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Abstract
Awide variety of contaminants in the aquatic environment causes several deleterious effects on aquatic organism traits ranging
from molecular to individual and population levels. This in situ study investigated morphometry, growth performance, and
reproduction success of a teleost fish, Diplodus annularis, from a polluted site “Sayada” and a reference site “Salakta” in the
eastern Tunisian coastline. Morphometric indexes, generalized Procruste analysis, thin plate, and otolith contour methods were
used to assess the pollution effects on morphological traits. The growth performance of fish from contaminated and control sites
were studied using the Von Bertalanffy equation. Gonadosomatic (GSI) and Hepatosomatic (HSI) Indexes and absolute and
relative fecundity were used to assess the impact of pollution on the reproduction success of this species. The obtained results
showed that the fish of the contaminated zone had significant alteration of the morphology, slower growth, significant increase in
the HSI, significant decrease in female GSI, and a decrease in absolute and relative fecundity compared to specimens from the
unpolluted zone. Based on these results, the biological traits of Diplodus annularis can be used as biological biomarkers in the
monitoring and protection programs of the marine contamination in the Mediterranean Sea.
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Introduction

Coastal littoral ecosystems may receive inputs from terrestrial
contaminant sources, leading animals to be exposed to higher
concentrations of chemicals (Ben-Khedher et al. 2014). This
situation endangers the health of organisms inhabiting this
ecosystem (e.g., Jebali et al. 2013a; 2014). Exposure of ma-
rine fishes to mixtures of xenobiotics may have different
mechanisms of action on the animal health. Several molecular,

biochemical, physiological, and morphological variations
have been reported in field-contaminated fishes (Sanchez
et al. 2011; Jebali et al. 2013a). Disturbance of fish growth
and reproduction may be related to physiological changes
caused by chemical contamination and natural environmental
factors, including temperature and food availability which
may also be altered by anthropogenic actions (Pajuelo and
Lorenzo 2002; Van-Poorten and Walters 2016).

Monastir Bay is located in the center of the East Tunisian
coastline and is considered an economically important body of
water due to a variety of fishing and aquaculture activities in
the Bay. Many pollutants have been detected in recent years in
Monastir Bay emanating from treated and non-treated munic-
ipal wastewater, limitroph agglomerations, and the fishing
harbor (Jebali et al. 2011; Nouira et al. 2012 and 2013; Zrafi
et al. 2013). In addition, the bay is subject to eutrophication
during the summer season. Although many studies have in-
vestigated the infield effect of mixtures of pollutants on bio-
chemical dysfunctions in the indigenous species of Monastir
Bay, including Mediterranean crab (Carcinus maenas) and
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common sole (Solea solea) (Jebali et al. 2011, 2013a; Ben-
Khedher et al. 2013), few studies have looked at the effect of
pollutants on reproductive success in wild fish (Mills and
Chichester 2005; Prado et al. 2014). This study showed how
multiple pollution could affect the reproductive cycle and
growth of the annular sea bream, Diplodus annularis, a major
species of fishing on the Tunisian coast. As a control site, we
chose the coastline of Salakta which is formed by a protected
cape free from any discharge of wastewater and characterized
by constant agitation and coastal currents favoring good water
renewal. Annualar sea bream,Diplodus annularis L., is wide-
spread in the Mediterranean Sea including the Tunisian coast-
line, where it is abundant throughout the year. It constitutes an
important fishery resource in the region. Different aspects of
the biology of the species have been studied, e.g., settlement
(Garcia-Rubies and Macpherson 1995), feeding (Bell and
Harmelin-Vivien 1983), age, and growth (Gordoa and Molí
1997; Pajuello and Lorenzo 2001). There is, however, little
information available about the possible effects of environ-
mental contamination on the morphology, growth, and repro-
duction of the species. An assessment of the impact of con-
tamination on this species and other important fishery species
is critical to manage and conserve resources in the region.

