ostium length)

Mean | s.d. | Min.- Max.
oL 5.42 1.18 3.65-7.78
OH 3.45 0.69 2.25-5.06
oP 17.12 | 4.16 | 10.98 - 28.81
oS 13.75 | 5.73 | 5.92-2852
ow 0.02 | 0.01 | 0.01-0.06
SP 7.63 2.39 2.82-13.12
SS 222 | 165 | 0.28-7.09
SL 3.40 1.04 1.29-561
CL 1.48 0.44 0.63-24
CH 0.67 | 0.27 | 0.27-1.49
CP 3.6 11 1.44-6.08
CS 0.77 0.55 0.1-26
OosL 171 | 054 | 0.65-2.80

OSH 0.75 | 033 | 0.22-155
OSP 4.09 1.34 1.48-6.89
0SS 1.01 0.73 0.08 -3
Cc 22.36 | 535 | 17.93-52.51
Re 0.71 0.02 0.68 - 0.75
E 0.22 0.03 0.18-0.31
AR 0.64 | 0.04 0.53-0.7
FF 0.58 | 0.08 0.24-0.7
Ro 0.57 0.04 0.47 - 0.62




OL/TL 0.04 | 0.004 | 0.03-0.05
SS/0OS% | 15.05 | 5.86 | 4.71-28.64
CL/SL% 439 | 4.23 | 35.35-52.88

OSL/SL% | 50.19 | 3.95 | 41.59-59.54

N. aequalis specimens showed an approximately oval sagitta, with a slightly polygonal morphology,
characterized by lobed margins, more irregulars in the dorsal region than in the ventral one. The

polygonal morphology was highlighted by the presence of five differently angled sides (Figure 3).
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Figure 3. Lateral view (a) and medial view (b) of right sagittae of N. aequalis, with mean otoliths' shape (c)

The maximum sagittae length was not perfectly median in all the specimens, and the maximum heigh
was always pre medial. The ventral region was pointed, while the anterior one was rounded and
asymmetric. The dorsolateral part of the dorsal region was bilobed, while the ventral part was curved
to deeply irregular. Rostrum and antirostrum were not differentiated, such as, consequently, the
excisura ostii. The mesial sulcus acusticus was slightly heterosulcoid, with larger cauda than the
ostium, located in a median position.

The morphometrical parameters of sagittae calculated for N. aequalis specimens are summarized in

Table 3. The unpaired t-test did not detect the presence of bilateral asymmetry.

Table 3. Morphometric mean values of right sagittae of N. aequalis individuals with standard deviation (SD) and minimum (Min.) and
maximum (Max.) range: OL (otolith length), OH (otolith height), OP (otolith perimeter), OS (otolith surface), OW (otolith weight), SP
(sulcus perimeter), SS (sulcus surface), SL (sulcus length), SH (sulcus height), CL (cauda length), CW (cauda width), CP (cauda
perimeter), CS (cauda surface), OSL (ostium length), OSW (ostium width), OSP (ostium perimeter), OSS (ostium surface), C (circularity),
Re (rectangularity), E (ellepticity), AR (OW/OL %), FF (form factor), Ro (roundness), OL/TL (the ratio of otolith length to total fish



length), SS/0OS % (percentage of otolith surface occupied by the sulcus), CL/SL % (percentage of the sulcus length occupied by the
cauda length) and OSL/SL % (percentage of the sulcus length occupied by the ostium length)

Mean | s.d. Min. - Max.
oL 537 | 1.22 3.62-7.28
OH 3.46 0.8 225-438
OP 1593 | 3.34 | 10.61-21.33
0Os 136 | 593 | 5.66-24.42
ow 0.02 | 0.01 0.01-0.06
SP 6.91 236 | 3.97-12.20
SS 171 1.22 0.44 - 4.97
SL 3.02 1 1.71-5.17
CL 1.3 0.43 0.68 - 2.09
CH 0.68 | 0.26 0.25-1.31
CP 3.16 1.04 1.83-5.04
CS 0.6 04 0.14-1.53
OSL 1.59 0.54 0.93 - 2.66

OSH 0.72 | 0.32 0.3-1.44
OSP 3.77 1.27 2.09 - 6.65
OSS 0.82 0.64 0.19-2.69
C 19.82 | 1.79 | 17.44-27.12
Re 0.7 0.02 0.66 - 0.72
E 0.22 0.03 0.15-0.28
AR 0.65 | 0.04 | 0.56-0.74
FF 0.64 0.05 0.46 - 0.72
Ro 0.57 0.04 0.49 - 0.66
OL/TL 0.04 | 0.004 | 0.03-0.05
SS/0S% 011 | 0.04 0.06-0.2
CL/SL% 0.43 0.05 0.36 - 0.51
OSL/SL% | 0.53 | 0.09 0.4-0.82

C. guentheri specimens showed a pentagonal shape, characterized by a triangular dorsal region and a

trapezoidal ventral one (Figure 4).
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Figure 4. Lateral view (a) and medial view (b) of right sagittae of C. guentheri, with mean otoliths' shape (c)

The maximum otolith length was median, while the maximum heigh was pre median. The dorsal
margin was irregular and slightly crenulated, while the ventral one was smooth. Both the posterior
and the anterior regions were pointed. The rostrum was small, rounded and anteriorly directed, not
always clearly differentiated. Extremo posterior was slightly pointed, median and horizontal. Sulcus
acusticus was very large, pseudo-ostiocaudal, medial and horizontal. Cauda and ostium were
approximatively of the same shape, with Ostium slightly longer than cauda. It was detected the
presence of a canalis postcaudalis, a colliculum heteromorphico and a medial pseudocolliculum.

The morphometrical parameters of sagittae calculated for C. guentheri specimens are summarized in

Table 4. The unpaired t-test did not detect the presence of bilateral asymmetry.

Table 4. Morphometric mean values of right sagittae of C. guentheri individuals with standard deviation (SD) and minimum (Min.)
and maximum (Max.) range: OL (otolith length), OH (otolith height), OP (otolith perimeter), OS (otolith surface), OW (otolith weight),
SP (sulcus perimeter), SS (sulcus surface), SL (sulcus length), SH (sulcus height), CL (cauda length), CW (cauda width), CP (cauda
perimeter), CS (cauda surface), OSL (ostium length), OSW (ostium width), OSP (ostium perimeter), OSS (ostium surface), C (circularity),
Re (rectangularity), E (ellepticity), AR (OW/OL %), FF (form factor), Ro (roundness), OL/TL (the ratio of otolith length to total fish
length), SS/0S % (percentage of otolith surface occupied by the sulcus), CL/SL % (percentage of the sulcus length occupied by the
cauda length) and OSL/SL % (percentage of the sulcus length occupied by the ostium length)

Mean | s.d. Min. - Max.
oL 829 | 110 | 5.26-1021
OH 527 | 055 3.79-6.18
OP 2487 | 3.05 | 16.52-28.69
OS 30.05 | 6.71 | 13.24-40.81
ow 0.08 | 0.03 0.02-0.14
SP 13.87 | 2.62 8.1-17.8




SS 597 | 2.36 | 1.18-10.63
SL 6.41 1.2 3.85-8.34
CL 2.57 0.7 0.87 - 3.53
CH 096 | 0.34 0.3-1.44
CP 586 | 1.62 2.09-831
CS 1.78 0.9 0.18 - 3.66
OSL 311 | 0.77 1.33-45
OSH 1 0.33 0.26-1.94
OSP 6.96 | 1.74 | 2.93-10.55
0SS 2.35 1.2 0.31-5.87
C 20.86 | 1.05 | 19.02-23.3
Re 0.68 | 0.02 0.63-0.72
E 0.22 | 0.03 0.16 - 0.27
AR 0.64 | 0.04 0.57-0.72
FF 0.6 0.03 0.54 - 0.66
Ro 0.55 | 0.04 0.48 - 0.63
OL/TL 0.05 | 0.004 | 0.04-0.06
SS/0S% 0.19 | 0.05 0.07-03
CL/SL% 0.4 0.06 0.19-0.53
OSL/SL% | 0.48 | 0.06 0.3-0.56

Concerning C. caelorhincus specimens, they showed sagittae longer than higher, with a pentagonal
shape, characterized by sides differently angled, a triangular dorsal region and a trapezoidal ventral

one. The posterior and anterior region were pointed, with the posterior longer and more pointed than

the anterior one (Figure 5).
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Figure 5. Lateral view (a) and medial view (b) of right sagittae of C. caelorhincus, with mean otoliths' shape (c)
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The maximum otolith length was median, while the maximum heigh was pre median. Dorsal and
ventral margins were not symmetric and both convex. The margins were crenulated, with crenulations
more evident in smaller otoliths. While larger otoliths were smoother than the smaller ones. The
rostrum was short, rounded in median position, while antirostrum and excisura ostia were not
differentiated. Extremo posterior was rounded, median and horizontal. The sulcus acusticus was
superficial, heterosulcoid, horizontal and median. Cauda was longer than ostium, and both were
rectangular and with the same height.

The morphometrical parameters of sagittae calculated for C caelorhincus specimens are summarized
in Table 5. The unpaired t-test did not detect the presence of bilateral asymmetry, despite CL/SL%
varied significantly between the right and left side (p<0.001).

Table 5. Morphometric mean values of right sagittae of C. caelorhincus individuals with standard deviation (SD) and minimum (Min.)
and maximum (Max.) range: OL (otolith length), OH (otolith height), OP (otolith perimeter), OS (otolith surface), OW (otolith weight),
SP (sulcus perimeter), SS (sulcus surface), SL (sulcus length), SH (sulcus height), CL (cauda length), CW (cauda width), CP (cauda
perimeter), CS (cauda surface), OSL (ostium length), OSW (ostium width), OSP (ostium perimeter), OSS (ostium surface), C (circularity),
Re (rectangularity), E (ellepticity), AR (OW/OL %), FF (form factor), Ro (roundness), OL/TL (the ratio of otolith length to total fish
length), SS/OS % (percentage of otolith surface occupied by the sulcus), CL/SL % (percentage of the sulcus length occupied by the
cauda length) and OSL/SL % (percentage of the sulcus length occupied by the ostium length)

Mean | s.d. | Min.- Max.
oL 7.76 | 0.83 6.38-9.4
OH 51 0.37 45-59
OP 2385 | 195 | 19.41-27.25
oS 2725 | 4.74 | 18.85-35.88
ow 0.07 0.02 0.04-0.11
SP 151 2.79 | 11.78 - 20.23
SS 7.38 | 3.25 | 3.84-1351
SL 6.7 1.23 45-8.99
CL 3.07 0.57 2.32-3.99
CH 1.02 | 033 0.6-1.81
CP 7.14 151 5.05-9.98
CS 2.57 1.2 1.07 -5.17
OosL 347 | 0.82 2.3-4.77
OSH 1.05 0.3 0.7-1.68
OSP 8.04 2.09 5.4-11.97
0SS 3.19 1.66 1.44 -6.87

C 21.11 | 1.75 19.2 - 26.89
Re 0.68 0.02 0.65-0.72
E 0.21 0.03 0.17-0.27
AR 0.66 | 0.04 0.57-0.7
FF 0.6 0.04 | 0.47-0.66
Ro 0.57 0.03 0.52 - 0.62




OL/TL 0.05 | 0.01 0.03-0.06
SS/0S% | 26.11 | 7.63 | 16.51-385
CL/SL% | 46.39 | 9.01 | 39.92-81.21

OSL/SL% | 52.22 | 12.27 | 43.2-101.22

3.2 Inter-specific differences in morphology and shape

Since no striking differences in the morphometry of the sagittae were detected between the right and
left sides, only the morphometric parameters of the right otoliths were used and subjected to ANOVA
to evaluate the interspecific variations. The morphometric measurements of the right otoliths

belonging to the investigated species are summarized in Table 6.

Table 6. Morphometric mean values of right sagittae of the investigated species with standard deviation (SD) and minimum (Min.)
and maximum (Max.) range: OL (otolith length), OH (otolith height), OP (otolith perimeter), OS (otolith surface), OW (otolith weight),
SP (sulcus perimeter), SS (sulcus surface), SL (sulcus length), SH (sulcus height), CL (cauda length), CW (cauda width), CP (cauda
perimeter), CS (cauda surface), OSL (ostium length), OSW (ostium width), OSP (ostium perimeter), OSS (ostium surface), C (circularity),
Re (rectangularity), E (ellepticity), AR (OW/OL %), FF (form factor), Ro (roundness), OL/TL (the ratio of otolith length to total fish
length), SS/OS % (percentage of otolith surface occupied by the sulcus), CL/SL % (percentage of the sulcus length occupied by the
cauda length) and OSL/SL % (percentage of the sulcus length occupied by the ostium length)

H. italicus N. sclerorhynchus N. aequalis C. guentheri C. caelorinchus
Mean s.d. Min. - Max. Mean s.d. Min. - Max. Mean s.d. Min. - Max. Mean s.d. Min. - Max. Mean s.d. Min. - Max.
oL 3.66 0.6 2.58 - 4.77 5.42 118 3.65-7.78 5.37 1.22 3.62-7.28 8.29 1.10 5.26 - 10.21 7.76 0.83 6.38-9.4
OH 388 | 058 2.76 - 481 3.45 0.69 2.25-5.06 3.46 0.8 2.25-48 5.27 0.55 3.79-6.18 5.1 0.37 45-59
OP 1448 | 245 | 997-1888 | 17.12 | 416 | 1098-2881 | 1593 | 334 | 10.61-2133 | 2487 | 3.05 | 1652-2869 | 2385 | 195 | 19.41-27.25
oS 9.81 | 2.80 5.15-14.8 1375 | 573 5.92 - 2852 13.6 5.93 5.66-2442 | 30.05 | 671 | 13.24-4081 | 27.25 | 474 | 18.85-35.88
ow 0.02 | 0.01 0.01 - 0.04 0.02 0.01 0.01 - 0.06 0.02 0.01 0.01 - 0.06 0.08 0.03 0.02-0.14 0.07 0.02 0.04-0.11
SP 515 | 097 3.61 - 6.92 7.63 2.39 2.82-13.12 6.91 2.36 397-1220 | 1387 | 262 81-17.8 15.1 279 | 11.78-20.23
SS 133 | 045 0.76 - 2.2 2.22 1.65 0.28-7.09 171 1.22 0.44 - 4.97 5.97 2.36 1.18-10.63 7.38 3.25 3.84-1351
SL 225 | 046 | 149--3.13 3.40 1.04 1.29-561 3.02 1 1.71-517 6.41 12 3.85-8.34 6.7 1.23 4.5-8.99
SH 0.76 | 0.14 0.53 - 1.01
CL - - - 1.48 0.44 0.63-2.4 13 0.43 0.68 - 2.09 2.57 0.7 0.87 - 353 3.07 0.57 2.32-3.99
CH - - - 0.67 0.27 0.27 - 1.49 0.68 0.26 0.25-1.31 0.96 0.34 0.3-144 1.02 0.33 0.6-1.81
CP - - - 3.6 11 1.44-6.08 3.16 1.04 1.83-5.04 5.86 1.62 2.09 - 8.31 7.14 151 5.05-9.98
CS - - - 0.77 0.55 0.1-26 0.6 0.4 0.14- 153 178 0.9 0.18 - 3.66 2.57 12 1.07-517
OoSL - - - 171 0.54 0.65 - 2.80 1.59 0.54 0.93-2.66 3.11 0.77 1.33-45 3.47 0.82 2.3-477
OSH - - - 0.75 0.33 0.22-155 0.72 0.32 0.3-144 1 0.33 0.26 - 1.94 1.05 0.3 0.7-168
OSP - - - 4.09 1.34 1.48 - 6.89 3.77 1.27 2.09 - 6.65 6.96 1.74 2.93-10.55 8.04 2.09 5.4-11.97
0SS - - - 1.01 0.73 0.08-3 0.82 0.64 0.19 - 2.69 2.35 1.2 0.31-5.87 3.19 1.66 1.44 - 6.87
C 2175 | 1.94 | 1836-2524 | 2236 | 535 | 17.93-5251 | 19.82 | 179 | 17.44-27.12 | 20.86 | 1.05 19.02-233 | 2111 | 175 19.2 - 26.89
Re 0.68 | 0.02 0.65-0.71 0.71 0.02 0.68-0.75 0.7 0.02 0.66 - 0.72 0.68 0.02 0.63-0.72 0.68 0.02 0.65-0.72
E 0.03 | 0.02 0.07-0 0.22 0.03 0.18-0.31 0.22 0.03 0.15-0.28 0.22 0.03 0.16 - 0.27 0.21 0.03 0.17-0.27
AR 107 | 0.05 0.99 - 1.16 0.64 0.04 0.53-0.7 0.65 0.04 0.56 - 0.74 0.64 0.04 0.57-0.72 0.66 0.04 0.57-0.7




FF 058 | 0.05 0.5-0.69 0.58 0.08 0.24-0.7 0.64 0.05 0.46 - 0.72 0.6 0.03 0.54 - 0.66 0.6 0.04 0.47 - 0.66
Ro 092 | 0.06 0.83-1.04 0.57 0.04 0.47 - 0.62 0.57 0.04 0.49 - 0.66 0.55 0.04 0.48-0.63 0.57 0.03 0.52 - 0.62
OL/TL 004 | 001 0.03-0.05 0.04 | 0.004 0.03-0.05 0.04 | 0.004 | 0.03-005 005 | 0.004 | 0.04-006 0.05 0.01 0.03-0.06
SS/0S% 0.14 | 0.02 0.1-0.17 1505 | 586 4.71- 2864 0.11 0.04 0.06 - 0.2 0.19 0.05 0.07-03 2611 | 7.63 16.51 - 385
CL/SL% - - - 43.9 423 | 3535-5288 | 043 0.05 0.36 - 0.51 0.4 0.06 0.19 - 0.53 4639 | 9.0l | 39.92-8121
OSL/SL% - - - 50.19 | 3.95 | 41.59-5054 | 053 0.09 0.4-0.82 0.48 0.06 0.3-0.56 52.22 | 12.27 | 43.2-101.22

Generalizing, some

species have shown similar characteristics, for example C. caelorhincus and C.

guentheri, or even the congeneric species N. aequalis and N. sclerorhynchus. H. italicus, on the other

hand, appeared more dissimilar from the other species investigated. This was already evident from

the comparison of fish parameters, such as total length and body weight. The detailed results obtained

through the ANOVA are reported in Table 7.

Table 7. Results of ANOVA carried out on the investigated species between morphometric parameters of right sagittae, with
significant results setted at p<0.05 (OL: otolith length, OH: otolith height, OP: otolith perimeter, OS: otolith surface, OW: otolith
weight, SP: sulcus perimeter, SS: sulcus surface, SL: sulcus length, SH: sulcus height, CL: cauda length, CW: cauda width, CP: cauda
perimeter, CS: cauda surface, OSL: ostium length, OSW: ostium width, OSP: ostium perimeter, OSS: ostium surface, C: circularity, Re:
rectangularity, E: ellipticity, AR: OW/OL %, FF: form factor, Ro: roundness, OL/TL: the ratio of otolith length to total fish length,
SS/0S %: percentage of otolith surface occupied by the sulcus, CL/SL %: percentage of the sulcus length occupied by the cauda length,
and OSL/SL %: percentage of the sulcus length occupied by the ostium length).

C. caelorhincus C. caelorhincus C. caelorhincus C. caelorhincus C. guentheri C. guentheri C. guentheri N. aequalis vs N. aequalis N. sclerorhyncus
Vs Vs Vs vs Vs Vs vs N. Vs vs
C. guentheri N. aequalis N. sclerorhyncus H. italicus N. aequalis N.sclerorhyncus H. italicus sclerorhyncus H. italicus H. italicus
p value p value p value p value p value p value p value p value p value p value
ow 0.1323 <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* >0.9999 0.9649 0.9437
os 0.3744 <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* >0.9999 0.1285 0.051
OoP 0.7999 <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.6132 0.5354 0.0168*
oL 0.3828 <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.9998 <0.0001* <0.0001*
OH 0.863 <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* >0.9999 0.1412 0.0658
Ro 0.3395 >0.9999 >0.9999 <0.0001* 0.3519 0.1383 <0.0001* 0.9996 <0.0001* <0.0001*
FF 0.3562 0.9997 >0.9999 <0.0001* 0.4177 0.1892 <0.0001* 0.9997 <0.0001* <0.0001*
E 0.5478 0.8241 0.4618 <0.0001* 0.9947 >0.9999 <0.0001* 0.986 <0.0001* <0.0001*
[} 0.9986 0.6618 0.6025 0.9624 0.7284 0.2486 0.8231 0.0191* 0.2187 0.9463
Re 0.8184 0.1241 0.0001* 0.8325 0.0016* <0.0001* >0.9999 0.2825 0.0039* <0.0001*
AR 0.4613 0.8082 0.4975 <0.0001* 0.9868 >0.9999 <0.0001* 0.9937 <0.0001* <0.0001*
OL/TL 0.3775 0.0006* <0.0001* 0.0061* 0.0472* <0.0001* 0.2426 0.7119 0.9636 0.2667
SS 0.0832 <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.8527 0.9629 0.4061
SP 0.3386 <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.7553 0.0746 0.0006*
SL 0.8392 <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.6038 0.0811 0.0003*
os 0.0295 <0.0001* <0.0001* <0.0001* <0.0001* 0.9057
OoP 0.0813 <0.0001* <0.0001* <0.0001* <0.0001* 0.8592
oL 0.2232 <0.0001* <0.0001* <0.0001* <0.0001* 0.9
OH 0.9402 0.0059* 0.0053* 0.0088* 0.0066* 0.9864
Ccs 0.0023* <0.0001* <0.0001* <0.0001* <0.0001* 0.8409
CpP 0.005* <0.0001* <0.0001* <0.0001* <0.0001* 0.5673




CL 0.0079* <0.0001* <0.0001* <0.0001*

CH 0.8948 0.0021* 0.0003* 0.0043*
SS/OS % <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*
CL/SL % 0.0006* 0.2639 0.4308 0.1369

OSL/SL % 0.2256 0.9453 0.7521 0.0433*

<0.0001*

0.0004*

0.0083*

0.0132*

0.6615

0.0008*

0.5469

0.9983

0.0518

0.9493

0.3255

0.603 0.7848

The investigated species show clear differences in the parameters of the otoliths, sulcus acusticus,

ostium and cauda. The most recurrent pattern is the similarity between C. caelorhincus and C.

guentheri, between N. aequalis and N. sclerorhynchus and finally H. italicus which distances itself

from the other two groups, as highlighted by the LDA (Figure 6).

Coelorinchus caelorhincus
Coryphaenoides guentheri
Hymenocephalus italicus
Nezumia aequalis

Nezumia sclerorhynchus
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Figure 6. Linear Discriminant Analysis (LDA) between morphometric parameters of the investigated species.

Results from Pearson correlation, are reported in Supplementary materials 3_Table.

A comparison among the mean contours of the studied species, obtained from the shape analysis

performed at inter specific level, is provided in Figure 7. The shape H. italicus specimens showed the

most different shape of the sagittae, with a peculiar oval contour and prominent dorsal al posterior



region, visibly lobed. C. caelorinchus and C. guentheri showed a similar contour, characterized by a
pentagonal shape, with differences in the prominence of the rostrum. Conversely, both N. aequalis
and N. sclerorhynchus showed an approximately overall oval shape, with differences in the

irregularity of the margins.
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Figure 7. Mean shape of sagittae contours of the investigated species. CCis C. coelorhiincus, CG is C. guentheri, Hl is H. italicus, NA is
N. aequalis, NS is N. sclerorhynchus

The results of the ANOVA performed on the shape indices highlighted the differences between the
investigated species, showing the same pattern observed for the measurements of the sagittae
previously mentioned. The results were also confirmed by LDA (Figure 8), showing a greater distance

for the H. italicus species.
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Figure 8. Linear Discriminant Analysis (LDA) between elliptic Fourier descriptors calculated for the investigated species. Ellipses
include 95% confidence interval.

DISCUSSION

Findings from present paper reported and overall morphology of the investigated sagittae not in line
with data from literature for the studied species, with differences detected between morphometrical
parameters and morphological features. While, concerning the shape analysis, results confirmed its
reliability for the discrimination of the main otolith contour in the studied species.

H. italicus specimens from the western and central Mediterranean Sea show smaller values of aspect
ratio, circularity and rectangularity (Tuset et al., 2008) than those reported by results. These
differences resulted in longer sagittae, with higher surface and perimeter values, and a more oval
overall shape, in H. italicus population from the studied area. This was also characterized by a smaller
rostrum, less pointed, with a most prominent antirostrum, pseudorostrum and pseudoantirostrum,
than those reported in literature from western and central Mediterranean Sea, and from the Atlantic
Portuguese waters (Assis, 2000). The descriptions provided by Schwarzans (Schwarzhans, 2014)
highlight a marked variability in sagittae compression and margins regularity between eastern,
western Atlantic Ocean and Indian Ocean. Concerning analyzed specimens, they showed dorsal and
ventral margins generally smooth, in line with those from western Atlantic Ocean, described by

Schwarzans (Schwarzhans, 2014).



Regarding N. sclerorhynchus, specimens showed morphometrical values of aspect ratio, circularity,
and rectangularity much higher than those reported from Western and central Mediterranean Sea,
resulting in a more oval and less polygonal sagittae shape described in literature than those reported
by results (Tuset et al., 2008). Otherwise, specimens from the off Portuguese West coast (Marques
and Almeida, 2001) present longer and heavier otoliths, resulting in more lanceolate to oval sagittae,
with a very pointed rostrum, as confirmed also by description of Assis from Atlantic Portuguese
waters (Assis, 2000). Differently, specimens form Northwest Atlantic Ocean, described by Campana
(Campana, 2004), are characterized by sagittae with a more regular oval shape and smoother margins
than those from the studied area. Also N. aequalis specimens showed much higher values for aspect
ratio, circularity and rectangularity than those reported in literature from the western and central
Mediterranean Sea (Tuset et al., 2008), resulting in oval and high sagittae. Differently, specimens
from Portuguese waters (Assis, 2000; Marques and Almeida, 2001) described in literature have longer
sagittae, characterized by a more pointed posterior region and a more lanceolate shape.

C. guentheri individuals showed aspect ratio values similar to those reported from western and central
Mediterranean Sea (Tuset et al., 2008), with marked differences in circularity and rectangularity.
These differences in shape indexes result in a different shape, with specimens from the studied area
that exhibited a pentagonal shape, very distant from the oval one reported by Tuset et al. (Tuset et al.,
2008) and by Campana from the Northwest Atlantic Ocean (Campana, 2004). Also C. coelorhincus
specimens showed similar values of aspect ratio and highly different values of circularity and
rectangularity than those reported in literature from the western and central Mediterranean Sea (Tuset
et al., 2008). The overall shape showed also an evident variability, with specimens from the studied
area that exhibited a pentagonal shape, clearly different from the elliptic to trapezoidal one reported
in literature by Tuset et al. (Tuset et al., 2008). Otherwise, comparing results to data from the
Portuguese Atlantic waters (Assis, 2000), it appears evident a similarity between the sagittae of the
two populations. Both are characterized by a polygonal shape, with differences in the organization of
rostrum and antirostrum.

