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Background. The common pandora, Pagellus erythrinus (Linnaeus, 1758), is widely distributed in the Black and
the Mediterranean seas. Therefore, P. erythrinus is a valuable component of the commercial fishery in Tunisia
and plays an important role in microeconomics of local areas. The goal of this study was to investigate the stock
structure and otolith asymmetry for specimens of the common pandora sampled from two lagoons—Ghar E1 Melh
and Bizerte.

Materials and methods. We collected a total of 119 specimens of P. erythrinus from the two lagoons, from May
through July 2016. The Elliptical Fourier Analysis (EFA) was determined to evaluate the degree of similarity in
the otoliths and detect the reciprocal variability.

Results. The Discriminant Factor Analysis for the sagitta shape clearly demonstrated an asymmetry when
comparing otoliths (left-right) (P < 0.05) within each population and a difference in shape when comparing the
same side between the two populations: between the two sides (right-right and left-left).

Conclusion. The comparison of the otolith morphology of the two populations showed a clear difference in shape
and a left-right asymmetry of otoliths between and within populations. This result is probably related to genetic
and local environmental factors. In fact, this investigation improves the knowledge on the stock discrimination

for P. erythrinus and provides useful information for analysing fisheries management of this species in Tunisia.
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INTRODUCTION

The common pandora, Pagellus erythrinus (Linnaeus,
1758), is widely distributed along the European and African
coasts of the Atlantic Ocean (Fischer et al. 1987), from
Norway to Angola, and around the Sao Tomé Principe and
the Canary Islands (Pajuelo and Lorenzo 1995). This species
is of particular interest since it represents an appreciated
fishery resource occurring throughout the Mediterranean
basin (Spedicato etal. 2002). In Tunisian waters, P. erythrinus
has an important commercial value and it is common in the
local fishery, contributing from 8% to 15% of the catches of
demersal fishes in the Gulf of Gabés (Ghorbel et al. 1997)
and 11% in the Gulf of Tunis (Zarrad et al. 2000).

Various aspects of the biology population dynamics,
distribution, reproductive cycle, and feeding ecology of
P erythrinus populations were investigated in different

geographic areas (Somarakis and Machias 2002, Coelho
et al. 2010).

The otolith—the main subject of this study—is Greek
for “ear stone” and by definition, is a calcified granule
located in the fish inner ear, responsible not only for
hearing but also for balance (Popper et al. 2005). Otoliths
show phenotypic plasticity as inter- and/or intra-specific
and inter- and/or intra-populations variations have been
reported (Annabi et al. 2013). Many researchers used the
sagittal otolith structures to estimate population growth
and mortality or for fisheries management (Cardinale et
al. 2004, Tracey et al. 20006, Stransky et al. 2008, Burke
et al. 2008, Caiias et al. 2012, Morat et al. 2012). In the
context of our work, the otolith serves as fish population
discriminator. Its structure, however, can be influenced
of many factors, such as sex, growth, maturity, fishery
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exploitation pattern, as well as genetic and environment
parameters (Begg and Brown 2000). It is suggested by
different authors, that environmental parameters like water
temperature, salinity, food availability, depth, and substrate
type are the main factors that are most likely responsible for
differences in otolith shape among conspecific individuals
(Begg and Brown 2000, Torres et al. 2000, Cardinale et
al. 2004, Gagliano and McCormick 2004, Mérigot et al.
2007, Hiissy 2008, Morat et al. 2012). Consequently,
otoliths have been widely used for determination of fish
stock in different environments (Smith et al. 2002, Turan
2006, Vignon and Morat 2010). For example, Morat et al.
(2012) examined the otolith for three different species of
the Mullidae from the Mediterranean basin and claimed
the occurrence of three well distinct groups.

In Tunisia, Trojette et al. (2014) showed an otolith shape
discrimination between three populations of Scorpaena
porcus Linnaeus, 1758 for the marine and insular environment
(Rafraf, Hammam Lif, and Djerba). Also, Rebaya et al.
(2016) showed, by the otolith shape, the existence of two
distinct populations of Chelon ramada (Risso, 1827) in two
lagoon habitats (Ghar El Melh and Bizerte).

For the species in question, Ghorbel (unpublishedx)
evaluated the stock of P. erythrinus in the Gulf of Gabes
(Tunisia) by pseudo-cohort analysis and reported that the
stock is already overfished. However, no study has been
done on the discrimination of fish populations by the
morphology of otoliths in Tunisia.

The aim of this study was to evaluate the stock structure
of Pagellus erythrinus from two Tunisian lagoons (Ghar
El Melh and Bizerte) based on the otolith shape using
different statistical approaches.

MATERIAL AND METHODS
Sample collection. The Ghar El Melh Lagoon is a
Mediterranean water body, located in northern Tunisia,
on the north-western side of the Gulf of Tunis, between
Ras Tarf (Cape Farina) and the estuary of the Medjerda
River (37°8'0"N, 10°11'30"E) (Fig. 1). It is connected to
the Mediterranean Sea through a permanent 70-m wide
El Boughaz canal, associated with coastal sand bars
(Khemaissia et al. 2013). The salinity reported by Sghaier
et al. (2012) was 37%0—45%0". The water temperature
displayed a clear annual pattern varying between 14°C
and 34°C.