In this work, we investigated the effect of anthropogenic
chemical inputs on the biological traits of Diplodus annularis
across heavily contaminated by chronic urban discharges and
relatively uncontaminated sites in eastern Tunisia. Traits mea-
sured were morphometry by means of the meristic and metric
characters and otolith shape characteristics, age, and growth
based on the Von Bertalanffy model and reproduction by
tracking body indexes including gonadosomatic index (GSI)
and hepatosomatic index (HSI) and fecundity estimation.

Materials and methods

Study areas and fish sampling

To investigate the effects of anthropogenic chemical inputs on
the morphology, growth, and reproduction in D. annularis
fish, two sites of the eastern Tunisian coasts (Fig. 1) were
selected: As a reference site, we selected Salacta (35°24′N
11°03′E) which is a relatively clean area, without industrial
or urban influences and has been considered as reference in
our previous study (Gharred et al. 2019). Sayada site (35°40′N
10°54′E) is located in the Monastir bay and considered as
contaminated site. It is an important industrial and urban run-
off site and has been classified as a high-contamination area.
Sediments at this site contain high concentrations of metals
(iron 2706.68 ppm, zinc 15.18 ppm, lead 5.29 ppm, chromium
3.64 ppm) (Damak et al. 2019) and polyaromatic hydrocar-
bons (PAHs). Total PAH concentrations were in the range of

25.6 to 576.8 ng/g d.wt in winter and 44.9–395.8 ng/g d.wt in
summer (Nouira et al. 2012).

Sampling was performed during a full year from April
2014 to March 2015. At each sampling site, fish were collect-
ed monthly with the help of local fishermen using gill nets, at
depths that do not exceed 10 m. The size of each sample
differs according to analyzed biological parameter.

Morphometric analysis of fish

Traditional morphometry

The sample used for the study of meristic features includes 80
randomly selected fish per site. After sexing animals, eight
meristic characters were determined by the use of binocular
microscope. The measurement includes the rays (R) and
spines (S) of the dorsal (D), pelvic (P), and anal (A) fins and
the rays of the pectoral fin (PR). For the vertebrae enumera-
tion, we determined particularly the number of thoracic verte-
brae (TV) from the first cervical vertebrae to the last vertebra
with a fully opened haemal arc and the number of caudal
vertebrae (CV) having a closed haemal arc including urostyle.

The metric variables taken on each individual of the 169
fish from each study site are shown in Fig. 2. All measure-
ments were determined with a digital caliper to the nearest
0.01 mm.

From these metric measurements, several morphometric
ratios were calculated to assess the chronic effect of multiple
pollutions on the morphometry of fish at Sayada contaminated
site with comparison to Salacta as reference site. We specifi-
cally determined the TL/SL, FL/LS, HL/SL, BH/SL, PD/SL,
PA/SL, PPec/SL, PPel/SL, PecL/SL, DL/SL, AL/SL,
PelL/SL, IO/HL, Ø/HL, and PO/HL.

The analysis of variance (ANOVA) was performed to test
the statistical significance of mean variations among contam-
inated and control fish population and for each measurement.
Principal component analysis (PCA) was used to elucidate
pattern of the morphological variation between these two
populations.

Geometric morphometry

Generalized Procruste analysis The generalized Procrustes
Analysis approach was used to investigate the fish body shape
variability of control and contaminated sites populations
(Straüss and Bookstein 1982; Montaño-Campaz et al. 2019).
The sample used to study the body shape is composed of 50
specimens taken at random and irrespective of sex from each
site, the size of these fish varies between 105 and 140mm, and
the weight between 30 and 45 g. These fish were sampled
during the sexual rest period (July to December) to avoid the
influence of reproduction on morphometry. The left side of
each fish, with the fins in the extended position, was
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photographed with a high-quality digital camera (Samsung
ST72 with 16MP resolution) mounted on a tripod. All images
were digitized in TPS Dig 2 using 16 homolog landmarks to
perform geometric morphometrics analysis (Fig. 3).

