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1. Introduction
In Tunisian waters, six species, including the carangid 
Mediterranean horse mackerel Trachurus mediterraneus, 
sardine Sardina pilchardus, golden grey mullet Chelon 
auratus, red mullet Mullus barbatus, black goby Gobius 
niger, and greater weever Trachinus draco are common 
and represent the most important commercial fish species 
in the Gulf of Tunis located in north-eastern Tunisia. The 
distribution and feeding habits of these species are as 
follows: T. mediterraneus is a pelagic or benthopelagic, 
subtropical, and oceanodromous marine fish that feeds 
primarily on sardines, anchovies, and small crustaceans 
(Georgieva et al., 2019) and lives at depths up to 500 m 

(usually 5 to 250 m) (FAO-FIGIS, 2005**). S. pilchardus 
is a small pelagic or sometimes benthopelagic species, 
highly opportunistic and flexible microphagous forager, 
often filter-feeding on native planktonic crustaceans (van 
der Lingen et al., 2009), and lives at depths of 10 to 100 
m (Tous et al., 2015*). Similarly, C. auratus is a pelagic-
neritic species that lives at depths of 10 to 20 m (Thomson, 
1990). It typically lives ashore, entering lagoons, harbors, 
and estuaries but rarely moving into freshwater (Riede, 
2004). However, it occasionally assumes a benthic nature 
and feeds on small benthic animals, debris, and, on rare 
occasions, insects, and plankton (Ben-Tuvia, 1986). M. 
barbatus is a benthic gregarious species (Özbilgin et al., 2004) 
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but usually transitions between a pelagic and a demersal 
phase (Sonin et al., 2007). It inhibits on the continental 
shelf ’s sandy and muddy bottoms, with a wide distribution 
along the Mediterranean coasts (Özbilgin et al., 2004), 
and feeds on small invertebrates primarily Crustaceans, 
Polychaeta, Mollusca, Echinodermata, and small fishes that 
live on or within the bottom substrates (Toğulga, 1977). 
Although it prefers depths between 20 and 200 m, its habitat 
ranges from shallow littoral coasts to 300 m (Tserpes et 
al., 2002). G. niger has been classified as an omnivorous 
benthic species, feeding on a variety of invertebrates and 
occasionally small fish and inhabiting estuaries, coastal 
lagoons, and sea lochs up to 80 m deep, but most frequently 
between the surface and 30 m (Kara and Quignard, 2019). 
T. draco is a venomous benthic fish that lives most of its life 
on sandy or muddy bottoms at depths of 15 to 150 m (Roux, 
1990), feeds mainly on small invertebrates and fish, and is 
primarily nocturnal (Morte et al., 1999).

So far, previous studies have demonstrated that the 
fatty acid composition varies widely among fish species 
depending on the feeding behavior and breeding strategies 
of each fish species (Zhang et al., 2020; Gonçalves et al., 
2021). Therefore, the fatty acid composition has long been 
used as a chemotaxonomic marker for the identification and 
classification of fish species (Zhang et al., 2020; Gonçalves 
et al., 2021), as well as the assessment of environmental 
pollution (Zaoui et al., 2023). In animals, essential fatty acids 
(EFAs), especially eicosapentaenoic acid (EPA, C20:5n-3) 
and docosahexaenoic acid (DHA, C22:6n-3), play vital 
roles in reproduction, immune efficiency, osmoregulation, 
and arachidonic (ARA, C20:4n-6) activates the production 
of prostaglandins and leukotrienes (Bret and Müller-
Navarra, 1997). Besides, both EPA and DHA are involved 
in the growth, development, and maintenance of brain 
structure and function (Horrocks and Akhlaq, 2004). In 
addition, along with its powerful impact on cognition and 
behavior, and protection against oxidative stress, DHA 
alone is crucial for the health, development of neurons, 
and neurotransmission (Kelly and Scheibling, 2012). 
Moreover, the nutritional quality index and the PUFA-n-
6/n-3 ratio revealed that the consumption of PUFA-n-6 
and n-3 can offer several benefits to human health, 
especially for those concerned with reducing the risks of 
cardiovascular diseases (Gonçalves et al., 2021). Therefore, 
the difference in feeding behavior, in terms of quality and 
quantity, among these abovementioned species would be 
expected to lead to differences in fatty acid profile.

Biologically, otoliths are calcified crystals of the inner 
ear used for balance and/or hearing in all teleosts and 
consist of a matrix of organic and inorganic components 
(Marmo, 1982). These otoliths are organized into three 
pairs, one pair of which, the sagittae, is the largest and most 
studied pair of otoliths in teleost fish. Previous studies have 
shown that saccular otoliths (sagittae) exhibit high inter- 

and intraspecific variability in shape and size (D’Iglio et al., 
2021; Yedier and Bostanci, 2021; Mejri et al., 2022a, 2022b; 
Yedier et al., 2023). Therefore, they have been used as an 
efficient tool to identify and classify fish species (Bostanci 
et al., 2015; Tuset et al., 2020; Mejri et al. 2022a) and 
populations (Bose et al., 2017; Bostanci and Yedier, 2018; 
Tuset et al., 2019; Carvalho et al., 2022), and to discriminate 
their stocks in different habitats (Trojette et al., 2015; Ben 
Labidi et al., 2020a; Khedher et al., 2021; Mahé et al., 2021; 
Mejri et al., 2022b). In addition, studies of morphological 
variability in the otolith shape, structure, and development 
have shown that the otolith shape is species-specific and 
its shape and size have been reported to reflect the species’ 
living environment (Mille et al., 2015). These variabilities 
are influenced by ontogenetic, genetic, abiotic (e.g., 
temperature), and biotic (e.g., food availability; quantity, 
and quality) factors (Vignon and Morat, 2010; Ben Labidi 
et al., 2020a, 2020b; Khedher et al., 2021; Çöl and Yilmaz, 
2022; Mejri et al., 2022a, 2022b), luminosity (Paxton, 
2000), and depth at which fish live (Fashandi et al., 2019), 
as well as by sex, growth, and maturity (Begg and Brown, 
2000; Yazici, 2023), or by individual genotype (Vignon 
and Morat, 2010) or physiological state (Campana and 
Neilson, 1985). Moreover, the shape of otoliths alone 
allowed not only to observe interspecific differences (Mejri 
et al., 2022a), but also intraspecific differences (Mahé et 
al., 2019; Ben Labidi et al., 2020a, 2020b; Khedher et al., 
2021; Mejri et al., 2022b). Furthermore, it has been shown 
that variability in otolith shape is not an indicator of stress 
(Panfili et al., 2005) but a form of species adaptation to 
their living environments (Lychakov et al., 2008). Thus, 
morphological variability has been found in benthic fishes 
that live in aphotic areas where visual communication is 
difficult (Storelli et al., 1998).

Indeed, the discrepancy between the shape of the right 
and left otoliths has been expressed as bilateral asymmetry 
(BA) (Díaz-Gil et al., 2015; Jawad et al., 2023; Zhang et 
al., 2023). In addition, the deviation from perfect bilateral 
asymmetry has been attributed to either directional 
asymmetry (DA) (Mille et al., 2015; Mahè et al., 2021), 
antisymmetry (A)  (Palmer and Strobeck, 1986; Govind 
and Pearce, 1986), or fluctuating asymmetry (FA) (Bostancı 
et al., 2018; Ben Labidi et al., 2020b; Khedher et al., 2021; 
Mejri et al., 2022b; Qasim et al., 2022; Yedier et al., 2022; 
Ben Mohamed et al., 2023). Although the various forms of 
otolith asymmetry have been reported in several fish species 
and have been attributed to developmental instability 
resulting from stress and environmental heterogeneity 
(Bostancı et al., 2018; Ben Labidi et al., 2020a, 2020b; 
Khedher et al., 2021; Mejri et al., 2022a, 2022b; Qasim et 
al., 2022; Yedier et al., 2022; Ben Mohamed et al., 2023), 
their origins and consequences remain still largely unclear 
and controversial. In addition, recent studies have shown 
that developmental instability has led to abnormalities of 
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otoliths’ development (Yedier, 2022; Yedier et al., 2023) or 
the formation of anomalous or aberrant otoliths (Carvalho 
et al., 2019; Yedier and Bostanci, 2019, 2020; De Carvalho 
Lapuch et al., 2022).

Other studies have shown that the fat content of the fish 
diet or its biochemical composition and energy metabolism 
have been reported to influence otolith growth, structure, 
opacity, and shape (Mille et al., 2016). Moreover, Mahé 
et al. (2019) confirmed that eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA) are essential nutrients 
for most fish species and their deficiencies can affect many 
aspects of fish physiology, particularly the morphogenesis 
of otolith. Furthermore, Degens et al. (1969) indicated 
that dietary PUFA-n-3 could have a potential effect on 
the development of the audiovestibular system of fish, 
especially the biomineralization of otolith, which is based 
on a minor organic fraction accounting for 0.2 to 10% of 
the total material. On the other hand, Grønkjær (2016) 
described that the function of otoliths as a recorder of 
environmental signals is influenced by the physiology and 
genetic makeup of fish. Also, Yedier and Bostanci (2022), 
based on otolith shape and molecular (COI sequences) 
analyses, reported that otoliths possess phylogenetic 
signals for discrimination between the Scorpaena species. 
In addition, it has been inferred that the metabolic rate 
of fish controls the growth of both fish and otolith and 
leads to the observed proportionality between otoliths 
and fish size (Bang and Grønkjær, 2005). Physiologically, 
the process of growth ultimately involves the conversion 
of food contents into tissues, and proteins, amino acids, 
lipids, and other building blocks are transported into 
the blood to participate in the growth of the fish’s organs 
and structures, including otoliths (Stanley et al., 2015). 
Likewise to the expectation that there would be differences 
in the fatty acid profile between these species under study 
due to the differences in their subsistence and feeding 
behavior, a difference in the shape of the otoliths would 
also be expected, and this difference might be consistent or 
compatible with differences in the fatty acid composition.