The Bizerte Lagoon (37°11'20.4"'N, 9°51'16.2"E) has
a double connection with other bodies of water. Through
a 7 km long canal in the north, it communicates with the
Mediterranean Sea and through the Tinja Wadi in the
South, it connects with Ichkeul Lake. The lagoon was
subjected to significant environmental changes of both
natural and anthropogenic causes. Indeed, according
to Dridi et al. (2007), the salinity ranged from 33%o to
38%o. The water temperatures in the lagoon also presented
significant differences ranging from 11.18 to 26.12°C.

During three months, from May through July 2016 we
collected a total of 119 specimens of Pagellus erythrinus

jointly from the two lagoons, Ghar El Melh and Bizerte.
All fish were caught using gillnets by coastal boats (5—13
m overall length). For each fish; standard length (SL), total
length (TL) to the nearest 0.1 cm, and total weight (TW) to
the nearest 0.1 g were respectively recorded (Table 1).
Both sagittal otoliths were removed, rinsed in distilled
water, stored in Eppendorf tubes, and finally kept in dry
storage for 24 h in order to eliminate the humidity, following
the protocol proposed by Trojette et al. (2015). Digital
images were captured using, a Nikon Coolpix-S6700
camera (with the resolution of 20.1 megapixels).
Otoliths were placed under a dissection microscope and
photographed under reflected light. Afterwards, otolith
shapes (Fig. 2) were analysed using the program SHAPE v.

8°E 10°E
| | |
MEDITERRANEAN SEA

Bizerte —¥= Ghar El Melh

36°N — —36°N
TUNISIA

34°N — - 34°N

32°N — —32°N

100 Km

T T \
8°E 10°E 12°E
Fig. 1. Sampling sites of Pagellus erythrinus in Bizerte and
Ghar El Melh lagoons, Tunisia

Table 1
Length and weight of Pagellus erythrinus specimens
from Bizerte and Ghar EI Melh lagoons, Tunisia

Parameter Sampling site
Bizerte Ghar El Melh
Number of fish n=>55 n=064
Total length [mm] 186.8 +17.30 152.2+16.08
Total weight [g] 87.17+£21.52 55.19+17.78

Biometric values are mean =+ standard deviation.

* In the wake of the growing criticism of the Practical Salinity Scale concept (and especially PSU as a “unit”), Acta Ichthyologica et Piscatoria is in favour of expressing
salinity in parts per thousand (%o), regardless if a direct or indirect method was employed to determine the water salinity.
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1.3 (Iwata and Ukai 2002). The SHAPE program used a
‘chain coding’ algorithm (Freeman 1974 cited in Iwata
and Ukai 2002) first to extract the contours of the otolith
outline elliptical Fourier analysis EFDs. Second, the Chain
Coder stores the relevant information of the contour as
chain-codes and provides the normalized EFD coefficients

*

A

(NEFDs) through a discrete Fourier transformation of the
chain-coded contour.

Statistical analyses. The Elliptical Fourier Analysis
(EFA) consists of describing the outline of a specific shape
with several components (Fig. 3) (harmonics) with an
ellipse as the first approximation step. For each otolith, 20

Fig. 2. Otolith images of Pagellus erythrinus, from Bizerte and Ghar El Melh lagoons, Tunisia, processed using Photoshop

software; (A) real image; (B) processed image
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Fig. 3. Effect of five main principal components on otolith shape of Pagellus erythrinus, from Bizerte and Ghar EI Melh
lagoons, Tunisia; the columns show from the right the case where the score takes +2 SD, mean, and —2 SD as presented,
and in the left, the last column showing the overlaid drawings of all three cases for the first five main components (PC)
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elliptical Fourier harmonics were extracted, each harmonic
being characterized by four coefficients (4, B, C, and
D) and corresponding to the values of the sine and the
cosine part of the variation in the x and y coordinates,
resulting in 80 Fourier coefficients per individual.

The four Fourier Descriptors FDs for each harmonic
were normalized with respect to the first harmonic to
make them invariant to changes in size, location, rotation,
and starting point. After this transformation, the three first
FDs of the first harmonic were constant and thus not taken
into account in the analysis. Each individual was thus
represented by the subsequent 77 coefficients.

To determine the required number of harmonics for
the best reconstruction of the otolith outline, the Fourier
power (FP ), the percentage Fourier power (FP%), and
the cumulative percentage of the Fourier Power (FPn%
cumulative) were calculated. The respective formulas are
provided below:

FP, = (4, B, C, DY)
where 4, B, C , and D, are the Fourier Coefficients
PF% = 100PF (X "PF )"
PF % =X "PF %

The relevant number of harmonics was 20 harmonics
for a value equal to 99.99% of the cumulative percentage
of the mean value of Fourier Power (PF %). Therefore,
in the multivariate statistical analysis, 77 variables were
included.

All harmonics were first tested for normality and
homogeneity of variances, using the Shapiro—Wilk normality
test (W) which showed that the size-corrected FDs were
normally distributed (P > 0.05) between the two lagoons.

In order to compare the otolith shapes between Ghar
El Melh and Bizerte lagoons, several analytical steps were
performed. First, to visualize differences in otolith shape
between right and left sides, an average otolith shape of
each side for each lagoon was reconstructed by the outline
reverse Fourier transformation.

Discriminant Function Analysis (DFA) was performed
to adjust the XLSTAT model to otolith NEFDs from
Bizerte Lagoon (n =55 specimens) and from Ghar El Melh
Lagoon (n = 64). Results of the FDA were then analysed
by different tests including one-way MANOVA Wilks’
Lambda, calculations of Mahalanobis distance and Fisher
distance and test for significant differences in (P-value)
the Fisher distance. These tests were conducted in
order to test the similarities and differences within each
population as well as between populations. In a simple
sense, Mahalanobis and Fisher distances were calculated
and tested for significant within each population (left—
right analysis), and between same-side otoliths of the two
populations (left-left, and right-right analyses).