These discrepancies between literature data on sagittae morphology and morphometry, and those
showed by results could be related to the genetic variability among the populations of the studied
species, and to the differences in environmental conditions experienced by individuals inhabiting
different geographical areas. Indeed, it is widely reported how otolith are influenced by both genetic
and environmental habitats’ conditions (Vignon and Morat, 2010). The overall otoliths’ form is
regulated by genetics, while the quantity of deposited calcium carbonate during otolith formation is
under environmental control. Indeed, somatic and otolith growth (which deeply influence otoliths’

shape, morphology and morphometry) are deeply related to metabolic expression and physical



constrain, which in turn are sensitive to environmental conditions, such as water temperature, food
availability and composition, depth and soundscape organization and complexity (Gagliano and
McCormick, 2004; Hissy, 2008; Lombarte and Lleonart, 1993; Schulz-Mirbach et al., 2010, 2008).
The interactions between genetic and environment could act as a driver, resulting in shape and
morphometry changes of sagittae between populations, as highlighted by the phenotypic variations
that allow to the better adaptability of individuals to different habitats (Vasconcelos et al., 2021). As
stated by Vignon and Morat (Vignon and Morat, 2010), several otoliths morphometrical features
(such as the presence of antirostrum and the morphology of the rostrum) are under the genetic control,
while overall otolith contour can be shaped by contrasting environmental features. The absence of
literature data regarding shape analyses performed on different Macrourids’ populations make
difficult to quantify and identify the contour differences allowing to the inter population variability
in the studied species. Data from literature deal with the general otolith’s morphology and
morphometry (Assis, 2000; Campana, 2004; Marques and Almeida, 2001; Schwarzhans, 2014; Tuset
etal., 2008), but, according to several authors (Colura et al., 1995; Friedland and Reddin, 1994; Tuset
etal., 2003b), shape indexes can be considered as good indicators for stock and populations separation
in several species. For this reason, the variability reported by results for many shape indexes could
suggest a high separation at population level for the studied species. Moreover, concerning their life
habits, Macrourids species show a high plasticity in feeding habits and depth distribution between
different geographical area (Carrassén and Matallanas, 2002; Drazen et al., 2008; Garcia-Ruiz et al.,
2019; Massuti et al., 1995). They are considered as generalist feeders which can adapt their diet to
the preys’ availability experienced in the different areas, an essential adaptation to the low productive
deep environment inhabited by these species. Also concerning their genetic structure, species
belonging to Macrouridae family can exhibit significant degrees of genetic divergence between
different geographic areas (Catarino et al., 2017; Olson, 2017). The possible presence of genetic and
life habits differences, added to the detected variability in sagittae morphology and morphometry,
and to the different environmental conditions experienced by individuals in different geographical
areas, could suggest the presence of different populations and stocks of the studied species within the
Mediterranean Sea and the Atlantic Ocean. This high inter population variability it was also reported
for other Macrouridae species between the Atlantic and Pacific Oceans (Wilson, 1985), with species
from the Atlantic Ocean which showed larger sagittae than the Pacific one. This differences in size
it was related to environmental factors, and specifically with depth, being the Pacific populations
distributed at grater depths than the Atlantic ones, and being Atlantic waters warmer than the Pacific
ones. This was related to differences in growth rates between shallow and deep populations. Indeed,

it is well known as fast growth is reported for teleost species and populations inhabiting warmer,



more eutrophic, superficial waters (KUDERSKAY A, 1979; Templeman and Squires, 1956; Yefanov
and Khorevin, 1979). Somatic growth rate strongly influences the otoliths growth, resulting in larger
sagittae reported for species characterized by a fast growth (Lombarte and Lleonart, 1993). Improve
the knowledge base on the populations structure of these species within the Mediterranean basin,
elucidating their growth dynamics and sagittae features, is essential for conservation porpoises, being
Macrourids fundamental for the well-being of the deep marine ecosystems worldwide.

At inter specific level, present paper confirmed the reliability of sagittae to discriminate between the
different Macruridae species, assessing the high variability in morphology, morphometry, and shape
between the investigated species. These findings were in line with those reported by Moore et al.
(Moore et al., 2022), which demonstrated, in the geographical area of Ross and Amundsen Sea, the
accuracy of otolith shape as a rapid, simple, and reliable tool for species differentiation between two
grenadiers species, Macrourus caml, McMillan, lwamoto, Stewart & Smith, 2012, and Macrourus
whitsoni, Regan, 1913. Other authors successfully applied sagittae shape analysis and otolith
morphometry to identify cryptic species, such as Tuset et al (Tuset et al., 2016b) for rockfishes
(Sebastidae family), Sadighzadeh et al. (Sadighzadeh et al., 2012) for snapper species (Lutjanidae
family) and Lombarte et al (Lombarte et al., 2018) for Mediterranean Sea gobies (Gobidae family).
A correct identification at species level is fundamental, especially for the main harvested teleost with
a high ecological value and diversity, such as Macruridae family. For instance, in the fisheries
sampling programs, the accuracy of species identification can affect the reported catch and landings
by vessels, the biological data collection and, consequently, the efficiency of the entire management
design (see Moore et al. (Moore et al., 2022), and references therein). The taxonomic identification
of the studied species, and of all those belonging to the Macruridae family, is very challenging and
time consuming, and otoliths can improve this process, giving a reliable tool for a correct species
discrimination. This is essential for the validity of fisheries programs dealing with grenadiers’ species
conservation, being their fisheries widely diffused, either as target species or as by-catch, world-wide
(Devine et al., 2012; Garcia-Ruiz et al., 2019). Moreover, these species play a vital role in several
deep marine communities, being close to the top predator in the food chain, controlling preys
populations, being among the main preys of several demersal predators (D’Iglio et al., 2022b, 2022a,
2021Db), and influencing the dynamics of the entire communities (Drazen, 2002). For all these reasons
the conservation and discrimination of Macrourids’ populations is fundamental for the well-being of
the deep communities and, consequently, for the entire marine ecosystem.

The main inter specific differences between the investigated species were related to the sulcus
acusticus, the general otolith morphology and the mean contours. The similarity detected between

congeneric species (N. aequalis and N. sclerorhynchus) or phylogenetically close genus



(Coelorhynchis and Coryphaenoides) (Endo, 2002; Han et al., 2021; Roa-Varon and Orti, 2009),
which constituted two statistically significant and clearly detectable patterns of similarity, was in line
with literature. It is widely reported for several teleost groups (e.g., gobies, rockfishes, Scianidae
species) (Lombarte et al., 2018; Tuset et al., 2016b, 2015; Verocai et al., 2023) how both phylogenetic
divergence, together with environmental factors and life habits, have a strong effect on otoliths’ shape
and their morphological/morphometrical features. Concerning C. coelorhynchis and C. guentheri, in
addition to be phylogenetically close, they share several aspect of their life habits, such as the feeding
strategy, being both benthic predators (Carrasson and Matallanas, 2002; McLellan, 1977), and the
distribution depth, being both mainly distributed, and with highest abundance values, between 400
and 500 m in the Mediterranean basin (Garcia-Ruiz et al., 2019). Abundance and biomass of N.
sclerorhynchus and N. aequalis increase with depth, with a maximum depth of distribution until 1600
m reported in the Tyrrhenian and in the lonian Sea (D’Onghia et al., 2004; Follesa et al., 2011). Also,
they mainly feed on benthic preys, with N. sclerorhynchus which occasionally show some
benthopelagic habits (Madurell and Cartes, 2006, 2005; Saldanha et al., 1995), according to their
generalist opportunistic predator behavior. According to results, C. coelorhynchis, C. guentheri, N.
sclerorhynchus and N. aequalis specimens showed general oval contours of the sagittae, which could
be strictly related to their benthic feeding habits. Indeed, the foraging techniques, together with
feeding habits and diet composition experienced by the species, can shape the feature of sagittae,
such as biochemistry, growth, mean contour, morphology and morphometry (Mille et al., 2016; Tuset
et al., 2016b, 2015). The absence of data on the diet composition of the studied species from the
investigated area make impossible to find direct correlations between feeding strategies and otoliths
features to confirm this hypothesis. Conversely, the differences, resulting in a pentagonal shape, more
lanceolate, in C. coelorhynchus and C. guentheri, and a more oval shape, with a marked irregularity
of the margins in species belonging to Nezumia genus, could be influenced by the differences in their
depth distribution. Moreover, morphometrical parameters of sulcus acusticus and sagittae showed
significant differences between Nezumia species and, Coryphaenoides and Coelorhynchus species.
Specimens belonging to the last two species showed markedly higher values of otoliths surface, length,
weight, and sulcus acusticus surface and length, than those belonging to Nezumia genus. According
to literature (Lombarte and Cruz, 2007), species belonging to abyssal communities (between 1000
and 2000 m) show a decrease in otoliths size, if compared with the belonging to demersal
communities, until the 750 m of depth. N. sclerorhynchus and N. aequalis inhabit deeper habitats
than C. coelorhynchus and C. guentheri, with a close relation with the abyssal environment that could
influenced the detected differences in morphometry and mean contours. The decrease in sagittae size

related to the increase of habitats depths it was also reported for others Macruridae species from the



Atlantic and Pacific Ocean (Wilson, 1985), with the similarity in otoliths length assessed for species
with a similar depth distribution. Authors suggested that environment can control otoliths’ size, being
temperature and carbonate solubility strictly influenced by depth. Concerning H. italicus, it shows
the highest abundance values between 400 and 500 m of depth, with a decrease in abundance below
the 600 m (Massuti et al., 1995), and a maximum distribution depth reported in some Mediterranean
areas at 1200 m (Follesa et al., 2011). It shows pelagic habits, preying mainly on copepods, planktonic
amphipods and pelagic crustaceans (Garcia-Ruiz et al., 2019; Madurell and Cartes, 2006, 2005;
Saldanha et al., 1995). It performs wide vertical movement, following the prey along the water
column, and being capable to inhabit also deep environments (Aguzzi et al., 2015; Madurell and
Cartes, 2006). This differences in life habits could be reflected in sagittae features. Indeed, otoliths
belonging to this species showed the higher distance to the other two groups (Nezumia sp group and
Coelorhynchus/Coryphaenoides group) in LDA and PCA analysis performed on morphometric and

shape indexes.

CONCLUSION

Present paper has provided the first accurate description of sagittae belonging to Macruridae species
from the studied areas. On our best knowledge, it was the first time in which shape analysis was
applied on the studied species, providing evidence on the reliability of mean contours to discriminate
the between species and, eventually, different populations. Moreover, findings reported the absence
of directional bilateral asymmetry in all the investigated species, showing several differences in
morphometry and morphology with literature data from other geographical areas. At inter specific
level, it was stated the statistically significant distance among Nezumia sp group,
Coelorhynchus/Coryphaenoides group and H. italicus group regarding data from both
morphometrical and shape analysis. This confirmed the dual influence of phylogenetic and
environment on otoliths development and features, being the three groups of species characterized by
similarity in life habits and phylogenetically closeness.

Further analyses are required to understand and detect the direct correlations between genetics, life
habits, environment and sagittae features at intra and inter specific level. It will be essential to provide
information on the genetics, feeding habits and depth distribution of the studied species from the
investigated area to understand their influence on sagittae shape and morphometry. Moreover, it will
be interesting to compare growth dynamics, environmental and genetical data of different populations

to add valuable information and new insights on the otoliths’ eco-morphology and inter-population



differences. This is of the utmost importance to better understand the dynamics allowing to the stocks
and populations separation in demersal and abyssal teleost fishes.

Improve the knowledge base on Macrouridae inter specific and inter populations differences, and on
the dynamics allowing to these variations, is fundamental to understand at all their life habits and

improve their conservation for the well-being of the entire Mediterranean ecosystem.
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Abstract

Mesopelagic species are enjoining increasing attention due to the growing impact of fisher-
ies activities on deep marine biocenosis. Improving the knowledge base on mesopelagic
species is required to enhance their conservation due to the knowledge gaps regarding
many species and families. In this context, otoliths can be fundamental to assessing their
life history, ecomorphological adaptation to the deep environment and stock composition.
The present paper aims to explore the saccular and utricular otoliths morphology and intra-
specific variability of the hatchetfish, Argyropelecus hemigymnus, from the Strait of Mes-
sina. Lapilli and sagittae were collected from 70 specimens and separated into four size
classes. Morphometric, shape and SEM investigations were performed to describe their
morphology, contours, and external structural organization, also studying their intraspecific
variability related to sample sizes and differences between otolith pairs. Results showed an
otolith morphology different from those reported in the literature with fluctuating asymmetry
in sagittae and lapilli belonging to Class IV, and a high otolith variability between all the size
classes. Data herein described confirm the otoliths singularity of the population from the
Strait of Messina, shaped by a unique marine environment for oceanographic and ecological
features.

Introduction

The vertebrates’ inner ear represents a highly specialized organ for sound detection, motion/
position measuring, and equilibrium regulation [1, 2]. All the vertebrates (except for the jaw-
less) share a similar inner ear morphology, with one ear for side, each characterized by three
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semicircular canals. In most non-mammalian vertebrates, these canals present three otolithic
end organs (utricle, saccule, lagena). Within each of these are calcium carbonate crystals thatin
teleost fishes solidify in single acellular masses, called otoliths (respectively lapillus, sagitta,
asteriscus) [3]. These are characterized by continued growing during the entire fish’s lifetime,
with a daily deposition of new material [4, 5]. Their isolation from the external environment
and their capability to be metabolically inert make them an essential tool for fish life history
studies [4, 6]. Especially sagittae (the largest among otoliths in non-otophysan species [7])
have been extensively used in many research fields (e.g., fisheries science [8—12], ecology [13—
20], taxonomy [21-25], palaeontology [26—28] and eco-geochemistry [29]) due to their spe-
cies-specific morphology [25, 30, 31], their persistence in ancient sediments [32] and stomach
contents of ichthyophages predators [13—16], and their inter-specific variability in morphol-
ogy, microstructure and microchemical composition [33, 34]. Despite lapilli and asterisci
being widely described in many species [35—37], there is relatively less information, if com-
pared with sagittae, regarding their morphology and diversity, especially in marine teleost
[38]. Lapilli has been broadly used for the identification of otophysan fishes (being larger than
sagittae) [39, 40], but due to their generally small size, their low persistence in geological layers
and predators’ stomach contents, and their almost completely unknown intra and interspecific
diversity, the knowledge base on these otoliths is still limited, especially regarding Mediterra-
nean bony fishes.

The Mediterranean Sea is a semi-enclosed basin characterized by enhanced biodiversity
and a high anthropogenic impact related to pollution, fisheries activities, and urbanization.
The growing impact of human activities (especially fisheries [41-44]) on Mediterranean deep
environments has led the scientific community to focus on meso- and bathypelagic communi-
ties. Due to their vertical migrations and trophic relationships, these play a fundamental eco-
logical role in the energy flowing and carbon transport between different marine domains [45—
54]. Mesopelagic fishes show a great abundance in biomass, being the main component of the
deep scattering layer (DSL) and mesopelagic zone, and the most abundant vertebrates on earth
for their density and diffusion in all the Oceans [55, 56]. Several studies have been focused
worldwide on these species’ distribution, biology, biodiversity and ecology [51, 56-59], also
investigating morphology, microstructures and growth of sagittae [57, 60-65]. Despite this, the
knowledge base on mesopelagic fishes remains scarce, with several gaps regarding the biology
and eco morphology of many species and families. Due to their deep distribution, these teleosts
are mainly sampled with expensive methods, such as trawling (being large specimens abundant
in trawling discards and by-catch) or other nets for micronekton sampling (e.g., Isaacs-Kidd
Midwater Trawl Net, Environmental Sensing System, young fish trawl) [58, 66]. However, the
small dimensions of these fishes (often smaller than large trawl mashes), added to their high
mobility and patchy distribution (which often is related to specimens’ ontogenetic stage, time
of the day and season), increase the difficulties in obtaining representative fresh samples useful
to investigate their life histories, biodiversity, and population dynamics without bias.

In this context, the Strait of Messina takes on great importance. It is characterized by an
intense hydrodynamism, with very strong upwelling currents strictly related to tidal phases
[67—69]. These moon-related phenomena, combined with the strong winds blowing in the
area and the daily vertical movements performed by mesopelagic micronekton, cause a natural
stranding, sometimes even massive, of deep fauna along the Sicilian and Calabrian coasts [70,
71]. These peculiar events were well documented and studied from the end of the 800’ century,
making the Strait of Messina one of the main Mediterranean geographical areas to study and
investigate the mesopelagic fauna [71-81].

The current paper aims to examinae the morphology, morphometry, shape, and external
textural organization of saccular (sagittae) and utricular (lapilli) otoliths of the half-naked
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hatchetfish, Argyropelecus hemigymnus, Cocco, 1829, from the Strait of Messina, also investi-
gating the occurrence of bilateral asymmetry and their intraspecific variability related to speci-
mens’ total length and weight. The family Sternoptychidae (hatchetfishes) belongs to the order
Stomiiformes and represents one of the most abundant teleost’s family in biomass and abun-
dance of the mesopelagic zone worldwide [82—84]. It includes 73 valid species distributed in all
the Oceans, characterized by bodies usually smaller than 100 mm (total length, TL), with sev-
eral photophores species specifically distributed on their surface, and great intergeneric mor-
phological variability [85]. In the Mediterranean Sea, this family includes three genera
(Argyropelecus, Maurolicus and Valenciennellus), with the Argyropelecus genus (deep-bodied
hatchetfishes) composed of three species (A. hemigymnus, Argyropelecus olfersii, Cuvier, 1829,
and Argyropelecus aculeatus, Valenciennes, 1850) [86]. A. hemigymnus is distributed world-
wide and, like the other deep-bodied hatchetfishes species, inhabits deep marine environments
(up to 1000 m of depth), forming shoals and aggregations [87]. They generally stay in the deep
during the day to avoid predation (being preyed on by a large number of predators belonging
to several taxa [47, 79, 88-91]), performing vertical migrations for trophic porpoises at night,
following their preys (mainly euphausiids for larger specimens, and copepods for smaller spec-
imens) [47, 92].

According to previous studies performed in the Strait of Messina [70, 71], A. hemigymnus is
among the most numerically relevant species for abundance and frequency of stranding dur-
ing the entire year. This large number of available specimens is useful to obtain information
on the eco-morphological adaptations and life history of this species due to the high inter-
regional variability of life histories in mesopelagic teleost [59, 93]. Therefore, obtaining new
data on hathcetfishes’ saccular and utricular otoliths’ morphology and intra-specific variability,
applying techniques never applied before on this species, such as SEM and shape analysis, is
essential to improve the knowledge base on this rare and still poorly studied mesopelagic tele-
ost, exploring ecomorphological adaptation to deep marine habitats. This represents a funda-
mental step to fully understanding the teleosts’ inner ear functioning and how its morphology
change in relation to the environmental and fishes’ life cycle. The data obtained in the present
study increase the information on the inner ear of a cosmopolitan and ecologically essential
species, investigating its intra-specific variability, which can be an expression of environmental
biophysical effects or an indicator for environmental stress, nutritional condition and water
column seasonal variations (such as Fluctuating asymmetry) [61, 94], also adding new data on
the poorly understood, but not the less important for being so, utricular otoliths [95, 96].
Moreover, all this information can pave the way to further comparisons with other populations
of the same species from different geographical areas, clarifying the effects of environmental
(such as currents and physiochemical water features) and ecological conditions on mesope-
lagic fishes’ otoliths.

Materials and methods
Sampling area

A total of 70 individuals of A. hemigymnus were sampled before the sunshine (to avoid the
action of scavenger predators, such as bees, rats, cats, and seagulls) on the Sicilian coast of the
Strait of Messina in March 2022. Specimens were stranded on the shore due to the high hydro-
dynamism and strong winds acting in the area.

Indeed, the Strait of Messina (central Mediterranean Sea) is located at the junction between
Tyrrhenian and lonian Seas, separating the Italian peninsula from Sicily (Fig 1). This peculiar
position makes it a meeting and colliding area between two water masses with different
physic-chemical properties [68, 69]. The narrow passage of the Strait (only around 3 km
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Fig 1. Maps of the studied area with the Strait of Messina reported in the red circle and the Mediterranean Sea in the insert. Data source: QGIS
Development Team. QGIS Geographic Information System (version 3.26). https://qgis.org/en/site/.

https://doi.org/10.137/journal.pone.0281621.g001

separates the Italian and Sicilian coast at the nearest point) enlarges toward the Tyrrhenian Sea
at the north and the lonian Sea at the south, with an enhanced morpho-bathymetrical irregu-
larity of the bottom. A shallower central area (the saddle, -70/-90 m of depth) divides the Strait
into two deeper zones: one toward the Tyrrhenian Sea (the northern Strait’s exit, -100/-400 m
of depth) and one toward the lonian Sea (the southern Strait’s exit, until -1000 m of depth).
The narrowest and shallowest Strait zone amplifies the water’s volume from the two basins,
producing strong currents acting in the area (with velocity until 3 m s™) [97, 98]. The water
masses get mixed, flowing one on the other, with dynamics regulated by tidal phases, accord-
ing to their physic-chemical properties. The semi-diurnal currents inversions cause a differ-
ence in elevation between the lonian and Tyrrhenians Seas (when one is in high tide, the other
is in low tide, and vice versa). This gradient drives a large volume of water to pass across the
Strait’s saddle from South to North and vice versa, in alternating phases with opposite direc-
tions, every 5-6 hours.

This intense hydrodynamism results from the upwelling of deep water from the lonian Sea,
which is one of the main causes of marine organisms’ stranding. The intense flowing of waters
from the deep, added to the Straits physiography, allows a quick transport of deep fauna
toward the surface. This rapid bathymetric change causes shock or even death in the organisms
that, moved by wave, wind and current, strain on the shore [62, 70, 71]. This natural
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phenomenon is also influenced by seasonality, wind direction, moon phases and different eco-
logical and biological features of the species, which regulate their movement along the water
column. Indeed, the vertical daily migrations of several mesopelagic species toward the shal-
lower marine strata enhance the risk of being swept by the current and transported too quickly
on the surface.

Samples processing, images elaboration and morphometric analysis

Once sampled, all the specimens were transferred still fresh in the laboratory, where each one
was measured (total length, TL) and weighed (total weight, TW). The individuals were
assigned to four size classes, according to their TL. Class | comprised all those with a TL
between 10 and 20 mm, Class Il between 20 and 30 mm, Class Il between 30 and 40 mm and
Class IV greater than 40 mm. Each left and right sagittal and utricular otolith was sampled and
polished from tissue remains using 3% H,0, for 15 minutes and Milli-Q water. Once dried,
they were photographed twice (one photo for each otolith face) under a stereomicroscope
Zeiss Discovery V8 equipped with Axiocam 208 colour camera (Carl Zeiss, Jena, Germany),
being later stored in Eppendorf microtubes. One sagitta and one lapillus for each size class
were chosen for SEM analysis.

Imagel 1.48p software [99] was used to perform several measurements on otoliths images
and convert them into binary format for contour extraction. For each sagitta and lapillus, it
was measured the maximum otolith length (OL, mm), the maximum otolith width (OW,
mm), the otolith perimeter (OP, mm) and the otolith surface (0S, mm?). It was also calculated
the ratio of otolith length to the total fish length (OL/TL) to investigate how otoliths increase
in length in relation to fish total length. In order to evaluate how the shape of sagittae and
lapilli varied in the different size classes, several shapes indices were calculated for each otolith
according to the literature [57, 100-104]: circularity (C = OP?/0S), rectangularity (Re = OS/
[OLx0OW]), ellipticity (E = (OL—OW)/(OL+OW)), aspect ratio (AR = OW/OL%), form factor
(FF = 4n0S/0P?) and roundness (Ro = 40S/nOL?). Circularity and roundness show how the
otolith’s shape resembles a perfect circle, considering minimum values 1 and 4, respectively.
Rectangularity gives information on how otolith length and width vary in relation to the sur-
face, with the value of 1 assumed by a perfect square. Ellipticity indicates if changes in the oto-
lith’s axis are proportional, giving information on how it is similar to an ellipse, resulting in 0
for a perfect circle. Aspect ratio, the ratio between width and length, gives information on how
the otolith is elongated; the larger aspect ratio value, the more elongated the otolith. The form
factor indicates how the otolith’s contour is similar to a circle, with values ranging between 0
and 1, where 1 indicates a perfect circle.

Shape analysis

Shape analysis based on the outlines of the collected otoliths was performed using shape R, an
open-access package that runs on R software (RStudio 2022.07.1 Build 554; R Gui 4.1.3
2022.03.10). This R package was specially designed to study otolith shape variation among
bony fishes populations or species [105]. Each taken picture of sagittae and lapilli was first
binarized using Image) software (version 1.53k freely available at https://imagej.nih.gov/ij/)
and subsequently classified based on fish size class and otolith side. The outlines were detected
through a specific function of shape R, with the grayscale threshold value set at 0.05 (intensity
threshold). The contours thus extracted were linked to a data file containing information
about the specimens analyzed (e.g., fish length and body weight). Otolith measurements (i.e.,
length, width, perimeter, and area) for each size class were calculated using the getMeasure-
ments function based on outlines previously detected. Wavelet and Fourier coefficients were
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extracted and adjusted through proper functions of the shape R package to define the allome-
tric relationships between otolith shapes and fish lengths.

SEM analysis

A total of four sagittae and four lapilli (one sagitta and one lapillus for size classes) were inves-
tigated through SEM analysis with a Zeiss EVO MA10 at the acceleration voltage of 20Kv.
Firstly 70% alcohol for 48 hours was used to fix the samples. After this, they were soaked in a
series of alcohol (from 70% to 100%, one hour for each passage) to dehydrate them. One stub
(SEM-PT-F-12) covered by conductive adhesive tables (G3347) was used to place otoliths,
avoiding the critical drying point. They were left at 28° for 12h, and finally, before the observa-
tion at SEM, a layer of 20 nm gold palladium was deposited to sputter coated them.

Data analysis

Univariate and multivariate statistical analyses were conducted using Prism V.8.2.1 (Graph-
pad Software Ltd., La Jolla, CA 92037, USA), R vegan package V.2.5, and PAST V. 2.756.

Morphological parameters were analyzed using an unpaired t-test to highlight any signifi-
cant differences between the right and left sides of the otoliths.

Differences in morphological parameters between specimens of different ontogenetic clas-
ses were analyzed using a one-way analysis of variance (one-way ANOVA). The correlation
between the measured parameters and fish weight and total length was also tested using the
Pearson correlation coefficient.

Additionally, wavelet coefficients were used to analyze shape variation among the left and
right sides of lapilli and sagittae and between ontogenetic classes using an ANOVA-like per-
mutation test, to determine differences in otolith contours. Moreover, shape coefficients were
subjected to a Linear Discriminant Analysis (LDA) to obtain an overview of the differences in
otolith shape between the size classes examined. All analyses were conducted on lapilli and

sagittae. The significance level was set at P < 0.05.

Results

Morphometric and shape analysis

Sagittae. According to the terminology used by Tuset, Nolf and Assis [21, 25, 38], A.
hemigymnus specimens showed tall sagittae, higher than wider, characterized by an oval to
angled shape and a vertical axis longer than the horizontal one. The dorsal region was
tapered, with an asymmetrical shape and a rounded extremity. The ventral region was globu-
lar with a symmetrical shape. Dorsal and ventral rims were smooth and convex. The external
face was smooth and convex-shaped, while the internal face was also smooth but concave.
Rostrum and antirostrum were inconspicuous, very short and round. In Table 1 there were
reported the morphometric mean values obtained for sagittae, divided into investigated size
classes.

Concerning morphological differences between size classes (Fig 2a—2h), sagittae of speci-
mens belonging to Class | showed a marked asymmetry between dorsal and ventral regions,
with a very enhanced globular shape, especially in the ventral one, and a marked excisura ostii,
which became gradually most inconspicuous in the other size Classes. The dorsal region
became increasingly tapered in Classes I, lll and IV, with a slightly triangular shape in Classes
Il and IV, characterized by crenate margins and a most increased otoliths’ width than length.
In Class IV, the ventral region became less globular, with an angled shape characterized by an
irregular angular rim and a most enhanced symmetry with the dorsal region. The traits that
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Table 1. Morphometric mean values of sagittae, standard deviation (s.d.) and minimums (Min.) and maximus (Max.) values divided for the size classes investigated:
Maximum otolith length (OL, mm), the maximum otolith width (OW, mm), otolith perimeter (OP, mm) and otolith surface (OS, mm?), the ratio of otolith length
to the total fish length (OL/TL), circularity (C = OP2/0S), rectangularity (Re = 0S/[OLxOW]), ellipticity (E = OL-OW/OL+OW), aspect ratio (AR = OW/OL%),
form factor (FF = 4Tr0S/OP?) and roundness (Ro = 40S/1OL?).