As far as known, the otolith approach has also been 
applied in studies related to ecological research and 
conservation applications (Miller et al., 2010), taxonomy 
and phylogeny (Béarez and Schwarzhans, 2013), evolution 
and ontogenetic processes (Capoccioni et al., 2011), 
spatiotemporal migrations (Smith and Kwak, 2014), 
and fish age (Škeljo et al., 2015), which have powerful 
implications for fisheries science and management 
(Vasconcelos et al., 2018). In addition, several methods 
have recently combined both morphometric or molecular 
and otolith biometry to differentiate and address the 
phylogenetic relationships between and within species 
(Yedier and Bostanci, 2021, 2022).

Among the aforementioned species, otolith 
characteristics have been investigated in S. pilchardus 
and Engraulis encrasicolus (Khemiri et al., 2014), T. draco 
(Fatnassi et al., 2017), and M. barbatus (Bakkari et al., 
2020), while reproductive biology and diet composition 
have only been described in T. draco (Fatnassi et al., 2017), 
G. niger (Joyeux et al., 1991a, 1991b), and T. mediterraneus 
(Georgieva et al., 2019). In addition, these six species have 
been categorized into two groups based on the variation 
in otolith mass asymmetry (X): pelagic, including S. 
pilchardus, T. mediterraneus, and C. auratus, and benthic, 
which comprised G. niger, M. barbatus, and T. draco 
(Bouriga et al., 2021).

Despite these studies, no work has been carried out 
combining both otolith shape and fatty acid composition 
analyses to discriminate between fish species either in 
Tunisian waters or elsewhere. Therefore, the present study 
was conducted for the first time to (i) investigate the 
discrimination and relationship between the six species 
using both otolith shape and fatty acid composition, (ii) 
examine whether the variation in fatty acid composition 
is consistent or compatible with the difference in otolith 
shape, and (iii) check whether the otoliths shape and fatty 
acids composition have combined characteristic signals 
for these species.

2. Materials and methods
2.1. Sampling and study area
A total of 403 adult males (♂) and females (♀) of C. 
auratus, T. mediterraneus, S. pilchardus, M. barbatus, G. 
niger, and T. draco were collected between March and May 
2017 from five marine stations located in the Gulf of Tunis 
using artisanal fishing (Figure 1). These stations and their 
geographical coordinates are La Goulette (36°49′09″N, 
10°18′36″E), Southern Lake of Tunis (36°49′03″N, 
10°14′33″E), Rades (36°46′30″N, 10°17′30″E), Hammam-
Lif (36°44′13″N, 10°20′00″E), and Soliman (36°43′10″N, 
10°24′00″E). Immediately after catching, individuals were 
examined visually for sexual maturity, or microscopically 
in the case of small gonads, to confirm the maturity of all 
individuals of the six species. In addition, the total length 
(TL) was measured with an ichthyometer to the nearest 0.1 
cm, and the total weight (TW) was calculated with a digital 
balance to the nearest 0.1 g for both males and females of 
each species (Table 1).
2.2. Lipid extraction
Crude fats were extracted using chloroform: methanol 
(2:1) and the lipid fraction was determined gravimetrically. 
All values were expressed as the mean percentage of wet 
weight (ww) for the three replicates.
2.3. Fatty acid determination 
Fatty acid methyl esters (FAMEs) of fresh fillets from all 
individuals of the six species were determined in triplicate 
by the method of Lepage and Roy (1984). Briefly, the 
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analysis was performed on a Varian Agilent 6890N gas 
chromatograph, which was equipped with an automatic 
sampler and equipped with split/splitless injectors, and 
a flame ionization detector (FID). The separation was 
performed in an Innowax 30 × 0.25 capillary column (25 
m × 0.25 mm ID, film thickness). The temperature was 
programmed from 180 to 200 °C at 4 °C/min, held at 200 °C 
for 10 min, heated to 210 °C at 4 °C/min, and held at 210 °C 
for 14.5 min using an injector and FID at 250 °C. The fatty 
acid content in the total lipids of the samples was estimated 
using henicosanoic acid C21:0, as an internal standard (10 
mg/mL) based on the peak area ratio. The sequences of 

fatty acid were ranged according to the chromatographic 
retention times, and the values are given as percentages of 
the total fatty acid methyl esters for three replicates.
2.4. Otolith extraction
Left and right otoliths were extracted from all individuals 
of the six species and then, the otoliths were cleaned with 
distilled water, stored in Eppendorf tubes, and kept in dry 
storage for 24 h to eliminate humidity.
2.5. Otolith shape analysis
Each otolith was placed on a microscope slide on its convex 
side with the sulcus pointing down and the rostrum 

Figure 1. Study area and location of the sampling stations (■) from which individuals of the six species were collected 
from the Gulf of Tunis, Tunisia.

Table 1. The number (n), total weight (TW in g) and length (TL in cm), and mean ± standard deviation (SD) of males (♂) and females 
(♀) examined from the six species collected from the five stations in the Gulf of Tunis, Tunisia.

Species (n) Sex (n) Range of TW (mean  ±  SD) Range of TL (mean  ±  SD)

C. auratus (60)
♂ (30) 13–32 (26.8 ± 3.2) 11–23 (17 ± 7.2)
♀ (30) 13–32 (27.1 ± 3.2) 11–23 (17.2 ± 7.2)

T. mediterraneus (73)
♂ (43) 17–49 (37.1 ± 9.9) 8–18 (13 ± 1.9)
♀ (30) 17–49 (38.1 ± 9.9) 8–18 (12.3 ± 1.9)

S. pilchardus (66)
♂ (36) 5–14 (9.98 ± 3) 4–16 (10 ± 3)
♀ (30) 5–14 (10.8  ± 3) 4–16 (9.5 ± 3)

G. niger (77)
♂ (45) 8–22 (18.1 ± 5.4) 5–18 (11.5 ± 1.6)
♀ (32) 8–22 (20.0 ± 5.4) 5–18 (10.3 ± 1.6)

T. draco (60)
♂ (30) 24–38 (36.1 ± 5.6) 11.5–20.5 (16 ± 5)
♀ (30) 24–38 (37 ± 5.6) 11.5–20.5 (15 ± 5)

M. barbatus (67)
♂ (30) 11–42 (39.4 ± 8.1) 7–16 (11.5 ± 2.2)
♀ (37) 11–42 (40.4 ± 8.1) 7–16 (11.9 ± 2.2)
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pointing in the same direction to minimize distortion 
errors in the normalization process. Subsequently, as 
shown in Figure 2, each pair of otoliths was photographed 
under the binocular loupe using a 20 megapixels Canon 
Ixus 185 high-performance digital camera to obtain 
images that allow us to trace the outlines of the shape 
with perfect accuracy. The obtained images were then 
processed by Photoshop CS6 software, which transformed 
the original images of otoliths into binary images. 
Afterwards, images of the shapes were analyzed using 
Shape 1.3 software (Iwata and Ukai, 2002). The contour 
shape of each otolith was evaluated by elliptical Fourier 
analysis (EFA) as previously described by Ben Labidi 
et al. (2020a, 2020b). In the method of elliptical Fourier 
descriptors (EFDs), the chain-coding algorithm was used 
and calculated based on the projection of the binary 
contour of each otolith using Shape 1.3 software. The 
chain-coder provided the normalized EFDs coefficients 
through the discrete Fourier transformation (DFT) of 
the chain-coded contour. The EFDs technique described 
the outline based on the harmonics and generated 20 
harmonics for each otolith. Each harmonic consists of 
four coefficients (A, B, C, and D), which corresponded 
to the sine and cosine values of the variation in the x and 
y coordinates and resulted in 80 coefficients per otolith 
produced by projecting each point of the outline onto 
the (x) and (y) axes. The four Fourier descriptors (FDs) 
were normalized using the first harmonic to make them 

invariant with changes in size, location, rotation, and 
starting point. After transformation, the first three FDs of 
the first harmonic were fixed to constant values and were 
therefore not considered in the analysis. Therefore, each 
sample was represented by the subsequent 77 coefficients. 
To determine the number of harmonics required to 
reconstruct the best otolith outline, the cumulated Fourier 
power (FPn) was calculated for each otolith as a measure of 
the precision of contour reconstruction obtained using the 
n harmonics, i.e. the proportion of variance in the contour 
coordinates computed by the n harmonics. The Fourier 
power (FPn), the Fourier power percentage (FP%), and the 
cumulative Fourier power percentage (FPn% cumulative) 
were calculated according to the following formulae:

The Fourier power 
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Figure 2. Real images of the left (L) and right (R) otoliths of (A) T. mediterraneus, (B) S. pilchardus, (C) C. auratus, (D) T. draco, (E) G. 
niger, and (F) M. barbatus individuals collected from the five stations in the Gulf of Tunis, Tunisia.
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The FPn was calculated for each otolith to ensure 
that each otolith in the sample was reconstructed with 
a precision of 99.99%, and the total FPn was calculated 
to determine the number of harmonics required. The 
maximum number of harmonics n = max(n) across all 
otoliths was then used to reconstruct each otolith.
2.6. Statistical analysis
2.6.1. Fatty acids analysis
Statistical analysis of fatty acid composition and sequence 
values was performed in triplicates using SAS software 
(SAS 9.1.3, 2002-2003, Institute Inc., Cary, NC, USA). 
The comparison of fatty acid composition at the inter- 
and intraspecific levels, i.e. among and within males and 
females, was tested using the 5% Tukey’s test with a one-way 
analysis of variance (ANOVA). In addition, differences in 
fatty acid composition at the inter- and intraspecific levels 
were detected using discriminant function analysis (DFA) 
and principal component analysis (PCA), respectively.
2.6.2. Otolith shape analysis
Differences in the contour shape of the left and right 
otoliths at the inter- and intraspecific levels of the six 
species were revealed using discriminant function 
analysis (DFA). The effect of species on elliptical Fourier 
descriptors was first tested by multivariate analysis of 
variance (MANOVA). First, all shape variable values 
were checked for being normal, and if the values did not 
follow a normal distribution, a Box-Cox transformation 
was performed. Second, Levene’s and Shapiro-Wilk’s λ 
tests were applied to assess homogeneity (equality) and 
normality of variance in the variable values of otolith 
shapes, respectively. Afterwards, DFA was performed 
using the normalized elliptical Fourier descriptors 
coefficients (77 coefficients per otolith) to illustrate the 
similarities and differences at the inter- and intraspecific 
levels of the six species. The objective of the DFA is to 
investigate the integrity of predetermined groups of 
individuals of a particular species and the percentage of 
their correct classification, by finding linear combinations 
of descriptors that maximize Wilk’s λ value. Wilk’s λ test 
evaluates the performance of discriminant analyses. 
This statistic is the ratio between intraspecies variance 
and total variance and provides an objective method 
for calculating the corrected percentage chance of 
agreement. In addition, Fisher’s distance (D) was also 
calculated to describe the differences in the shape of 
otolith at the inter- and intraspecific levels. Moreover, a 
hierarchical ascending classification (HAC) analysis was 
performed based on the values of the otoliths’ shapes 
divergence between the six species. Furthermore, PCA 
was performed to assess the consistency between the fatty 
acid composition and otolith shape among individuals of 
the six species. All statistical analyses were performed 

using XLSTAT 2010. The results were interpreted using 
data from Wilk’s λ test, and the barycenter projections for 
the left and right otoliths of both males and females for 
each of the six species were shown on graphs. In addition, 
the MANOVA was used to test the significance of the 
left and right otoliths’ shape values between and within 
species.

3. Results
3.1. Total weight (TW) and total length (TL) variation
As shown in Table 1, the body weight (TW) and total length 
(TL) of males and females in the benthic species ranged from 
11 to 42 g and 7 to 16 cm in M. barbatus, from 8 to 22 g and 5 
to 18 cm in G. niger, and from 24 to 38 g and 11.5 to 20.5 cm in 
T. draco, respectively. In the pelagic C. auratus, the TW varied 
from 13 and 32 g and the TL differed from 11 to 23 cm in 
both males and females, respectively. However, in the pelagic 
or benthopelagic T. mediterraneus and S. pilchardus, the TW 
and TL ranged from 17 to 49 g and 8 to 18 cm, and 5 to 14 g 
and 4 to 16 cm in both males and females, respectively.
3.2. Fatty acids composition variation
At the interspecific level, Tukey’s 5% test with one-way 
ANOVA detected a significant difference (p < 0.0001) in 
the total percentages of both saturated fatty acids (SFAs), 
polyunsaturated fatty acids (PUFAs), and monounsaturated 
fatty acids (MUFAs) between individuals of the six species 
(Table 2). Polyunsaturated fatty acids (PUFAs) were more 
abundant in T. mediterraneus, S. pilchardus, and C. auratus 
(47.25 ± 1.92%) than in M. barbatus, G. niger, and T. draco 
(31 ± 1.86%). Among the SFAs, the contents of palmitic acid 
(C16:0) and stearic acid (C18:0) were the most predominant 
fatty acids for the six species and the content of C16:0 was 
significantly higher (p < 0.0001) in M. barbatus, G. niger, and T. 
draco than in T. mediterraneus, S. pilchardus, and C. auratus. In 
addition, the most abundant MUFAs were oleic acid (C18:1), 
which accounted for 14.71 ± 2.5% among T. mediterraneus, 
S. pilchardus, and C. auratus and 5.63 ± 0.75% among M. 
barbatus, G. niger, and T. draco. Moreover, the contents of 
PUFAs in all species were dominated by essential fatty acids, 
such as eicosapentaenoic fatty acid (EPA), docosahexaenoic 
fatty acid (DHA), and arachidonic fatty acid (ARA), which 
differed in their content between 2.57 ± 0.58% and 29.96 ± 
2.08% among the six species (Table 1). Of these essential 
PUFAs, DHA was the most abundant among the six species, 
followed by EPA and ARA, respectively. DHA alone accounted 
for more than 50% (29.96 ± 2.08%) of the total PUFAs content 
in T. mediterraneus, S. pilchardus, and C. auratus compared 
to only 13.07 ± 0.44 % in M. barbatus, G. niger, and T. draco. 
Furthermore, the highest amounts of PUFA-3 and -6 were 
found in T. mediterraneus, S. pilchardus, and C. auratus (39.58 
± 2.25% and 4.79 ± 0.5%, respectively), which significantly 
exceeded those found in M. barbatus, G. niger, and T. draco 
(25.18 ± 1.49% and 2.89 ± 0.45%, respectively).
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Moreover, as shown in Figure 3a, the barycenter projection 
based on DFA of the differences in fatty acid composition 
between individuals showed that the six species were 
discriminated from each other by the F1 and F2 axes, with a 
total variance value equal to 99.93%. Of these two axes, the F1 

axis accounted for 80.71% of the total variation and placed 
C. auratus, S. pilchardus, and T. mediterraneus in the 
positive part and M. barbatus, G. niger, and T. draco in the 
negative part. However, the F2 axis explained 19.22% of 
the total variance and segregated C. auratus, S. pilchardus, 

Table 2. Mean and standard deviation (± SD) percentage (%) of fatty acids composition between individuals of the six species collected 
from the five stations in the Gulf of Tunis, Tunisia.

Fatty acid Mean of total fatty acids (mg/mL) ± SD (%) Significance/
p-valueC. auratus T. mediterraneus S. pilchardus G. niger T. draco M. barbatus