For this analysis, the factorial graphic design allows
visualizing individuals and variables. All statistical
analyses were performed using XLSTAT 2010.

RESULTS

The Shapiro-Wilk normality test showed that the
size-corrected FDs were normally distributed (P >
0.05) between the two lagoons. The result from the
Multidimensional analysis  (Discriminant  Function
Analysis) adjustment of the XLSTAT model to otolith
NEFDs from the Bizerte Lagoon (n = 55) and the Ghar
El Melh Lagoon (n = 64) has been analysed by different
tests. The one-way MANOVA Wilks’ Lambda test (Table
2) on the DFA showed a significant difference between the
two lagoons (P < 0.0001).

The Mahalanobis distance (Table 3) describing the
distance between left—right otoliths within each population
was 24.46 for Bizerte lagoon and 28.50 for Ghar El Melh
lagoon (left-right analysis). The Mahalanobis distances
calculated between same-side otolith were 14.47 between
Bizerte right and Ghar El Melh right (right-right analysis)
and 18.18 between Bizerte left-Ghar El Melh left (left—left
analysis). These results showed that the distance between
(left and right) otoliths within each population was higher
than the distance between left-left and right-right otoliths
of the two populations. Mahalanobis and Fisher distances
gave the same results. Within a population, the Fisher
distances (Table 4) between otoliths pooled (left—right
analysis) for Ghar El Melh Lagoon and Bizerte Lagoon
were 4.03 and 2.92, respectively.

Fisher distances calculated between same-side otolith,
i.e., Bizerte right-Ghar El Melh right and Bizerte left-Ghar
El Melh left were 1.94 and 2.44, respectively. The values
quoted for the distances between the two populations:
(right-right and left-left) were close to each other.

Table 2
Wilks’ Lambda test between Pagellus erythrinus from
Bizerte and Ghar El Melh lagoons, Tunisia
(Rao approximation)

Parameter Value
Lambda 0.0803
F (Observed) 2.7106
F (Critical) 1.2013
DDL1 231
DDL2 475
P-value <0.0001
Alpha 0.05

Table 3
Pairwise Mahalanobis Distances for two sampling sites
for Pagellus erythrinus from Bizerte and Ghar El Melh
lagoons, Tunisia

GMR GML LBR LBL
GMR 0 285027 144717 36,3502
GML 0 523941  18.1824
LBR 0 24.4649
LBL 0

LBR = Lagoon Bizerte right otolith, LBL = Lagoon Bizerte left,
GMR = Ghar El Melh right, GML = Ghar El Melh left.
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P-values for Fisher distances (Table 4) showed that
the distance was highly significant (P < 0.05) within each
population (left-right analysis). In the same way, the
result of the comparison of same-side otoliths between
populations revealed a significant difference in their
shapes (left—left and right-right analyses) (P < 0.05).

The Discriminant Factor Analysis (DFA) showed the
projection of individuals on the two first axes (F1 and F2)
(Fig. 4). The two-discriminant axes represented 56.58%
and 29.23% of total variance, respectively, and accounted
for 85.81% of the total variance. The first axis F1 separates
the otoliths by their side (left-right) of Pagellus erythrinus
for the two lagoons, the left otoliths being in the right
part (positive) of the axis F1 and the right otoliths of
both lagoons’ being on the left part (negative side) of the
F1 axis.

Table 4
Fisher distances between two sides of otoliths for two
sampling sites (above diagonal) and P-values
(below diagonal) for Pagellus erythrinus from Bizerte
and Ghar El Melh lagoons, Tunisia

GMR GML LBR LBL
GMR 4.0346 1.9481 4.6856
GML <0.0001 — 6.6670 2.4477
LBR 0.0106 <0.0001 — 2.9222
LBL <0.0001 0.0011 0.0007 —

LBR = Lagoon Bizerte right otolith, LBL = Lagoon Bizerte left,
GMR = Ghar El Melh right, GML: Ghar El Melh left.

Barycentres (axes F1 and F2 : 85.81 %)
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Fig. 4. Discriminant Function Analysis for two sides of
Pagellus erythrinus from Bizerte and Ghar El Melh
lagoons, Tunisia; LBR = Lagoon Bizerte right otolith ,
LBL = Lagoon Bizerte left, GMR = Ghar El Melh right,
GML: Ghar El Melh left

For the axis F2, which discriminate the otoliths of
the two populations: the otoliths (left—right) of the Ghar
ElMelh Lagoon is placed above the axis F2 (positive side),
while the otoliths (left-right) of the lagoon of Bizerte are
placed below (negative side).

DISCUSSION
The statistical analysis showed a significant asymmetry
(P <0.001) (right-left) within each population, and also

significant differences between the same sides (left—
left) and (right-right) otoliths between Bizerte and Ghar
El Melh populations.

Otolith variations within population. The asymmetry
detected within each population may be due to genetic
variation between individuals. There is usually connectivity
between a lagoon and the marine environment (Kraiem et
al. 2009), which may suggest the existence of gene flow
between marine and lagoon fish populations. Also, the
insular environment is characterized by the highest tides
in the Mediterranean, a proposed hypothesis to understand
the asymmetry (left-right) of otoliths (Trojette et al. 2014).