CLASS | CLASS I CLASS 11l CLASS IV
Mean s.d. Min.—Max. Mean s.d. Min.—Max. Mean s.d. Min.—Max. Mean s.d. Min.—Max.
oL 0.309 | 0.029 0.237-0.347 0.394 | 0.035 0.333-0.476 0.718 | 0.056 0.631-0.872 0.846 | 0.044 0.754-0.923
ow 0.379 | 0.032 0.316-0.434 0.518 | 0.051 0.424-0.600 0.519 | 0.043 0.437-0.610 0.570 | 0.032 0.531-0.636
oP 1.260 | 0.117 0.989-1.474 1.755 | 0.190 1.408-2.129 2.167 | 0.154 1.946-2.497 2.573 | 0.160 2.289-2.917
oS 0.091 | 0.015 0.059-0.116 0.161 | 0.028 0.122-0.215 0.284 | 0.039 0.234-0.385 0.374 | 0.037 0.310-0.444
OL/TL 0.022 | 0.004 0.015-0.030 0.017 | 0.002 0.012-0.022 0.021 | 0.002 0.017-0.028 0.020 | 0.001 0.018-0.022
C 17.597 | 1.235 | 16.227-20.486 | 19.229 | 2.091 | 16.048-23.779 | 16.591 | 0.547 | 15.661-18.089 | 17.731 | 0.938 | 15.482-19.889
Re 0.771 | 0.015 0.745-0.798 0.786 | 0.015 0.764-0.814 0.760 | 0.018 0.723-0.794 0.772 | 0.021 0.735-0.816
E -0.541 | 0.091 -0.782—0.432 -0.400 | 0.097 -0.579—0.167 0.513 | 0.103 0.344-0.785 0.742 | 0.078 0.580-0.872
AR 1.229 | 0.051 1.157-1.336 1.312 | 0.071 1.161-1.497 0.724 | 0.047 0.614-0.795 0.675 | 0.039 0.621-0.748
FF 0.718 | 0.048 0.614-0.775 0.661 | 0.071 0.529-0.784 0.759 | 0.024 0.695-0.803 0.711 | 0.037 0.632-0.812
Ro 0.798 | 0.028 0.750-0.833 0.763 | 0.038 0.678-0.881 1.340 | 0.107 1.160-1.599 1.460 | 0.095 1.272-1.598

https://doi.org/10.1371/jjournal.pone.0281621.t001

have remained constant among the size classes were rostrum and antirostrum (short and
round in all the size classes) and the heterosulcoid sulcus acusticus.

ANOVA showed significant differences for almost all the morphometric measurements of
the sagittae between the four size classes examined (p < 0.05) (S1 Table). A significant correla-
tion between the body weight and total length of the specimens and the morphometries of the
sagittae was observed for all parameters except for A/(OLxOH) (P > 0.05) (S2 and S3 Tables).

Fig 2. Stereoscope images of left (a,c,e,g) and right (b,d,,f,h) sagittae inner surfaces belonging to size Classes I (a,b), Il (c,d), 1l (e,f) and IV (g,h).

https://doi.org/10.137 Ljournal.pone.0281621.g002
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Fig 3. Mean shape of right sagittae contours belonging to the four investigated size classes.
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The morphometrical parameters did not show significant differences between the right and
left sagittae for each size class investigated (p > 0.05).

The graphin Fig 3 represents the mean otolith shape comparison among different size clas-
ses for right sagittae obtained through standardized Wavelet coefficients. The quality of both
Wavelet and Fourier reconstruction was estimated by comparing the deviations from the oto-
lith outlines, with the value 15 sets as the maximum number of Fourier harmonics to be shown
(S1 Fig). The mean and standard deviation of calculated coefficients was plotted using the
gplots R package to assess how the variation of Wavelet coefficients depends on the position
along the outline (S2 Fig).

The shape analysis showed a significant difference between the right and left side of the
sagittae for all sizes classes (S4 Table) except for Class Il (p = 0.18) (Fig 4a—4d). Furthermore,
significant variability of the boundaries was observed between size classes for both the right
and left sides (p = 0.001). LDA highlighted how the contours of the class IV sagittas are
markedly separated from the left and right contours obtained for the other size classes, as
shown in Fig 5 (Axis 1 71.13% and 90.6%, respectively).

Lapilli. According to the terminology used by Assis [35, 38], the lapilli of A. hemigymnus
showed a non-clupeiform type morphology, with a globular anterior region and a slender pos-
terior region. The internal and external margins were smooth, convex shaped and asymmetri-
cal, with curved rims with different degrees of bending. The Extremum posterior was tapered
with a triangular shape and oriented horizontally, while the extremum anterior was rounded.
Prominentia marginalis was large and rounded, and gibbus maculae was slender and small. Sul-
cus lapilli was superficial and very thin. Table 2 reported the morphometric mean values
obtained for lapilli, divided into the investigated size classes.

Concerning the morphological differences between size classes (Fig 6a—6h), specimens
belonging to Class | showed lapilli with a globular shape characterized by an enhanced
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Fig 4. Comparison between the mean shape of left and right sagittae contours belonging to Class I (a), Class Il (b), Class Il (c) and Class (IV).

https://doi.org/10.1371/journal.pone.0281621.g004

asymmetry between internal and external zones. Class Il showed a most ovoidal shape with an
increased symmetry between internal and external zones. The extremum posterior was less tri-
angular in Classes | and Il than in Classes 11l and IV. In Classes Il and 1V, lapilli showed the
most irregular shapes, with very prominent prominentia marginalis and extremum posterior, as
also highlighted by the increase of ellipticity (E) value and the decrease of circularity (C) values
(Table 2).

ANOVA showed significant differences for almost all the morphometric measurements of
the lapilli between the four size classes examined (p < 0.05). Some exceptions were found for
roundness and OW/OL%, which did not show any significance among any size class
(P > 0.05). Form-Factor, Ellipticity and P?/A showed no significant changes between Class |
and Il (p >0.05). Finally, A/(OLxOH) showed no variability between Classes |, [l and 1lI
(p > 0.05) (S5 Table). A significant correlation between the body weight and total length of the
specimens and the lapilli morphometries was observed for all parameters except for OW/OL%
(P > 0.05) (S6 and S7 Tables). The morphometrical parameters did not show significant differ-
ences between the right and left side lapilli for each size class investigated (p>0.05).

The graphin Fig 7 represents the mean otolith shape comparison among different size clas-
ses for right sagittae obtained through standardized Wavelet coefficients. The quality of both
Wavelet and Fourier reconstruction was estimated by comparing the deviations from the oto-
lith outlines, with the value 15 sets as the maximum number of Fourier harmonics to be shown
(S1 Fig). The mean and standard deviation of calculated coefficients was plotted using the
gplots R package to assess how the variation of Wavelet coefficients depends on the position
along the outline (S2 Fig).
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Table 2. Morphometric mean values of lapilli, standard deviation (s.d.) and minimums (Min.) and maximus (Max.) values divided for the size classes investigated:
Maximum otolith length (OL, mm), the maximum otolith width (OW, mm), otolith perimeter (OP, mm) and otolith surface (0S, mm?2), the ratio of otolith length
to the total fish length (OL/TL), circularity (C = OP2/0S), rectangularity (Re = 0S/[OLxOW]), ellipticity (E = OL-OW/OL+OW), aspect ratio (AR = OW/OL%),
form factor (FF = 4Tr0S/OP?) and roundness (Ro = 40S/1TOL2).

oL
ow
oP
(e
OL/TL

Re
AR

FF
Ro

Mean
0.178
0.169
0.554
0.024
0.010

12.975
0.783

-0.607
0.955
0.969
1.058

CLASS |

s.d.
0.014
0.013
0.029
0.002
0.002
0.133
0.019
0.120
0.118
0.009
0.135

Min.—Max.
0.158-0.204
0.146-0.190
0.489-0.597
0.018-0.027
0.009-0.017

12.751-13.176
0.736-0.807
-0.803—0.409
0.772-1.158
0.954-0.986
0.808-1.298

https://doi.org/10.1371/jjournal.pone.0281621.t002

Mean
0.224
0.222
0.715
0.040
0.01

12.989
0.790

-0.547
0.994
0.968
1.018

CLASS 1l

s.d.
0.012
0.019
0.045
0.004
0.001
0.104
0.018
0.077
0.086
0.007
0.097

Min.—Max.
0.193-0.249
0.192-0.261
0.624-0.817
0.030-0.050
0.006—-0.008
12.827-13.180
0.748-0.824
-0.703—0.439
0.871-1.182
0.954-0.980
0.804-1.167

Mean
0.285
0.292
0.935
0.065
0.008

13.361
0.785

-0.451
1.029
0.942
0.974

CLASS 1l

s.d. Min.—Max.
0.026 0.250-0.318
0.019 0.254-0.326
0.077 0.824-1.048
0.009 0.051-0.081
0.001 0.006-0.010
0.363 | 12.899-14.020
0.032 0.728-0.841
0.088 -0.563—0.307
0.060 0.903-1.105
0.025 0.897-0.975
0.082 0.888-1.183

Mean
0.325
0.321
1.035
0.078
0.007

13.633
0.754

-0.344
0.991
0.923
0.975

CLASS IV

s.d. Min.—Max.
0.022 0.293-0.347
0.013 0.303-0.342
0.027 0.992-1.070
0.004 0.073-0.084
0.001 0.006-0.008
0.243 | 13.427-14.243
0.017 0.718-0.781
0.113 -0.526—0.235
0.102 0.893-1.160
0.015 0.883-0.937
0.090 0.820-1.074

The investigations carried out on the shape analysis showed a significant difference between
the right and left sides of the lapilli only for Class IV (p = 0.017, df = 1, F = 4.12) (Fig 8a—8d).
Furthermore, significant variability was observed between size classes for the left side
(p =0.01). This result was confirmed by the LDA, also in agreement with what was obtained
from the analysis of variance, highlighting how classes | and Il are markedly separated from
classes Il and IV, as shown in Fig 9 (Axis 1 89.18%).

Fig 6. Stereoscope images of left (a,c,e,g) and right (b,d,,f,h) lapilli dorsal surfaces belonging to size Classes I (a,b), Il (c,d), 11l (e,f) and IV (g,h).

https://doi.org/10.137 Ljournal.pone.0281621.g006
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Fig 7. Mean shape of right lapilli contours belonging to the four investigated size cl
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Scanning Electron Microscopy (SEM) analysis

As shown by Fig 10a—10g, the external textural organization of sagittae was uniform, with a
granular surface and an almost completely homogeneous dimension and orientation of crys-
tals. The sulcus acusticus was heterosulcoid, located on the longitudinal midline of the sagitta
with a bi-ostial opening (Fig 10a—10c and 10e). The ostium was deep with a rectangular to fun-
nel-like shape, while the cauda was very different, superficial and with a not well-defined ven-
tral limit.

In Class |, it was visible, at a superficial view, the carbonate daily increments on a concentric
deposition plane (Fig 11a, 11c and 11d), which made the ventral margins jagged and irregular.
The superficial crystalline habit was uniform, characterized by the presence of small aragonitic
crystals with anirregular granular shape, organized in overlapping successive concentric thin
layers that made the orange skin-like surface rough (Fig 12a and 12c). As highlighted in Figs
11b, 12b and 12d, crystal regions of various sizes and shapes in the sulcus were also detected.
The presence of large crystals was detected near the ventral margins and the crista superior.

In Class Il, the surface became smoother thanin Class | and fine-pored, with the character-
istic small aragonitic prismatic crystals with a regular shape and organization (Fig 13a, 13c and
13d). Sulcus acusticus became larger without carbonate sculpturing organized in growing units
(Fig 13b, 13e and 13f). Some carbonate crystals were associated in lamellae in the posterior
otoliths area, forming large superficial wave-like structures (Fig 13g).
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Fig 8. Comparison between the mean shape of left and right lapilli contours belonging to Class I (a), Class Il (b), Class lll (c) and Class (IV).

https://doi.org/10.1371/journal.pone.0281621.g008

In Class lll, the surface became more irregular than in the last two classes, with different
carbonate polymorphs, characterized by large botryoidal to hexagonal prisms crystals, in the
internal surface near the excisura ostii (Fig 14a—14c). In the internal face was visible a circular
groove (Fig 14a) representing the core of the sagitta, characterized by an external crystalline
organization uniformly composed of small regular crystals.

In Class IV, the external textural organization was uniformly characterized by globular
secretions widely distributed on the whole otolith surface (Fig 15a and 15h). As shown by Fig
16b, the presence of aragonitic crystals forming superficial wave-like lamellae was also
reported. The carbonate crystal habit was mainly composed of aragonitic crystals organized in
distinct uniform plates, with large carbonate sculpturing inside the circular groove of the core
(Figs 15a and 16a). These made the central sagitta zone most irregular than the peripherical
ones.

As shown in Fig 17a—17d, the external textural organization of lapilli was irregular, with dif-
ferent carbonate polymorphs and crystals with different orientations and sizes. The surface
was granular to fine-pored, with edges on the ventral and posterior faces, especially near con-
fluentia gibbus maculae. The ventral face was characterized by large crystals, especially on the
gibbus maculae. Sulcus lapillus was thin and superficial, characterized by a uniform orientation
of crystals and a regular external textural organization.

In Class |, the ventral face was characterized by different carbonate polymorphs with differ-
ent orientations. Large rhombohedral and hexagonal crystals were detected on gibbus maculae
and near the margins of the inner and anterior otoliths (Fig 18a, 18b and 18d). Sulcus lapillus
showed a different external textural organization and a uniform surface, with small aragonitic
crystals with a regular shape and orientation (Fig 18c).
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Fig 9. Linear Discriminant Analysis (LDA) computed between the size class analyzed, calculated on Wavelet Fourier descriptors obtained by the left
side of lapilli. Ellipses includes 95% confidence interval.

https://doi.org/10.1371jjournal.pone.0281621.g009

From a lateral view (Fig 19a—19c), the lapillus of Class Il showed an irregular external tex-
tural organization, with large rhombohedral crystals on gibbus maculae and the confluentia
gibbi maculae. It was also reported the presence of several edges on the confluentia gibbi macu-
lae and the ventral face, separating the large prismatic crystals with a discontinuity in their ori-
entation (Fig 19c).

#0pm ENTA2500W  SgmiAeSET 26 40 faae: ENTS2SO00N  SgwiAsSEl
WO S5 mm Fhoto i » 2008 Wos d0me Photo o= 2021
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WO S5me Photo .+ 1992 Time 114750

WO+ 70me Proo i+ 200 Tioe 134008

Fig 10. SEM images of A. hemigymnus’ sagittae inners (a, b, c, e) and external (d, f, g) surfaces separated for size classes: Class I (3, e), Class Il (b),
Class lll (c, f) and Class IV (d, g).

https:/doi.org/10.1371jjournal.pone.0281621.g010
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Fig 11. SEM images of a right sagitta inner surface belonging to size Class | (a) with details of the external textural organization of sulcus acusticus
(b) and concentric deposition planes of carbonate detected in ventral margin (c and d).

https://doi.org/10.137 Ljournal.pone.0281621.g011

In Class lll, the dorsal face was characterized by large prismatic and hexagonal crystals that
alternated with small aragonitic crystals, making the surface irregular (Fig 20a—20c). The pres-
ence of globular secretion was also reported often absorbed in the growing otoliths matrix (Fig
20d). Several deep pores were reported near the external margin, separating the large prismatic
and hexagonal crystals with different orientations.
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Fig 12. SEM images of a left sagitta inner surface belonging to size Class | (a) with detail of sulcus acusticus (b), ostium (c) and crista superior (d)
external textural organization.

https://doi.org/10.1371/journal.pone.0281621.g012
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Fig 13. SEM images of a left sagitta inner surface belonging to size Class Il (a) with details of sulcus acusticus (b), with its external textural
organization (e, f), and crystalline habits of the posterior otoliths zone (c,d,g).

https://doi.org/10.1371/journal.pone.0281621.g013

As reportedin Fig 21a—21c, in Class IV, the external textural organization was regular, with
the presence of prismatic aragonite crystals organized in plates in almost all the otolith’s sur-
face except on the gibbus maculae and prominentia marginalis, characterized by the presence
of large rhombohedral crystals. It was also reported the presence of deep pores separating large
plates aggregations of crystals, located on an upper superficial level, from small prismatic car-
bonates association located on a lower level (Fig 21c).

Discussion

Improving the knowledge base on otoliths of mesopelagic species is essential to understand
their eco-morphological adaptation to deep environments. Indeed, the variability of inner ear
morphology among individuals of the same species inhabiting different geographical areas
reflects the adaptation capability of marine organisms to environments under different evolu-
tionary pressures. Despite the physiological processes allowing otoliths’ shapes and morpho-
logical intraspecific variations at a geographical scale are still now largely unknown, itis widely
reported how diet [106], temperature [107], genetic lineage [108], soundscape [109] and physi-
cochemical features of water masses [61] can lead to these differences, impacting hearing abil-
ity (in addition to otoliths mass, endolymph viscosity and sulcus acusticus dimensions) and
shaping otoliths’ contours and morphology. According to this, the present paper confirmed
the otoliths variability in populations of the studied species inhabiting different environments
in both lapilli and sagittae. Results showed a morphology of sagittae different than those
reported in the literature on the same species from other geographical areas [25, 27, 32, 38,
110, 111]. A. hemigymnus specimens inhabiting the Strait of Messina had larger sagittae than
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Fig 14. SEM images of a right sagitta external surface belonging to size Class Ill (a) with detail of the external textural organization near the excisura
ostii (b, c).
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Fig 15. SEM images of a right sagitta external surface belonging to size Class IV (a) with details of the external textural organization of the core zone

(b).
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Fig 16. SEM images of a right sagitta external surface belonging to size Class IV (a) with details of the crystalline habits and external textural
organization (b).

https://doi.org/10.1371/journal.pone.0281621.g016

those from the western Mediterranean Sea and Atlantic Ocean. This was highlighted by higher
OL/TL values, Re and C, than those reported by Tuset in 2008 [25] for individuals with a total
length between 30 and 40 mm. The larger surface and perimeter, together with a conformation
most squared (than round) of posterior and anterior regions, and most angled to peaked of

dorsal and ventral regions, markedly different than those reported in the literature, could be
strictly related to the peculiarity of the studied area. The Stait of Messina is characterized by

unique oceanographic features [97, 98] that inevitably influence habitats and inhabiting spe-
cies. The morphological features of sagittae shown by results, more similar to those described
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Fig 17. SEM images of ventral (a, d), lateral (b) and dorsal (c) surfaces of A. hemigymnus’ lapilli separated for size classes: Class I (a), Class Il (b),
Class Il (c) and Class IV (d).

https://doi.org/10.137 Ljournal.pone.0281621.9g017

PLOS ONE | https://doi.org/10.1371/journal.pone.0281621 February 14, 2023 18/31


https://doi.org/10.1371/journal.pone.0281621
https://doi.org/10.1371/journal.pone.0281621.g016
https://doi.org/10.1371/journal.pone.0281621.g017

PLOS ONE Investigation on Argyropelecus hemigymnus (Cocco, 1829) saccular and utricular otoliths

EnT= 25004V SipaoiA= SET
WO 80mm Photo Mo, » 2007

?0 pm} EHT = 25.00 kV Signal A= SE1 Date :26 Jul 2022
I 1 WD= 5.0mm Photo No. = 2003 Time :12:32:50

ENT= 25008V
WO 50mm
| —

Fig 18. SEM images of a lapillus ventral surface belonging to size Class | (a) with details of sulcus lapillus (b, c) and gibbus maculae (d, e) external
textural organization.

https://doi.org/10.1371/journal.pone.0281621.g018

in specimens from the Portuguese Atlantic Ocean and Northwestern Atlantic Ocean [38, 111]
than Mediterranean ones, could be indeed connected with the environmental features of the
Strait of Messina. Several external factors, such as those related to the environment (e.g., tem-
perature, pH, salinity, depth) [96, 112—117] or food availability [106], could influence otoliths
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Fig 19. SEM images of a lapillus lateral surface belonging to size Class Il (a) with details of gibbus maculae (b) and confluentia gibbi maculae (c)
crystalline habits.
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Fig 20. SEM images of a lapillus dorsal surface belonging to size Class Ill (a) with details of the external textural organization near the external
margin (b, c).
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Fig 21. SEM images of a lapillus ventral surface belonging to size Class IV (a) with detail of the gibbus maculae and prominentia marginalis external
textural organization and crystalline habits (b, c).
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morphology, shape and morphometry. In this context, the strong tidal currents regime acting
in the Strait of Messina, together with the peculiar chemical features of the sea masses, similar
in temperature, nutrients, and oxygen concentrations to the Atlantic waters, could induce an
otoliths morphology and shape different to those exhibited in species inhabiting other Medi-
terranean areas. Also, lapilli described in the present paper showed a similarity in morphology
and morphometry with those described in Atlantic populations by Assis [38], currently the
only descriptions reference of A. hemigymnus lapilli in literature.

For this reason, it was not possible to compare with Mediterranean Sea data. According to
the literature [6, 34], otoltihs’ shape, size and morphology, in addition to the dimension and
shape of sensory epithelia and ear structure, are intimately related to sound detection, discrim-
ination between sounds with differences in frequencies and/or intensities, determination of
sounds’ direction in a three-dimensional space and detecting of sound signals in the presence
of unwanted sounds. At the interspecific level, otoliths’ differences in teleosts’ fishes reflect the
different hearing abilities that are strictly related to the different life habits, ecology and life his-
tory traits of the species. From an intra-specific point of view, otoliths’ shape and morphologi-
cal differences between the different populations of the same species can be allowed by several
factors. Diet influences the composition and quantity of endolymph proteins, which are funda-
mental for otoliths’ biomineralization processes [118]. For this reason, diet variations between
populations of the same species from different geographical areas may induce differencesin
otolith morphology and shape. Water masses’ physicochemical differences between geographi-
cal areas and genetic differences between population lineages can also induce these differences.
For example, the temperature can drive growth and morphological variations in deep-sea
fishes, as reported for the black spot sea beam Pagellus bogaraveo, Briinnich, 1768 [119], while
the overall contrasting environmental conditions between different marine areas can influence
the overall otoliths morphological and outlines differences, as highlighted for the populations
of coral reef snapper Lutjanus kasmira, Forsskal, 1775 from the Pacific Ocean [108]. Other-
wise, genetic variations at the intra-specific level, such as those derived from long-time separa-
tion events among populations, only affect otolith locally, mainly in the rostrum and
antirostrum parts [108]. Concerning the present paper, further analysis of the inner ears of
species inhabiting the Strait of Messina, comparing the populations from this area with those
from others, are required to confirm and better understand the influence of these peculiar
environments on marine organisms deepening the knowledge on their eco morphological
adaptation.

Concerning the variation in otolith morphology and shape related to specimens’ total
length and weight, results showed clear differences between the size classes in both sagittae
and lapilli. The absence of literature data on size-related otoliths variations from other geo-
graphical areas on the studied species makes it challenging to investigate the environmental
influence on the variation among different size classes. A. hemigymnus showed an overall mor-
phology and shape of sagittae, often widespread in fish inhabiting deep environments which
perform simple movements in the water column [6, 120]. Unlike other mesopelagic species,
which show elongate sagittae with a pronounced rostrum, the studied species showed tall sagit-
tae, small, with a not pronounced short rostrum, like those reported for other Stomiiformes
species (e.g., Chauliodus sloani, Bloch & Schneider, 1801) [25, 111, 121].

The significant difference in shape, morphometry and morphology showed by results for
both lapilli and sagittae between size classes could be strictly related to the life history and biol-
ogy of the studied species. Indeed, A. hemigymnus is a mesopelagic predator with a relatively
high trophic level, mainly hunting on zooplankton (e.g., chaetognaths, euphausiids, copepods),
fish and gelatinous plankton. The feeding habits of this species varies geographically according
to prey availability and distribution, showing a niche and resource partitioning with the other
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mesopelagic predators [47, 89, 92, 93]. The vertical distribution of this species also shows geo-
graphical variations mainly related to water temperature, with the deepest distribution
reported in oceanic populations than in the Mediterranean ones, which show mostly enhanced
migratory behaviour. Indeed, the daily vertical migrations performed by this species are widely
reported in the Mediterranean Sea [47, 93, 122]. Also, individuals’ size and ontogenetic stages
influence their vertical distribution, migratory behaviour and diet, with small specimens that
do not perform large vertical movements, inhabit shallower depths than larger ones, and
mainly prey on small copepods [123, 124]. These differences in life and feeding habits could
influence the inner ear structures and morphology in the different size classes. Indeed, lapilli
and sagittae showed significant differences for all the morphometrical indices between all the
size Classes. The larger sagittae, with a bigger surface and increased rectangularity and round-
ness, reported for individuals belonging to size Classes lll and IV, could be related to the varia-
tion in life habits and ecology during their growing process. Indeed, as widely reported in the
literature, many free and fast swimming fishes, which perform large movements, are character-
ized by large sagittal otoliths, with enhanced dorsal and ventral regions characterized by large
crista superior and inferior [114, 115, 120, 125, 126]. The variations reported by results for
sagittae between the different size Classes could be in line with these ecomorphological fea-
tures. Concerning lapilli, they also showed clear differences in shape, morphology, and mor-
phometry between size Classes. According to the literature [35, 38], lapilli have a most regular
intra and inter-specific morphology if compared to sagittae. As shown by the results, the lapilli
of A. hemigymnus had a circular morphology and shape maintained in all the size classes. The
pointed and most pronounced extremum posterior, with a triangular shape, in individuals
belonging to Class Il and IV than those of other classes has led to significant differences
reported for morphology and shape. The lack of reference data from the literature on utricular
otoliths did not allow for an ecomorphological interpretation of the differences related to spec-
imens’ size. However, as reported for sagittae, the variation among size classes could also be
related to the studied species’ life history. Further analysis on ontogenetic and size-related vari-
ations on sagittal and utricular otoliths features, biology and ecology of mesopelagic species
are required to understand the relation between inner ears eco morphological adaptation and
life history traits of these species.