C12:0 0.14 ± 0.01 0.2 ± 0.03 0.44 ± 0.17 0.19 ± 0.02 0.44 ± 0.26 0.12 ± 0.01 NS
C14:0 5.56 ± 0.39a 2.28 ± 0.17c 2.70 ± 1.08bc 2.71 ± 0.21bc 3.94 ± 0.24b 3.33 ± 0.01bc 0.0016
C15:0 0.35 ± 0.02bc 0.51 ± 0.04ab 0.65 ± 0.24a 0.1 ± 0.01c 0.22 ± 0.08bc 0.36 ± 0.08abc 0.0195
C16:0 22.16 ± 0.79d 22.6 ± 10.52d 24.98 ± 0.88c 29.58 ± 0.34ab 31.04 ± 0.88a 28.99 ± 0.12b < 0.0001
C17:0 0.12 ± 0.00d 0.6 ± 0.04ab 0.34 ± 0.1dc 0.72 ± 0.01a 0.72 ± 0.16a 0.45 ± 0.14bc 0.0019
C18:0 8.25 ± 0.07a 8.24 ± 0.26a 6.52 ± 0.33c 7.37 ± 0.0b 7.37 ± 0.06b 7.11 ± 0.36bc 0.0003
C20:0 0.21 ± 0.05b 0.17 ± 0.02b 0.16 ± 0.04b 0.66 ± 0.03a 0.15 ± 0.06b 0.83 ± 0.36a 0.0086
C22:0 0.54 ± 0.10a 0.34 ± 0.01b 0.2 ± 0.07bc 0.1 ± 0.01c 0.14 ± 0.03c 0.36 ± 0.11b 0.0019
C24:0 1.2 ± 0.05a 0.59 ± 0.09b 0.21 ± 0.14c 1.26 ± 0.03a 1.34 ± 0.13a 1.32 ± 0.09a < 0.0001
∑SFAs 38.55 ± 0.21b 35.56 ± 0.32b 36.22 ± 1.98b 42.69 ± 0.12a 45.37 ± 1.57a 42.88 ± 0.09a < 0.0001
C16:1 2.06 ± 0.05b 2.31 ± 0.23b 2.23 ± 0.27b 4.29 ± 0.05a 4.19 ± 0.2a 4.45 ± 0.12a < 0.0001
C17:1 0.22 ± 0.01b 0.25 ± 0.01b 0.16 ± 0.04b 0.1 ± 0.01b 0.19 ± 0.01b 0.67 ± 0.24a 0.0074
C18:1 14.37 ± 0.01b 11.49 ± 0.1c 18.28 ± 0.85a 5.01 ± 0.03e 5.17 ± 0.42e 6.7 ± 0.19d < 0.0001
C20:1 5.71 ± 0.04 0.71 ± 0.18 0.25 ± 0.06 1.79 ± 0.01 1.93 ± 0.02 1.89 ± 0.03 NS
C22:1 0.28 ± 0.59 0.07 ± 0.03 0.54 ± 0.28 0.18 ± 0.03 0.25 ± 0.09 0.22 ± 0.01 NS
C24:1 0.47 ± 3.72b 0.94 ± 0.03a 0.7 ± 0.27ab 0.02 ± 0.01c 0.58 ± 0.12ab 0.34 ± 0.11c 0.0066
∑MUFAs 23.13 ± 0.05a 15.79 ± 0.32b 22.18 ± 0.01a 11.39 ± 0.05c 12.32 ± 0.58c 14.27 ± 0.19bc < 0.0001
C18:2 2.6 ± 0.03ab 2.73 ± 0.03ab 1.89 ± 0.29bc 1.36 ± 0.01c 3.3 ± 0.64a 2.55 ± 0.35ab 0.0054
C20:2 0.26 ± 0.20c 0.32 ± 0.08c 0.86 ± 0.24a 0.42 ± 0.04bc 0.66 ± 0.07ab 0.5 ± 0.09bc 0.0122
C18:3 1.98 ± 0.06c 1.37 ± 0.09d 1.43 ± 0.05d 2.18 ± 0.15c 2.61 ± 0.01b 3.29 ± 0.01a < 0.0001
C20:3n-3 0.07 ± 0.07c 0.03 ± 0.02c 0.22 ± 0.0c 1.89 ± 0.11b 2.09 ± 0.03b 2.6 ± 0.29a < 0.0001
C20:3n-6 0.12 ± 0.19c 0.15 ± 0.02c 0.46 ± 0.04b 0.1 ± 0.01c 0.16 ± 0.04c 0.64 ± 0.09a < 0.0001
C18:4n-3 0.15 ± 0.02 0.13 ± 0.04 0.33 ± 0.16 0.1 ± 0.01 0.3 ± 0.13 0.34 ± 0.15 NS
C20:4n-6 (ARA) 4.4 ± 0.001a 3.93 ± 0.34ab 4.98 ± 0.4a 3.21 ± 0.13bc 2.64 ± 0.02cd 1.84 ± 0.78d 0.0003
C22:4n-6 0.23 ± 0.001a 0.03 ± 0.01b 0.02 ± 0.0b 0.01 ± 0.001b 0.03 ± 0.01b 0.01 ± 0.0b < 0.0001
C20:5n-3 (EPA) 7.2 ± 0.18a 7.0 ± 0.55a 6.17 ± 0.03b 5.78 ± 0.15b 6.08 ± 0.03b 6.86 ± 0.2a 0.0030
C22:5n-3 0.8 ± 0.03ab 1.32 ± 0.02a 0.62 ± 0.4bc 0.12 ± 0.01c 0.77 ± 0.41abc 1.26 ± 0.1ab 0.0206
C22:6n-3 (DHA) 28.9 ± 0.15b 33.08 ± 0.35a 27.89 ± 0.32c 13.5 ± 0.05d 12.86 ± 0.22d 12.84 ± 0.53d < 0.0001
∑PUFAs 46.73 ± 1.33b 50.13 ± 1.04a 44.89 ± 0.26b 28.69 ± 0.25d 31.53 ± 1.34c 32.76 ± 0.27c < 0.0001
∑PUFAs-n-3 39.11 ± 0.07b 42.95 ± 0.37a 36.67 ± 0.37c 23.58 ± 0.13e 24.73 ± 0.08e 27.21 ± 0.68d < 0.0001
∑PUFAs-n-6 4.76 ± 2.87ab 4.12 ± 0.77bc 5.47 ± 0.16a 3.32 ± 0.17dc 2.84 ± 0.69d 2.5 ± 0.67d 0.0001

Abbreviation: a–e, differences between the six species, with the same letter within the same line, are not significantly different, 
(p > 0.05); NS: not significant; SFAs: saturated fatty acids; MUFAs: monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids; 
EPA: eicosapentaenoic fatty acid; DHA: docosahexaenoic fatty acid; ARA: arachidonic fatty acid.
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Figure 3. (a) Discriminant function analysis (DFA) and (b) principal component analysis (PCA) 
graph (biplot) showing the barycenter projection and distribution of the fatty acid composition 
percentage values between and within males (M) and females (F) of the six species collected from 
the five stations in the Gulf of Tunis, Tunisia. T.m.: T. mediterraneus. 
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and M. barbatus in the positive part and T. draco, G. niger, 
and T. mediterraneus in the negative. Therefore, as shown 
in Table 1, we can assume that the F1 axis was associated 
with the highest levels of MUFAs and PUFAs, especially 
DHA─22:6n-3, EPA─20:5n-3, ARA─20:4n-6, and PUFA-
3 and -6, while the F2 axis was associated with the highest 
C18:3n-3, C20:3n-3, and SFAs, especially C16:0, C17:0, 
C20:0, and C24:0.

At the intraspecific level,  significant differences 
between males and females were found in MUFA-C16:1 
(palmitoleic acid) and C17:1 (ginkgolic acid), and PUFA-
C22:5n-3 (Docosapentaenoic acid, DPA) in C. auratus, 
SFA-C12:0 (duodecylic acid) and C17:0 (heptadecanoic 
acid), MUFA-C24:1 (nervonic acid), and PUFA-C22:5n-3 
in T. mediterraneus, and SFA-C24:0 (lignoceric acid), total 

Table 3. Mean and standard deviation (± SD) percentage (%) of fatty acids composition between males and females of Chelon auratus, 
Trachurus mediterraneus, and Sardina pilchardus collected from the five stations in the Gulf of Tunis, Tunisia.

Fatty acid
Mean of total fatty acids (mg/mL) ± SD (%)
C. auratus ♂ C. auratus ♀ T. mediterraneus ♂ T. mediterraneus ♀ S. pilchardus ♂ S. pilchardus ♀

C12:0 0.13 ± 0.02* 0.12 ± 0.01 0.21 ± 0.01c 0.3 ± 0.02 0.41 ± 0.12* 0.42 ± 0.14*

C14:0 5.49 ± 0.22* 5.27 ± 0.13 2.31 ± 0.15* 2.27 ± 0.21 2.63 ± 0.04* 2.71 ± 0.08*

C15:0 0.36 ± 0.03* 0.38 ± 0.02 0.49 ± 0.03* 0.53 ± 0.03 0.59 ± 0.02* 0.63 ± 0.03*

C16:0 22.10 ± 3.15* 22.4 ± 4.89 22.39 ± 6.47* 22.43 ± 7.22 23.72 ± 5.42* 24.07 ± 4.79*

C17:0 0.09 ± 0.01* 0.07 ± 0.01 0.63 ± 0.02a 0.59 ± 0.01 0.31 ± 0.01* 0.33 ± 0.01*

C18:0 8.23 ± 1.02* 8.18 ± 1.24 8.19 ± 0.14* 8.26 ± 0.21 6.48 ± 0.27* 6.39 ± 0.07*

C20:0 0.19 ± 0.03* 0.18 ± 0.01 0.15 ± 0.01* 0.16 ± 0.01 0.22 ± 0.02* 0.19 ± 0.01*

C22:0 0.49 ± 0.09* 0.42 ± 0.02 0.31 ± 0.02* 0.33 ± 0.01 0.19 ± 0.01* 0.2 ± 0.02*

C24:0 1.08 ± 0.03* 1.07 ± 0.02 0.62 ± 0.1* 0.58 ± 0.13 0.23 ± 0.01a 0.19 ± 0.02
∑SFAs 38.16 ± 2.31* 38.09 ± 2.28 35.3 ± 3.41* 35.45 ± 3.27 34.78 ± 7.22* 34.74 ± 6.98
C16:1 2.04 ± 0.03a 2.1 ± 0.02 2.29 ± 0.18* 2.35 ± 0.20 2.39 ± 0.31* 2.34 ± 0.30*

C17:1 0.19 ± 0.01b 0.22 ± 0.01 0.28 ± 0.02* 0.26 ± 0.01 0.18 ± 0.01* 0.15 ± 0.03*

C18:1 14.25 ± 0.5* 14.31 ± 0.1 11.36 ± 1.5* 11.28 ± 1.12 18.51 ± 1.22* 18.19 ± 1.08*

C20:1 5.69 ± 0.39* 5.67 ± 0.27 0.66 ± 0.12* 0.7 ± 0.14 0.23 ± 0.01* 0.24 ± 0.01*

C22:1 0.26 ± 0.42* 0.28 ± 0.33 0.05 ± 0.01* 0.04 ± 0.01 0.56 ± 0.01* 0.55 ± 0.02*

C24:1 0.45 ± 0.31* 0.51 ± 0.03 0.82 ± 0.02c 0.91 ± 0.01 0.66 ± 0.03* 0.71 ± 0.02*

∑MUFAs 22.88 ± 1.73* 23.09 ± 1.23 15.46 ± 1.45* 15.54 ± 1.39 22.53 ± 0.05d 22.18 ± 0.04
C18:2 2.49 ± 0.01* 2.47 ± 0.03 2.69 ± 0.03* 2.65 ± 0.02 1.73 ± 0.01c 1.81 ± 0.02
C20:2 0.26 ± 0.16* 0.30 ± 0.01 0.31 ± 0.06* 0.29 ± 0.04 0.86 ± 0.24* 0.86 ± 0.24*