In order to pass from a configuration of simple landmarks
to shape variables, the generalized Procuste analysis was per-
formed using Morpho J 1.03d (Klingenberg 2011) on the

Cartesian coordinates X and Yof the homologous points dig-
itized by the TPS software series. This transformation consists
in standardizing measures to control for differences in individ-
ual body size, by translating and rotating the configuration of
landmarks to minimize the sum of squared distances between
homolog landmarks (Zelditch et al. 2012). The principal com-
ponent analysis (PCA) was used to assess the pattern of

Fig. 1 Map of Tunisia indicting the location of sampling sites Sayada (Contaminated site) and Salakta (control site) in eastern Tunisia Coasts

Fig. 2 Different measurements
performed on D.annularis: total
length (TL), fork length (FL),
standard length (SL), head length
(HL), pectoral length (PecL),
dorsal length (DL), pelvic length
(PelL), anal length (AL), Body
Height (BH), predorsal distance
(PD), prepectoral distance (Ppec),
preanal distance (PA), prepelvic
distance (PPel), preorbital
distance (PO), eye diameter (Ø),
interorbital distance (IO)
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morphological variation between control and contaminated
fish populations to reveal the degree of similarities or differ-
ences in fish body between the studied populations.

Otolith shape analysis A sample of 60 left and right otoliths
were carefully removed and mounted on the glass slides and
photographed with a high-quality digital camera (Samsung
ST72 with 16 MP resolution). All images were analyzed by
the Shape software 1.3 (Iwata and Ukai 2002). The Fourier
Elliptic Analysis (F.E.A.) was carried out to determine the
shape of the otolith. The shape outline of the otolith is char-
acterized by several components, named harmonics. Each har-
monic is characterized by four coefficients, resulting from the
projection of each point of the outline on axes (x) and (y)
(Kuhl and Giardiana 1982). The minimum number of har-
monics needed to explain 99.99% of otolith shape variation
was determined with a power spectrum analysis. The four
coefficients of these seven harmonics are then used in princi-
pal component and discriminant analyses to better character-
ize the differences between fish populations of Salakta and
Sayada through otolith shape.

Age and growth

Samples of 60 fish from Salakta and 50 fish from Sayada were
used for age and growth studies. Total length (mm) and whole
mass (g) were recorded. Five to eight scales, more legible than
the otolith, were extracted from each individual from the body
area between the lateral line and the dorsal fin. Scales were
cleaned with water and immersed in 10% formalin solution.
Growth was estimated by scale reading and using Bertalanffy
equation: TL (t) = TL∞ (1 − e–K(t–to)) where TL is the total
length at age t, TL∞ is the theoretical asymptotic length, k is

the growth-rate coefficient, and t0 is the theoretical age at
length zero. The linear Ford–Walford plot (Gulland 1969)
was first used to provide initial or starting values for the
non-linear or iterative methods. For non-linear estimation of
the growth parameters, Levenberg-Marquardt method in
Statistica.10 was used with the individual size and age data.

Reproduction and fecundity

Sample of 30–40 fish per site was monthly collected between
April 2014 andMarch 2015 to assess the physiological effects
of multiple pollution on reproduction and fecundity of fish in
control and contaminated areas from Tunisian coast. Sexes
were distinguished by macroscopic observation of gonads.
The reproductive period was established by monthly determi-
nation of the gonadosomatic index (GSI) and the
hepatosomatic index (HSI).

GSI ¼ gonadal weight� 100=eviscerated weight gð Þ
HSI ¼ liver weight gð Þ � 100=eviscerated weight gð Þ

For the study of fecundity, the spawning nature and the last
modal distribution of fish oocytes was used to estimate the
absolute fecundity by spawning act. For the analysis of the
frequency distribution of oocyte diameters, we randomlymea-
sured under an optical microscope equipped with an ocular
micrometer, the diameters of 1000 oocytes per female. The
results were compiled in frequency polygons.