Regarding the differences between left and right sagittal and utricular otoliths, results
showed significant differences only regarding otoliths contours. A. hemigymnus population
from the Strait of Messina showed a fluctuating asymmetry [94, 127] in sagittae, considered as
the presence of random deviations from the perfect symmetry between left and right otoliths.
Lapilli showed a more marked bilateral symmetry, with the asymmetry reported only for Class
IV, confirming their most enhanced intraspecific stability than sagittae. The fluctuating asym-
metry between otolith pairs can be related to environmental heterogeneity or stress [128, 129].
The studied area is characterized by large fluctuations of oceanographic features related to the
strong tidal currents’ regime acting in the entire area. Moreover, the vertical movements per-
formed by the studied species can increase the environmental factors’ heterogeneity to which
individuals can be exposed. This strong oceanographic instability could allow the asymmetry
shown by the results. Indeed, several authors have related the fluctuating asymmetry to a sub-
optimally fish growing under stressful conditions or environmental stressors [130]. Concern-
ing the studied area, its oceanographic features allow a substantial water column variability
which could induce the fluctuating asymmetry showed by results, as reported in other mesope-
lagic species (e.g., larvae of Maurolicus parvipinnis, Vailliant, 1888 from southern Patagonia)
[61]. Further analyses comparing population of A. hemigymnus from the studied area with oth-
ers from other habitats are required to confirm the relationship between asymmetry and envi-
ronmental heterogeneity of the studied area.
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The overall uniform external textural organization of sagittae showed by SEM analysis,
characterized by the presence of regular small aragonitic crystals with a uniform orientation
that made the surface granular, was different from those reported in the literature for other
species inhabiting shallower environments [23, 24]. This difference could be related to the sta-
bility of mesopelagic strata. Indeed, deep marine environments did not show large fluctuations
in chemical and oceanographic features. According to the literature, large crystals with chaotic
orientation can be associated with physiological stress and environmental instability [131-
134]. Moreover, as reported for a particular ecotype of Poecilia mexicana, Steindachner, 1863,
inhabiting low-light environments [117], the presence of crystal regions in the sulcus acusticus
characterized by various sizes and shapes could be related to the low light arriving in the meso-
pelagic environment. Comparing results from the present paper with those of literature on
other mesopelagic species, A. hemigymnus specimens showed a more uniform crystals organi-
zation in the sulcus acusticus than those reported by Lombarte et al. for species belonging to
Coelorinchus genus from the Southeast Atlantic [135]. The presence of large-size crystal aggre-
gates characterized these last. In contrast, in the studied species, the large crystals in the sulcus
were isolated and surrounded by small aragonitic crystals with the same orientation. This dif-
ference could be related to the different feeding habits of the two species (both predators, but
the first is specialized in fishes hunting while the second is a zoo-planktivorous species), added
to the different environments with different chemical features inhabited by them (Atlantic
Ocean and Strait of Messina). Also, the large crystals detected in other sagittae areas (near the
ventral margin and the crista superior) were isolated, with botryoidal habits, similar to the
vateritic crystals showed in literature for Macruronus novaezelandiae, Hector, 1871 [1313].
Also, the complex crystalline habits, with a peculiar wave-like macrostructure, showed in some
specimens belonging to class Il and IV, were reported in vateritic otoliths belonging to
Notothenia microlepidota, Hutton, 1875 [131]. The presence of botryoidal crystals increased of
Class lll and IV large specimens, characterized by the entire otoliths zone of the inner face.
The formation of vateritic crystals could be strictly related to transient ambient events. As
stated by Pach et al. [136], temperature shocks and variations of endolymphatic fluid viscosity
can induce vaterite deposition. In this context, the vertical migrations performed by large A.
hemigymnus specimens could induce the variations in carbonate polymorphs detected by SEM
analysis. Indeed, the movements towards superficial marine strata of this species cause the
transition from deep water masses to surficial ones, characterized by different chemical fea-
tures (e.g., temperature, salinity, oxygen concentration), allowing the possible incidence of
transient ambient events. The /apilli’s external textural organization showed a more pro-
nounced irregularity than sagittae in all the analyzed size classes, with large crystals on gibbus
maculae and prominentia marginalis characterized by shapes from rhombohedral to botryoidal
and deep pores and edges on both dorsal and ventral faces. The lack of literature regarding
crystal habits and external textural organization of lapilli makes it challenging to compare with
other species to understand the possible reasons for their crystalline peculiarity. Despite this,
results on lapilli were in line with those shown by sagittae, with an external textural organiza-
tion which became most complex, with several carbonate polymorphs and textural irregulari-
ties, in specimens belonging to class lll and IV than in the others. As stated above for sagittae,
lapilli’s external textural organization and crystalline habits could also confirm the influence of
migratory habits on carbonate deposition and otoliths’ crystalline structure. Further analyses
of the crystalline habits and carbonate polymorphs of otoliths, both utricular and sagittal, of A.
hemigymnus and other mesopelagic species are required to confirm the influence of life habits
on the external textural organization of sagittae, performing x-ray diffraction and other tech-
niques to detect their polymorphs percentage composition.
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Conclusion

To our best knowledge, concerning A. hemigymnus, the present paper represents: (i) the first
description of lapilli from a Mediterranean area, (ii) the first description of otoliths (both utric-
ular and saccular) using shape and SEM analysis and (iii) the first investigation on their intra-
specific variability. Results showed a different morphology of sagittae compared to data present
in literature from other Mediterranean geographical areas, confirming the high intraspecific
variability of saccular otoliths between individuals inhabiting different habitats. SEM analysis
has provided the first investigation of external textural organization and crystalline habits in
sagittae and lapilli of the studied species, giving information on their superficial structure and
morphology, useful to improve the knowledge base on mesopelagic teleost’s adaptation to deep
marine environments. Indeed, these new data added to those on otoliths variation related to
fish size and fluctuating asymmetry of sagittae give a pool of information essential to under-
stand how a peculiar environment, such as the Strait of Messina, can shape the organisms that
inhabit it. Further analyses comparing populations from the studied area with those from other
geographical areas are required to understand the ecomorphological adaptation of A. hemigym-
nus inner ears, showing how different environments and habitats can shape otoliths’ features.
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S2 Fig. Mean and standard deviation (sd) of Wavelet coefficients for all combined sagittae
(a) and lapilli (b) and the proportion of variance among size classes (black line). The hori-
zontal axis shows angle in degrees (°) based on the polar coordinates of the mean otoliths
shape plot. The centroid of the otolith is the center point of polar coordinates.

(TIF)
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Intra-specific variability of the saccular, utricular and lagenar otoliths of the garfish Belone
belone (Linnaeus, 1760) from South-Western Ionian Sea (Central Mediterranean Sea)

ABSTRACT

The garfish Belone belone represents the only valid endemic Belone species for the Mediterranean
Sea and the eastern Atlantic Ocean. It shows a wide global distribution range, with a high commercial
value and ecological relevance in the pelagic domain. Despite this, there needs to be more knowledge
regarding the otoliths of this species, with the total absence of descriptions regarding asterisci and
lapilli from Mediterranean populations and a lack of studies on the reliability of shape analysis on its
sagittae. The present paper aims to provide the first main contours description of the three otoliths
pairs from a Mediterranean population, providing an accurate investigation of morphology,
morphometry, and intra-specific variability of sagittae, lapilli, and asterisci. Results showed (i) the
absence of directional bilateral asymmetry and sexual asymmetry for the three otoliths pairs, (ii) a
different morphology and morphometry of sagittae, lapilli and asterisci than those described in the
literature, and (ii1) an enhanced variability between sagittae morphometry and shape between the
three investigated size classes. All these data confirmed the reliability of the studied species of shape
analysis, showing a geographical and size-related variability of otoliths features probably related to

genetics, environmental conditions, and life habits variations.

1. INTRODUCTION

The family Belonidae, order Beloniformes, includes ten genera and 34 species of freshwater and
marine teleost known as needlefishes [1,2]. They are characterized by an elongated body and long
upper and lower jaws, resulting in a beak with a large mouth opening equipped with sharp needle-
like teeth. Small cycloid scales are distributed along their lateral lines. A separation in the third pair
of the upper pharyngeal bones is typical of this family, together with the absence of spines in the fins,
no finlets behind the anal and the dorsal fins, and the nostrils placed in a pit anteriorly to the eyes
[3,4]. All needlefishes’ species are oviparous and live close to the surface. They are ichthyophage
predators, hunting on small fishes using their beaks. In the Mediterranean Sea, they have been
recognized six species of needlefishes belonging to three genera: Ablennes hians, Valenciennes, 1846,
Belone belone, Linnaeus, 1761, Belone svetovidovi, Collette & Parin, 1970, Tylosurus acus acus,
Lacépede, 1803, and Tylosurus acus imperialis, Rafinesque, 1810 [4-6].

Concerning B. belone, in 1970 [7], they were acknowledged three subspecies according to their global

distribution (B. b. belone, Linnaeus, 1761, B. b. euxini, Giinther, 1866, B. b. gracilis, Lowe, 1839 ),



but recently the garfish B. belone was accepted as the only valid endemic species for the
Mediterranean Sea and the eastern Atlantic Ocean [8]. This species shows a wide distribution range,
inhabiting brackish and marine environments from Norway to the Canaries, in addition to the
Mediterranean and Black Seas. Like other pelagic teleosts, it is an oceanodromous species. It inhabits
the offshore areas, moving near the coast during spawning season. It is during this migratory pattern
that garfish populations are more susceptible to fisheries activities [9,10], being mainly caught using
floating gill nets and pelagic trawling. In the Adriatic Sea and Turkish Mediterranean waters, garfish
is the principal target species of seine nets, representing also a by-catch species in purse seine fisheries
[3,11-13]. In the Mediterranean Sea, the B. belone capture production has been growing since 2016,
stationing at 621 tons in 2018, with Turkey, Tunisia, Greece, and Spain as the leading countries for
its harvesting and consumption [14]. This species is among the most important pelagic commercial
species of Turkey, especially for the Black Sea’s Turkish artisanal fisheries and Tunisia, representing
the main belonids species for catch in the entire Mediterranean basin [15—17]. In addition to its
commercial value, garfish plays a fundamental ecological role in the pelagic domain. It is an
opportunistic predator that switches its prey preferences from crustaceans (e.g., copepods, decapods
larvae, amphipods) to teleost fishes (e.g., clupeids, engraulids, horse mackerels), according to its size
and the preys’ availability [18-21]. Additionally, it is among the principal preys of larger pelagic
fishes and marine mammals [22-24]. Due to its high commercial and ecological value, many studies
have been performed on the biology of this species. These provided essential information for accurate
stock assessments, exploring its population dynamics (e.g., age structure, growth, mortality,
reproductive cycle), metazoan parasites communities, and trophic ecology in the different
Mediterranean geographical areas [12,15,17,21,25-30]. However, relatively few researches have
been performed on garfish otoliths, another fundamental tool for stock assessment and population
studies [31-36].

Otoliths are paired carbonate structures in the vertebrates’ inner ears, close to the midbrain, with
auditory and vestibular functions [37]. Teleost’s inner ear (one for each side) is characterized by a
great morphological variability among different taxa [38]. Its basic structure, common in bony and
cartilaginous fishes, is characterized by three semicircular canals, with their end organs (ampullae)
and three otoliths end organs (saccule, utricle, lagena). Otoliths are located inside these lasts (one
otolith in each organ: respectively, sagitta, lapillus, and asteriscus), which, according to their taxon-
specific orientation related to the fish’s rostrocaudal axis, are essential for the localization of sound
sources [37]. They are composed of calcium carbonate and non-collagenous organic matrix,
depositing daily for the entire fishes’ lifetime [39,40], and, among the three otoliths pairs, sagittae

have long been the most studied. Due to their species-specific morphology, timekeeping and chemical



properties, and variability at intra and interspecific levels, sagitfae long been widely used in many
research fields, including taxonomy and paleoethology, to trophic ecology and fisheries science
[33,41-52]. Data on lapilli and asterisci are very few and fragmentary, especially concerning the
marine teleost species; this is attributable to their dimension, smaller than sagitfae in non-
ostariophysian fishes [53-55], and, especially for asterisci, mainly composed of vaterite, to their low
resistance to the extraction process. It has also been claimed that lapilli and asterisci show a low intra
and inter-specific variability, considerably less evident than sagittae [56,57]. Conversely, recent
findings by several authors have assessed, also in otophysans species, a substantial inter-specific
diversity valuable for species identification and evident intra-specific variations between different
populations related to environmental factors, as also confirmed in not-otophysans species [56—60].
Indeed, according to T. Schulz-Mirbach et al. [58], providing new information on /apilli and asterisci
of the different teleost’s species, also applying shape analysis, is required to evaluate the additional
data provided by the investigations on all the otoliths pairs, improving species identification
processes, stock assessment, and fisheries management.

Concerning B. belone otoliths, literature data are scarce, with few studies on sagittae, describing their
gross morphology, the relations between fish length and otolith size, and some morphometrical
features [61-65]. Only three studies describe lapilli and asterisci in populations inhabiting the
Mediterranean Sea and Portuguese Atlantic waters [56,57,66]. In this context, the present paper aims
to analyze the three otoliths pairs of garfish from the Ionian Sea (the Italian Sea with the highest
values of capture production for this species in 2020 [67]) through morphological, morphometrical,
and shape analysis, in order to investigate the intra specific variability of sagittae, lapilli and asterisci
between different size classes, otoliths pairs and populations, comparing data from present paper to
those from literature. The present paper can allow (i) to investigate the presence of otoliths’ bilateral
asymmetry and sexual variability inside the analyzed population, (ii) to compare otoliths’ morphology
and morphometry between the Ionian Sea and other geographical areas through a comparison with
literature data and (iii) to give an accurate otoliths’ contours description, essential for stock
assessment.

All this information is fundamental to improving the knowledge base on the eco-morphological
adaptation of this species to the pelagic environment, filling the gap in the morphology, shape, and
intra-specific variability of sagittae, lapilli, and asterisci. Indeed, there needs to be more data on
sagittae from the Ionian Sea and an almost total absence of studies on lapilli and asterisci, especially
from the Mediterranean Sea, regarding the studied species [56,57,66]. Moreover, taking into account
the difficulties in assessing the stock composition and discriminating among populations of medium-

large size pelagic fishes due to their broad geographical range and the absence of biogeographical



barriers [68,69], the present paper can improve the capability to distinguish separated fish groups of
B. belone, providing the first accurate shape analysis on the three otoliths pairs. This is fundamental
to correctly distinguishing populations and stocks for better conservation and improved fisheries

management.

2. MATERIALS AND METHODS

2.1 Sample collection, processing, and image analysis

Seventy-five specimens of B. belone were obtained from a market in Catania (Italy, Sicily) supplied

by local artisanal fisheries operating in the lonian Sea (FAO statistical division 37.2.2-Ionian Sea)

(Figure 1).

Figure 1. Map of the Mediterranean Sea with sampling area of B. belone specimens analyzed in this study highlighted by the red
circle.

Samples were transported still frozen in the laboratory, where each specimen was weighted (Total
Weight: TW, g), measured (Total Length: TL, mm), and assigned to three size classes according to its
TL (Class I: TL < 240 mm; Class II: 240 mm < TL <290 mm; Class III: TL > 290 mm), also assessing
the sex. Each otolith (sagitta, lapillus, and asteriscus of each inner ear) was extracted and gently
washed in 3 % H20:2 and Milli-Q water to remove tissue remains. Once dried, each sagitta, lapillus,
and asteriscus face was photographed twice using the Axiocam 208 color camera (Carl Zeiss, Jena,
Germany) under a stereomicroscope Zeiss Discovery V8. Otolith images were processed and

converted into binary format for shape analysis using ImageJ 1.48p software [70]. Once obtained



from shape analysis, data on maximum otolith length, OL mm, maximum otolith width, OW mm,
otolith perimeter, OP mm and otolith surface, OS, mm? for each analyzed otolith, investigated the
relation between otolith and fish length calculating the ratio of otolith length to the total fish length
(OL/TL). Moreover, in order to evaluate how otoliths’ morphometric relationships and morphology
features change intra-specifically, they were calculated several shape indices, according to literature
[71-76]: circularity (C = OP?/OS), rectangularity (Re = OS/[OLxOW]), ellipticity (E = OL-
OW/OL+OW), aspect ratio (AR = OW/OL%), form factor (FF = 4rOS/OP?) and roundness (Ro =
40S/mOL?).

2.2 Shape analysis

The otoliths outlines were used to perform the Shape analysis using the open-assess package shape R
on R software (RStudio 2022.07.1 Build 554; R Gui 4.1.3 2022.03.10). This package was designed
for the otolith shape studies, widely used to analyze the intra and inter-specific variations in teleost
species and populations [77]. Image] software (version 1.53k freely available at
https://imagej.nih.gov/ij/) was used to binarize each sagitta, lapilli and asterisci picture, which,
subsequently, was classified according to fish size classes, sex, and otoliths’ side. The greyscale
threshold was set at 0.05 (intensity threshold) to detect the outlines using a specific shape R function.
The data file with analyzed specimens’ information (e.g., body weight and fish length) was linked to
the extracted contours. The getMeasurements function was applied to calculate the otoliths’ length,
width, area, and perimeter for each specimen on the previously detected outlines. The allometric
relationships were assessed between fish lengths and otolith shapes, extracting Wavelet and Fourier
coefficients, adequately adjusted, through proper functions of Shape R. The intra-specific comparison
between the mean otolith shapes was obtained using the Wavelet coefficients, estimating the quality
of the reconstruction through the analysis of the deviation of the coefficients’ reconstruction from the
otolith outline (S1 Fig). A specific function of the g-plots R package was applied to investigate the

influence of the position along the outline on the wavelet coefficients’ variation (S2 Fig).
2.3 Data analysis
Univariate and multivariate statistical methods were applied to conduct investigations on asterisci,

lapilli, and sagittae using Prism V.8.2.1 (Graph-pad Software Ltd., La Jolla, CA 92037, USA), R
vegan package V.2.5, and PAST V4.


https://imagej.nih.gov/ij/

An unpaired t-test was used as a tool to investigate the occurrence of differences in morphometric
parameters between sexes and between right and left otoliths. Any otolith morphometric variations
between the different size classes investigated were detected using a one-way analysis of variance
(one-way ANOVA) and Linear Discriminant Analysis (LDA). Additionally, the correlation between
the measured parameters and fish body weight (BW) and total length (TL) was tested using the
Pearson correlation coefficient.

To explore the variation of otolith contours between specimens, the shape indices were extrapolated
and analyzed through an ANOVA-like permutation test and a Linear Discriminant Analysis (LDA) to
obtain an overview of the differences in otolith shape between right and left side, gender, and size

classes examined. The significance level of the p-value was set at < 0.05.

3. RESULTS

A total of 65 individuals (20 males and 45 females) were examined, with 18 specimens classified as

Class I, 35 as Class II, and 12 as Class III.

3.1 Morphometric and Shape analysis of Sagittae

According to the terminology proposed by Tuset et al., Nolf and Assis [65,66,78], B. belone showed
overall elliptic-lanceolate sagittae (Fig 2 a-c), characterized by peaked anterior region, with a short
rostrum, pointed and broad, and a round posterior region. The antirostrum was generally absent,
except in some specimens, in which it was very short, broad, and pointed. The excisura ostii was

absent or wide, changing in the different individuals according to the size class of belonging.

Figure 2. Stereoscope images of left sagittae belonging to size class | (a), Il (b) and Ill (c).

In Table 1 they were reported the morphometric parameters assessed for the studied specimens.

Table 1. Sagittae morphometric mean values, with standard deviation (s.d.), maximum (Max.), and minimum (Min.) values, for each
investigated size class: maximum otolith length (OL, mm) and otolith width (OW, mm), otolith perimeter (OP, mm), otolith surface



(0S, mma2), otolith length to the total fish length ratio (OL/TL), circularity (C), rectangularity (Re), ellipticity (E), aspect ratio (AR), form

factor (FF) and roundness (Ro).

Class I Class 11 Class I1

Mean s.d. Min - Max (Mean s.d. Min - Max(Mean s.d. Min - Max
OL 2.16 023 1.7-2.67 [2.36 0.21 2.02-2.88|2.64 0.27 2.05-3.33
ow 1.29 0.13 1.01-1.55 [ 1.37 0.1 1.64-1.15|1.54 0.11 1.31-1.79
opP 6.46 0.71 493-788 | 7 0.57585-825| 7.8 0.74 63-9.34
(01} 2.08 0.41 1.29-2.97 {234 0.35 1.75-3.28|2.97 045 2.12-4.1
OL/TL %| 0.95 0.1 0.79-1.21]| 0.9 0.08 0.71-1.09|0.82 0.11 0.67-1.11
C 20.28 1.5 17.65 - 24.7521.02 1.26 18.86 - 23.7| 20.6 1.2818.58 - 23.37
Re 0.74 0.02 0.7-0.79 |0.72 0.02 0.67 -0.79| 0.73 0.02 0.69 - 0.77
E 0.25 0.03 0.19-0.33 [ 0.26 0.03 0.19-0.32|0.26 0.03 0.2-0.32
AR 0.6 0.04 0.5-0.69 |0.58 0.03 0.51-0.68]0.58 0.04 0.52-0.66
FF 0.62 0.04 0.51-0.71 | 0.6 0.03 0.53-0.66|0.61 0.04 0.54-0.67
Ro 0.56 0.05 0.47-0.68 | 0.54 0.04 0.47 - 0.64| 0.54 0.04 0.47 - 0.64

The examination showed no significant variation between the right and left sagittae (p>0.05).
Gender represented a discriminating factor only for 3 of the morphometric parameters investigated,
namely OS (p=0.014) and OL (p=0.025).

Finally, the size class strongly influenced the morphometric variability observed between the samples,

as confirmed by LDA (Figure 3). Results, reported in Table 2, highlighted how AR was the only

parameter that did not vary between size classes (p>0.05).
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Figure 3. Linear Discriminant Analysis (LDA) between sagittae morphometric parameters from the three investigated size classes.

Table 2. Results of ANOVA carried out between biometric data (total fish length, TL, and body weight, BW) morphometric sagittal
parameters of the investigated specimens belonging to the three size classes, with significant results set at p<0.05: maximum otolith



length (OL, mm) and otolith width (OW, mm), otolith perimeter (OP, mm), otolith surface (0S, mm2), otolith length to the total fish
length ratio (OL/TL), circularity (C), rectangularity (Re), ellipticity (E), aspect ratio (AR), form factor (FF) and roundness (Ro)

Tukey's multiple comparisons test 95,00% CI of diff, Summary P Value

TL mmIvs. TL _mm1I -42,88 to -26,68 HHEE <0.0001
TL mmIvs. TL mm III -106,9 to -88,19 HAAk <0.0001
TL mm Il vs. TL_mm III -71,50 to -54,07 HAAK <0.0001

BW_glvs.BW _glI -1036 to 57,77 ns 0.0896
BW_glvs.BW_glII -2252 t0 -986,3 HHEE <0.0001
BW_gllvs. BW_gIII -1718 to -542,1 HHEE <0.0001
OSIvs.OSII -0,4661 to -0,07006 * 0.0048
OS Ivs. OS 11T -1,122 to -0,6634 HHEE <0.0001
OS I vs. OS III -0,8377 to -0,4115 wkokok <0.0001
OLIvs.OLII -0,3109 to -0,07977 HrK 0.0003
OL1Ivs. OLIII -0,6152 to -0,3476 kb <0.0001
OLII vs. OL III -0,4104 to -0,1618 HHEE <0.0001
OW Ivs. OWII -0,1401 to -0,02504 K 0.0026
OW I vs. OW III -0,3183 to -0,1852 HHEE <0.0001
OW Il vs. OW III -0,2311 to -0,1073 o <0.0001
OPIvs.OPII -0,8692 to -0,2118 HEE 0.0005

OP Ivs. OP III -1,723 t0 -0,9623 Rkl <0.0001
OP Il vs. OP 111 -1,156 to -0,4487 HHEE <0.0001

OL/TLIvs.OL/TLII 5,377e-005 to 0,0009866 * 0.0248

OL/TLIvs.OL/TLIII 0,0007877 to 0,001868 HHEE <0.0001
OL/TLIIvs. OL/TLIII 0,0003057 to 0,001309 kK 0.0006

Clvs.CII -1,417 t0 -0,07310 * 0.0259
Clvs.CIII -1,103 to 0,4529 ns 0.5838
Cllvs. CIII -0,3028 to 1,143 ns 0.3552
Relvs.Rell 0,006217 to 0,02819 HkK 0.0009
ReIvs. Relll 0,001084 to 0,02653 * 0.03
Re IT vs. Re 11T -0,01522 to 0,008423 ns 0.7742
Elvs.EIl -0,02559 to 0,003630 ns 0,1795
Elvs. EIII -0,02631 to 0,007517 ns 0,3877
Ellvs. EIII -0,01414 t0 0,01730 ns 0,9691
AR Tvs.ARII -0,004328 to 0,03268 ns 0.1681
AR Ivs. ARTII -0,009358 to 0,03349 ns 0.3778
AR Il vs. AR III -0,02202 to 0,01780 ns 0.9657
FF1vs. FFII 0,003775 to 0,04212 * 0.0145
FF I vs. FF 111 -0,01156 to 0,03283 ns 0.493
FF I vs. FF III -0,03294 to 0,008320 ns 0.3359
RolIvs.Roll 0,003644 to 0,04910 * 0.0185
RoIvs.Ro Il -0,004466 to 0,04816 ns 0.124
Ro II vs. Ro 11T -0,02898 to 0,01993 ns 0.8993

Some morphometric parameters showed a strong positive correlation with the biometric data of the

examined specimens (total length, TL, and body weight, BW), except for the OL/TL variable, which,



on the contrary, exhibited a negative correlation with the body weight and the total length of the

examined species. The Pearson correlation results are shown in Table 3.

Table 3. Pearson correlation results between biometric data (total fish length, TL, and body weight, BW) of the investigated species
and morphometric sagittal parameters

Pearson Correlation

r 95% confidence interval P value P value summary

TL (mm)
\& 0.6358 0.5169 to 0.7306 <0.0001 oAk
(6N

TL (mm)
\& 0.5933 0.4651 to 0.6971 <0.0001 oAk
OL

TL (mm)
Vs 0.6313 0.5114 t0 0.7271 <0.0001 HrEE
ow

TL (mm)
Vs 0.5874 0.4580 to 0.6925 <0.0001 HrEE
OP

TL (mm)
Vs -0.5716 -0.6798 to -0.4390 <0.0001 oAk
OL/TL

TL (mm)
Vs 0.03367 -0.1442 t0 0.2095 0.7116 ns

TL (mm)
Vs -0.1669 -0.3341 t0 0.01043 0.065 ns
Re

TL (mm)
Vs 0.0798 -0.0986 to 0.2533 0.380 ns

TL (mm)
Vs -0.08159 -0.2549 to 0.09684 0.3696 ns

TL (mm)
\& -0.04425 -0.2196 t0 0.1338 0.627 ns
FF

TL (mm)
Vs -0.1244 -0.2950 to 0.05380 0.1703 ns

BW (g)
vs 0.3184 0.1498 to 0.4690 0.0003 Hoxk
oS

BW (g)
Vs 0.2752 0.1032 to 0.4312 0.0021 ok
OL

BW (g)
vs 0.3428 0.1765 t0 0.4901 0.0001 ok
ow



BW ()
Vs
OoP

BW (g)
Vs
OL/TL

BW (g)
VS

BW (g)
V8§

BW (g)
Vs

BW (g)
\A]
AR

BW (g)
AR
FF

BW (g)
VS

0.26

-0.378

-0.1007

-0.07778

-0.0255

0.02288

0.08955

-0.01331

0.08697 to 0.4178

-0.5203 to -0.2154

-0.2729 t0 0.07770

-0.2513 t0 0.1006

-0.2017 to 0.1522

-0.1548 t0 0.1991

-0.08890 to 0.2624

-0.1899 t0 0.1641

0.0037

<0.0001

0.2677

0.3925

0.7789

0.8017

0.3246

0.8838
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ekoksk

ns

ns

ns

ns

ns
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As reported in Figure 4a, the shape analysis showed a marked excisura ostii in sagittae belonging to
Class I, with regular posterior, slightly lobed margins. Dorsal and ventral margins were crenate, with
sculptures that become evident in size classes II and III. Specimens belonging to these last size classes
showed a most enhanced rostrum, and a most marked irregularity of the margins, then the first.
Concerning the differences between male and female specimens (Figure 4b), the mean contours

evidenced only a slight variation in margin crenation, more marked in males than females, especially

in the dorsal margins.

Figure 4. Mean shape of the left sagittae contours belonging to the three size classes (a) and to males (M) and females (F) (b).



Given the low significance of the differences observed between the right and left sides, these data
were excluded from subsequent analyses. ANOVA and LDA analyzed the wavelet coefficients
obtained by the shape analysis to provide an overview of the diversity of sagittal contours between
specimens of the opposite sex and between the size classes investigated in the present study. ANOVA
showed significant differences between sagittal contours of different size classes (p<0.05), as
confirmed by LDA (Figure 5). Shape indexes did not show significant variation between sexes

(p<0.05).
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Figure 5. Linear Discriminant Analysis (LDA) between elliptic Fourier descriptors calculated for the different size classes. Ellipses
include a 95% confidence interval.