C18:3 1.92 ± 0.04* 1.89 ± 0.09 1.34 ± 0.01* 1.38 ± 0.03 1.37 ± 0.05* 1.41 ± 0.04*

C20:3n-3 0.06 ± 0.01* 0.04 ± 0.02 0.01 ± 0.001* 0.02 ± 0.02 0.28 ± 0.01c 0.32 ± 0.01
C20:3n-6 0.13 ± 0.01* 0.15 ± 0.02 0.17 ± 0.01* 0.15 ± 0.01 0.43 ± 0.01c 0.51 ± 0.02
C18:4n-3 0.14 ± 0.02* 0.13 ± 0.01 0.12 ± 0.01* 0.11 ± 0.01 0.36 ± 0.14* 0.35 ± 0.13*

C20:4n-6 (ARA) 4.97 ± 0.01* 4.88 ± 0.06 3.97 ± 0.2* 3.88 ± 0.3 5.02 ± 0.3* 4.99 ± 0.5*

C22:4n-6 0.14 ± 0.01* 0.13 ± 0.01 0.01 ± 0.01* 0.02 ± 0.01 0.04 ± 0.01* 0.05 ± 0.01*

C20:5n-3 (EPA) 7.18 ± 0.13* 7.01 ± 0.47 7.21 ± 0.34* 7.33 ± 0.26 6.22 ± 1.03* 6.19 ± 1.02*

C22:5n-3 0.73 ± 0.01b 0.78 ± 0.02 1.32 ± 0.01a 1.29 ± 0.01 0.69 ± 0.04* 0.63 ± 0.02*

C22:6n-3 (DHA) 30.79 ± 3.22* 31.06 ± 3.37 32.73 ± 0.27* 33.01 ± 0.27 27.73 ± 6.32* 27.81 ± 5.99
∑PUFAs 48.81 ± 3.33* 48.84 ± 2.06 49.88 ± 4.18* 50.13 ± 5.01 44.73 ± 6.08* 44.93 ± 6.49
∑PUFAs-n-3 39.03 ± 1.14* 39.17 ± 1.39 41.39 ± 3.89* 41.47 ± 4.06 34.92 ± 5.22* 35.3 ± 6.07
∑PUFAs-n-6 5.21 ± 0.46* 5.16 ± 0.29 4.15 ± 1.09* 4.05 ± 0.98 5.49 ± 0.1* 5.55 ± 0.2

Abbreviation: a–d, significant differences between males and females at the p < 0.05, p < 0.02, p < 0.01, and p < 0.001, respectively; *, not 
significant; SFAs: saturated fatty acids; MUFAs: monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids; EPA: eicosapentaenoic 
fatty acid; DHA: docosahexaenoic fatty acid; ARA: arachidonic fatty acid.
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MUFAs, and PUFA-C18:2 (linoleic acid, LA), C20:3n-3 
(docosatrienoic acid) and  3n-6 (Dihomo-γ-linolenic 
acid, DGLA) in S. pilchardus (Table 3). In M. barbatus, 
a significant difference was only shown in SFA-C14:0 
(myristic acid) between males and females (Table 4). 
However, in G. niger, significant differences were recorded 

in SFA-C14:0, C17:0, and C22:0 (docosanoic acid), 
C18:0 (stearic acid), C20:0 (eicosanoic acid), and C24:0, 
MUFA-C16:1, C18:1 (oleic acid), and C20:1 (gondoic 
acid), and total PUFAs dominated by C18:2, C18:3 
(linolenic acid), C20:3n-3, C20:5n-3 (EPA), C22:5n-3, 
and total PUFAs-n-3 and -n-6 family. But, in T. draco, 

Table 4. Mean and standard deviation (± SD) percentage (%) of fatty acids composition between males and females of Mullus barbatus, 
Gobius niger, and Trachinus draco collected from the five stations in the Gulf of Tunis, Tunisia.

Fatty acid
Mean of total fatty acids (mg/mL) ± SD (%)

M. barbatus ♂ M. barbatus ♀ G. niger ♂ G. niger ♀ T. draco ♂ T. draco ♀

C12:0 0.11 ± 0.01* 0.10 ± 0.01 0.17 ± 0.01* 0.18 ± 0.01 0.39 ± 0.15* 0.40 ± 0.18
C14:0 3.27 ± 0.01a 3.31 ± 0.02 2.68 ± 0.02b 2.51 ± 0.03 3.81 ± 0.02* 3.73 ± 0.03
C15:0 0.34 ± 0.08* 0.36 ± 0.02 0.1 ± 0.01* 0.1 ± 0.01 0.22 ± 0.04* 0.18 ± 0.03
C16:0 28.73 ± 3.46* 28.51 ± 3.13 29.63 ± 5.27* 25.42 ± 4.12 30.99 ± 2.42a 26.19 ± 1.67
C17:0 0.43 ± 0.01* 0.46 ± 0.02 0.71 ± 0.01c 0.62 ± 0.02 0.74 ± 0.02d 0.51 ± 0.02
C18:0 7.12 ± 0.33* 7.09 ± 0.01 6.29 ± 0.01d 4.32 ± 0.02 7.25 ± 1.03c 3.49 ± 0.05
C20:0 0.81 ± 0.03* 0.78 ± 0.34 0.63 ± 0.01d 0.47 ± 0.02 0.13 ± 0.02* 0.12 ± 0.01
C22:0 0.35 ± 0.03* 0.34 ± 0.01 0.12 ± 0.01c 0.05 ± 0.01 0.14 ± 0.01a 0.11 ± 0.01
C24:0 1.29 ± 0.07* 1.31 ± 0.08 1.26 ± 0.02d 0.78 ± 0.01 1.31 ± 0.10* 1.28 ± 0.02
∑SFAs 42.45 ± 3.67* 42.26 ± 4.01 41.59 ± 4.16* 34.45 ± 2.78 44.98 ± 4.62a 36.01 ± 2.78
C16:1 4.43 ± 0.14* 4.39 ± 0.10 4.31 ± 0.03d 2.18 ± 0.01 4.16 ± 0.2* 4.27 ± 0.02
C17:1 0.66 ± 0.21* 0.67 ± 0.23 0.2 ± 0.01* 0.18 ± 0.01 0.18 ± 0.01* 0.19 ± 0.01
C18:1 6.59 ± 0.23* 6.72 ± 0.19 4.22 ± 0.03d 5.72 ± 0.01 5.12 ± 0.41* 5.31 ± 0.27
C20:1 1.73 ± 0.05* 1.81 ± 0.02 1.24 ± 0.01d 1.81 ± 0.01 1.83 ± 0.02* 1.82 ± 0.02
C22:1 0.21 ± 0.02* 0.22 ± 0.01 0.16 ± 0.01* 0.18 ± 0.03 0.25 ± 0.06* 0.27 ± 0.04
C24:1 0.33 ± 0.01* 0.34 ± 0.02 0.02 ± 0.01* 0.04 ± 0.01 0.53 ± 0.12* 0.52 ± 0.12
∑MUFAs 13.95 ± 1.17* 14.15 ± 0.19 10.15 ± 1.06* 10.11 ± 1.12 12.07 ± 1.84* 12.38 ± 1.47
C18:2 2.48 ± 0.35* 2.56 ± 0.36 1.36 ± 0.01d 1.58 ± 0.03 3.27 ± 0.57* 3.59 ± 0.61
C20:2 0.49 ± 0.09* 0.51 ± 0.07 0.42 ± 0.04* 0.42 ± 0.04 0.59 ± 0.07* 0.61 ± 0.03
C18:3 3.31 ± 0.01* 3.29 ± 0.02 2.16 ± 0.13a 2.39 ± 0.03 2.61 ± 0.01d 3.22 ± 0.01
C20:3n-3 2.66 ± 0.27* 2.60 ± 0.25 1.87 ± 0.01d 2.59 ± 0.11 2.01 ± 0.02d 2.18 ± 0.01
C20:3n-6 0.64 ± 0.01* 0.65 ± 0.07 0.12 ± 0.01* 0.2 ± 0.14 0.12 ± 0.04* 0.14 ± 0.04
C18:4n-3 0.33 ± 0.17* 0.34 ± 0.15 0.1 ± 0.01* 0.1 ± 0.01 0.31 ± 0.13* 0.30 ± 0.13
C20:4n-6 (ARA) 1.78 ± 0.09* 1.81 ± 0.02 3.21 ± 0.13* 3.21 ± 0.13 2.64 ± 0.02d 3.05 ± 0.02
C22:4n-6 0.02 ± 0.01* 0.03 ± 0.01 0.01 ± 0.001* 0.01 ± 0.001 0.02 ± 0.01* 0.03 ± 0.01
C20:5n-3 (EPA) 6.82 ± 0.2* 6.87 ± 0.34 5.66 ± 0.15c 9.22 ± 1.13 3.12 ± 0.03d 9.05 ± 0.02d