The absolute fecundity by spawning act is defined as the
number of oocytes whose diameters constitute the last modal
distribution (Fantana and Le Guen 1969). The absolute fecun-
dity (AF) was calculated using the following equation:
AF = (n / OFW) × OW. Where AF: absolute fecundity, n:
number of oocytes of the last spawning act contained in a

Fig. 3 Landmarks used in geometric morphometry: 1: anterior extremity
of the upper jaw, 2: the anterior base of the spines of the dorsal fin, 3: the
posterior base of the rays of the dorsal fin, 4: the dorsal attachment point
of the caudal fin, 5: the point of intersection of the lateral line with the
caudal fin, 6: the ventral attachment point of the caudal fin, 7: the

posterior base of the rays of the anal fin, 8: the anterior base of the
spines of the anal fin, 9: insertion of the pelvic fin, 10: the ventral end
of the head, 11: the tip of the mouth, 12: the center of the orbit, 13: the tip
of the opening of the operculum, 14 the dorsal end of the head, 15: the
dorsal base of the pectoral fin and 16: the ventral base of the pectoral fin
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fraction of the ovary, OW: ovary weight (g), OFW: weight of
ovary fraction (1 g).

The relative fecundity (RF) was estimated by counting the
number of oocytes per body mass unit. The equation used
was: RF =AF / EM, where RF: relative fecundity, AF: abso-
lute fecundity, EM: eviscerated body mass.

Statistical analysis

An analysis of variance (ANOVA) was performed to compare
means of meristic and metric characters and fecundity be-
tween the two populations using SPSS software (version
17.0). Multivariate analyses were used to elucidate pattern of
the morphological variation between samples. Particularly,
principal component analysis (PCA) and discriminating func-
tion procedure, in XLSTAT 2014 software, was used to ana-
lyze morphometric variability and examine separation be-
tween the two fish populations collected from control and
polluted sites. Multivariate one-way-PERMANOVA test was
used to compare morphometric ratios of the annular sea bream
collected from the studied sites. Significant difference level
between sites was obtained by using Bonferroni test. Mann

Whitney test was used to compare monthly GSI and HSI of
the contaminated and control populations.

Results

Morphometry of Diplodus annularis

The incidence of the multiple pollution on the morphometry
of D. annularis by the traditional morphometry showed no
significant differences between meristic variables of control
and contaminated fish (Table 1). However, we note significant
differences in the following five metric ratios: BH/SL; PD/SL;
PA/SL; IO/HL, and Ø HL (Table 1).

The principal component analysis (PCA) of the 15 studied
metric ratios showed that the first two components explained
36.36% of the overall variation. These components absorb
respectively 23.13% and 13.23% of the total inertia. The
graphical representation of variable points shows that compo-
nent 1 has a strong positive covariance with LF/LS, TL/LS,
and BH/SL ratios, while component 2 is positively covariate
with PO/BH, Ø/BH, and PD/SL ratios. The graphic

Table 1 Variance analysis of
meristic and metric characters in
sayada and salakta sites