3.2 Morphometric and Shape analysis of Lapilli

Following the terminology of Assis [56,66], the studied species showed triangular lapil/li with a non-
clupeiform-type morphology, longer than wider (Figure 6 a-b). They showed a convex ventral face
with a rounded, symmetrical junction between the ventral and dorsal faces. The dorsal face was
generally smooth, with a not clearly lobed medial part. The Extremum posterior was lobed and
smooth. At the same time, the extremum anterior was sharp and blunt pointed. Prominentia
marginalis was little, triangular with a blunt apex, while gibbus maculae was large, with a slightly
rough surface and an asymmetric, rounded outline, covering almost entirely the ventral otolith’s face.

It did not cover completely prominentia marginalis on the ventral face, while from the dorsal one, it



was clearly visible the regio apicale gibbi, almost entirely covering the dorsal outline of the
prominentia marginalis. Anteriorly, the sulcus lapillus was clearly visible, sunken along the entire

outline of the gibbus maculae.

Figure 6. Stereoscope images of the dorsal (a) and ventral (b) sides of left lapillus.

In Table 4 they were reported the morphometric parameters calculated for the studied specimens for

each side.

Table 4. Lapilli morphometric mean values, with standard deviation (s.d.), maximum (Max.), and minimum (Min.) values, for each
investigated size class: maximum otolith length (OL, mm) and otolith width (OW, mm), otolith perimeter (OP, mm), otolith surface
(0S, mm?2), otolith length to the total fish length ratio (OL/TL), circularity (C = OP2/0S), rectangularity (Re = 0S/[OLxOW]), ellipticity (E
= OL-OW/OL+0OW), aspect ratio (AR = OW/OL%), form factor (FF = 4mt0S/OP2) and roundness (Ro = 40S/mOL?2).

R L

Mean s.d. Min. - Max.|Mean s.d. Min. - Max.
OL 0.53 0.06 0.37-0.62 |0.52 0.04 0.43-0.6
ow 0.38 0.06 0.31-0.51 |0.35 0.05 0.31-0.47
OP 1.61 02 129-195|156 0.15 1.3-1.84
(O8] 0.14 0.03 0.1-0.2 |0.13 0.02 0.09-0.18
OL/TL% 0.2 0.04 0.13-0.24 | 0.2 0.04 0.14-0.26
C 18.320.6517.28 - 19.63| 18.7 0.6917.77 - 20.11
Re 0.7 0.02 0.67-0.74 | 0.7 0.01 0.68-0.72
E 0.16 0.07 0.02-0.24 |0.19 0.05 0.08-0.26
AR 0.73 0.11 0.61-0.95 |0.68 0.07 0.58-0.86
FF 0.69 0.02 0.64-0.73 | 0.67 0.02 0.62-0.71
Ro 0.65 0.1 0.54-09 |0.61 0.06 0.52-0.76

Eleven pairs of Lapilli were analyzed, and no significant variations of the morphometric parameters
between the right and left sides were identified. It was not possible to perform comparative analyses
between males and females as it was not possible to extract an equal number of /apilli from both
sexes. For the same reason, the analysis was inaccurate for size class investigations.

Strong positive correlations were found between TL and BW of the specimens’ vs OL/TL (see Figure

7).
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Figure 7. Pearson correlation matrix assessed between biometric specimens’ data (total fish length, TL, and body weight, BW) of the
investigated species and morphometric lapilli parameters.

Concerning the shape analysis, it showed a rhomboidal to oval mean contour of lapilli (Figure 8).
The medial edge was regular, without the presence of distinct lobes. There was no incision between
the extremum posterior and the lateral base of the gibbus maculae. The edge of the extremum anterior
was also regular, not lobed. ANOVA reported no significant differences between the shape indices of
left and right lapilli.
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Figura 8. Mean shape of the left (L) and right (R) lapilli contours.

3.3 Morphometric and Shape analysis of Asterisci

According to the terminology adopted by Assis [57,66], the studied species showed vertical-type
asterisci with a globular dorsal region and a pointed ventral one (Figure 9 a-b). The external face was
dorsally flat and ventrally concave, with a slightly rough surface, while the inner face was markedly
convex. Lobi were almost completely merged, not always clearly recognizable, with a furrow
delimitating lobus minor and lobus major. This last was semi-oval, with a vertical axis much longer
than the lobus minor. This was semi-circular, slightly anteriorly angled. Rostrum was short but always
identifiable as a short, angled protuberance in the anterior otolith’s margin.

Conversely, antirostrum was large, globular, and very evident. It was placed in the anterior margin of
the antero-dorsal part of the lobus major. Excisura major was wide, and not deep and the fossa
acustica was antero-ventrally located, superficial, and very long. Colliculumu was very evident,

covering a large part of the fossa acustica.



Figura 9. Stereoscope images of the external (a) and internal (b) faces of the right asteriscus.

Table 5 reported the morphometric parameters calculated for the left and right otoliths of the studied

specimens.

Table 5. Asterisci morphometric mean values, with standard deviation (s.d.), maximum (Max.), and minimum (Min.) values, for each
investigated size class: maximum otolith length (OL, mm) and otolith width (OW, mm), otolith perimeter (OP, mm), otolith surface (OS
mm?2), otolith length to the total fish length ratio (OL/TL), circularity (C = OP2/0S), rectangularity (Re = OS/[OLxOW]), ellipticity (E =
OL-OW/OL+0OW), aspect ratio (AR = OW/OL%), form factor (FF = 41t0S/OP2) and roundness (Ro = 40S/nOL2).

R L

Mean s.d. Min. - Max.|Mean s.d. Min. - Max.

OL 0.44 0.07 0.3-0.57 |0.45 0.07 0.32-0.56
OW  0.74 0.09 0.58-0.9 |0.71 0.08 0.54-0.85
OP 2.18 0.25 1.64-2.71 |2.31 0.37 1.62-2.95
(O] 0.24 0.06 0.13-0.38 | 0.24 0.06 0.14-0.35
OL/TL % 0.16 0.03 0.12-0.22 | 0.16 0.02 0.13-0.21

C 20.07 1.0918.54 - 22.63(22.15 1.76 18.42 - 24.58
Re 0.73 0.03 0.69-0.77 | 0.75 0.02 0.71-0.78
E(-) 0250.06 0.15-0.36 |0.22 0.05 0.17-0.36

AR 1.69 0.22 1.38-2.13 | 1.59 0.17 1.4-2.1

FF 0.63 0.03 0.55-0.68 | 0.57 0.05 0.51-0.68
Ro 1.57 0.21 1.24-1.93 | 1.51 0.17 1.3-2.01

Fourteen pairs of asterisci were analyzed, and no significant variations of the morphometric
parameters between the right and left sides were identified. It was not possible to perform comparative
analyses between males and females as it was not possible to extract an equal number of otoliths from
both sexes. For the same reason, the analysis was inaccurate for size class investigations.

Strong positive correlations were found between TL and BW of specimens vs. Asferisci area, length,

width, and perimeter (see Figure 10).
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Figure 10. Pearson correlation matrix assessed between biometric specimens’ data (total fish length, TL, and body weight, BW) of
the investigated species and morphometric asterisci parameters.

Concerning the shape analysis, the mean asterisci contours showed an overall oval shape of the
otoliths (Figure 11). The dorsal region contour was globular, while the ventral was tapered and more
pointed in the right asterisci than in the left ones. The excisura major was large, with a short and
rounded rostrum and a large and globular antirostrum. ANOVA reported no significant differences

between the shape indices of left and right asterisci.
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Figure 11. Mean shape of the left (L) and right (R) asterisci contours.

4. DISCUSSION

The results from present study provided the first complete description of the three otoliths pairs of B.
belone through morphometric, morphological and shape analysis, useful to understand their intra
specific variability and how this could be influenced by the epipelagic habits of this species. It is
important to explore the information stored inside these carbonate structures, able to provide reliable
data on the life habits, large- or small-scale migrations, populations structure and habitats switches.
Indeed, especially regarding the high migratory epipelagic species, it is often difficult to discriminate
between populations, understanding their movements, life habit, and ecomorphological adaptation to
epipelagic environment. These kinds of information are essential for conservation porpoises (for a
correct fisheries management and resource conservation) and to improve the knowledge base on the
ecological dynamics occurring in the pelagic domain. The studied species is an epipelagic species
characterized by a migratory pattern, from the off-shore to the near-shore waters, related to spawning.
Moreover, it shows a habitat switch during its growth, inhabiting the near-shore coastal environment,
often close to freshwater streams, in the first part of the life, moving in the off-shore epipelagic
environment during the adult life. The description of the mean otoliths shape and morphometry, and
their intra specific variability, provided by results fill the gap present in literature (especially regarding
utricular and lagenar otoliths) about the B. belone from the studied area, trying to analyze how its life
habit can influence the three otoliths' pairs morphology, morphometry, and shape.

Concerning sagittae, morphological data showed an overall morphology in line with literature from
the western and central Mediterranean Sea and the Black Sea [63,65]. Shape indexes presented
differences in aspect ratio and rectangularity, with markedly higher values in the studied population

than that from the western and central Mediterranean Sea [65]. Differences were evident for both



morphometric parameters (OL, OW, OP) and shape indexes (C, AR, Ro), also comparing data with
those reported in the literature from the Aegean Sea [62,79] and the Adriatic Sea [61]. These
differences in shape indexes could suggest the reliability, in the studied species, of shape and overall
contours for stock assessment and population discrimination, but, unfortunately, no literature data on
shape analysis performed on B. belone from other geographical areas are available to confirm this. It
is widely reported how morphometric and shape data on sagittae are reliable and useful to understand
the population structure of migratory epipelagic species. This is the case of Sardina pilchardus,
Walbaum, 1792. The population structure if this species in the Mediterranean Sea and Atlantic Ocean
has been reconstructed successfully using otoliths shape descriptors, also elucidating the connectivity
between Mediterranean and Oceanic individuals groups [80]. This is also the case of Scomberomorus
brasiliensis Collette, Russo & Zavala-Camin, 1978, in which the sagittae phenotypic variation has
been used as a stock structure’s indicator [68]. Otolith features’ variations between different
geographical areas could be related to environmental and genetic differences between the areas and
the populations, being otoliths under the dual regulation of environmental conditions and genetics
[81,82]. The main environmental factors influencing otolith morphometry, morphology, and shape
are depth, temperature, salinity, diet composition, and food availability. These can alter somatic
growth, fish metabolism, and otoliths features [51,52,83—85] under strong genetic control [80,81,86—
88]. According to the literature, B. belone populations show substantial geographical variability in
age at first maturity, growth rates, size ranges, sexes portions, age structures, and length distribution
[12,15,17,28]. This high geographical variability in population dynamics could reflect a strong
sensitivity of the studied species to environmental conditions and fisheries activities. Indeed, many
population descriptors, such as growth rates, abundance, length distribution, and age composition,
are strongly affected by water masses, physiochemical and biological features, and fishing pressure
[36,89,90]. Concerning feeding habits, studied species show a generally stable diet composition
within the Mediterranean Sea and the Atlantic Ocean [18,20,21], with crustaceans as the main prey
category and main differences related to crustaceans’ species contribution and minor preys items
composition. The variability in diet composition, with the different environmental conditions
experienced by the populations, and the inter-population genetic variability, could shape the variations
between the different geographical areas in otolith features. Further analyses of the sagittae at inter-
population level are required to understand and confirm the strong shape, morphological, and
morphometrical differences between specimens of B. belone from different geographical areas. This
is essential to assess the reliability of shape analysis for the stock assessment and population
discrimination of the species, an essential tool to improve its conservation in the entire Mediterranean

basin.



As highlighted by statistical analyses on shape data, the mean sagittal contour of the specimens from
the Ionian Sea was not affected by bias related to intra-specific differences between otoliths’ sides
and sexes. This, indeed, is one of the main factors that could affect the accuracy of shape analysis for
stock assessment, being this strongly altered by choice of sagittae from one side rather than the other,
or from one sex rather than the other, in the presence of directional bilateral asymmetry or sexual
asymmetry [91-93]. Statistical analysis has detected significant differences between the three size
classes in morphometry and shape. This strong relation between sagittae morphometry and
morphology and specimens’ biometry (total length and body weight); Pearson correlation results also
confirmed it. This finding was in line with literature from the Adriatic and Aegean Seas [61,62],
which reported a strong correlation between total fish length and otolith morphometry for B. belone,
the strongest among several investigated pelagic species, essential for the back calculation of fish
length from the otolith one. The high variability in shape between the sagitfae belonging to the three
investigated size classes could be related to the life habits of the species. For instance, according to
Dorman [18], smaller specimens of B. belone seem to feed more frequently at nearshore surface
waters than larger ones, resulting in differences in diet composition. In addition to the contribution of
different prey items, the variations in environmental conditions are experienced by smaller and adult
specimens, being nearshore water characterized by different physiochemical properties and
oceanographic features than the offshore ones. This environmental variability could allow the
differences detected between size classes in sagittal shape, but further analysis of the life habits of the
studied species in the lonian Sea are required to confirm this thesis.

Concerning /lapilli, results showed a different morphology than those reported literature from the
Atlantic coast of Portugal [56,66]. As stated by Assis, the variability was mainly related to the general
otolith’s shape and the gibbus maculae dimensions. Indeed, specimens from the Ionian Sea showed a
more oval and rhomboidal than triangular shape, with less bulky gibbus maculae than those shown
by specimens from the Portugal coast. These differences between shape and morphological results
and literature data could indicate an inter population variability of lapilli, not investigated at all in
literature. Unfortunately, no references with comparable data are present in literature to assess the
morphometrical distance of lapilli at inter-population level. The detected differences with the
literature in morphology and shape confirm the need to improve the knowledge base on the intra-
population variability of these otoliths, which nowadays are deeply underestimated [58].
Concerning asterisci, results showed a morphology in line with that reported in the literature from
the Atlantic Portuguese coast [57]. Some differences were detected regarding the general shape, more
oblong in the studied population and the rostrum, less evident in the studied population, than those

from the literature. As stated above, for lapilli, these differences could indicate a variability at the



inter-population level, until now not investigated at all in asterisci. The absence of literature on
morphometrical data made it impossible to compare the morphometry of B. belone asterisci from the
Ionian Sea with that from other geographical areas. As highlighted by the detected differences in
morphology and shape with literature data, it is essential to improve the knowledge base on the intra-
population variability of these otoliths, until now deeply underestimated [58].

At the intra-population level, statistical analyses on lapilli and asterisci did not show significant
differences between left and right otoliths. Concerning size classes, especially asterisci, showed a
strong correlation between otoliths morphometries (e.g., OS, OL, OW, and OP) and specimen
biometrics (TL and BW), as stated by Pearson correlation results. This could introduce a substantial
variability between small and large individuals in the studied species from the Ionian Sea. This may
be related to the life habit differences between life stages of B. belone, stated above, to discuss the
size class differences detected in sagittae. It was widely stated that saccule and lagena are mainly
involved in the perception of sound, while the utricle seems to have an important role in vestibular
sense [58,94,95].

For this reason, sagittae, asterisci, and their end organs could be influenced by the same selective
forces, explaining the more enhanced correlation of morphometries to fish total length and body
weight shown by these otoliths than lapilli. These last have always been considered the most
conservative of the three [56], despite Schulz-Mirbach et al. [58] having shown their variability at the
inter-specific level, assessing differences also in the development of vestibular sense. Further analysis
on lapilli and asterisci from different populations of the studied species, and with a vast number of
samples, are required to confirm the reliability of shape, morphology, and morphometry for
population discrimination and to assess the variability at intra-population between sexes and size

classes.

3. CONCLUSION

Results provided the first accurate description of the three otoliths pairs of the studied species from
the Tonian Sea, with the first-ever description of /apilli and asterisci from the Mediterranean Sea.

These data have confirmed the heterogeneity of sagittal morphology and morphometry between the
present paper and literature, also highlighting the presence of differences in mean contour and
morphometry between size classes. The absence of directional bilateral asymmetry and sexual
asymmetry lets us hope for a reliable and straightforward application of shape analysis for the stock
assessment on this species, which is essential for its conservation and correct management of its

commercial exploitation.



Concerning lapilli and asterisci, results have confirmed the need to deepen the knowledge of these
two otoliths pairs, not studied at all in the Mediterranean teleost species. They showed differences in
morphometry and shape with literature data, which could indicate an intra-specific variability
between specimens belonging to different populations. Improving the knowledge base on this is
essential to understanding how different environments can influence the inner ear development and
morphology and how the vestibular and hearing senses change between species and populations
according to their life habits and adaptation to environments. Moreover, for both otolith pairs, it was
not possible to investigate the variability between size classes and sexes in the studied population for
lack of samples. Further analyses on a broader number of lagenar and utricular otoliths are required
to analyze their variability between size classes and sexes.

Future research on the three otoliths pairs of the studied species shall investigate the reliability of
shape analysis for stock assessment and population discrimination, adding data on genetics, somatic
growth dynamics, and feeding habits on specimens from different geographical areas. This will be
essential to find direct correlations to elucidate the dynamics influencing the inter-population
differences in sagittae, lapilli, and asterisci, improving the information about the connections
between inner ears, species and population genetics, and environment. This is the base of the
phenotypic plasticity and the ecomorphological adaptation of teleost species, allowing the shape
differences between sagittae, so crucial for stock assessments and conservation porpoises. Moreover,
by deepening the knowledge base on the intra and inter-specific variability of lagenar and utricular
otoliths, elucidating their variations related to genetic and environmental conditions, it will be
possible to improve the information about teleost inner ear functioning and eco-morphology, opening

new ways for species population discrimination.
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Ecomorphological adaptation of Scorpaena porcus (Linnaeus, 1758): evidence from two

different environments revealed by sagittae features and somatic growth rates

ABSTRACT

Improve the knowledge base on the ecomorphological adaptation of teleost species to different
environments, trying to reconstruct how habitat can shape sagittae, is essential for conservational
porpoises, evolutionary evaluations, and population dynamics’ studies. Here is provided a
comparative study between sagittae features, growth rates and age structures of two Scorpaena
porcus populations, both the Mediterranean Sea, one from the Strait of Messina (Central
Mediterranean Sea) and one from Split area (Adriatic Sea). A total of ninety individuals, half from
Messina (Italy) and half from Split (Croatia) have been collected from two totally different
environments in terms of depths and physiochemical features. Results showed an overall different
morphology, shape, and morphometry of sagittae among the three size classes of the two investigated
populations. Samples from Messina were characterized by a most elliptical and slender shape, and a
most regular serration of margins than those from Split, that exhibited a wider sagitta, with a most
enhanced anti-rostrum and longer rostrum. Split population showed also a significantly slower
growth, with a deeply different age structure than Messina’s one. Results have confirmed the
reliability of sagittae to detect the inter population variability of S. porcus from different geographical
area, an essential tool for stock assessment, population studies and investigation on ecomorphological

adaptation of teleost species to different habitats.

1. INTRODUCTION

The family Scorpaenidae counts more than 1400 species and represents one of the most diverse fish
groups worldwide. It includes species adapted to live in many different environments, from the
coastal shallow waters to the deep seas. Within the family, species belonging to Scorpaena genus are
among the most abundant in all the temperate marine environments, and in several tropical seas,
around the world. They are benthic species, living in sandy rocky bottoms, with 61 valid species
included belonging to the genus [1,2].

Among these, the black scorpionfish, Scorpaena porcus (Linnaeus, 1758), is one of the most common
in the entire Mediterranean basin, Black Sea, and the Eastern Atlantic Ocean, from the British Islands
to the Atlantic Moroccan coasts [3,4]. It dwells rocky, or mixed rocky-sandy, benthic habitats, from

the shallow water to the bathyal plan, up to 800 m of depth [2]. It is very common also on seagrass



beds, showing a sedentary lifestyle with nocturnal feeding habits [5,6]. According to literature [7—
12], this species is a small-body benthic predator, with a preference for small fishes and crustaceans.
It is considered, together with the other scorpionfishes species, an essential predator for the well-
functioning of the rocky-reefs ecosystems worldwide, both in temperate and tropical areas. Unlike
other congeneric species, S. porcus is characterized by a slow-growth and a relatively short life, with
12 years as maximum recorded age [13], and an enhanced geographical heterogeneity in life span and
growth rates within the distribution areas. This high inter population variability has been related to
the influence of the different fishing pressures and environmental factors experienced by the
populations within the distribution range [7,13-18]. Many authors [19-22] have also suggested S.
porcus as indicator species for biomonitoring and environmental conditions’ assessments. In the
Black Sea, this species showed a significant negative trend in body size related to several factors, as
pollution, and temperature rise, being negative affected by anthropogenetic pressure [20-22]. While,
in the Adriatic Sea, analyses on historical trammel catch data have shown variations in population
dynamics, biological traits and biomass, related to fishing pressure, confirming the sensitivity of the
species to fisheries activities [7,19,23-26]. It represents one of the main target species of
Mediterranean artisanal fisheries (especially in the eastern and western parts of the basin), being a
large portion of the total catch and, consequently, a large source of income [14,19,24,27-31] thanks
to its relatively high commercial value in Croatia, Spain, and Italy. Improve the knowledge base on
the intra-specific variability of S. porcus, analyzing the different growth dynamics and eco-
morphological adaptations of populations inhabiting different geographical areas, is essential to
enhance its conservation. In addition, in fishery biology, a proper assessment of fishes’ populations
dynamics and stocks’ structure is a fundamental step to establish good management measures,
monitoring species and communities’ response to management actions and different exploitation
levels [32-35]. Moreover, being S. porcus a benthic species with a low home-range, a high spatial
heterogeneity, and an enhanced ecological value, investigate how different habitats can influence its
otoliths’ features (such as shape, morphology, and morphometry) and growth rates acquires great
relevance and scientific interest, also in terms of taxonomical studies and evolution.

Otoliths are pairs of calcium carbonate masses located in the fishes’ inner ear. This is composed of
three semicircular canals, with their end organs (ampullae), and three otolithic end organs (saccule,
utricle and lagena) [36]. In each of this is located an otolith mass (respectively, sagitta, lapillus and
asteriscus) connected through an otolithic membrane to the sensory epithelium (macula) [37]. Ciliary
bundles of mechanoreceptive hair cells, extending from this area, convert mechanical stimuli to
electrochemical energy, resulting in the neurotransmitters release, which allow the nerve stimulation

[38,39]. This physiological process, present in all the vertebrates, lies at the basis of sound perception



and vestibular functions, with the inner ear serving as multi-sensory statoacustic organ [40,41].
Semicircular canals detect angular acceleration (e.g., head-body rotation), while otolithic end organs
detect linear acceleration (resulting from movement and body tilts), gravitational force and sounds
[38,42,43]. According to the mixed function hypothesis [38,44], each otolithic end organ is involved
in both vestibular and auditory functions, with a different involvement degree for each of them,
changing specie-specifically. Several scientific evidences, provided by otolith-removal experiments
and microphonic potential evaluations, have shown a major involving in the vestibular function for
the utricle (e.g., in gravitational force detection), than saccule and lagena, which seem to have a most
enhanced sound perception function [45-49]. Indeed, saccule is increasingly considered as the main
auditory end organ, as also highlighted by the anatomy of the peripheral structures (e.g., anterior
swim bladder extensions) involved in the hearing process of sound specialist teleost species, and
usually connected to saccule, and rarely to lagena or utricle [50]. Inside saccule, sagitta acts as the
mass of an accelerometer, moving with different phase and amplitude than sensory epithelia and fish
body, when exposed to the water particle motion induced by a sound field [41]. This relative motion
of sagittae respect sensory epithelia (related to the density differences between otolith masses and
fishes tissues) induces the hair cells’ deflection and the consequential physiological response to
sounds [51].

Sagittae, as the other otoliths, growth for the entire fishes’ life, with a daily metabolically-inert
deposition of calcium carbonate [52,53]. Their peculiar physiology and growing mechanism have
made otoliths (mainly sagittae, for their larger dimension, in non-otophysan species, and most
enhanced intra and inter specific variability, than lapilli and asterisci [54-56]) an essential tool to
study fish ages and growth dynamics [57,58]. Thanks to their microelements (being several elements,
as Sr, Na, K, Cu, Ba, Cd, Pb, Fe, Li, present as a very small fraction [59]) and isotopic composition,
sagittae can help to understand several aspects of fishes’ life history, as migration patterns [60,61],
population structure [62,63], nursery areas [64,65], trophic ecology [66,67] and environmental
variability experienced by species during their life [68]. Moreover, thanks to their high variability in
morphology and shape between and within species [69—74], they have been widely used also in
taxonomy [75-79], paleontological studies [80-82], stomach content analysis [83,84], and stocks
assessment in fisheries studies [85-88]. Concerning the intra-specific variations in shape and
morphology, they can be related to many factors, ranging from those genetically-driven [89], to
environmental conditions and diet [86,90]. For this reason, sagittae are considered a good phenotypic
marker, reliable to investigate the ecomorphological adaptation of teleost species to different
environmental conditions and ecological dynamics [91,92], as highlighted by the shape and

morphological differences between stocks and populations [85-88].



The present paper aims to investigate the intra specific differences in age structures, growth dynamics,
diet composition, and sagittae shape and morphology, between two populations of S. porcus
inhabiting, respectively, the tidal ponds in the beach rock formations, along the Strait of Messina
coast (Central Mediterranean Sea), and the coastal environment near the Split Area (Eastern Adriatic
Sea). The stomach content analysis has been performed only on the specimens from Messina, using
the obtained data to make a comparison with the data present in literature for the diet composition of
the studied species in the Split area [7]. The main purposes were (i) to assess how sagittae contours,
morphology and morphometry change among size classes in the two studied populations, (ii) to
evaluate the reliability of shape and morphometrical analysis in the assessment of different S. porcus
populations, (iii) to investigate the differences in growth dynamics and age classes composition
showed between the studied areas, and (iv) how much this differences can be related to geographical
differences in diet composition and/or environmental conditions. These information are important to
improve the knowledge base on the influences of environment on inner ear morphology, otoliths and

somatic growth.

2. MATERIALS AND METHODS

2.1 Sample collection and studied areas.

A total number of 90 S. porcus specimens were sampled in two different localities of the
Mediterranean Sea: 45 specimens from the tidal ponds occurring toward the Sicilian coast of the
Messina’s Strait (Central Mediterranean Sea, 38°15'25.76"N, 15°36'51.37"E), and 45 specimens from
the coastal environment near the Split Area (Eastern Adriatic Sea, 43°26'0.93"N, 16°26'55.44"E)
(Figure 1). Both sampling, in Messina and Split, were carried out during the Winter season of the
2023.
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Figure 1. Map of the central Mediterranean Sea with the two studied areas highlighted in the boxes (Strait of Messina in green and
Split area in red).

Thanks to the limited depth (ranging from 0,2 to 1,2 m) of the tidal ponds occurring in the “beach
rock” formations toward the Sicilian coast of the Strait of Messina, specimens were caught manually,
using a sampling net from the rocky bench present in the beach front. The sampling was authorized
by local authorities.

“Beach rock” is a coastal biotope extending in the north-eastern Messina coast, between two villages:
Ganzirri and Torre Faro. This sedimentary formation represents a rocky bench (2 kilometers long)
that arrive from the beachfront, in the intertidal zone, to a depth of 2-3 meters, at the beginning of the
infralittoral zone. It is considered an area of high interest, being part of the Oriented Natural Reserve
of “Capo Peloro Lagoon”, from an anthropological (used in the past as a quarry for milestones),
geological (proof of Tyrrhenian age) and ecological point of view [93]. This biotope hosts very
peculiar benthic communities, with a substantially different species composition and richness to those
founded in other similar Mediterranean environments [94]. It also houses extended Vermetus
formations (protected by European Community) with an unique arrangement, being on the substrate
surface, and not in the typical trottoir formation, as in the rest of the Mediterranean Sea [95]. Thanks
to its irregular shape, this area is characterized by several tidal ponds, with different surface and
connection dynamics to the sea, hosting very complex ecological communities. These are essential
nursery areas for several teleost species and a shelter zone for numerous taxa [96,97]. Indeed, beach

rock represents the only natural substrate for benthic species present at these depths [94], and a shelter



from the strong currents that make the coastal areas of the Strait of Messina a difficult environment
for habitat exploitation [97]. Indeed, the Strait of Messina is located at the junction area between
lonian and Tyrrhenian Sea. The meet of these two water masses, different in physiochemical
properties, occurs in an area with an enhanced morpho-bathymetrical irregularity of the bottom,
resulting in a very intense hydro dynamism. This generates a mixing process of the water masses,
with strong currents regulated by tidal phases [98,99]. This intense hydro dynamism, and the peculiar
waters’ physio chemistry, has meant that this area has become a hot spot of biodiversity, with the
presence of unique biological communities [94,100].