In fact, according to Smida et al. (2012), the water
temperature in the Bizerte Lagoon shows a remarkable
variation, between 29°C (August) and 12°C (January).
Also, the highest salinity (39.65%0) was recorded in
October, while the minimum value (30.90%o) was observed
in January. Thus these physicochemical variations may
also be related to the characteristics of the lagoon-sea
communications (Kraiem et al. 2009) which are subject to
large marine influences.

Nourisson et al. (2013) suggested that the Ghar
El Melh Lagoon is threatened by two main groups of
factors (environmental and anthropogenic) that affect
the balance of its natural system. Important fluctuations
in physicochemical parameters were also recorded, e.g.,
the temperatures ranging from 34°C in the summer to
14°C in winter (Sghaier et al. 2012). Moreover, Reinart
et al. (2003) found that the detailed picture of the actual
conditions of the Ghar El Melh Lagoon and the connected
Sidi Ali E1 Mekki Lagoon revealed a considerable spatial
heterogeneity, which was consistent with the human to
impacts acting on these ecosystems.

According to Panfili et al. (2005), otolith asymmetry
can be explained by a genetic or environmental stress
during development or a decrease in specific condition
components like growth, fertility, or survival. The two fish
populations can thus inhabit potentially stressing thermal
conditions in their lagoon and so present high levels of
asymmetry in their otoliths.

Otolith variations between populations. The presently
reported study provides original data on stock character-
istics of Pagellus erythrinus by using otolith shape vari-
ables. Otolith shape is not easy to interpret biologically
since its determinants are only partially understood; how-
ever, otolith shape can function as a natural tag for fish
stocks because it is a practical tool for stock separation
in fisheries management (Begg and Waldman 1999). The
presently reported study was intended to answer the ques-
tion if the species occurring in the two lagoons represent
a homogeneous or heterogeneous stock in a local fishery.

The otolith shape differences between the two lagoons
(left-left, right-right) revealed that the two populations
belong to different fish stock. In our study, we can consider
that age and sex can be the factors inducing a strong
variation in otolith shape within stocks (Simoneau et al.
2000). Firstly, for the age, this hypothesis is confirmed
by the results of Bird et al. (1986) that found that
otolith shapes in juveniles are different from the otolith
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shape in adult herring. As well, for the results of Hiissy
(2008), who found that covariance between growth rate
and otolith shape parameters in cod. Always in the same
context, Reznick et al. (1989) and Secor and Dean (1989)
found growth-related differences were responsible for
differences in linear otolith morphometrics. This implies
a genetic basis for the otolith shape that is closely related
to the growth rate in fish. Secondly, in terms of the sex,
P erythrinus has been described as showing protogynous
hermaphroditism, whereby some larger fish change sex
from female to male (Klaoudatos and Klaoudatos 2004).
In fact, the otolith shape differences detected between
our populations can be explained by the effect of the
sexual inversion (hermaphroditism) of some specimens
of the population of Bizerte and, therefore, in greater
discriminatory success between populations from the
two lagoons. Moreover, the effect of the environment is
not despicable. So, numerous investigations reported that
environmental factors are almost certainly the cause of the
variations in the otolith shape (Campana and Casselman
1993, Hiissy 2008, Caiias et al. 2012). Also, Volpedo and
Echeverria (2000, 2003) supported this hypothesis.

On the one hand, the type of substrate where the fish is
most frequently found and the habitat use (soft substrates/
hard substrates/mixed substrates) may affect the different
structures as the otoliths (sagittae) (Lombarte and Cruz
2007, Lombarte et al. 2010). In this context, Jaramillo
et al. (2014) also described considerable differences in
the morphology and the morphometry of otoliths of four
benthic fishes: Scorpaena scrofa Linnaeus, 1758; Mullus
surmuletus Linnaeus, 1758; Uranoscopus scaber Linnaeus,
1758; Dagetichthys lusitanicus (de Brito Capello, 1868)
from the coast of Valencia and also associated this result
with the type of substrate where the fish is most frequently
found and the habitat use.

On the other hand, the salinity is one of the key factors
in the marine environments that can directly affect habitat
connectivity for a given species and indirectly the chemical
composition and shape of their otoliths. Many published
otolith articles noted that, the observed variation in otolith
composition was probably related with differences between
individual responses to the salinity interaction influence on
temperature and the concentrations of many of the most
common elements (e.g., Ca, Na, K, Mg, Cl) (Elsdon and
Gillanders 2002, Martin and Wuenschel 2006).

Among all of the environmental factors, the
temperature is probably the most important one for fish,
and indirectly otolith, growth (Khemiri et al. 2005, Fablet
et al. 2009). Indeed, fish are very sensitive to changes in
temperature and can respond to a change of 0.03°C (Bull
1952).

Other factors than age, sex and environmental
parameters have effect on otoliths (Torres et al. 2000,
Volpedo and Echeverria 2000, 2003, Gauldie and
Crampton 2002, Volpedo and Fuchs 2010), such as
physiological factors as the hearing capabilities associated
with specialization in acoustic communication (Paxton
2000, Lombarte and Cruz 2007); and the phylogeny (Nolf
and Tyler 2006).

Different studies attributed the variability of otolith
morphology to the effect of the environment; of which
we can quote: Trojette et al. (2015), who reported the
otolith shape variation for the two insular populations of
Diplodus annularis (Linnaeus, 1758) along the Tunisian
coast to the environmental factors. This result is similar to
our results (difference in morphology of otoliths between
the two populations and an otolith asymmetry (left-right)
for each population). In the same way, Rebaya et al.
(2016) revealed the presence of two different populations
of the grey mullet between two lagoon stations located in
the North of Tunisia (Ghar El Melh Lagoon and Bizerte
Lagoon).