Variables Variables (x)̄ Salakta (x)̄ Sayada F P Significance

Meristics DS 11 11 _ _ ns

DR 12.510 12.975 62.380 9.640 ns

AS 3 3 _ _ ns

AR 12.130 12.073 0.960 0.326 ns

Pel.S 2 2 _ _ ns

Pel.R 5 5 _ _ ns

PR 13.569 14.01 51.620 8.159 ns

TV 9.967 9.983 0.679 0.410 ns

CV 13.886 13.943 2.219 0.137 ns

Metrics FL/SL 0.142 1.138 2.69 0.1 ns

TL/SL 1.255 1.253 0.552 0.458 ns

HL/SL 0.304 0.304 0.036 0.850 ns

BH/SL 0.416 0.424 7.387 0.007 **

PD/SL 0.434 0.440 6.041 0.014 *

PA/SL 0.707 0.714 11.052 0.001 ***

PPec/SL 0.336 0.337 1.048 0.307 ns

PPel/SL 0.408 0.408 0.018 0.893 ns

PecL/SL 0.335 0.339 2.835 0.093 ns

PelL/SL 0.202 0.202 0.323 0.570 ns

DL/SL 0.609 0.614 3.375 0.067 ns

AL/SL 0.291 0.288 2.506 0.114 ns

IO/HL 0.302 0.309 5.137 0.024 *

Ø /HL 0.308 0.315 7.550 0.006 **

PO/HL 0.359 0.360 0.174 0.676 ns

(x)̄: mean

*P < 0.05; **P < 0.01; ***P < 0.001; ns: not significant

Environ Sci Pollut Res (2020) 27:4075–4088 4079



representation of the “observation points” shows that there is
no tendency to isolate the two populations (Fig. 4). This dis-
tribution does not allow a clear discrimination between the
individuals of the two environments. But the multivariate
one-way-PERMANOVA test of the annular sea bream mor-
phometric ratios showed a significant difference between sites
(Table 2). The geometric morphometric analysis using the
landmarks was applied to better discriminate between the
two studied populations.

PCA obtained from the residual multivariate regression of
the 16 studied landmarks showed that the first two compo-
nents explain 41.27% of the total variation. The graphical
representation of the observation points shows that there is a
tendency to isolate the two studied samples (Fig. 5). The gen-
eralized Procuste method seems to be more efficient in detect-
ing variation than the traditional method. The PCA based on

the landmarks allows separation between the two studied pop-
ulations, but it does not show the changes between the land-
marks on the general morphology of fish body. Hence, the use
of the thin-plate method, which gives information on the na-
ture of morphological deformations, is attributed to environ-
mental stress. The main displacements of the landmarks be-
tween the specimens of D. annularis of Salakta and Sayada
affect mainly the anterior, ventral, and dorsal parts of the body
(Fig. 6). These deformations affect particularly the height of
the body, which is due to the displacement of the landmarks 2
and 9; the head and the cephalic part due to the displacement
of landmarks 1, 10, 11, 13, and 14; the pectoral fin, which is
caused by the displacement of landmarks 15 and 16; and the
anal fin, which is caused by the displacement of the landmark
8. Other smaller deformations affect the caudal region.

Concerning the study of otolith shape, the principal com-
ponent analysis of the right and left otoliths shapes shows a
tendency of discrimination between control and contaminated
fish populations. The left otolith shape shows a higher varia-
tion than the right one (Fig. 7a, b). Thus, a deep analysis of this
otolith by the discriminant function analysis showed a distinct
discrimination between the twoD. annularis fish populations,
confirming the utility of using the left otoliths shape as effec-
tive tool for the assessment of multiple and chronic contami-
nation ofmarine ecosystems. (Fig. 8). In fact, theMahalanobis
distance calculated between the two groups (Salakta and
Sayada) was 0.48 (P < 0.001), confirming the significance of
the separation according to the form of otolith left between the
two samples.

(23.13 %)

(1
3.

23
 %

) 

Fig. 4 Principal component analysis (PCA) and contribution of metric ratios. Red: Salakta’s sample, blue: Sayada’s sample

Table 2 Multivariate one-way-PERMANOVA test of the annular sea
bream morphometric ratios collected from the studied sites. Significant
difference level between sites was obtained by using Bonferroni test

Multivariate test: one-way-PERMANOVA Permutation N: 9999 Total
sum of squares 2.744 Within-group sum of squares 2.717 F: 3.588 p
(same) 0.0004

Bonferroni - corrected p values

Salakta Sayada

Salakta 0.0008

Sayada 0.0008

Values displayed in italics indicated a significant difference between sites
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Age and growth

The maximum observed age in specimens collected from both
areas was 8 years and the maximum observed length was
170.5 mm for fishes from Salakta and 169 mm for those from
Sayada (Table 3).