Concerning specimens from Split area (Figure 1), they were collected using sets of trammel nets; 1.5
m high and 32 m long trammel nets with inner layer mesh size of 28 mm and 150 mm mesh size of
outer layers. Fish samples were captured in the nearshore, coastal waters in the Split area (43.5°N),
in the eastern Adriatic, at depths ranging between 10 and 40 m (20 m in average). The biotope is
characterized mainly by rocky substrata covered by photophilic algae alternating with patches of sand
and Posidonia oceanica seagrass beds [7,19]. The ecological condition of the coastal waters in the
Split area is assessed as very good [101], with a relatively high biodiversity, and up to 27 different
recorded fish species. Such high biodiversity is characteristic for coastal waters, especially protected
coves, and bays, and for more complex habitats that are overgrown with the seagrass beds. Almost
all widespread fish families of the Adriatic were represented in the sampled area, namely: Sparidae,
Mullidae, Mugilidae, Centracanthidae, Labridae and Gobiidae [102]. The eastern Adriatic Sea, to
which belong the Split area, is outflowed by the East Adriatic current, bringing Levantine
Intermediate Water from the lonian Sea [103,104]. In all the Adriatic, the water column is
characterized by a high homogeneity during winter, thanks to wind mixing processes and surface
cooling. While, during Summer it becomes more stratified, due to the drop of wind mixing processes
[105].

2.2 Samples processing, stomachs sampling, otolith extraction and age reading

All sampled specimens were transported in the laboratory, where they were weighed (TL, cm) and
measured (TW, g). Sagittae were collected from each specimen, cleaned (15 min in 3% H20g,
followed by Milli-Q water) and, once dried, stored in Eppendorf microtubes. Concerning stomachs,
they were sampled only from Messina’s specimens, and stored in ethanol 70% + glycerin 5% for
stomach content analysis. To assess the intra specific difference in sagittae features (shape and
morphology), samples from both areas were divided in three size classes, according to TL. Class |

included specimens smaller than 120 mm, Class Il those with a TL ranging from 120 mm to 180 mm,



and Class Il larger than 180 mm. Left sagittae of both populations were photographed on the annuli
side using a stereomicroscope (Olympus SZX10) equipped with an Olympus DP-25 digital camera,.
Images were converted in binary format for shape analysis, using the ImageJ 1.48p free software,

available at http://rsb.info.nih.gov/ij/.

After images collection, left sagittae were used for age reading. Reading process was carried out by
two different operators, without data on fish length. Both readers performed two different readings,
with one month of distance one from the other. If readings were different for one or two years, it was
performed a third reading, with the otolith discarding in the case of persisting differences. Specimens
age was assessed under reflection light, using the stereomicroscope. The pattern of opaque and
translucent zone was used for annuli counting. Indeed, according to literature on studied species
[7,14], an annulus is the combination of an opaque and a translucent (or hyaline) ring, appearing,
under the reflecting light respectively light and dark. When this pattern was not clear, sagittae were
grinded to facilitate the rings’ counting. It was not necessary the otoliths sectioning, being grinding
enough to reveal the opaque and translucent zones’ pattern for those samples in which this was not
clear from the whole otoliths viewing. The count was performed in the axis from nucleus (appearing
as a light ring under the reflecting light) to the rostrum tip, detected as the area with the most

unambiguous annulation pattern.
2.3 Stomach content analysis

Each stomach content was analyzed under the stereomicroscope, to identify, at the lowest taxonomic
level possible, each prey. Each preys’ items were counted and weighted, also detecting the digestion
degree (1 =undamaged; 2 = almost digested; 3 = highly digested). The anatomical undigested preys’
parts (e.g., otoliths, telsons, carapaces, mouth parts, heads capsules, fish columns) were counted to
assess the contribution of each prey taxon to the diet, grouping the unidentifiable preys’ items, due to
the advanced state of digestion, into undetermined taxa. According to their presence in the stomachs,
only one type of anatomical remains was counted for each prey group to avoid the double-counting.
Following indexes were calculated to evaluate the contribution of each preys’ taxa to the diet: the
percentage of biomass composition (%W), the percentage of abundance composition (%N), and the
frequency of occurrence (%F) [106]. The Relative Importance Index was also calculated (IRI = %F
(%N + %P)) expressing it also as percentage ( % IRI = (IRI; =} IR[;) x 100) [107-109].
Concerning the empty stomachs, it was calculated the Vacuity Index, VC = (Ne/N) x 100, as the
percentage of empty stomachs (Ne) on the total stomach number (N).


http://rsb.info.nih.gov/ij/

2.4 Shape and morphometric analysis

Shape R (R software package, RStudio 2022.07.1 Build 554; R Gui 4.1.3 2022.03.10) was used to
perform the Shape analysis from the otoliths’ outlines. This package has been developed for inter and
inter specific analysis on shape variability in teleost’s otoliths [110]. Each binarized sagitta photo
was analyzed for the outlines’ detection using a shape R specific function, with 0.05 as value for
intensity threshold greyscale. A data file with studied specimens’ information (as body weight and
fish length) was linked to extracted contours. These was used for each size classes to perform several
otoliths’ measurements (maximum width, OW, mm, maximum length, OL, mm, perimeter, OP, mm,
and surface, OS, mm?), through the getMeasurements function. Proper package functions were
applied for the extraction, and subsequent adjusting, of Wavelet and Fourier coefficients, to assess
the allometric relationships between fish lengths and otolith shapes. Wavelet coefficients were used
to provide the comparison between the mean sagittae shape of the analyzed populations. The
reconstruction’s quality was estimated analyzing the deviation of the coefficient’s reconstruction
from the otolith outline (S1 Fig). Finally, a g-plots R package’s specific function was used to
investigate how the position along the outline can influence the wavelet coefficients variation (S2
Fig).

Otoliths measurements performed with shape R were used to calculate several indexes. The sagittae
length increase, related to the total fish length, was evaluated assessing otolith length to total fish
length ratio (OL/TL); while, according to literature [111-116], several shape indexes were used to
evaluate intra and inter specific variability of sagittae shape: roundness (Ro = 40S/rOL?), form factor
(FF = 4nOS/OP?), aspect ratio (AR = OW/OL%), circularity (C = OP?/QOS), rectangularity (Re = OS/
[OLxOW]) and ellipticity (E = (OL-OW)/(OL+0OW)).

2.5 Statistical analysis

Length frequency distributions of individuals from the two sampling areas were compared using the
Kolmogorov—-Smirnov two-sample test.

The von Bertalanffy growth model was fitted to the estimated age-length dataset using a non-linear
least-square procedure of a Gauss—Newton algorithm. The von Bertalanffy growth parameters (Loo,
K and t0) were calculated for both fish populations sampled in the Messina’s Strait and Split area and
compared by the multivariate Hotelling’s T2-test. The growth performance index (@’ =2 log Loo +
log K) was then calculated to compare the different populations of the black scorpionfish throughout

its distribution range.



Univariate and multivariate statistical methods were applied to conduct investigations on fish
parameters and sagittae features of specimens from Messina using Prism V.8.2.1 (Graph- pad
Software Ltd., La Jolla, CA 92037, USA), R vegan package V.2.5, and PAST V.4. Sagittae
morphometric variations between the different size classes investigated were detected using a one-
way analysis of variance (one-way ANOVA) or Kruskal-Wallis one-way ANOVA, followed by
Tukey or Dunn's post-hot test respectively. A Linear Discriminant Analysis (LDA) was conducted to
obtain an overview of the differences in otolith parameters between the size classes examined
Additionally, the correlation between the measured parameters and fish body weight (BW) and total
length (TL) was tested using the Spearman correlation analysis.

To explore the variation of otolith contours between specimens the shape indices were extrapolated
and analysed through an ANOVA-like permutation test and a Linear Discriminant Analysis (LDA)
to obtain an overview of the differences in otolith shape between the size classes examined. The
significance level of p-value was set at <0.05.

Univariate and multivariate statistical methods were applied to conduct investigations on fish
parameters and sagittae features of specimens from Split using Prism V.8.2.1 (Graph- pad Software
Ltd., La Jolla, CA 92037, USA), R vegan package V.2.5, and PAST V.4. Sagittae morphometric
variations between the different size classes investigated were detected using a one-way analysis of
variance (one-way ANOVA) or Kruskal-Wallis one-way ANOVA, followed by Tukey or Dunn's
post-hot test respectively. A Linear Discriminant Analysis (LDA) was conducted to obtain an
overview of the differences in otolith parameters between the size classes examined Additionally, the
correlation between the measured parameters and fish body weight (BW) and total length (TL) was
tested using the Spearman correlation analysis.

To explore the variation of otolith contours between specimens the shape indices were extrapolated
and analysed through an ANOVA-like permutation test and a Linear Discriminant Analysis (LDA)
to obtain an overview of the differences in otolith shape between the size classes examined. The
significance level of p-value was set at < 0.05.

A one-way analysis of variance, or a corresponding non-parametric test in case of non-homogeneity
of the data, were used to verify the existence of any differences in the sagittae extracted from Messina
and Split specimens, using the origin site of the samples as the only independent factor. For a more
detailed description of the two populations examined, a Mann Whitney test was used to explore the
variability of individual otolith morphometric parameter, within each size class, between the sampling
sites identified in the current study. P value significance was set at <0.05. Additionally, to obtain an
overview of the sagittae characteristics of the two populations under examination, a PCA was applied
to the dataset.



Finally, to investigate the variation of otolith contours between specimens, the shape indices were
extrapolated and analysed through an ANOVA-like permutation test and a Principal Component
Analysis (PCA) to obtain an overview of the differences in otolith shape in individuals from Messina

and from Split.

3. RESULTS

The 45 specimens from Messina showed a TL ranging from 6.5 to 23 cm, with a Mean TL + SD of
12.61 + 0.69. Concerning Split area, specimens showed a TL ranging from 11.2 to 24.1 cm and a
Mean TL = SD of 14.71 + 0.41 cm (Table 1). Length-frequency distributions were significantly

different between the two sampling areas (Kolmogorov—Smirnov test; P < 0.001).

Table 1. Number of analyzed S. porcus specimens, total length (TL) range and mean, with standard deviation (SD), from Messina and
Split.

Messina Split
Number 45 45
TL range (cm) 6.5 - 23 11.2-24.1
Mean TL + SD 12.61 £ 0.69 14.71£0.41

3.1 Growth rates and age structure

Age counts were successfully provided for all the otoliths from Messina and Split, with no sample
discarded. The age-length composition, provided for both the studied area, in Table 2, showed 3t0 5
years old as the main estimated ages (57.77 %) for the Messina specimens, with a maximum age of
5 years. In Split area, the larger part of the specimens was between 5 and 8 years old (75.57 %), with

a maximum age of 8 years.

Table 2. Age-length keys of S. porcus specimens from Messina and Split area

Messina Split
TL (cm) 1 2 3 4 5 2 3 4 5 6 7 8
7 7
8 6
9 5
10
11 1 2
12 1 1 4 3 1




13 2 5 1

14 1 6 1 3

15 2 1 7 1

16 3 1 3 3

17 5 2 1

18

19 1 1 1 2
20 1

21 1
22 1

23 2

24 1

N 18 1 22 2 2 1 4 6 7 17 7 3
% 40 2.22 48.89 4.44 4.44 2.22 8.89 13.33 1556  37.78 15.56 6.67

The von Bertalanffy growth curves were fitted to age-length dataset, estimated for individuals from
the Messina Strait and Split area (Figure 2). Estimated parameters for Scorpaena porcus from the
Messina Strait and Split area were L. = 28.78 cm, K = 0.22 year, to = -0.42 year (R?=0.89) and Lo
=41.04 cm, K = 0.06 year™, to = -2.45 year (R? = 0.73), respectively. The growth performance index
(@) was 2.26 for the fish from the Messina Strait and 2.00 for the fish from the Split area.

Messina: L= 28.78 cm; K = 0.22 year’; t, = -0.42 year
H

Total length (cm)
=

Split: Lins= 41.04 cm; K = 0.06 year; tp = -2.45 year

0 1 2 3 4 5 6 7 8 9
Ages (years)

Figure 2. Fitted von Bertalanffy growth curve for S. porcus individual from Messina and Split



The Hotelling’s T2-test indicated that the von Bertalanffy growth curves differed significantly
between the two tested populations (T2 = 2741.77 > T2 (0.05, 3.86) = 12.20). The L« value was higher
in fish from the Split area and the K value was higher in fish from the Messina Strait. Therefore,
considering the growth coefficient, fish from the Messina Strait grew faster than fish from the Split
area. Statistical difference in length-at-age data (Table 3) derived from the von Bertalanffy growth

curves was observed between the two populations (t-test for paired comparison, P = 0.025).

Table 3. Length-at-age’s estimates of S. porcus specimens from Messina and Split

Age (Years) Length-at-Age (cm)

Messina Split

1 7.77 -

2 14 11.9
3 15.34 11.77
4 17.25 12.3
5 20.75 13.67
6 - 14.82
7 - 17.54
8 - 19.53

3.2 Morphometric and Shape analysis

Following the terminology used by Tuset, Nolf and Assis [37,76,117], studied specimens showed an
overall morphology of sagittae characterized by an oblong to lanceolate outline, with serrate to
crenate margins. The anterior region was peaked, with rostrum, antirostrum and excisura ostii, that,
together with the notch tilt angle, changed between the two populations (Figure 3 a-f). The posterior
region was oblique to irregular, and the sulcus acusticus was heterosulcoid, ostial and median.

In Table 4 and 5 are provided the morphometric mean values for the two investigated populations,

with the minimum and maximum range, divided in the three size classes.



Figure 3. Stereoscope images of the medial view of the sagittae belonging to specimens from Messina (a-c) and Split (d-f)

Table 4. Morphometric mean values of left sagittae of S. porcus individuals from Messina, with standard deviation (SD), minimum

(Min.) and maximum (Max.) range, for the three investigated size classes: OL (otolith length), OW (otolith width), OP (otolith

perimeter), OS (otolith surface), OL/TL (the ratio of otolith length to total fish length), C (circularity), Re (rectangularity), E (ellipticity),

AR (aspect ratio), FF (form factor), Ro (roundness).

CLASS | CLASS 11 CLASS 111
Mean d.st. Min.—Max. Mean d.st. Min. — Max. Mean d.st. Min. — Max.
oL 389 033 335-477 6.18 051 5.37-7.03 7.5 0.68 6.86 — 8.36
ow 171 012 152-204 245 017 2.12-2.86 3.01 035 257-354
OP 10.37 092 8.74-1249 1719 14 15.21-20.18 22.05 3.06 18.23-25.65
(OF] 4.6 0.79 3.59-6.9 1053 141 8.49-13.1 22.05 311 12.33-20.49
OL/TL 492 031 433-545 422 0.58 3.42-552 359 051 3-4.03
C 2352 146  21.3-271 2819 187 2559-32.62 3059 3.1 26.98 — 34.93
Re 069 18  0.65-0.73 0.69 0.01 0.66 —0.71 0.7 0.01 0.69 - 0.72
E 039 0.02 0.36-042 0.43  0.03 0.38-0.49 043 0.03 0.38 - 0.46
AR 044 167 041-047 0.4 0.03 0.34-0.45 0.4 0.03 0.37-0.45
FF 054 003 0.46-059 0.45 0.03 0.38-0.49 041 0.04 0.36 — 0.47
Ro 038 001 0.36-041 035 0.02 0.30-0.40 0.36  0.03 0.33-04




Table 5. Morphometric mean values of left sagittae of S. porcus individuals from Split, with standard deviation (SD), minimum (Min.)
and maximum (Max.) range, for the three investigated size classes: OL (otolith length), OW (otolith width), OP (otolith perimeter), OS
(otolith surface), OL/TL (the ratio of otolith length to total fish length), C (circularity), Re (rectangularity), E (ellipticity), AR (aspect

ratio), FF (form factor), Ro (roundness)

CLASS | CLASS I CLASS 111
Mean d.st.  Min.—Max. Mean d.st Min. — Max. Mean d.st. Min. - Max.
oL 556  0.59 494 -6.7 6.33  0.44 5.45-7.27 8.03 0.68 6.68-8.55
ow 2.42 0.2 2.15-2.69 283 025 2.37-3.37 332 023 3.02-3.65
OP 1545 156 13.98-1848 1848 1.49 15.32 - 20.67 2375 2.88 18.84-27.03
(OR] 9.33 1.7 7.69-12.42 1234  1.86 9.43-16.63 18.44 314 14.32-23.17
OL/TL 482 0.62 41.83-59.83 4.42 0.44 3.37-5.42 4.04 04 3.54-4.42
C 2576 162 23.06-2758 27.96 2.86 22.68 -33.3 30.96 5.58 24.78-40.85
Re 0.69 0.005 0.68-0.7 0.68 0.02 0.64-0.72 0.69 0.04 0.64-0.74
E 0.39 0.02 0.36-0.43 0.38 0.03 0.32-0.46 041 0.02 0.38 - 0.45
AR 0.44 0.03 0.4-0.47 0.45 0.03 0.37-0.51 041 0.02 0.38 - 0.45
FF 0.49 0.03 0.46 -0.54 0.44 0.08 0.12 - 0.55 042 0.07 0.31-0.51
Ro 0.38  0.02 0.35-0.41 039  0.02 0.34-0.45 036 004 0.32-041

Sagittae belonging to Messina specimens showed an oblong shape, with an enhanced margins
serration. The rostrum and the antirostrum were short, with an arrow excisura ostii, a not acute notch,
and an irregular posterior margin (Figure 4 a-c). Concerning the intra specific differences among size
classes, morphometrical analyses showed an enhanced variability, confirmed also by the mean
otoliths’ shapes (Figure 4 d). Sagittae of specimens belonging to Size Class | showed a most circular
contour, then the other classes. Also, the posterior region showed a peculiar organization, with a most
oblique margin than the other size classes. In the Size Class I, the contour was less circular than the
Class I, with most irregular posterior margin and less acute notch of excisura. The Size Class Il
showed a very different shape, with an enhanced ellipticity (as highlighted by the highest E value
among size classes: 0.41 £ 0.02 mm, see Table 4) resulting in a less wide and longer sagitta than the

other size classes.
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Figure 4. Stereoscope images of the medial view of the sagittae belonging to specimens from Messina, for the three investigated size
classes (a: Class I, b: Class I, c: Class I11), with their mean otoliths shape (d)

Overall, the specimens examined showed significant variations in total length and body weight
between the size classes considered in the study. In particular, the Dunn's test highlighted variations
in the total length of the specimens belonging to the three size classes and variations in body weight,
which essentially concerned Class | and Class 11, and then also Class | and Class 111 (p<0.05).

The results of the variations observed for the individual parameters of the otoliths extracted from each

size class are reported in Table 6.

Table 6 Dunn’s post hoc test results obtained through the sagittae parameters comparison between samples from Class I, Il and I,
belonging to Messina population. P value legend: (ns), P>0.05, not significant; (*), P<0.05, significant.

Comparison

Fvsil Tvs I 11vs Il

Sagittae parameters p value p value p value

oS <0.001" <0.001" 0.167™
oL <0.001" <0.001" 0.182™
ow <0.001" <0.001" 0.198™
OP <0.001" <0.001" 0.216™
Ro <0.001" 0.009"  0.998™
FF <0.001" <0.001" 0.972™

E <0.001" 0.020"  0.153™



P2IA <0.001" <0.001" 0.972"

Re 0.187™ 0.187"  0.187™
AR <0.001" 0.007" 0.911™
OL/TL <0.001" <0.001" 0.028"

LDA confirmed the results obtained by univariate analysis (Figure 5), explaining the main differences

observed between the classes | vs Il and | vs III.
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Figure 5. Linear discriminant analysis (LDA) plot between the specimens belonging to size classes I, 1l and 111, calculated on sagittae

parameters of Messina population.

All sagittae measurements showed significant correlation with specimen parameters TL and BW.

Results of Spearman correlation analysis are reported in Table 7.

Table 7 Spearman correlation results for Messina specimens

Spearman r

rvalue 95% confidence interval P value

Total length (mm)
Vs 0,8702 0,7709 to 0,9282 <0,0001

0S

Total length (mm)
Vs 0,8751 0,7790 to 0,9310 <0,0001

oL



Total length (mm)
Vs
ow

Total length (mm)
Vs
OoP

Total length (mm)
Vs
Ro

Total length (mm)
Vs
FF

Total length (mm)
Vs
E

Total length (mm)
Vs
PYA
Total length (mm)
Vs

Re

Total length (mm)
Vs
AR

Total length (mm)
Vs
OoL/TL

0,8624

0,8668

0,6035

-0,778

0,613

0,778

0,3596

-0,6137

-0,8616

0,7578 to 0,9237

0,7653 to 0,9263

0,3689 to 0,7657

-0,8744 to -0,6223

0,3829t00,7724

0,6223 to 0,8744

0,06494 to 0,5965

-0,7724 to -0,3829

-0,9233 to -0,7566

<0,0001

<0,0001

<0,0001

<0,0001

<0,0001

<0,0001

0,0153

<0,0001

<0,0001

Body weight (g)
Vs
(ON]

Body weight (g)
Vs
oL

Body weight (g)
Vs
ow

Body weight (g)
Vs
opP

Body weight (g)
Vs
Ro

Body weight (g)
Vs
FF

Body weight (g)
Vs
E

0,8542

0,8583

0,8414

0,8526

0,6107

-0,7635

0,6216

0,7442 t0 0,9190

0,7510 to 0,9214

0,7234 t0 0,9117

0,7416 t0 0,9181

0,3788 to 0,7704

-0,8658 to -0,6000

0,3938 t0 0,7775

<0,0001

<0,0001

<0,0001

<0,0001

<0,0001

<0,0001

<0,0001



Body weight (g)

Vs 0,7635 0,6000 to 0,8658 <0,0001
PYA
Body weight (g)
Vs 0,3634 0,06929 to 0,5994 0,0141
Re
Body weight (g)
Vs -0,6216 -0,7775 to -0,3938 <0,0001
AR
Body weight (g)
Vs -0,8639 -0,9246 to -0,7604 <0,0001
OL/TL
Spearman r
rvalue 95% confidence interval P value
Total length (mm)
Vs
0s 0,8702 0,7709 to 0,9282 <0,0001
Total length (mm)
Vs
oL 0,8751 0,7790 to 0,9310 <0,0001
Total length (mm)
Vs
ow 0,8624 0,7578 to 0,9237 <0,0001
Total length (mm)
Vs
opP 0,8668 0,7653 to 0,9263 <0,0001
Total length (mm)
Vs
Ro 0,6035 0,3689 to 0,7657 <0,0001
Total length (mm)
Vs
FF -0,778 -0,8744 to -0,6223 <0,0001
Total length (mm)
Vs
E 0,8762 0,7810 to 0,9316 <0,0001
Total length (mm)
Vs
PYA 0,778 0,6223 to 0,8744 <0,0001
Total length (mm)
Vs
Re 0,3596 0,06494 to 0,5965 0,0153
Total length (mm)
Vs
AR -0,6137 -0,7724 to -0,3829 <0,0001



Total length (mm)

'S

OoL/TL -0,8616 -0,9233 to -0,7566 <0,0001
Body weight (g)
Vs
oS 0,8542 0,7442 to 0,9190 <0,0001
Body weight (g)
Vs
oL 0,8583 0,7510 t0 0,9214 <0,0001
Body weight (g)
Vs
ow 0,8414 0,7234 t0 0,9117 <0,0001
Body weight (g)
Vs
OoP 0,8526 0,7416 t0 0,9181 <0,0001
Body weight (g)
Vs
Ro 0,6107 0,3788t0 0,7704 <0,0001
Body weight (g)
Vs
FF -0,7635 -0,8658 to -0,6000 <0,0001
Body weight (g)
Vs
E 0,859 0,752310 0,9218 <0,0001
Body weight (g)
Vs
P%A 0,7635 0,6000 to 0,8658 <0,0001
Body weight (g)
Vs
Re 0,3634 0,06929 to 0,5994 0,0141
Body weight (g)
Vs
AR -0,6216 -0,7775 to -0,3938 <0,0001

Body weight (g)
Vs
oLu/TL -0,8639 -0,9246 to -0,7604 <0,0001

The mean shape of otoliths differed significantly between the 3 size classes investigated (p < 0.001).
Marked differences in otolith shape have also been confirmed by LDA. From the LDA plot we can

observe that the three size classes were quite well separated (Figure 6).
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Figure 6 Linear discriminant analysis (LDA) plot between the Messina’s specimens belonging to size classes I, 1l and 111, calculated

on calculated on elliptic Fourier descriptors.

Concerning sagittae belonging to Split specimens, they showed a lanceolate contour, with a marked
irregularity of margins. The rostrum and antirostrum were long, with a wide excisura a very acute
notch (Figure 7 a-c). Concerning the intra specific differences among size classes, shape analysis
showed a general uniform shape (Figure 7 d). The Class | was characterized by most enhanced
circular contour than the other classes, with an oblique posterior margin and a not acute notch. In the
Class Il the notch became more acute than the first Class, and the circular shape started to become
flat. In the Class 11 the sagittae were more elliptic than the other classes, as highlighted by the highest
E value among size classes (0.41 £ 0.02 mm, see Table 5), with an enhanced length and a reduced
width.



180 0

Figure 7. Stereoscope images of the medial view of the sagittae belonging to specimens from Split, for the three investigated size
classes (a: Class I, b: Class I, c: Class I1I), with their mean otoliths shape (d)

The specimens examined showed significant variations in total length and body weight between all
the three size classes investigated in the study (p<0.05).
The results of the variations observed for the individual parameters of the otoliths extracted from

each size class are reported in Table 8.

Table 8. Dunn’s post hoc test results obtained through the sagittae parameters comparison between samples, belonging to Split
population, from Class I, 1l and Il1. P value legend: (ns), P>0.05, not significant; (*), P<0.05, significant.

Comparison

Lvsil  TvsIHll Tlvsll

Sagittae parameters pvalue pvalue pvalue

oS 0.003" <0.001" <0.001"
oL 0.002" <0.001" <0.001"
ow <0.001" <0.001" <0.001
OP <0.001" <0.001" <0.001
Ro 0.716™ 0.695™ 0.292"
FF 0.205™ 0.026" 0.196™
E 0.999™ 0.471"™ <0.029"
PZA 0.236"™ 0.015" 0.097™
Re 0.640™ 0.640™ 0.640™
AR 0.618™ 0.330"™ 0.028"

OL/TL 0.121™ 0.011" 0.150"




LDA confirmed the results obtained by univariate analysis (Figure 8), explaining the main differences

observed between the size.
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Figure 8. Linear discriminant analysis (LDA) plot between the specimens belonging to size classes I, Il and 111, calculated on sagittae

parameters from Split population.

Almost all sagittae measurements showed significant correlation with specimen parameters TL and

BW. Results of Spearman correlation analysis are reported in Table 9.