C22:5n-3 1.29 ± 0.01* 1.27 ± 0.01 0.12 ± 0.01b 0.16 ± 0.01 0.77 ± 0.41* 0.94 ± 0.41
C22:6n-3 (DHA) 12.78 ± 2.44* 12.81 ± 0253 13.27 ± 2.13* 16.5 ± 2.27 10.42 ± 1.27* 13.59 ± 1.72
∑PUFAs 32.6 ± 3.26* 32.74 ± 3.54 28.3 ± 1.25b 36.38 ± 3.14 25.88 ± 3.09b 36.7 ± 3.31
∑PUFAs-n-3 23.88 ± 3.14* 23.89 ± 3.65 21.02 ± 1.09c 28.57 ± 2.05 16.63 ± 1.14c 26.06 ± 2.07
∑PUFAs-n-6 2.44 ± 0.02* 2.43 ± 0.01 3.34 ± 0.01* 3.43 ± 0.12 2.78 ± 0.02d 3.22 ± 0.03

Abbreviation: a–d, significant differences between males and females at the p < 0.05, p < 0.02, p < 0.01, and p < 0.001, respectively; *, not 
significant; SFAs: saturated fatty acids; MUFAs: monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids; EPA: eicosapentaenoic 
fatty acid; DHA: docosahexaenoic fatty acid; ARA: arachidonic fatty acid.
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significant differences were observed in total SFAs 
represented by C16:0 and C22:0, C17:0, and C18:0, total 
PUFAs prevailed by C18:3, C20:3n-3, C20:4n-6 (ARA), 
and C20:5n-3 (EPA), and total PUFAs-n-3 and -n-6 family 
(Table 3). In addition, as indicated in Figure 3b, the PCA 
of fatty acid composition percentages between and within 
males and females of the six species explained a total 
variance of 90.1% and showed that the first component 
(PC1) accounted for 72.1% of the total variation between 
fatty acid composition. Besides, the PC1 was characterized 
by high positive correlations (loads) of males and females 
of both S. pilchardus and C. auratus with total MUFA and 
PUFA-n-6, C20:4n-6, and C22:6n-3, and males and females 
of T. mediterraneus with total PUFA, PUFA-n-3, C20:5n3, 
and a strong negative loading of males and females of M. 
barbatus, G. niger, and T. draco with total SFA. However, 
the second component (PC2) accounted for only 18% of 
the total variance and created a strong positive loading 
of males of both G. niger and T. draco with total SFA, as 
well as loading of males and females of S. pilchardus and 
C. auratus with total MUFA, PUFA-n-6, C20:4n-6, and 
C22:6n-3. But, its negative correlation was characterized by 
the loading of males and females of both M. barbatus and 
T. mediterraneus and females of both G. niger and T. draco 
with total PUFA, PUFA-n-3, C20:5n3. Moreover, the PC1 
axis differentiated and separated males and females of S. 
pilchardus, C. auratus, and T. mediterraneus in the positive 
part and those of M. barbatus, G. niger, and T. draco in 
the negative part. Nevertheless, the PC2 axis segregated 
both sexes of S. pilchardus and C. auratus and only males 
of  G. niger and T. draco in the positive part, and those 
of M. barbatus and T. mediterraneus in the negative part 
together with females of G. niger and T. draco.
3.3. Otolith shape variation
Levene’s and Wilk’s λ tests confirmed that all values 
of otolith shape variance were equally and normally 
distributed (p > 0.05). At the interspecific level, Wilk’s λ test 

values showed a statistically significant shape difference (p 
< 0.0001) in the left and right otoliths’ shapes, i.e. there was 
a bilateral asymmetry (Table 5). Similarly, Fisher’s distance 
(D) also showed a significant shape difference (p < 0.05), 
i.e. bilateral asymmetry, in the left and right otoliths only 
between males and females of C. auratus (D = 2.087), G. 
niger (D = 1.812), and T. mediterraneus (D = 1.726) (Table 
7). As shown in Figure 4a, the barycenter projection based 
on EFDs of the contour shape of the left and right otoliths 
from individuals of the six species on the first axes F1 and 
F2 of the DFA revealed that the two axes explained 47.91% 
and 21.28% of the total variation, respectively. Therefore, 
the otoliths’ shapes of the six species were segregated on 
the positive and negative parts of the F1 and F2 axes. The 
two axes accounted for 69.19% of the total shape variance 
and showed the presence of two distinct main clusters 
or groups of otoliths. The first group segregated on the 
positive part of the F1 axis and comprised the otoliths of 
M. barbatus, G. niger, and T. draco, while the second group 
included T. mediterraneus, S. pilchardus, and C. auratus 
in the negative part. However, the F2 axis separated the 
otoliths of S. pilchardus, T. mediterraneus, M. barbatus, 
and G. niger in the positive part and those of C. auratus 
and T. draco in the negative.

At the intraspecific level, Wilk’s λ test revealed a 
significant intersexual shape difference (p < 0.05), i.e. there 
was a bilateral asymmetry, in the left and right otoliths’ 
shapes only in G. niger (p = 0.016) and T. draco (p = 0.045). 
On the contrary, a significant shape similarity, i.e. symmetry, 
was found in C. auratus (p = 0.172), T. mediterraneus (p 
= 0.374), S. pilchardus (p = 0.901), and M. barbatus (p = 
0.297) (Table 6). In addition, Fisher’s distance (D) matrix 
of the left and right otolith shape values within males and 
females within each species revealed significant shape 
bilateral asymmetry (p < 0.05) only among females of G. 
niger (D = 1.520) and among males of T. draco (D = 1.825) 
(Table 7). Moreover, as shown in Figure 4b, the barycenter 
projection based on EFDs of the contour shape of the left 

Table 5. Wilk’s lambda (λ) test of the left and right otoliths shape variance distance approximation values between individuals of the six 
species collected from the five stations in the Gulf of Tunis, Tunisia.

Parameter Value
Lambda (λ) 0.0000
F (Observed value) 5780.2006
F (Critical value) 1.1292
DF1 385
DF2 3440
p-value < 0.0001
Alpha 0.05

The value marked in bold is statistically significant (p < 0.0001).
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and right otoliths between and within males and females 
of the six species on the first axes F1 and F2 of the DFA 
revealed that the two axes explained 98.91% and 0.89% of 
the total variation, respectively. Therefore, the left and right 
otolith shapes of either males or females or both of the six 
species were separated in the positive and negative parts of 
the F1 axis. The two axes accounted for 99.80% of the total 
shape variance and showed the left and right otoliths from 
both males and females of S. pilchardus, C. auratus, and T. 
mediterraneus in the positive part of F1. However, the F1 
axis showed the separation and segregation of the left and 
right otoliths of males and females of M. barbatus,  G. niger, 
and T. draco in the negative part. The F2 axis segregated 
the left and right otoliths of both males and females of S. 
pilchardus and C. auratus, males of G. niger in the middle, 
and males of M. barbatus and T. draco in the positive part. 
While the left and right otoliths of both males and females 
of T. mediterraneus and those of females of M. barbatus, 
G. niger, and T. draco were segregated in the negative part.

Similarly, as appeared in Figure 5, the HAC of the six 
species based on the variance in the otolith shape values 
revealed a clear distinction between the six species, with 

two primary groups or clusters formed. In the first clade, 
both M. barbatus and G. niger were grouped into one main 
clade and joined to that of T. draco, while the second clade 
included both T. mediterraneus and S. pilchardus in a 
single clade nested within the C. auratus clade.
3.4. Consistency between variations in fatty acid 
composition and otolith shape
As indicated in Figure 6, the barycenter projection based 
on PCA using EFDs of the contour shape of the left and 
right otoliths and percentages of fatty acid composition 
between males and females of the six species revealed that 
the six species were discriminated from each other by the 
PC1 and PC2 axes, with a total variance value equal to 
87.4% between the two variables. Of these two axes, the 
PC1 axis accounted for 64.1% of the total variance and 
segregated high negative loading of left and right otolith 
shape asymmetry observed in G. niger and T. draco and 
symmetry in M. barbatus with total SFAs and strong 
positive loading of total PUFAs and MUFAs, and PUFA-
C20:5n-3, C20:4n-6, C22:6n-3, n-3, and n-6 with left and 
right otolith shape symmetry detected in C. auratus, T. 
mediterraneus, and S. pilchardus. In addition, the PC2 

Table 6. Wilk’s lambda (λ) test of the left and right otoliths’ shape variance distance approximation values between males and females 
within each of the six species collected from the five stations in the Gulf of Tunis, Tunisia.

Species Lambda (λ) F (Observed value) F (Critical value) DF1 DF2 p-value

C. auratus 0.0297 1.1667 1.3076 231 121 0.1722

T. mediterraneus 0.0585 1.0501 1.2790 231 154 0.3738

S. pilchardus 0.5035 0.7301 1.5170 77 57 0.9011

G. niger 0.0667 1.3393 1.2494 231 211 0.0156

T. draco 0.0144 1.3462 1.3345 231 100 0.0451

M. barbatus 0.0341 1.0917 1.3076 231 121 0.2971

The values marked in bold are statistically significant (p < 0.05).

Table 7. Fisher’s distance (D) mean values of the left and right otoliths among and within males (♂) and females (♀) and the two sexes 
combined (♂ and ♀) of the six species collected from the five stations in the Gulf of Tunis, Tunisia.