The theoretical growth parameters of the Von Bertalanffy
equation showed that LT∞ of Sayada specimens (202.94 mm)
are slightly higher than those of Salakta (200.4 mm).
However, the growth rates K of Sayada specimens show a
lower value (0.16) than those of Salakta (0.18) (Table 4).

Reproduction

The monthly variation of gonadosomatic index (GSI) of
D. annularis from Salakta site between April 2014 and
March 2015 indicates similar pattern of the reproductive cycle

for both sexes. The spawning period was from April to June
with a peak of gonadosomatic index (GSI) (indicating the
maximum maturation of the gonads) in April (5.80 and
9.33% for males and females respectively). A significant de-
crease of this index was observed from April to June corre-
sponding to the gametic emission phase. This decrease is
followed by a sexual rest phase since June (Fig. 9a).

Interestingly, the comparison study of the GSI varia-
tions of the control and contaminated fish highlights two
essential phenomena: the first is a shift of 1 month in the
full maturation period and gametic emission phase for
both sexes and the second is a lower maximum value of
GSI in contaminated female fish (Fig. 9a; Table 5).

The monthly fluctuation of hepatosomatic index (HSI) of
fishes from Sallakta and Sayada shows similar pattern during
the studied period. (Fig. 9b). The HSI reached a maximum in
April, then decreased gradually to a minimum in June, and

(28.12%)
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Fig. 5 Principal component
analysis (PCA) based on the 16
landmarks

Fig. 6 Body shape deformations
of D. annularis due to
environment effect based on PCA
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then increased significantly in the following months.
Interestingly, we noted significant higher HSI in contaminated
fish from sayada than those from sallakta (Table 5).

The distribution frequency of oocyte diameter in both
studied sites is tri-modal pattern (Fig. 10a, b). The three
observed cohorts correspond to three spawning acts sug-
gesting that spawning phenomena of D. annularis is
fractionated. The first spawning act includes oocytes
with diameters between 20 and 220 μm, the second
one is between 200 and 380 μm, and the third is supe-
rior to 340 μm. For the fecundity study, we considered
only the last spawning act (oocytes diameters Ø ≥
340 μm) corresponding to the most advanced modal
distribution. The absolute (AF) and relative (RF) fecun-
dity by spawning act in fish from Sallakta and Sayada
sites are illustrated in Table 6. The comparison of ab-
solute and relative fecundity per spawning act indicates
a significant difference between the two studied popula-
tions. These fecundities are significantly higher in refer-
ence area (Sallakta site) than those of contaminated
zone (Sayada site) (ANOVA, Fa = 7.7, Fr = 12.9,
P < 0.0005) (Table 6). We noted also that the highest
oocyte diameter is found in reference site (Salakta)

and was about 720 μm, while it does not exceed
580 μm in contaminated site (Sayada).

Discussion

Morphometry

Several in-field studies highlighted the use of morphometric
characters for fish species characterization (Silva 2003;
Kaouèche et al. 2017; Deepa et al. 2019) and to assess the impact
of the environment stress on the morphology variability of fish
(Amin et al. 2014). It is well known that the annular sea bream,
Diplodus annularis, is a littoral fish, common in the bottoms
covered by seagrass beds from 0 to 50 m depth (Bauchot
1987). Its reduced mobility, sedentary, and high site fidelity
(March et al. 2011) are also related to the suitable utility as
bioindicators to evaluate the local exposure to human impacts.
Several studies have used D. annularis to assess the impacts of
chemicals in the Tunisian (Khenfech and Boumaiza 2011) and
other Mediterranean marine ecosytems (Gonul and Kucuksezgin
2007; Darilmaz and Kucuksezgin 2012).