Emphasizing the importance of selected factors that
influence the otolith variability, we can consider that the
imprecision of sexual inversion effect (sexual dimorphism)
measured in several hermaphrodite species like the species
in question highlights a potential, limitation of otolith
morphology analysis. Moreover, it helps to elucidate the
different impact of sex and phenotypic effects on otolith
morphology, demonstrating where these factors act to
determine the observed differences. In the same context,
sexual dimorphism in diet composition, particularly at
the time of mating, has been demonstrated in several fish
species (Casselman and Schulte-Hostedde 2004, Tsuboi
et al. 2012) and could thus also explain the otolith shape
dimorphism. The information listed above is fundamental
if otolith shape is to be used in the future as an effective
tool for management of fisheries resources.

In conclusion, the significant differences revealed in
otolith (sagittac) morphology between the two populations,
demonstrated in this study, were probably related to the
result of an unknown combination of multiple factors
(age, sex, genetic factors, environmental factors, etc.).
In the future, various approaches such as genetic, the
micro-chemical of otoliths analyses are necessary for
understanding the use of otolith as an indicator of stock
differentiations.

REFERENCES

Annabi A., Said K., Reichenbacher B. 2013. Inter-
population differences in otolith morphology are
genetically encoded in the killifish Aphanius fasciatus
(Cyprinodontiformes). Scientia Marina 77 (2): 269—
279. DOI: 10.3989/scimar.03763.02A

Begg G.A., Brown R.W. 2000. Stock identification of
haddock Melanogrammus aeglefinus on Georges Bank
based on otolith shape analysis. Transactions of the
American Fisheries Society 129 (4): 935-945. DOLI:
10.1577/1548-8659(2000)129<0935:SIOHMA>2.3.
CO;2

Begg G.A., Waldman J.R. 1999. An holistic approach to
fish stock identification. Fisheries Research 43 (1-3):
35-44. DOI: 10.1016/S0165-7836(99)00065-X

Bird J.L., Eppler D.T., Checkley D.M.jr. 1986.
Comparisons of herring otoliths using Fourier series
shape analysis. Canadian Journal of Fisheries and
Aquatic Sciences 43 (6): 1228-1234. DOI: 10.1139/
86-152


https://doi.org/10.3989/scimar.03763.02A
https://doi.org/10.1577/1548-8659(2000)129%3C0935:SIOHMA%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(2000)129%3C0935:SIOHMA%3E2.3.CO;2
https://doi.org/10.1016/S0165-7836(99)00065-X
https://doi.org/10.1139/f86-152
https://doi.org/10.1139/f86-152

Otolith shape study of Pagellus erythrinus

159

Bull H.O. 1952. An evaluation of our knowledge of
fish behaviour in relation to hydrography. Rapports
et procés-verbaux des réunions de Commission
Internationale pour L’Exploration Scientifique de la
Mer Méditerranée 131: 8-23.

Burke N., Brophy D., King P.A. 2008. Shape analysis of
otolith annuli in Atlantic herring (Clupea harengus);
a new method for tracking fish populations. Fisheries

Research 91 (2-3): 133-143. DOIL: 10.1016/j.
fishres.2007.11.013
Casselman S.J., Schulte-Hostedde A.l. 2004.

Reproductiverolespredictsexualdimorphismininternal
and external morphology of lake whitefish, Coregonus
clupeaformis. Ecology of Freshwater Research 13 (3):
217-222. DOI: 10.1111/j.1600-0633.2004.00053.x

Campana S.E., Casselman J.M. 1993. Stock
discrimination using otolith shape analysis. Canadian
Journal of Fisheries and Aquatic Sciences 50 (5):
1062-1083. DOI: 10.1139/193-123

Caiias L., Stransky C., Schlickeisen J., Sampedro
M.P., Farifia A.C. 2012. Use of the otolith shape
analysis in stock identification of anglerfish (Lophius
piscatorius) in the Northeast Atlantic. ICES Journal
of Marine Science 69 (2): 250-256. DOI: 10.1093/
icesjms/fss006

Cardinale M., Doerin-Arjes P., Kastowsky M.,
Mosegaard H. 2004. Effects of sex, stock, and
environment on the shape of known-age Atlantic
cod (Gadus morhua) otoliths. Canadian Journal of
Fisheries and Aquatic Sciences 61 (2): 158-167. DOI:
10.1139/103-151

Coelho R., Bentes L., Correia C., Gong¢alves J.M.S.,
Lino P.G., Monteiro P., Ribeiro J., Erzini K.
2010. Life history of the common pandora, Pagellus
erythrinus ~ (Linnaeus, 1758)  (Actinopterygii:
Sparidae) from southern Portugal. Brazilian Journal
of Oceanography 58 (3): 233-245. DOI: 10.1590/
S1679-87592010000300006

Dridi S., Romdhane M.S., Elcafsi M. 2007. Seasonal
variation in weight and biochemical composition of
the Pacific oyster, Crassostrea gigas in relation to the
gametogenic cycle and environmental conditions of
the Bizert Lagoon, Tunisia. Aquaculture 263 (1-4):
238-248. DOI: 10.1016/j.aquaculture.2006.10.028

Elsdon T.S., Gillanders B.M. 2002. Interactive effects
of temperature and salinity on otolith chemistry:
Challenges for determining environmental histories
of fish. Canadian Journal of Fisheries and Aquatic
Sciences 59 (11): 1796-1808. DOI: 10.1139/f02-154

Fablet R., Chessel A., Carbini S., Benzinou A., De
Pontual H. 2009. Reconstructing individual shape
histories of fish otoliths: A new image-based tool
for otolith growth analysis and modeling. Fisheries
Research 96 (2-3): 148-159. DOI: 10.1016/.
fishres.2008.10.011

Fischer W., Schneider M., Bauchot M.-L. 1987. Fiches
FAO d’identification des espéces pour les besoins de la
péche (Révision 1). Méditerranée et mer Noire. Zone
de péche 37. Vol. 2. Vertebres. FAO, Rome.