Table 9. Spearman correlation results for Split population

Spearman Correlation

r 95% confidence interval P value

Total Length (mm)
VS 0,7055 0,5131 to 0,8305 <0,0001

(O

Total Length (mm)

0,6988 0,5033100,8263  <0,0001
VS
oL
Total Length (Mm) ) 5cq 0,3715100,7670  <0,0001

Vs
ow



Total Length (mm)
Vs
OP

Total Length (mm)
Vs
Ro

Total Length (mm)
Vs
FF

Total Length (mm)
Vs
E

Total Length (mm)
Vs
PZA

Total Length (mm)
Vs

Re

Total Length (mm)
Vs
AR

Total Length (mm)
Vs
OoL/TL

Body weight (g)
Vs
oS
Body weight (g)
Vs
oL
Body weight (g)
Vs
ow
Body weight ()
Vs
OP

0,6709

-0,1929

-0,2544

0,3044

0,2544

0,06491

-0,3044

-0,7122

0,7048

0,7072

0,6043

0,6878

0,4629 to 0,8089

-0,4674 t0 0,1155

-0,5165 to 0,05119

0,0030 to 0,5551

-0,05119 to 0,5165

-0,2415 to 0,3595

-0,5551 to -0,003034

-0,8346 to -0,5229

0,5119to 0,8300

0,5154 t0 0,8315

0,3701 to 0,7663

0,4873 to0 0,8195

<0,0001

0,2041

0,0917

0,0420

0,0917

0,6719

0,042

<0,0001

<0,0001

<0,0001

<0,0001

<0,0001



Body weight (g)
VS -0,2315 -0,4984 to 0,0754 0,1260
Ro
Body weight (g)
Vs -0,306 -0,5563 to -0,004762 0,0409
FF
Body weight (g)
Vs 0,3225 0,0230 to 0,5688 0.0307
E
Body weight (g)
Vs 0,306 0,004762 to 0,5563 0,0409
P2IA
Body weight (g)
Vs 0,03966 -0,2652 to 0,3373 0,7959
Re
Body weight (g)
VS -0,3225 -0,5688 to -0,02303 0,0307
AR
Body weight (g)
VS -0,6734 -0,8105 to -0,4665 <0,0001
oL/TL

The mean shape of otoliths differed significantly between the 3 size classes investigated (p < 0.001).
Marked differences in otolith shape have also been confirmed by LDA. From the LDA plot we can

observe that the three size classes were quite well separated (Figure 9).

o
<
Y
2 v
<
v
-15.0 7.5 * 75 15.0 225 30.0 375
*»
o' 2
LY Rd
0: *
e * 4
Axis 1 (93.91%)

Figure 9. Linear discriminant analysis (LDA) plot between the specimens belonging to size classes I, Il and 111, from Split calculated

on elliptic Fourier descriptors.



3.3 Inter-population differences between sagittae features

Overall, the two populations examined prove to be intimately different both for fish parameters and
sagittae features (P<0.05), as well confirmed by PCA analysis (PC1 96.10%; PC2 3.51%) (Figure
10).

-300 -225 225 300

PC2

=50
PC1

Figure 10. Principal Component Analysis showing fish and sagittae features differences between the sampling sites: Messina (red dots)
and Split (blue dots)

The results obtained through the Mann Whitney test are reported in Table 10.

Table 10. Mann Whitney test results obtained for otolith morphometric parameters comparison between sampling sites, Strait of
Messina, and Split. P value legend: >0.05, not significant (ns); 0.03", moderately significant; 0.002 ™, significant; 0.001 *** highly
significant.

Messina vs Split Class I Messina vs Split Class Il Messina vs Split Class 111

Sagittae parameters P value P value P value
TL (mm) <0.0001™" 0.3982 " 0.5368 ™

BW (g) <0.0001™ 0.2002 " 0.4286 ™

(O] <0.0001™ 0.0008™" 0.3290 ™

oL <0.0001™ 0.2506 " 0.2468 ™

ow <0.0001™" <0.0001™" 0.1255 ™

OoP <0.0001™ 0.0019™ 0.4286 ™

Ro <0.0001™" <0.0001™" 0.0043"

FF 0.0056" 0.8218 ™ 0.9307 ™



E 0.8656 " <0.0001"" 0.5368 ™

PZA 0.0056" 0.8218 ™ 0.9307 ™
Re 0.3339 ™ 0.0646 " 0.7922 ™
AR 0.8656 " <0.0001™ 0.5368 ™
OL/TL 0.3002 "™ 0.108 ™ 0.1255 ™

It is easy to see how the major differences concern size classes I and I1. Therefore, it is plausible that
the dissimilarities highlighted by the LDA (Figure 11) are to be attributed to the size classes of the

specimens.

Axis 2 (25,25)
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Figure 11. Linear Discriminant Analysis (LDA) between morphometric parameters of the investigated populations for the three

investigated size classes.

The analysis of the sagittae contours of the two populations examined showed a strong variability
between the specimens of class | (p=0.008), class Il (p=0.001) and class Ill (p=0.02). Results of PCA
and mean otoliths shapes confirmed the differences observed for each class between the sampling
sites, showing a variance of 24.29% (PC1) and 17.16% (PC2) for Class I, 40.32% (PC1) and 18.21%
(PC2) for Class Il, and 44.37% (PC1) and 18.71% (PC2) for Class Il (Figure 12 a-c).

In Figure 12 d-f is provided a comparison of the mean otoliths’ contours for the three investigate size
classes. Specimens belonging to size Class | showed an enhanced variability concerning the excisura
ostii and dorsal and ventral margins, more irregular in Split than Messina one. Specimens from Class
I showed visible inter-population differences regarding rostrum and overall mean contour, oval in
individuals from Split and elliptical in those from Messina. In the Class I11, the differences detected

for the second size class were confirmed, with most marked excisura ostii showed by Split specimens



than Messina ones, which reported a less marked irregularity of the margins, a shorter rostrum and a

less pointed antirostrum.

Class 1 a Class 11 b Class 111 c
o . .
. . - e
.
. . *

Figure 12. Results of PCA performed on Wavelet coefficient obtained by sagittae contours of specimens collected from Messina (red
dots) and Split (blue dots). Results are reported for Class I, Il and 111, figures a, b, and c respectively. Wavelet coefficient variance for
each size classes investigated is expressed as percentage. Comparison of the mean otoliths shapes from the two populations is provided

in figures d to f, respectively for Class I, 1l and 111

The shape analysis performed on the total interclass samples showed mean sagittae shapes clearly
different between the two analyzed populations (Figure 13). The main differences were detected in
the rostrum organization (longer and more pointed in Split population than in the Messina one), in
the excisura ostii (deeper in Split population than in the Messina one), in the antirostrum organization
(more prominent and pointed in Split population than in the Messina one), and in the overall sagittae

shape, oval in Split specimens and elliptical in Messina ones.
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Figure 13. Mean shape of sagittae contours of the investigated S. porcus population.

3.4 Stomach content analysis

The analysis of the 49 sampled stomachs (9 empty stomachs, with a VVacuity Index of 4.9) have shown
a total of 80 preys, belonging to 29 taxa. As reported in Table 11, Crustacea and Osteichthyes were
the major taxa with the highest number of preys, with also the highest values of IRl %. The infraorder
Brachyura was the taxon which showed the highest IRI % value (IRI % = 32.81), followed by the
species, belonging to the infraorder Brachuyra, Pachygrapsus marmoratus (Fabricius, 1787) (IRI %
=27.59), that was the taxon with the highest relative abundance (N % = 18.75) among the preys. The
order Amphipoda (IRI % = 10.74) and the species Xantho pilipes (A. Milne-Edwards, 1867) (IRI %
= 9.86), belonging to the infraorder Brachuyra, were the other two most relevant taxa for relative
importance. Concerning the Osteichthyes preys, those belonging to the species Chelon auratus (Risso,
1810) (IRI % = 3.24) and Thalassoma pavo (Linnaeus, 1758) (IRI % = 2.36) were the most relevant
preys, with the genus Parablennius as taxon with the highest relative abundance value (N % = 2.50).
Concerning the class Polychaeta, it was the major taxa with the less relative importance (IRI % =

0.15).



Table 11. Diet composition of S. porcus individuals with %N (relative abundance), %W (percentage in biomass), %F (frequency of

occurrence), IRI (index of relative importance) and %IRI (index of relative importance expressed as percentage) expressed for each

prey items.

TAXA N% | W% | F% | IRI | IRI%
Polychaeta 1,251 0,04 | 1,59 | 2,044 | 0,15
Total Polychaeta 1,25 | 0,04 | 1,59 | 2,044 | 0,15
| Xantho pilipes 6,25 (14,39 6,35 ({131,036 9,86
|Brachinotus sexdentatus 1,25 | 1,74 | 1,59 | 4,742 | 0,36
|Pachygrapsus marmoratus | 18,75 (14,24 | 11,11 |366,524| 27,59
|Pachygrapsus sp 1,25 | 2,11 | 1,59 | 5,341 | 0,40
Inachus dorsettensis 1,25 10,30 | 1,59 | 2,464 | 0,19
|Percnon gibbesi 1,25 | 1,74 | 1,59 | 4,742 | 0,36
Brachyura 16,25 | 4,87 20,63 [435,843| 32,81
Palemon sp 3,75 | 1,02 | 4,76 | 22,7 1,71
Lysmata sp 1,25 |1 0,38 | 1,59 | 2,58 0,19
|Athanas nitescens 1,251 0,04 | 1,59 | 2,0 0,15
|Palaemon elegans 1,251 0,26 | 1,59 | 2,40 0,18
Dendrobranchiata 6,25 10,94 | 7,94 | 57,10 | 4,30
Decapoda n.d. 1,25 1 0,04 | 1,59 | 2,04 | 0,15
Total Decapoda 61,25 (42,07 | 63,49 (1039,57| 78,26
Lysianassa sp 1,251 0,04 | 1,59 | 2,04 0,15
|Dexamine spinosa 1,251 0,04 | 1,59 | 2,0 0,15
Microdeutopus sp 1,251 0,04 | 1,59 | 2,04 0,15
Amphipoda 12,501 0,34 |11,11|142,67| 10,74
\Dynamenella sp 1,251 0,04 | 1,59 | 2,04 0,15
Sphaeroma sp 7,50 | 0,68 | 3,17 | 25,97 1,95
[sopoda 1,25 | 0,11 | 1,59 | 2,16 | 0,16
Total Peracarida 26,25 1,28 |22,22|178,97| 13,47
Crustacea n.d 1,25 | 0,08 | 1,59 | 2,10 0,16
Total Crustacea 88,75 43,43 | 87,30 |1220,65| 91,90
Chelon auratus 1,25 [25,83| 1,59 | 42,99 | 3,24
Tripterygion delaisi 1,251 0,08 | 1,59 | 2,10 0,16
Gobius sp 1,25 |1 434 | 1,59 | 8,88 | 0,67
Gobius incognitus 1,25 | 6,34 | 1,59 | 12,05 | 0,91
Thalassoma pavo 1,25 |18,50] 1,59 | 31,36 | 2,36
|Parablennius sp 2,50 |1 0,83 |1 1,59 | 5,29 0,40
Osteichtyes n.d. 1,25 1 0,60 | 1,59 | 2,94 0,22
Total Osteichtyes 10,00 (56,53 | 11,11 | 105,61 | 7,95




DISCUSSION

Data obtained have shown an enhanced inter population variability concerning S. porcus from the
two studied areas. The differences mainly involved the growth dynamics, age structure and sagittae
features. While, concerning diet composition, results showed a similarity between the feeding habits
of the studied species in the two areas, especially regarding the major taxa of the main preys. The
maximum age estimated was higher in Split (8) than in Messina (5), with the von Bertalanffy growth
curves which have shown K parameters higher in Messina, and L.. parameters higher in Split. The
age structures were very different, with the population of Messina that was mainly composed by
specimens belonging to the third age class (3), with length-at-age values significantly higher than
those showed by Split specimens. All these data indicated a faster growth rate of the studied species
in the Strait of Messina than in Split area, as also highlighted by the growth performance index, that
was higher for Messina population. These data have confirmed the high degree of populations
separation in S. porcus, as also highlighted by the different growth parameters and age structures
reported by results from others geographical area [6,13,17,18,20]. This heterogeneity is common in
low range benthic species with a high site fidelity, as S. porcus, in which biological traits often
responds to local environmental conditions [28]. Concerning the variation in growth rates between
the two studied populations, this could be related to the different oceanographic and environmental
conditions of the sampling areas. The Strait of Messina represents a singularity inside the
Mediterranean Sea, with a unique hydrographic regime and a peculiar seawater masses chemistry
[93,99]. The intense hydro-dynamism, together with the massive presence of “upwelling” events,
make this area an “Atlantic Island” inside the Mediterranean basin, with oxygen concentrations,
nutrients, and temperature similar to those reported for the Atlantic Ocean [100,118]. Otherwise, the
Adriatic Sea generally shows a pronounced seasonality and an enhanced longitudinal gradient in
dissolved oxygen, temperature, nutrients, salinity, and chlorophyll a [119], with urbane discharges,
aeolian inputs, underground waters and surface runoff representing the main nutrients sources. In
surface layers, nutrients exhibit a progressive decline in concentration, and in the middle and southern
Adriatic, an amplitude seasonality decrease [120]. According to literature, different oceanographic
features can influence the growth dynamics of species, resulting in a faster growth in populations
inhabiting cold and productive water masses, than those from less productive and warm ones [121].
In addition to the oceanographic differences between the water masses, also the environmental
conditions experienced by the studied populations in the two different habitats were completely

different. Specimens from Messina were sampled in the tidal ponds present in the beach rock



formations, with reduced depth and large variations, also daily, of both biotic and abiotic conditions,
related to tidal cycles and storms [96]. This represents an “extreme” environment, and it is considered
a perfect case of study to explore the behavioral, physiological and morphological adaptations of
marine species to peculiar hydrographic and ecological conditions [93,96,122]. Tidal pools are a
shelter from the intense hydro-dynamism affecting the area, a nursery area and a perfect hunting
ground for many predators, S. porcus included. Conversely, the biotope of the coastal waters near
Split is the classical environment inhabited by the studied species, and other scorpaenids, in the
Mediterranean Sea. It is characterized by depths ranging from 10 and 40 m, the presence of rocky
bottoms covered by algae, sandy bottoms, and patches of P. oceanica. Specimens for Split area here
analyzed were sampled at an average depth of 20 m, very different from that of the tidal ponds of the
Messina’s beachrock formations. According to literature [7,123,124], these differences in biotic and
abiotic environmental conditions between the two studied areas could drive the inter populations
growth dynamics variations showed by results.

It well known as temperature can influence the metabolism, and consequently the growth rates, of
several teleost species [125-127], but also food availability and quality can shape them [123,128].
Results from the stomach content analysis on specimens sampled in Messina showed a high
selectivity for decapods preys, as assessed also for other Scorpaenidae species from other
geographical areas [7-10,129]. The high relevance of brachyuran decapods (e.g., X. pilipes, P.
marmoratus, Brachyura) reported by results was also in line with literature data on the studied species
from others geographical areas, but some differences regarding the contribution of teleost fishes,
peracarids crustaceans and mollusks were detected. The differences in feeding habits with S. porcus
population from Split mainly consisted in the completely absence of Mollusks and Anomura from the
diet of Messina’s species. According to literature [7], these preys’ items represent an important source
of food for Split population, together with teleost fishes and Caridea decapods, that showed a reduced
occurrence in Messina specimens. Concerning peracarids crustaceans (e.g., Amphipoda and Isopoda),
they were well represented in the stomach content from Messina, but they are very marginal in the
diet composition from Split area. This variability in peracarids preys could be strictly related to the
biocenosis present in the tidal pools of the beachrock formations of Messina, rich in Amphipods and
Isopods (being the perfect habitats for them [130]). Indeed, the presence of these crustaceans in the
diet of this Scorpaenidae species has been reported also from other similar formations present in Spain
(Gulf of Cadiz) [10]. These feeding habits differences at inter population level have confirmed the
role of generalist and opportunistic feeder of the studied species, capable to adapt its diet to the preys’
availability of the different areas. This is an essential feature which allowed this species to inhabit a

wide range of Mediterranean areas and habitats. Further analyses on a wider temporal scale are



required to better reconstruct the feeding habits and diet composition of S. porcus during the entire
year in the tidal ponds of the Strait of Messina. This is essential to understand how much diet
variations, added to the other genetic and environmental features, can allow to the differences in
growth rates between the two populations highlighted by results.

Fish growth dynamic and metabolism, such as biotic and abiotic habitat features, can also influence
otoliths growth and, consequently, their morphometry and shape [131]. Lifestyle, diet composition,
food quality and feeding fitness have a role in otoliths’ morphology, shape, growth patterns and
physiology [36,132,133]. According to literature [73,134-137], otoliths shape and morphometry are
influenced by water temperature, depth (e.g., size of otoliths increase with greater depths and warmer
water masses), genetic and lifestyle of the species (e.g., epipelagic species show smaller and more
elongated sagittae than benthic ones). Thanks to this high sensitivity to environmental conditions,
otoliths (especially sagittae) have become an essential tool in fish stocks assessment and populations
discrimination. This was confirmed by results on S. porcus inter population analysis on sagittae. The
overall morphology and shape of both the populations were in line with data from literature, with
several differences in morphometry. Tuset et al. [76] reported rectangularity and circularity values,
for specimens from western and central Mediterranean Sea, different from those of both the analyzed
populations; while Yedier et al. [138] reported, from the Black Sea, Aegean Sea and Sea of Marmora,
different shape indices values, e.g., roundness, ellipticity and aspect ratio. This shape heterogeneity
of sagittae was also evident comparing Split and Messina populations. As highlighted by the overall
contours and the statistical analysis on the morphometrical parameters between the two populations,
specimens from Split showed wider, double picked (with an enhanced antirostrum) more circular
sagittae, than those from Messina. Otherwise, these last showed more lanceolate, larger, with a most
marked rostrum, sagittae, with higher otolith surface values and a more elliptical than circular shape.
Several factors could have induced these differences, being otoliths under a double control of genetic
and environment, and sensitive to variation in physiological and metabolic individuals’ conditions.
According to Vignon and Morat [89], different environmental factors can reshape the overall sagittae
outlines, while genetic variations at intra-specific level, related to long time separation between the
populations, only influence the shape of the otoliths locally (mainly at rostrum and antirostrum level).
Concerning the environmental conditions experienced by the two populations, one of the most evident
differences between the two sampling areas was the depth range, significantly higher in Split than in
Messina. Indeed, it is widely reported how species and populations inhabiting deeper habitats show
wider, more circular sagittae than those from shallower ones [135,136,139]. This finding is in line
with results, which showed also most lanceolate sagittae in specimens from Messina, inhabiting a

very shallow environment. The sound scape can be another factor that can strongly influence the



otolith morphology and development. Indeed, according to the sensory drive hypothesis postulated
by Endler [140,141] there is a coevolution between detected signals and sensory systems, with the
speciation that may be strongly influenced by the diversification of the organisms’ sensory
interactions and environment. This is strongly evident in deep species and in species that use sound
to communicate (as rockfishes [142]), The soundscapes experienced by individuals drive a selection
on the form-function of the fishes’ auditory system, with species or group of individuals sharing a
similar surrounding soundscape that could express a inner ears’ phenotypic similarity, expressed by
otolith morphology and shape [92,143]. This could be also the case of the two analyzed S. porcus
populations, with the differences related to the soundscapes of the two different studied area that may
have also influenced the detected sagittae variability in morphology, morphometry and shaée. Also
metabolic rate and somatic growth can influence otolith features, such as morphometry, size and
shape [36,52]. Messina population showed a faster growth than the Split one, which could be related
to several environmental factors, such as the most enhanced availability of food in the tidal ponds
habitats [130], which could result in a major food intake. It is not clear the relation between somatic
growth, metabolic rate, food intake and otoliths size and growth, also because a faster fish growth
and a most enhanced food intake not always results in larger otoliths [131,144]. Concerning the
differences among the size classes at inter population level, statistical analysis highlighted significant
shape differences between the three size classes, while size Classes Il were the only with no
significant differences in morphometry between the two populations. This could be related to the life
habits of the specimens from Messina, which could pass more time inside the tidal ponds of the
beachrock formations during the first part of their life, searching for shelter and a good hunting ground,
as reported for other teleost species in the area [93,96]. Indeed, tidal pools are recognized worldwide
as an important nursery area for several teleost families, that in these environments can found shelter
from predators and an increased preys availability [130,145,146]. This could explain the more
significant morphometrical differences at inter population level between the size classes I and Il than
the third. According to literature, otoliths shape and morphometry are under the control of both
genetic and environmental influences [147]. The environment can strongly shape the sensory organs,
as also highlighted by the sensory drive hypothesis, tested by Tuset et al. [137] on the sagittae of
others Scorpaenidae species (Sebastes spp). Specimens belonging to the first and the second size
classes could be more influenced by the beachrock’s tidal ponds than the third, spending more time
in these habitats. Getting larger, S. porcus individuals could, conversely, spend more time in the
nearshore coastal waters (reentering in the tidal pounds searching for food, as reported for several
transient species inhabiting these environments worldwide [130]), with biotopes and depths like those

present in the Split area. This could also explain the absence of significant intra population differences



between the three sizes classes in shape indices of individuals from Split, highlighted by Dunn’s post
hoc test at intra population level. Otherwise, the Messina specimens were characterized by a most
enhanced variability in morphometrical parameters, especially between the first and the other size

classes, than Split ones, which showed an enhanced morphometric stability between the three classes.

CONCLUSION

Assess and explore the variations in ecomorphological features and population parameters at inter
population level is essential for both conservation porpoises (being morphological features, such as
those related to otoliths, and population dynamics widely used in stock assessment) and ecological
studies. The eco-morphological adaptation of species to different habitats and environmental features
is the basis of the phenotypic plasticity (i.e., the capability to express different phenotypes as a result
of different environmental factors) [148]. This becomes an essential concept for the identification of
the marine fishes’ populations, being assumed that each population, living under peculiar
environmental conditions, can display specific phenotypes under the regulation of genetic and/or
environmental mechanisms [149-151]. This process, being also the basis of the stock’s differentiation,
assumes a relevant importance in the conservation of fishery resources and in the maintenance of
marine ecosystems well-being. The detection of phenotypic features (e.g., body shape, growth
parameters, otoliths microstructure and shape) is widely used for the stock assessment, together with
the populations’ parameters and life history patterns (e.g., age structure, length at age distribution,
length frequency distribution, sex ratio), and it is also involved in the fishing pressure monitoring
[32,152-154]. For all these reasons, it is essentials to improve the knowledge base on the population
structure of the marine teleost species, especially those with a high ecological and commercial value,
exploring the relations between the inter population variability in eco-morphology, population
dynamics and the environment.

Concerning the studied species, further analyses are required to knowledge the direct influence of the
environment on the inter population differences regarding sagittae features and somatic growth
dynamics. It will be essential to add phylogenetic analysis to understand how much the detected inter
population differences could be influenced by genetic and/or environmental factors. The dual
regulation, both genetically and environmentally related, of otoliths shape and growth is still widely
recognized, especially at inter specific level [136,155]. At intra specific level, in the context of the
stock discrimination, it is not clear the relative influence of genetic/environment on otoliths shape,
morphometry and morphology [156]. Vignon and Morat [89] have confirmed the dual regulation of

otoliths also at intra population level, investigating Lutjanus kasmira (Forsskal, 1775) specimens



intentionally introduced in a Hawaiian islands from the French Polynesia. The detected differences
between Messina and Split populations have involved both the overall sagittae outlines and the local
otoliths shape, suggesting, also for the studied specimens, the influence of both contrasting
environmental factors and inter population genetics variations, related to long time separation. The
overall shape differences could highlight the influence of the depth (very different between the two
sampling areas), while the faster somatic growth rate detected in Messina population could assessed
the influence of oceanographic features on fish metabolism and growth dynamics (with a faster
growth reported in the population from the Strait of Messina area, characterized by cold and
productive waters). Concerning diet composition, further analysis on feeding habits of specimens
from Messina, exploring the seasonal composition of diet and metabolic rates, are required to deepen
the knowledge on the influence of diet composition, food intake and metabolism on somatic growth
and otoliths features.

In conclusion, present paper assessed both the reliability of S. porcus as model species to explore the
eco-morphological variability of otoliths and population dynamics plasticity, and the reliability of
otoliths shape and morphometric analysis for the populations’ discrimination in the studied species.
The low home-range distribution of this benthic species, its heterogeneity in growth somatic patterns
and feeding habits related to different environments, added to the high inter population variability of
sagittae in shape and morphometry reported by results, make S. porcus perfect to explore the
influence of different environmental conditions on teleost species. Populations inhabiting the tidal
ponds of the beachrock formations could be a perfect case of study to understand how teleost species
can adapt to extreme environmental conditions and peculiar habitat features. Future analysis on
populations dynamics and seasonal distribution of the studied species in this peculiar environment
are required, to understand at all the ecology of this species and its life habits in these habitats.
Moreover, it will be also essential to provide valuable data about the species composition and
ecological inter specific dynamics existing in tidal pounds, recognized worldwide as fundamental
nursery areas and feeding grounds for several marine species, and, consequently, as important

biocenosis for the well-being and the conservation of the marine biodiversity.
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4. DISCUSSION

Present thesis aimed to analyze the functional morphology of otoliths, exploring their intra and inter
specific variability in several Mediterranean teleost species, characterized by different life habits,
biology traits, and distribution range. Despite the large amount of information that otoliths provided
through morphometrical, morphological, shape and SEM analysis, these were not enough to assess
direct correlation to the environmental conditions experienced by specimens. Indeed, as stated in the
Introduction chapter, several factors can influence otoliths’ features, added to their somatic growth,
chemical composition, and interaction with the inner ears’ components. These factors include
physiochemical conditions of the water masses, genetic and life habits of the different species, their
trophic ecology and diet composition, and many others. For this reason, further analyses are required
to confirm and found direct correlations that could explain at all the functional morphology of the
otoliths. This can be essential to improve the knowledge base on the teleost inner ear, which play a

fundamental role in the interaction between marine species and habitats.

4.1 The inter-specific differences between phylogenetically close species and the reliability of sagittae

for cryptic species and genus identification.