Species Males (♂) Females (♀) Fisher’s distance
(♂ and ♀)

p-value
(♂ and ♀)

C. auratus 1.2490 2.0870 2.0870 0.0053
T. mediterraneus 0.9150 1.4065 1.7255 0.0183
S. pilchardus 0.8767 0.5938 0.7301 0.9011
M. barbatus 1.0485 0.7874 0.8746 0.6981
G. niger 1.1882 1.5203 1.8123 0.0058
T. draco 1.8253 1.0102 1.5579 0.0738

The values marked in bold are statistically significant (p < 0.05).
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axis accounted for 23.3% of the total variance and showed 
a strong positive loading of otolith shape asymmetry 
recorded in males of G. niger and T. draco and symmetry 
among males and females of S. pilchardus and females 
of C. auratus with total MUFAs and PUFA-C22:6n-3, 
C20:4n-6, and n-6. However, the otolith shape symmetry 
detected among males and females of M. barbatus and T. 
mediterraneus, and asymmetry in females of G. niger and 

T. draco segregated in the negative part, together with 
symmetry in males of C. auratus, was loaded with total 
PUFAs, C20:5n-3, and PUFA-n-3.

4. Discussion
Recent studies have shown that lipids are the principal 
structural and energetic components of marine organisms, 
and therefore, their content may vary between species 

Figure 4. Principal component analysis (PCA) graph (biplot) showing the barycenter ( ) projection of the left (L) 
and right (R) otolith shape values between (a) and within (b) males (M) and females (F) of the six species collected 
from the five stations in the Gulf of Tunis, Tunisia. TM: T. mediterraneus; SP: S. pilchardus; CA: C. auratus; MB: M. 
barbatus; GN: G. niger; TD: T. draco.
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according to their physiological state and locomotion 
(Voronin et al., 2021). In addition, fatty acids, which are 
fractional components of lipids, are highly polyfunctional 
and directly depend not only on the physiological state 
but also on environmental factors, such as temperature 
and hydrostatic pressure (Nemova et al., 2014). At the 
interspecific level, the fatty acid composition was shown to 
be closely related to the strata depth and diet content of the 
fish species examined here. For example, T. mediterraneus, 
S. pilchardus, and C. auratus, which are benthopelagic 
to pelagic species and feed on a wide variety of small 
organisms, including crustaceans, insects, and plankton, 
had significantly higher content (p < 0.05) of PUFAs, 
especially DHA, than M. barbatus, G. niger, and T. draco, 
which are benthic species, live near the sea bottom and are 
restricted in their feeding on benthic organisms (Shulman 
and Jakovleva, 1983). In addition, based on PCA using 
the two-dimensional model, the results showed that M. 
barbatus, G. niger, and T. draco had a strong correlation 
with SFAs palmitic acid (C16:0) and stearic acid (C18:0), 

while the T. mediterraneus, S. pilchardus, and C. auratus 
had the highest contents of MUFAs and PUFAs, and their 
major compounds, including PUFA-n-3, n-6, C20:5n-3, 
C22:6n-3, and C20:5n-3. As described by Voronin et al. 
(2021), this difference in the content of PUFAs may be 
related not only to the different spectra of food available at 
different depths but also to the higher locomotor activity 
characteristics of these species. Besides, Voronin et al. 
(2021) confirmed that the DHA content in muscle tissues 
of redfish Sebastes mentella increased with depth, as the 
increase in membrane microviscosity and flexibility is 
regulated by PUFAs. Moreover, here we found that PUFA-
3 and -6 content was also higher in T. mediterraneus, S. 
pilchardus, and C. auratus than in M. barbatus, G. niger, 
and T. draco, and this can be attributed to the effect of 
temperature, depth, or hydrostatic pressure as well as the 
fish’s natural mobility under certain habitat conditions, 
such as turbulent flows and currents (Shulman and 
Yuneva, 1990). Therefore, we can suggest here that the 
obvious differences in the content of PUFA, particularly 

Figure 5. Hierarchical ascending classification (HAC) dendrogram generated based on the left and right otoliths shape 
values of dissimilarity between individuals of the six species collected from the five stations in the Gulf of Tunis, 
Tunisia. TM: T. mediterraneus; SP: S. pilchardus; CA: C. auratus; MB: M. barbatus; GN: G. niger; TD: T. draco.
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Figure 6. Principal component analysis (PCA) graph (biplot) showing the consistency between the variation in the 
otoliths shape (OS) and the variation in fatty acid composition between and within males (M) and females (F) of the 
six species collected from the five stations in the Gulf of Tunis, Tunisia.

EPA and -3 and -6, MUFA-C18:1, and SFA-C16:0 and 
C18:0 between T. mediterraneus, S. pilchardus, and C. 
auratus, which are benthopelagic to pelagic species, and 
M. barbatus, G. niger, and T. draco, which assume mostly 
benthic life, could be due to the difference in metabolism, 
environmental factors (e.g., temperature and hydrostatic 
pressure), depth strata and diet content, and locomotor 
activity of these species.

On the other hand, otolith shape is a genetically 
controlled trait that has so far been used as a key for species 
identification (Assis, 2005; Yedier and Bostanci, 2022; 
Mejri et al., 2022a). This phenotype trait was controlled 
not only by the genotype of individuals but also by the 
interaction of the latter with the environment; therefore, 

the shape of otoliths has been suggested to recognize the 
living environments inhabited by a species or population 
and to reconstruct their life history (Vignon and Morat, 
2010). In this regard, several studies have shown that the 
biotic and abiotic environmental conditions where the 
fish live are among the most prominent factors, which 
influence the otolith morphological variability (Vignon 
and Morat, 2010; Ben Labidi et al., 2020a, 2020b; Khedher 
et al., 2021; Çöl and Yilmaz, 2022; Mejri et al., 2022a, 2022b; 
Ben Mohamed et al., 2023) and lead to developmental 
abnormalities and aberrations observed in many species 
(Carvalho et al., 2019; Yedier and Bostanci,  2019, 2020; 
De Carvalho Lapuch et al., 2022; Yedier, 2022; Yedier et al., 
2023). In the present study, the shape of otoliths showed 
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a clear variation, i.e. bilateral asymmetry, on the left and 
right sides between the six species examined, which 
inhabit different trophic niches at different latitudes and 
longitudes. This finding is consistent with that found by 
Lombarte et al. (2010) who explained the difference in 
otolith shape between benthic and pelagic species in light 
of their ecomorphological adaptation to biotic (e.g., food) 
and abiotic (e.g., temperature) factors in their niches 
that may even mask ontogenic influences on shape. In 
addition, the contour shape asymmetry results are in 
agreement with those published on the sparid Diplodus 
annularis (Trojette et al., 2015), Pagellus erythrinus (Mejri 
et al., 2022b), Boops boops (Ben Labidi et al., 2020a, 2020b) 
and D. vulgaris (Khedher et al., 2021), which inhabit 
different habitats in Tunisian waters, including the Gulf of 
Tunis. Moreover, Ramcharitar et al. (2004) found a close 
correlation between the shape of the saccular otoliths and 
the hearing capabilities of the inner ear by the presence of 
deeply grooved sulci, two-planar saccular sensory epithelia, 
and a unique orientation pattern of ciliary bundles of 
sensory hair cells on the saccular sensory epithelium. 
Furthermore, Lychakov and Rebane (1993) indicated that 
the directional model of otoliths revealed shape-dependent 
anisotropy, suggesting that the otoliths’ shape is the origin 
of orientation recognition and balance maintenance. 
Recently, Yedier and Bostanci (2022) reported that 
variations in the cytochrome c oxidase subunit I (COI) 
gene are consistent with variations in the otolith shape and 
confirmed that otoliths possess phylogenetic signals to 
differentiate between the Scorpaena species. Among these 
six species examined here in Tunisian waters, Khemiri et 
al. (2014) used otolith chemistry analysis to determine the 
stock structure of S. pilchardus and Engraulis encrasicolus 
in the open sea and coastal area of the Gulf of Gabes and 
found a clear distinction between the two species, as well 
as a clear discreteness of the open sea and inshore small 
pelagic groups. Fatnassi et al. (2017) found asymmetry 
in the shape of the left and right otoliths only among T. 
draco females collected from the Bizerte station (northern 
Tunisia), and sexual dimorphism has been found only in 
the width and area of the otoliths. Bouriga et al. (2021) 
reported that the mean value of otolith mass asymmetry 
(X) varied from −0.2 to 0.2, and only the pelagic C. auratus, 
T. mediterraneus, and S. pilchardus showed values that 
exceeded the critical limits, especially T. mediterraneus 
(−0.3665 < X < 0.3379). Also, they attributed this variation 
in X within the latter species to its physiological state, 
habitat, and biotic and abiotic environmental factors. As 
previously reported, the Gulf of Tunis suffers from several 
pollutants, such as metal pollutants, industrial and urban 
discharges, and organic and mineral inputs (El Kateb et al., 
2018). In addition, El Kateb et al. (2018) mentioned that 
the pH in the Gulf varies from 7.8 and 8.0, the dissolved 

oxygen (DO) values at the seafloor differ from 7.1 to 7.8 
mg/L at most stations, the bottom water temperatures 
fluctuate around 27.3 °C, the values of the hydrogen (HI) 
and oxygen (OI) indices vary from 143 to 378 mg HC/g, and 
the total organic carbon (TOC) ranges from 128 to 1083 
mg CO2/g. Moreover, Ben Ltaief et al. (2015) reported that 
the salinity in the Gulf is high (ranging from 37.5 to 39.25 
psu). Therefore, the pollution state and high temperature, 
salinity, pH, and CO2 can lead to eutrophication and 
acidification of the water, and as a result, can affect the 
shape and size of the otoliths. The effect of acidification 
on the development of otolith shape and size has also 
been documented by Munday et al. (2011), particularly at 
pH 7.6 and 1721 µatm CO2. Accordingly, we can suggest 
that the physiological, biotic (food quality and quantity), 
abiotic (temperature and salinity), and pollution factors 
are probably among the main reasons for the difference in 
the shape of otoliths between these six species.