Gagliano M., McCormick M.I. 2004. Feeding history
influences otolith shape in tropical fish. Marine
Ecology Progress Series 278: 291-296. DOI: 10.3354/
meps278291

Gauldie R.W. Crampton J.S. 2002. An eco-
morphological explanation of individual variability
in the shape of the fish otolith: Comparison of the
otolith of Hoplostethus atlanticus with other species
by depth. Journal of Fish Biology 60 (5): 1221-1240.
DOI: 10.1111/5.1095-8649.2002.tb01715.x

Ghorbel M., Jarboui O., Bouain A. 1997. Evaluation du
stock de pageot (Pagellus erythrinus, Sparidae) dans
le golfe de Gabes (Tunisie) par analyse de pseudo-
cohorte. Cybium 21 (1): 55-65.

Hiissy K. 2008. Otolith shape in juvenile cod (Gadus
morhua): Ontogenetic and environmental effects.
Journal of Experimental Marine Biology and Ecology
364 (1): 35-41. DOI: 10.1016/j.jembe.2008.06.026

Iwata H., Ukai Y. 2002. SHAPE: A computer program
package for quantitative evaluation of biological shapes
based on elliptic Fourier descriptors. Journal of Heredity
93 (5): 384-385. DOL: 10.1093/jhered/93.5.384

Jaramillo A.M., Tombari A.D., Dura V.B., Rodrigo
M.E. Volpedo A.V. 2014. Otolith eco-morphological
patterns of benthic fishes from the coast of Valencia
(Spain). Thalassas 30 (1): 57-66.

Khemaissia H., Jelassi R., Souty-Grosset C., Nasri-
Ammar K. 2013. Diversity of terrestrial isopods in the
supralittoral zone of Ghar El Melh Lagoon (Tunisia).
African Journal of Ecology 51 (2): 348-357. DOLI:
10.1111/aje.12043

Khemiri S., Gaamour., Zylberberg L., Meunier F.,
Romdhane M.S. 2005. Age and growth of bogue,
Boops boops, in Tunisian waters. Acta Adriatica 46
(2): 159-175.

Klaoudatos S.D., Klaoudatos D.S.2004.Brood stock
formation of the hermaphrodite finfish species
Pagelluserythrinus (common Pandora) from fish
reared in captivity. Mediterranean Marine Science
5 (1): 187-198. DOI: 10.12681/mms.224

Kraiem M.M., Chouba L. Ramdani M., Ahmed M.H.,
Thompson J.R., Flower R.J. 2009. The fish fauna
of three north African lagoons: specific inventories,
ecological status and production. Hydrobiologia 622
(1): 133—146. DOI: 10.1007/s10750-008-9679-3

Lombarte A., Cruz A. 2007. Otolith size trends in marine
fish communities from different depth strata. Journal
of Fish Biology 71 (1): 53—76. DOI: 10.1111/j.1095-
8649.2007.01465.x

Lombarte A., Palmer M., Matallanas J., Gomez-
Zurita J., Morales-Nin B. 2010. Ecomorphological
trends and phylogenetic inertia of otolith sagittae in
Nototheniidae. Environmental Biology of Fishes 89
(3-4): 607-618. DOI: 10.1007/s10641-010-9673-2

Martin G.B., Wuenschel ML..J. 2006. Effect of temperature
and salinity on otolith element incorporation in
juvenile gray snapper Lutjanus griseus. Marine
Ecology Progress Series 324: 229-239. DOI: 10.3354/
meps324229


https://doi.org/10.1016/j.fishres.2007.11.013
https://doi.org/10.1016/j.fishres.2007.11.013
https://doi.org/10.1111/j.1600-0633.2004.00053.x
https://doi.org/10.1139/f93-123
https://doi.org/10.1093/icesjms/fss006
https://doi.org/10.1093/icesjms/fss006
https://doi.org/10.1139/f03-151
https://doi.org/10.1590/S1679-87592010000300006
https://doi.org/10.1590/S1679-87592010000300006
https://doi.org/10.1016/j.aquaculture.2006.10.028
https://doi.org/10.1139/f02-154
https://doi.org/10.1016/j.fishres.2008.10.011
https://doi.org/10.1016/j.fishres.2008.10.011
https://doi.org/10.3354/meps278291
https://doi.org/10.3354/meps278291
https://doi.org/10.1111/j.1095-8649.2002.tb01715.x
https://doi.org/10.1016/j.jembe.2008.06.026
https://doi.org/10.1093/jhered/93.5.384
https://doi.org/10.1111/aje.12043
http://dx.doi.org/10.12681/mms.224
https://doi.org/10.1007/s10750-008-9679-3
https://doi.org/10.1111/j.1095-8649.2007.01465.x
https://doi.org/10.1111/j.1095-8649.2007.01465.x
https://doi.org/10.1007/s10641-010-9673-2
https://doi.org/10.3354/meps324229
https://doi.org/10.3354/meps324229

160

Mejri et al.