Concerning the first three cases of study, the comparison among phylogenetically close species
confirmed the strong influence of genetics on sagittae development, morphology, and shape. Indeed,
results showed, in all the investigated teleost families, a pattern of similarity in mean shape and
morphometrical parameters between congeneric species (e.g., Nezumia genus, Chelon genus), or
species belonging to phylogenetically close genus (e.g., Coelorhynchis sp and Coryphaenoides sp,
Chelon sp and Oedalechilus sp). According to Schulz-Mirbach et al. [1], several authors have related
the extremely wide range of different sizes, shapes and morphologies, showed by otoliths, to the
functionalization of duplicated genes [2,3], derived by teleost-specific whole-genome duplication
event (TGD) [4,5] and to the vertebrate-specific whole-genome duplication [6]. This hypothesis may
provide a genetic explanation to the taxon-specific shapes of otoliths, sulcus acusticus and fossa
acustica, with TGD that could has provided the genomic base for their massive diversification, driven
by the wide range of selective forces experienced by the different teleost species in their countless
different habitats (e.g., differences in eco-acoustical habitats conditions, water pressure, permanent
darkness conditions) [7,8]. Data from the first case of study could be in line with this thesis. Indeed,
results showed differences in morphometrical and shape features of sagittae, despite the genetic

closeness of the congeneric analyzed Pagellus species. This variability may be related to the



differences in the environmental conditions related to the differences in exploited habitats and life
habits between the species. Several habitats’ features can indeed influence the sagittae, as also
highlighted by Tuset et al. [9]. They have found significant relationships between morphology,
ecology, habitats features, and otoliths shape in several congeneric rockfishes’ species (Sebastes sp),
some of them detected also in Pagellus species. For instance, the oblong-fusiform sagittae shape
detected in long body rockfishes, characterized by an active lifestyle, a dull coloration and more
pelagic life habits, deeply different from the more elliptic otoliths shape detected in bottom-dwelling
sedentary species, characterized by a deep body and bright colors pattern. This relation between
ecology, morphology, and otoliths shape has been also detected in P. acarne, P. bogaraveo and P.
erythrinus. Specimens belonging to this last species (characterized by a strictly benthic lifestyle)
showed the widest sagitta among them, with the most circular shape and the shortest rostrum, while
P. acarne specimens, which is the species with a most pelagic lifestyle (also characterized by a
planktivorous feeding habits) showed an elongated sagitta, with the longest rostrum. Concerning P.
bogaraveo, the species with the largest sagitta and the deepest distribution among them, it could has
reflected the influence of depth on otoliths. Indeed, according to Lombarte et al. [10,11] that analyzed
sagittal otoliths morphology and morphometry of different species characterized by different depth
distributions, the size of sagittae increases with depth, except for the abyssal communities. Indeed, at
depths between 1000 and 2000 m, species show a decrease in otoliths size. This was confirmed also
by the results from the third case of study, in which species belonging to Nezumia genus (inhabiting
also the abyssal depths) were characterized by smaller sagittae than C. coelorhynchus and C.
guentheri (mainly distributed between 400 and 500 m of depth). Moreover, the most significant
different size, shape, and morphometry of sagittae among the analyzed Macrourids sagittae, were
detected in H. italicus, confirming once again the strong relation between life habits, environmental
conditions, and otoliths features. Indeed, the glass head grenadier is a species characterized by pelagic
habits, with a diet mainly composed of planktonic and pelagic crustaceans, strongly different form
the benthic lifestyle reported for the other investigated grenadiers’ species. As reported also for
Nototheniidae species [12], species characterized by a strictly benthic life habits show significantly
larger sagittae than those of pelagic species, with the strong influence of phylogenetic inertia.
According to Schwarzans et al. and Tuset et al. [13,14], the morphology of body and otoliths can give
a picture of the evolutionary divergence and niche partitioning within a genus or a family. Information
provided by otoliths can confirm the trophic and functional niche partitioning, being functional traits
often resulted by sensory based differences [15], with an often respected correspondence between
otoliths morphology and neurocranium/head shape [16,17]. The detected differences and similarities

between sagittae of the investigated Macrourids species reflected the existence of different niche



dimensions, essential for the coexistence and habitats substitution of sympatric morphologically close
species [18]. All the Mediterranean grenadiers’ species are generalist feeders [19], a common
adaptation in bathyal and abyssal teleost to the low-productivity of deep environments [20]. The
combination of different depth distributions and feeding habits allow to maintain their ecological
segregation [21], with the differences in head and body morphology deeply correlated to their
different feeding habits and foraging tactics [22]. According to results from the third case of study,
the three sagittae morphotypes (Coelorhynchus/Coryphaenoides morphotype, Nezumia sp
morphotype and H. italicus morphotype), highlighted by the significant differences in mean shape
and morphometry, and characterized by a common general morphometry and shape of sagittae inside
each morphotype, have followed, according to literature, the ecological segregation among
Macrourids provided by the combination of the different depth distributions and feeding habits of
species [18,21,22]. Specimens belonging to Coelorhynchus/Coryphaenoides morphotype share the
same feeding habits and depth distribution, such as specimens belonging to Nezumia sp morphotype.
Conversely, specimens belonging to Coelorhynchus/Coryphaenoides morphotype share with those
belonging to Nezumia sp morphotype a common feeding habit (being all of them benthic predators)
with a very different depth distribution. Both morphotypes were strongly separated from H. italicus
morphotype. This reflects the high degree of niche separation between H. italicus and the others
Macrourids species. Indeed, H. italicus specimens are characterized by a wide depth distribution
(until 1200 m), a strictly pelagic/planktivorous feeding habits and a bathypelagic life habit, strongly
different from that of the other studied grenadiers’ species.

Data from the second and the third cases of study have also confirmed the reliability of sagittae for
species discrimination in cryptic taxonomic groups. Indeed, mean shape and morphometry of sagittal
otoliths have been widely applied for species and genus identification in several teleost families and
genus characterized by a challenging species discrimination. This is the case of Scomberomorus genus
[23], in which otoliths morphometries have been used for species discrimination; or the Lutjanus
genus [24] and Gobiidae family [25], in which mean otoliths shape have been provided by shape
analysis for species identification. In the second case of study, data from shape and morphometry of
the three investigated Mugilidae species showed the effectiveness of sagittae morphometrical and
mean shape features to discriminate between different genus and even species. Indeed, the classic
taxonomic identification applied to species belonging to this family is often difficult, being these
characterized by a high morphological similarity [26]. This is also the case of the Macrouridae species
analyzed in the third case of study, in which morphological differences are not always the easier way
for species identification [27]. Here otoliths morphometrical and shape analysis have proved to give

reliable diagnostic characters, useful to distinguish between genus and, as in H. italicus, even species.



Indeed, it has been widely reported in several teleost groups as interspecific otoliths differences inside
a family or a genus can follow the phylogenetic lineages defined through molecular techniques
[25,28]. This was proved by the most enhanced differences detected by results between
phylogenetically distant genus or species (such as between Chelon and Oedalechilus genus, H.
italicus and the other grenadiers’ species), most clearly visible, and, consequently, most suitable for
taxonomic identification. Concerning the most phylogenetically close taxonomic groups, the
differences in otoliths’ shape and morphometry often became less evident, making difficult, as in the
case of N. sclelorhynchus and N. aequalis, a correct species identification only through otoliths
features. This proves the strong genetic control affecting otoliths development. But in other cases,
such within Pagellus genus, or among H. italicus and the other grenadiers investigated species,
despite the phylogenetic closeness, otoliths analysis provided enough information useful for species
identification, as also reported, according to literature, for the Lutjanus genus [24]. This may be
related to the influence on otoliths development and, consequently, on inter specific differences of
ecological, ontogenetic, and environmental factors. A correct species discrimination is essential for
a correct biodiversity and species abundance evaluation, especially for the main harvested and
ecologically relevant teleost species, such as those belonging to the Macrouridae and Mugiliidae
families. The accuracy of fisheries sampling programs and, consequently, of the entire management
design, can be strongly affected by an incorrect species identification. Indeed, species discrimination
can influence data regarding catch and landings by vessels, the collection of biological data, the
reconstruction of marine biocenosis from catch provided by scientific surveys. For this reason,
improved the knowledge on the application of sagittae shape and morphometry for species
identification, especially in the most challenging and time-consuming teleost groups, can be
important to provide a reliable and relatively easy tool to confirm species identification, together with

molecular and morphological data.

4.2 The otoliths’intra-specific variability: size related variations and directional bilateral asymmetry

in the three otoliths’ pairs.

Concerning the fourth and the fifth cases of study, the analysis of the intra specific variability of the
three otoliths pairs, from two species with marked different life habits, ecology, and life history traits,
revealed for both the strong relation between the fish length and otoliths’ shape and morphometry.
This variability was especially enhanced in 4. hemigymnus specimens from the Strait of Messina, for
both sagittae and lapilli, also showing a significant difference between left and right otoliths pairs. In

B. belone specimens from the fifth case of study, the variability between size classes was significantly



evident in sagittae, while, concerning lapilli and asterisci, the lack of representative samples numbers
from all the investigated size classes made it impossible to assess it in. Conversely, it was analyzed
the presence of directional bilateral asymmetry, with the absence of significant differences between
left and right otoliths in all the three otoliths’ pairs. A strong intra specific size-related sagittae
variability was also detected in the three studied Pagellus species from the first case of study, with a
slight variability between otoliths pairs in P. acarne and P. erythrinus. The differences in
morphometry and mean shape of sagittae between size classes could be related, in both the
investigated species, to changes in life habits, exploited habitats, biology and environmental
conditions experienced by specimens during the growth process. Indeed, it is widely reported, in
several teleost species form different marine domains, an often radical variation in feeding ground,
diet composition, depth distribution and habitat use between ontogenetic, maturity stages, and size
classes [29-35]. Concerning 4. hemigymnus, bathy-pelagic teleost species show evident differences
in feeding patterns and depth distributions during their life time [33,36]. Additionally, especially in
the studied area from the fourth case of the study, they perform wide trophic movements, following
preys’ diel vertical migrations, during their adult stages, as confirmed by studies on their vertical
distribution and abundance [37-39]. This ontogenetic shift in habitat preferences and feeding habits,
added to the vertical migration performed by larger specimens, can deeply influence otoliths features,
allowing to the intra specific size related differences showed by results. Concerning pelagic species,
for many of them (B. belone included) [34,40—42], it is reported a shift from nearshore to offshore
waters between small and large specimens, with also marked trophic differences in diet composition
and feeding habits. All these differences in the experienced environmental conditions between
juvenile and adults, and the reported life habits and behaviors between small and large specimens,
could have allowed to the large variability in shape and morphometry detected between otoliths’
belonging to different size classes.

The asymmetry between otoliths sides is a diffused features characterizing several teleost groups and
populations. It is often linked to stress conditions and environmental heterogeneity (as in the case of
fluctuating asymmetry), or to the significant greater development of an inner ear side than the other
within a population (directional asymmetry) [43]. The differences between left and right otoliths
inside a population can strongly influence the stock assessment, being mean otoliths shape a widely
used tool to assess different stocks of a species. For this reason, it is important to detect the presence
of differences related to shape and morphometry between otoliths sides inside the several teleost
populations, especially in species with a high commercial value, being more sensitive to fisheries
activities and stocks depletion. Moreover the fluctuation of bilateral asymmetry in otoliths can be

directly used to discriminate among populations, being a phenotypic or genetic marker that can



change geographically, as also reported for many other calcified and skeleton structures [44—47]. The
presence of directional bilateral asymmetry, fluctuating asymmetry and sexual dimorphism in otoliths
has been evaluated in studied species from the first five cases of study. P. erithrynus specimens
showed slightly differences in shape indexes between left and right sagittae, while in A. hemigymnus
it was highlighted the presence of significant differences in mean otoliths shape between sagittae,
except in class II, and between lapilli pairs only in size class IV. Conversely, C. labrosus and N.
sclerorhynchus specimens were characterized by differences only regarding morphometry of sulcus
acusticus between sagittae sides. The fluctuating directional asymmetry detected in C. labrosus and
N. sclerorhynchus could be related to the ecology of the species and to the peculiarity of the sampling
areas, being the first time in which this variation between otoliths side has been detected for these
species. This is widely evident especially for C. labrosus, being the analyzed specimens sampled in
a peculiar brackish environment (the Ganzirri lagoon) characterized by wide seasonal fluctuation of
several environmental parameters and productivity [48-50]. Further analysis on the N.
sclerorhynchus life habits from the studied area are required to understand the possible correlation
between its ecology and the fluctuating asymmetry detected by results. Indeed, sulcus acusticus is
important to analyze the teleost’s hearing mechanism, being this strictly related to the physical
interaction between macula and sagitta (see Introduction chapter). It assumes a high
ecomorphological value, being widely used for inter specific and inter population studies, and also to
investigate communication behavior in sound producing species [51-56]. Further comparisons of data
from different N. sclerorhynchus populations will be interesting to understand if the differences
detected between sulcus acusticus morphometries can be a useful tool for population discrimination
in this species. The variability of directional asymmetry detected in sagittae and lapilli between the
analyzed size classes of A. hemigymnus could depend on the heterogeneity of the sampling area (the
Strait of Messina) and the large vertical migration performed by adult specimens. It is widely reported
how the Strait of Messina is a peculiar environment characterized by a strong tidal current regime,
which change in direction and intensity following moon phases, influenced by winds, particularly
strong in the area [57,58]. This heterogeneity, added to the differences in migratory behavior between
small and large specimens, could have allowed to the differences in shape detected between left and

right sagittal and utricular otoliths especially in large individuals.

Go beyond sagittal otoliths: what we can find out about lapilli and asterisci?

Data from the fourth and fifth cases of study represented the first accurate description of morphology,

morphometry, and shape of lapilli and asterisci from the studied species in the Mediterranean Sea,



also assessing for the first time their intra specific variability related to fish size and otoliths’ side.
Results showed different patterns of variability between the two different studied species. Lapilli and
asterisci belonging to B. belone presented a stable symmetry between the two otoliths pairs,
differently to the /apilli belonging to A. hemigymnus. It is hard to find some correlation between these
different degrees of intra specific variability, the ecology and the environmental conditions
experienced by the species, being literature on utricular and lagenar otoliths of marine teleost
fragmentary and limited. Moreover, data regarding Mediterranean species are almost completely
absent. Indeed, for several decades these otoliths pairs have been considered, in non-otophysan teleost,
without any taxonomic or ecomorphological value, and with a lower intra specific and inter specific
variability if compared to the widely studied sagittal otoliths [59]. This is also related to their very
small dimensions and enhanced fragility, which make their extraction and processing challenging and
time consuming.

Only recently scientific community has started to analyze all the three otoliths’ pairs for several
scientific aims. Millet et al [60] have compared the several calcified structures for age estimation in
Xiphias gladius Linnaeus, 1758, assessing the sections reading of the three otoliths pairs as the most
reliable methods. In five commercially important flying fishes’ species from Taiwan, asterisci have
proven to be the most reliable and simple otoliths for age reading, enabling researchers to avoid
challenging processing procedures to obtain accurate growth parameters [61]. In Anguilliformes
species from Taiwan, it has been stated that /apilli are characterized by a regular morphology, while
asterisci show a high specie-specific morphology, useful for species identification [62]. Schulz-
Mirbach et al. [63—65] have widely investigated the intra and inter specific variability of /apilli and
asterisci in several species belonging to the non-otophysan freshwater genus Poecilia, dispelling the
myth of their inaccuracy for ecomorphological, inter populations and taxonomic studies. Assis et al.
[66—68] have described the morphology and gross morphometry of several marine teleost species
from the Portuguese waters, confirming their inter and intra specific variability. Concerning their
microchemical composition, it is widely used to asses migratory behavior and physiochemical
features of water masses inhabited by individuals [69]. Recent common garden experiments,
performed on B. belone larvae [70] have shown how also lapilli could be strongly influenced by
environmental conditions (increase of pCO; related to Ocean acidification), increasing in size in
global warming and ocean acidification future scenarios. According to literature, this finding, added
to an enhanced calcite deposition rate, has been also confirmed in several other species, as white sea
bass, sole, Atlantic cod, and gilthead sea bream [71-74]. Concerning freshwater teleost, in several
species (especially in otophysan ones, in which lagenar and utricular otoliths are larger than sagittal

otoliths, and, for this reason, most commonly used for scientific investigations) lapilli and asterisci



are widely and long been used thanks to their high inter and intra specific variability and enhanced
phenotypic plasticity, which made them a useful tool for ecomorphological studies [64,75-79].

Concerning the cases of study on A. hemigymnus and B. belone, they confirmed the inter specific
variability of both utricular and lagenar otoliths in morphology, morphometry, shape and intra
population relation with fish size and side. Moreover, comparing morphometrical and morphological
data obtained by results, to the literature data from other geographical areas provided by Assis on the
studied species [66—68], it was also possible to confirm the presence of an inter population variability
also in lapilli and asterisci. These inter and intra specific variability could reflect a plasticity to
environmental conditions and life habits, so different between the two investigated species, but also
a high relation to genetic, as widely stated for the entire inner ear and sagittae (see Introduction
chapter). According to the wide literature recently provided by several authors [61—
64,71,73,75,78,80], the strong sensitivity to habitats features and life habits, the strictly relation to
somatic growth, the deep connection to the phylogenetic relationships among species, the influences
of physiochemical characteristics of water masses, can all together influence the intra and inter
specific differences reported by results. Data on asterisci and lapilli from different populations of the
studied species, and different species with other life habits and from other exploited habitats, can give
new and useful information on the dynamics allowing to the variability of these poorly understood
otoliths pairs. This is essential to improve the knowledge base on the functioning, development, intra
and inter specific relationships, and ecomorphological features of all the three otoliths pairs in order
to understand at all the functioning of teleost inner ear, and to discover new information and data
which lapilli and asterisci can provide on eco morphology, life history and evolution of marine teleost

species [65,67,68,81].

4.3 The inter-population differences and the eco-morphological adaptation revealed by sagittae,

somatic growth rates and feeding habits: the S. porcus case of study.

Data from the last case of study, regarding two populations of S. porcus from two totally different
habitats, confirmed the high degree of ecomorphological plasticity of sagittae and their reliability for
populations discrimination. The geographical variability in morphometry and morphology of sagittae
was widely showed also by the investigated species from the other cases of study. Indeed, several
differences have been reported on morphometric and shape indexes, together with morphological
variations, compared to literature data from different geographical areas. This confirmed once again
the strong environmental and genetic plasticity of sagittae, able to reflect the degree of isolation

between populations in marine bony fishes [1,82,83]. Further analysis comparing data on mean shape,



morphometry, and morphology of sagittae from different geographical area of the species
investigated in the present thesis are required to confirm these inter populations variability. It is also
essential to elucidate the relationships between differences in sagittal otoliths features and those
regarding life habits, environmental conditions, and genetic segregation at inter population level. This
is important to deepen the knowledge on the mechanisms allowing to this sagittae variability between
different geographical area and habitats, for both, conservation porpoises (being these variations at
the base of stock and populations differentiation) and ecomorphological meanings.

Concerning results on S. porcus, the detected inter population differences in somatic growth rates,
age structures and sagittae features highlighted the high degree of isolation between the specimens
from Split area and those from the tidal ponds occurring in the “beach rock” formations of the Strait
of Messina. These represent two totally different environments for biotic and abiotic conditions, as
also for their ecological features. The biotope of the sampling area near Split is characterized by a
depth ranging from 10 to 40 m (specimens were sampled at an average depth of 20 m), the presence
of rocky substrata and photophilic algae, with patches of sand and Posidonia oceanica (Delile, 1813)
seagrass beds. From an oceanographic point of view, Adriatic Sea is characterized by an enhanced
seasonality and longitudinal gradient regarding dissolved oxygen, temperature, nutrients, salinity, and
chlorophyll-a, with the main nutrient sources represented by aeolian inputs, urbane discharges,
surface runoff and underground waters [84,85]. Conversely, the Strait of Messina is a highly
productive area, characterized by an intense hydro-dynamism and a massive occurrence of upwelling
events that makes the water masses of this area similar, from a physiochemical point of view (e.g.,
temperature, nutrients, dissolved oxygen), to the Atlantic Ocean [57,86,87]. Moreover, the tidal
pounds represent an extreme environment, characterized by habitats’ peculiarities as a reduced depths
(specimens were sampled from 0.2 to 0.4 m of depth) and an enhanced fluctuation of biotic and abiotic
conditions, due to the highly sensitiveness to tidal cycles and storms [86,88]. In the Strait of Messina
ecosystems, tidal pools occurring in the beach rock formations are an essential shelter from the intense
tidal currents regime affecting the area, a nursery area for several species and an important feeding
ground for several predators, as also reported in similar habitats from different geographical area [88—
91]. These habitats differences between the two sampling area have been widely reflected by the
analyzed somatic growth rates, age structures and sagittae features of the two populations. Indeed, S.
porcus specimens from the Strait of Messina area showed the fastest growth rate, the highest length
at age values and the highest growth performance index, confirming the faster growth of teleost
species in cold and productive water masses widely reported in literature [92-95]. Added to these
abiotic factors, also food availability and diet composition can strongly influence metabolic and

somatic growth rates [96,97]. Preliminary results from the diet composition of the studied species



from Messina revealed a diet composition in line with literature data regarding the major taxa of the
main preys, with several differences related to the contribution of teleost fishes, peracarids
crustaceans and mollusks reflecting the preys availability in the tidal pools habitats [98—101].

The differences in somatic growth rates, feeding habits and environmental conditions experienced by
the two different populations were widely reflected by sagittae. Indeed, their morphology,
morphometry and mean shape were deeply different between specimens belonging to the two
different sampling area. The detected differences involved the mean otoliths’ shape (more circular in
Split population than Messina one, which showed most lanceolate sagittae), the morphometry
(Messina population showed larger sagittae, with higher surface values, than Split one, showing
wider sagittal otoliths) and general morphology (Split sagittae were double picked, with an most
enhanced antirostrum and a smaller rostrum than Messina ones). These differences are in line with
literature, reporting wider and most circular sagittae in species and individuals inhabiting deeper
environments than those from shallower ones [10,11,102]. Moreover, the detected differences
regarding rostrum and antirostrum could be related to the genetic variability which has been allowed
by the long time separation between the two population, while the overall different outlines of sagittae
could have been influenced by the different environmental conditions between habitats [103].

These findings have confirmed once again the reliability of sagittae for populations’ discrimination,
being sagittal otoliths so sensitive to both genetic and environmental variability experienced by
different specimens from different habitats and geographical areas. This sensitiveness is the base of
the eco morphological adaptation of different species and populations to different habitat pressures,
under a strong genetic control. Understand this process is essential to find the direct relation between
the inner ear development and the differentiation in teleost fishes of different ecotypes and phenotypes
under the environmental and genetic pressure. This is essential to increase the knowledge base on
populations and stocks differentiation, and, consequently, to find better and improved management
and conservative actions, especially regarding species with high commercial and ecological value.
Concerning the studied populations of S. porcus, further analyses are required to understand at all the
role of feeding habits and genetic in the detected inter population differences. Indeed, adding data on
the seasonal diet composition and genetic isolation between specimens from the two studied habitats,
it could be possible to find direct relationships between otoliths development, somatic growth rate
and environmental conditions, adding new essential pieces to the comprehension of the

morphological adaptation of sensory organ to different environmental pressures.

4.4 How can otoliths reveal about feeding habits and diet composition of teleost groups? Explore the

connection between trophic ecology and eco-morphology.



As stated in the Introduction chapter of the present thesis, otoliths development, growth and shape
are deeply influenced by food intake, feeding rates and diet composition. Thanks to this close
connection, otoliths are widely used as a tool to investigate teleost’s trophic ecology, applying several
techniques, such as stable carbon and nitrogen isotopes analysis [104,105]. Indeed, the matrix which
embed CaCOs in otoliths is composed of organic material, primary proteins [106]. This represents a
valuable, and often underestimated, archive of carbon and nitrogen widely suitable for stable isotopes
analyses. Moreover, the metabolic inertia, the continuous deposition of new organic and inorganic
materials during otoliths growth, and their connection with somatic growth rates, make them perfect
to understand the temporal variations in diet and trophic structure of specimens, and how these can
be related to growth rates’ changes. Also their morphology, morphometry and mean shape can reveal
several information on fish ecology, such as feeding habits, habitats use and resources exploitation in
different teleost groups [107,108]. The connection between otoliths morphology and shape, and life
habits and environmental history experienced by species, has to be searched in the functions carried
out by them, as water column positioning, sound detection and acceleration notion [109,110]. Indeed,
according to Schulz-Mirbach et al. [1], the different shape and mass of otoliths could be related to the
different auditory functions of teleost. For this reason, the different shape and morphology of otoliths,
in the several fishes’ species and groups, may reflect several aspects of their ecology, under a strong
genetic control, such as movement dynamics, depth preferences, substrate type, ontogenetic shifts,
feeding habits and environmental conditions [111-113]. Despite this, it is hard to find otoliths patterns
which can directly reflect the feeding history of species and populations, due to the multiple and
complex processes influencing otoliths shape, growth and morphology [114]. Indeed, factors
influencing feeding ecology of teleost species, such as depth and substrate type preferences, can also
affect otoliths features [115], making difficult to find direct link between otoliths morphological
patterns and feeding ecology. Detect these patterns could develop new approaches for functional
ecology, essentials to reveal the several dimensions of species niche, assessing the relationships
between morphological variations and organisms’ ecological performances [28,116,117]. This
assumes a valuable relevance especially for species and geographical regions in which investigate
feeding ecology is challenging due to high diversity of consumed prey items and niche differenciation
within and among species [111].

According to literature [9,112,118,119], all the investigated species from present thesis showed a
sagittae morphology and mean shape in line with their trophic and spatial niche, also reflecting the
morphological adaptation of teleost to exploited habitats (as in S. porcus and Pagellus species) and

the niche partitioning among sympatric phylogenetically and morphologically close species (as in



Macrouridae species). Moreover, the last case of study investigated the relation between somatic
growth rates, sagittae shape and morphological differences and feeding habits, assessing the deep
interpopulation variations for all these factors, resulting in a high degree of differentiation between
sagittae of specimens from the two studied areas. Further analyses are required to assess the direct
link between trophic ecology and sagittae morphology. It shall be necessary to provide wide data
about the environmental conditions, the feeding niche, the diet composition and the genetic
differences between populations and different species. This is essential to improve the knowledge
base on otoliths eco-morphology and how this can be influenced by trophic history and foraging

habits in the different teleost groups.

CONCLUSION

Improve the knowledge base on the phenotypic plasticity of teleost species is essential to understand
the process allowing to the populations’ differentiation, being assumed that different species or
populations of the same species can display specific phenotypes under the regulation of both genetic
and environmental pressure [82,120,121]. Indeed, for phenotypic plasticity is meant the capability
to express different phenotypes as a result of the different environmental pressures, under
genetic control [122]. The eco-morphological adaptation to different habitats and
environmental conditions is the process at the base of phenotypic plasticity. For this reason,
deepen the knowledge on the mechanisms and dynamics regulating and promoting the
morphological adaptation, which allowed the different teleost species to colonize all the
marine habitats worldwide, and the different teleost groups to differentiate in genetically
isolated populations under the different environmental pressures experienced in the different
habitats, is essential to investigate teleost evolution, biodiversity, and ecology, and to define
useful characters for populations discrimination. This assumes a high value for ecosystems
conservation, being morphological features, such as those related to otoliths, population
dynamics and life histories widely used in stock assessment for fisheries resources
conservation and fishing pressure monitoring [123-125].

Results provided by the six cases of study, investigated from the Chapter Il to Chapter VII
of present thesis, have explored the diversity in morphology, mean shape, and morphometry
of several Mediterranean teleost species, characterized by different life habits, habitat
preferences and phylogenetic relationships. They were also described the inter and intra
specific variability occurring between and within the different species, also providing, for the

first time, data on the mean sagittae shape from shape analysis for many of them (such as



Macrouridae species, 4. hemigymnus, B. belone and S. porcus). Moreover, for the first time in
the Mediterranean Sea, it was provided an accurate description, with data from shape and
morphometric analyses, also analyzing their intra specific variability, of lapilli and asterisci
belonging to A. hemigymnus and B. belone specimens. Thanks to these data it was analyzed also the
intra and inter specific variability of the less studied utricular and lagenar otoliths in the studied
species, assessing the needing to get new and valuable information about their ecomorphological
value in non-otophysan teleost species. Finally, it was also confirmed the reliability for populations
discrimination of sagittae in S. porcus, a low-range benthic species, common in all the Mediterranean
coastal ecosystems. Results from inter population analysis provided evidence on the high plasticity
in sagittal otoliths features, feeding habits and somatic growth rates under different environmental
pressures, experienced by specimens from two totally different habitats.

All these data have opened new scenarios for future studies on the eco-morphology of the three otolith
pairs from marine teleost species, to better understand the inner ear functioning and to detect the
mechanisms of population differentiation and speciation processes. Further analysis applying new
techniques (as stable isotopes and microchemical analyses) are required to understand the
relationships between trophic ecology, life habits and otoliths features in the different teleost groups.
This will improve our ability to read and extract all the information about species ecology, life history,
phylogenetic relationships and evolutionary patterns stored inside the otoliths, especially regarding
the less-known taxonomic groups. Thanks to otoliths, and future advances in otoliths science, it will
be possible to understand several aspects of species ecology, difficult to explore directly, or evolution,
being inner ear the sensory organ which allowed teleost to colonize all the marine habitats. This will
increase our knowledge about the ecological relationships and niche partitioning in marine
communities, the dynamics of populations discrimination and the connection between phylogenetic
and morphological differentiation. All these improvements are necessary for both scientific and
conservation porpoises, being the marine ecosystem under a constantly growing pressure due to the
anthropogenetic impacts (such as those related to fisheries activities and pollution) and the climate

change scenarios.
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