At the intraspecific level, analysis of fatty acid 
composition between males and females within the six 
species showed that both G. niger and T. draco, which are 
benthic species and feed on a wide variety of invertebrates, 
displayed a high differential correlation with the majority 
of SFAs, MUFAs, and PUFAs, compared to other species. 
Of these fatty acids, SFA- C17:0, C18:0, and C22:0 and 
PUFA-C18:3, C20:3n-3, C20:5n-3 (EPA), and PUFAs-n-3 
were predominated and shared in the two species. As 
far as known, eicosapentaenoic acid (EPA, C20:5n-3) 
functionally plays vital roles in the reproduction, 
immunity efficiency, osmoregulation (Bret and Müller-
Navarra, 1997), growth, development, and maintenance of 
brain structure and function (Horrocks and Akhlaq, 2004) 
in animals. In addition, PUFA-n-3 has a potential effect 
on the development of the audiovestibular system of fish, 
especially the biomineralization of otolith, which forms 
an organic fraction of 0.2% to 10% of the total material 
(Degens et al., 1969). Therefore, we can conclude that the 
significant increase of these aforementioned fatty acids in 
these benthic species may be correlated with the growth, 
development, and reproduction period, which starts in 
March and lasts during October in G. niger (Filiz and 
Toğulga, 2009) and September in T. draco (Ak and Genç, 
2013),  and development and biomineralization of their 
otoliths, which also exhibited significant intersexual shape 
differences, compared to other species.

In addition, we found that the shape of left and right 
otoliths differed between males and females within the six 
species regardless of the depth of their living environment. 
For example, the asymmetry of otolith shape on the left 
and right sides was found to differ significantly (p < 0.05) 
only between males and females of G. niger and T. draco 
living at different depths of 30 to 80 m (Kara and Quignard, 
2019) and 15 to 150 m (Roux, 1990), respectively. Similar 
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intersexual results have been found by Ben Mohamed et al. 
(2023) in M. barbatus, Mejri et al. (2022a) in Liza aurata 
and C. ramada, Khedher et al. (2017) in Mugil cephalus, 
and Espino-Barr et al. (2013) in M. curema. Some other 
researchers have also shown that significant asymmetry in 
otolith shape is an indicator of developmental instability 
caused by biotic (e.g., parasitism) or abiotic (e.g., dietary 
input) stress (Mille, 2015). Given all these factors 
discussed above, these may be potential factors to explain 
the asymmetry that was only found in these three current 
species.

Regarding the relationship between the shape of 
otoliths and the differentiation of these six species, it was 
found that the shape of otoliths clearly classified these 
species into two main clades consistent with the nature 
of their living habits in the water column and the type 
of food they eat. The first clade clustered M. barbatus, G. 
niger, and T. draco that assumes mostly a benthic life and 
feeds on small invertebrates and fish (Roux, 1990; Özbilgin 
et al., 2004; Kara and Quignard, 2019), while the second 
grouped S. pilchardus, T. mediterraneus, and C. auratus 
that are benthopelagic to pelagic species and feed on small 
organisms, including crustaceans, insects, and plankton 
(Ben-Tuvia, 1986; Thomson, 1990; van der Lingen et al., 
2009; Georgieva et al., 2019). This result is consistent 
with that of Bouriga et al. (2021) who assigned these six 
species into two groups, pelagic and benthic fishes, based 
on the variation in otolith mass asymmetry (X). Likewise, 
Lombarte et al. (2010) indicated a clear correspondence 
between relative size, otolith shape, and nutritional status, 
with most benthic feeders having the largest sagittae relative 
to body size, and pelagic ones with small, rounded sagittae.

As regards the consistency between the variation in 
the fatty acid composition and the variation in the shape 
of otoliths among the six examined species, it was shown 
that the otolith shape asymmetry found in G. niger and 
T. draco and symmetry in M. barbatus was loaded with 
the higher content of SFAs, especially C16:0. However, 
the shape symmetry detected in S. pilchardus, C. auratus, 
and T. mediterraneus was loaded with the highest levels 
of PUFAs (EPA, DHA, ARA, and -3 and -6) and MUFAs 
(C18:1). Accordingly, we can conclude that the SFAs, 
MUFAs, PUFAs, and their major compounds were linked 
with the growth and asymmetry of otoliths in these species. 
This is likely consistent with the findings by Sargent et 
al. (1999) who reported that highly PUFAs, especially 
n-3, are an essential source of energy for fish that they 
cannot synthesize and among which EPA, DHA, and n-3 
are involved in the growth, development, and survival of 
marine fish. In addition, Amara et al. (2007) showed that 
the growth of otolith in larvae and juveniles is related to 
an individual condition index, estimated from fish lipid 
composition, which in turn depends on zooplankton 

biomass (Suthers, 1996). However, Mahé et al. (2019) 
identified that the concentration of PUFAs in fish diet did 
not have a significant effect on otolith shape, adding that 
the results do not rule out the potential influence of dietary 
PUFA-n-3 content on otolith morphogenesis below the 
minimum threshold. Therefore, it is worth assuming that 
the obvious asymmetry in otolith shape and the highest 
content of PUFAs (particularly EPA) detected in C. auratus 
and T. mediterraneus are consistent with the feeding 
habits and benthopelagic nature of these species, which 
require more energy and develop the audiovestibular 
system necessary for higher locomotor activity and 
hearing for these species. However, the deviation of both 
S. pilchardus, which showed significant otolith symmetry 
and high PUFAs content, and G. niger, which displayed 
otolith asymmetry and low PUFAs content, from this 
assumption can be interpreted as follows: S. pilchardus is 
pelagic to benthopelagic, i.e. transitional species, highly 
opportunistic and flexible microphagous foragers, living at 
depths of 10 to 100 m (Tous et al., 2015), and searching for 
local planktonic crustaceans (van der Lingen et al., 2009). 
Therefore, it may need more energy and development of 
the audiovestibular system necessary for higher locomotor 
activity and hearing characteristics. In contrast, G. niger is 
an omnivorous benthic species, inhabiting coastal marine 
waters up to 80 m deep, but mostly between the surface and 
30 m, and feeding on a variety of invertebrates (Kara and 
Quignard, 2019). Consequently, it may not require more 
energy and development of the audiovestibular system 
necessary for the lower locomotor activity and hearing 
characteristics displayed by transitional benthopelagic 
species.

5. Conclusion
At the interspecific level, Tukey’s test with one-way ANOVA 
indicated significant differences in the total percentages 
of saturated (SFAs), polyunsaturated (PUFAs), and 
monounsaturated (MUFAs) fatty acids between individuals 
of the six species, and only between males and females of 
Gobius niger, and Trachinus draco. In addition, Wilk’s λ test 
showed a statistically significant difference (asymmetry) in 
the shape of left and right otoliths between the six species. 
Moreover, discriminant function analysis (DFA) based on 
both fatty acid composition and otolith shape separated the 
six species into two main distinct clusters or groups. The 
first group comprised M. barbatus, G. niger, and T. draco, 
which assume a benthic life, while the second included 
S. pilchardus, T. mediterraneus, and C. auratus, which 
are benthopelagic to pelagic species. At the intraspecific 
level, principal component analysis (PCA) based on 
variation in fatty acid composition clearly differentiated 
and separated males and females of the six species either 
in the positive or negative parts of the first PC1 and PC2 
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axes, with the sexes of G. niger and T. draco segregated in 
both parts. Besides, Wilk’s λ test revealed a statistically 
significant difference (asymmetry) in the shape of left and 
right otoliths between males and females of C. auratus, T. 
mediterraneus, and G. niger. However, Fisher’s distance 
matrix indicated a significant asymmetry only between 
males and females of G. niger and T. draco. Both DFA and 
hierarchical ascending classification (HAC), based on the 
differences in the otolith shape values, separated the six 
species into two groups congruent to those obtained from 
the fatty acid composition analysis. Moreover, combined 
analyses of the variation in both fatty acid composition and 
shape of the otoliths among and within males and females 
of the six showed that the otolith shape asymmetry found 
in G. niger and T. draco and symmetry in M. barbatus was 
loaded with the higher content of SFAs, especially C16:0. 
However, the shape symmetry detected in S. pilchardus, C. 
auratus, and T. mediterraneus was loaded with the highest 
levels of PUFAs (EPA, DHA, ARA, and -3 and -6) and 
MUFAs (C18:1). This observed variation in both fatty acid 
composition and otolith shape within and between the six 
species was explained in the light of the ecomorphological 
adaptation of these species to physiological state, biotic 
and abiotic environmental factors, including temperature 
and hydrostatic pressure, depth strata, feeding habits, 
and locomotor activity for these species. These results 
indicated that variability in the fatty acid composition is 
consistent with variation in the otolith shape, and both 
have combined characteristic signals for these species and 
validated the use of fatty acid composition and otolith 
shape analyses as an effective approach to discriminate 
between and within these species.
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