Meérigot B., Letourneur Y., Lecomte-Finiger R. 2007.
Characterization of local populations of the common
sole Solea solea (Pisces, Soleidae) in the NW
Mediterranean through otolith morphometrics and
shape analysis. Marine Biology 151 (3): 997-1008.
DOI: 10.1007/500227-006-0549-0

Morat F., Letourneur Y., Nérini D., Banaru D.,
Batjakas I.E. 2012. Discrimination of red mullet
populations (teleostean, Mullidae) along multi-spatial
and ontogenetic scales within the Mediterranean basin
on the basis of otolith shape analysis. Aquatic Living
Resources 25 (1): 27-39. DOI: 10.1051/alr/2011151

Nolf D., Tyler H. 2006. Otolith evidence concerning
interrelationship of caproid zeiform and tetradontiform
fishes. Bulletin de I’Institut Royal des Sciences
Naturelles de Belgique 76: 147—189.

Nourisson D.H., Scapini F., Massi L., Lazzara L. 2013.
Optical characterization of coastal lagoons in Tunisia:
Ecological assessment to underpin conservation.
Ecological Informatics 14: 79-83. DOI: 10.1016/.
ecoinf.2012.11.011

Pajuelo J.G., Lorenzo J.M. 1995. Biological parameters
reflecting the current state of the exploited pink
dentex  Dentex  gibbosus  (Pisces:  Sparidae)
population off the Canary Islands. South African
Journal of Marine Science 16 (1): 311-319. DOI:
10.2989/025776195784156421

Panfili J., Durand J.-D., Diop K., Gouréne B., Simier
M. 2005. Fluctuating asymmetry in fish otoliths and
heterozygosity in stressful estuarine environments
(West Africa). Marine and Freshwater Research 56 (5):
505-516. DOI: 10.1071/MF04138

Paxton J.R. 2000. Fish otoliths: Do sizes correlate
with taxonomic group, habitat and/or luminescence?
Philosophical Transactions of the Royal Society B:
Biological Sciences 355 (1401): 1299-1303. DOI:
10.1098/rstb.2000.0688

Popper A.N., Ramcharitar J.,, Campana S.E. 2005.
Why otolith? Insights from inner ear physiology and
fisheries biology. Marine and Freshwater Research 56
(5): 497-504. DOI: 10.1071/MF04267

Rebaya M., Ben Faleh A., Allaya H., Khedher M.,
Marsaoui B., Chalh A., Quignard J.-P., Trabelsi M.
2016. Morphological variability of saccular otoliths
in two populations of Liza ramada (Risso, 1810)
(Mugilidae) in Tunisian lagoons (Bizerte and Ghar El
Melh). Cahiers de Biologie Marine 57: 227-234.

Reinart A., Herlevi A., Arst H., Sipelgas L. 2003.
Preliminary optical classification of lakes and coastal
waters in Estonia and south Finland. Journal of Sea
Research 49 (4): 357-366. DOI: 10.1016/S1385-
1101(03)00019-4

Reznick D., Lindbeck E., Bryga H. 1989. Slower growth
results in larger otoliths: An experimental test with
guppies (Poecilia reticulata). Canadian Journal of
Fisheries and Aquatic Sciences 46 (1): 108—112. DOI:
10.1139/189-014

Secor D.H., Dean J.M. 1989. Somatic growth effects on
the otolith—fish size relationship in young pond-reared

striped bass, Morone saxatilis. Canadian Journal of
Fisheries and Aquatic Sciences 46 (1): 113—121. DOI:
10.1139/189-015

Simoneau M., Casselman J.M., Fortin R. 2000.
Determining the effect of negative allometry (length/
height relationship) on variation in otolith shape in
lake trout (Salvelinus namaycush), using Fourier-
series analysis. Canadian Journal of Zoology 78 (9):
1597-1603. DOI: 10.1139/z00-093

Sghaier Y.R., Zakhama-Sraieb R., Charfi-Cheikhrouha
F. 2012. Seasonal variation of Cymodocea nodosa in
the Ghar el Melh lagoon (Tunisia) with reference to
insolation, temperature and salinity effects. Bulletin de
I’Institut National des Sciences et Technologies de la
Mer de Salammbo 39: 117-125.

Smida D.B., Sahraoui 1., Mabrouk H.H., Sakka
Hlaili A. 2012. Dynamique saisonni¢re du genre
Alexandrium (dinoflagellé potentiellement toxique)
dans la lagune de Bizerte (Nord de la Tunisie) et
controle par les facteurs abiotiques environnants.
Comptes Rendus Biologies 335 (6): 406—416. DOI:
10.1016/j.crvi.2012.04.007

Smith P.J.,Robertson S.G., Horn P.L., Bull B.,Anderson
O.F., Stanton B.R., Oke C.S. 2002. Multiple
techniques for determining stock relationships between
orange roughy, Hoplostethus atlanticus, fisheries in
the eastern Tasman Sea. Fisheries Research 58 (2):
119-140. DOI: 10.1016/S0165-7836(01)00389-7

Somarakis S., Machias A. 2002. Age, growth and
bathymetric distribution of red pandora (Pagellus
erythrinus) on the Cretan shelf (eastern Mediterranean).
Journal of the Marine Biological Association of the
United Kingdom 82 (1): 149-160. DOI: 10.1017/
S002531540200526X

Spedicato M.T., Greco S., Sophronidis K., Lembo
G., Giordano D., Argyri A. 2002. Geographical
distribution, abundance and some population
characteristics of the species of the genus Pagellus
(Osteichthyes: Perciformes) in different areas of the
Mediterranean. Scientia Marina 66 (Suppl. 2): 65-82.
DOI: 10.3989/scimar.2002.66s265

Stransky C., Murta, A.G., Schlickeisen J., Zimmermann
C. 2008. Otolith shape analysis as a tool for stock
separation of horse mackerel (Trachurus trachurus)
in the northeast Atlantic and Mediterranean.
Fisheries Research 89 (2): 159-166. DOI: 10.1016/j.
fishres.2007.09.017

Tracey SR., Lyle J.M., Duhamelb G. 2006. Application
of elliptical Fourier analysis of otolith form as tool for
stock identification. Fisheries Research 77 (2): 138—
147. DOI: 10.1016/j.fishres.2005.10.013

Trojette M., Fatnassi M., Ben Alaya H., Mahouachi
N.H., Chalh A., Quignard J.-P., Trabelsi M. 2014.
Applying sagitta otolith shape in the discrimination of
fish populations Scorpaena porcus (Linnaeus, 1758)
(Scorpaenidae) in the Tunisian coasts. Cahiers de
Biologie Marine 55 (4): 499-506.

Trojette M., Ben Faleh A.B., Fatnassi M., Marsaoui
B., Mahouachi N.H., Chalh A., Quignard J.-P.,


https://doi.org/10.1007/s00227-006-0549-0
https://doi.org/10.1051/alr/2011151
https://doi.org/10.1016/j.ecoinf.2012.11.011
https://doi.org/10.1016/j.ecoinf.2012.11.011
https://doi.org/10.2989/025776195784156421
https://doi.org/10.1071/MF04138
https://doi.org/10.1098/rstb.2000.0688
https://doi.org/10.1071/MF04267
https://doi.org/10.1016/S1385-1101(03)00019-4
https://doi.org/10.1016/S1385-1101(03)00019-4
https://doi.org/10.1139/f89-014
https://doi.org/10.1139/f89-015
https://doi.org/10.1139/z00-093
https://doi.org/10.1016/j.crvi.2012.04.007
https://doi.org/10.1016/S0165-7836(01)00389-7
https://doi.org/10.1017/S002531540200526X
https://doi.org/10.1017/S002531540200526X
https://doi.org/10.3989/scimar.2002.66s265
https://doi.org/10.1016/j.fishres.2007.09.017
https://doi.org/10.1016/j.fishres.2007.09.017
https://doi.org/10.1016/j.fishres.2005.10.013

Otolith shape study of Pagellus erythrinus

161

Trabelsi M. 2015. Stock discrimination of two insular
populations of Diplodus annularis (Actinopterygii:
Perciformes: Sparidae) along the coast of Tunisia
by analysis of otolith shape. Acta Ichthyologica
et Piscatoria 45 (4): 363-372. DOI: 10.3750/
AIP2015.45.4.04

Torres G.J., Lombarte A., Morales-Nin B. 2000.
Variability of the sulcus acusticus in the sagittal otolith of
the genus Merluccius (Merlucciidae). Fisheries Research
46 (1-3): 5-13. DOI: 10.1016/S0165-7836(00)00128-4

Tsuboi M., Gonzalez-Voyer A., Hoglund J., Kolm N.
2012. Ecology and mating competition influence sexual
dimorphism in Tanganyikan cichlids. Evolutionary
Ecology 26 (1): 171-185. DOI: 10.1007/s10682-011-
9489-3

Turan C. 2006. The use of otolith shape and chemistry
to determine stock structure of Mediterranean horse
mackerel Trachurus mediterraneus (Steindachner).
Journal of Fish Biology 69 (Suppl. C): 165-180. DOI:
10.1111/3.1095-8649.2006.01266.x

Vignon M., Morat F. 2010. Environmental and genetic
determinant of otolith shape revealed by a non-
indigenous tropical fish. Marine Ecology Progress
Series 411: 231-241. DOI: 10.3354/meps08651

Volpedo A., Echeverria D.D. 2000. Catalogo y claves
de otolitos para la identifi cacion de peces del mar
argentino. 1. Peces de importancia economica.
Editorial Dunken, Buenos Aires, Argentina.

Volpedo A., Echeverria D.D. 2003. Ecomorphological
patterns of the sagitta in fish on the continental shelf
off Argentine. Fisheries Research 60 (2-3): 551-560.
DOI: 10.1016/S0165-7836(02)00170-4

Volpedo A.V., Fuchs D.V. 2010. Ecomorphological
patterns of the lapilli of Paranoplatense Siluriforms
(South America). Fisheries Research 102 (1-2): 160—
165. DOI: 10.1016/j.fishres.2009.11.007

Zarrad R., El Abed A., Missaoui H., Gharbi H., Ben
Abdallah L. 2000. Analyse descriptive de la pécherie du
golfe de Tunis. Bulletin de I’Institut National des Sciences
et Technologies de la mer de Salammb6 27: 27-34.

Received: 8 January 2018
Accepted: 20 June 2018
Published electronically: 30 June 2018


https://doi.org/10.3750/AIP2015.45.4.04
https://doi.org/10.3750/AIP2015.45.4.04
https://doi.org/10.1016/S0165-7836(00)00128-4
https://doi.org/10.1007/s10682-011-9489-3
https://doi.org/10.1007/s10682-011-9489-3
https://doi.org/10.1111/j.1095-8649.2006.01266.x
https://doi.org/10.3354/meps08651
https://doi.org/10.1016/S0165-7836(02)00170-4
https://doi.org/10.1016/j.fishres.2009.11.007