(a) (b)
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Fig. 7 Principal component analysis (PCA) based on (a right and b left) otolith shape. Red: Salakta sample, blue: Sayada sample

Fig. 8 Discriminating function
histogram of the left otolith of
D. annularis from (Red: Salakta)
and (Blue: Sayada) areas
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The analysis of meristic variables of D. annularis speci-
mens from Salakta and Sayada showed no significant differ-
ence. It is well accepted that the meristic characteristics are
considered as discrete quantitative variables with weak sensi-
bility to environmental stressors (Gharred et al. 2019), inde-
pendent of individual size and genetically fixed since the em-
bryonic development (Turki et al. 2009).

To better assess the body deformations associated with ma-
rine pollution, the geometric morphometry of theD. annularis
specimens from reference (Salakta) and contaminated
(Sayada) sites was applied. It showed clear discrimination
between the two studied fish populations. This inter-
population morphometry variation could be attributed to the
chronic and continuous urban discharge effect on the popula-
tion of Sayada. Recent and old chemical and ecological avail-
able data have shown higher metallic and hydrocarbon con-
centrations in Monastir bay littoral (Sassi et al. 1998; Zrafi
et al. 2013; Damak et al. 2018, 2019). Morphological changes
of fish population integrate the multiple effects of several
stress factors including endogen factors such as genetic vari-
ability or exogenous factors like chemical exposure and natu-
ral environment degradation. In in-field, biomonitoring stud-
ies, the endogen and environmental factors affect simulta-
neously all the biological responses of an animal under envi-
ronmental stress includingmolecular, biochemical, physiolog-
ical tissue and morphological responses (Shinn et al. 2015).
Morphological changes have been used as biological markers
of chronic exposure of various organisms to pollutants as well
as when facing habitat degradation (Shinn et al. 2015;
Abdelhady 2016).

It has been shown that the variation of morphometric char-
acters is attributed not only to a genetic component but also to
the environmental one. In fact, fish exhibit high phenotypic
plasticity in response to environmental changes and can adapt
rapidly through appropriate morphological changes (Vasil’eva
and Vasil’ev 2010; Hossain et al. 2010). The previous work on
the gastropod Patella caerulea collected from reference zone
and three polluted areas of the Tunisian coastline suggest that

the anthropogenic impacts induce alterations in the shape of
the limpet shell. These deformities were attributed to multiple
stress factors, among which we quote the chemical pollutants
metabolized by the organisms under contaminated environ-
ments (Gharred et al. 2019).

Otoliths are calcified structures whose form has been wide-
ly used to characterize a given species or populations of fish
species. They keep a continuous record of the life cycle of fish
from birth to adulthood. The shape and chemical composition
of otoliths can be modified depending on the interaction be-
tween fish and its environment during the growth (Morat et al.
2008). However, few studies interested in the otolith shape
variability as a biological tool of marine contamination assess-
ment. The otolith shape variability is influenced by chronic
and mixture of anthropogenic pollutants. It has been shown
that Neogobius melanostomus fish captured from high-
contaminated sites of Hamilton Harbor (Canada) with metals
(e.g., cadmium, zinc, lead), polyaromatic hydrocarbons (PAH)
and polychlorinated biphenyls (PCB), displayed a high
amount of variation degrees otolith shape (Bose et al. 2018).
Many environmental stressors, such as pollutants, tempera-
ture, food availability, and even fish physiology, may affect
the metabolism of these organisms and have the potential to
alter the growth and morphology of teleost otoliths. For ex-
ample, the exposure of African catfish Clarias gariepinus, to
textile factory effluent, resulted in fish with smaller sagittal
otoliths than those unexposed (Adeogun and Chukwuka
2011).

Age and growth

D. annularis fish from contaminated site seems to have lower
somatic growth rates than those of reference site. Many envi-
ronmental contaminants and stressors are known to affect me-
tabolism through molecular and biochemical toxicity (Jebali
et al. 2012). Environmental pollutants may also increase ATP
demand for detoxification and cellular homeostasis, potential-
ly altering somatic growth (Toro et al. 2003). In this study,

Table 3 TL-age key
Age TL (mm) 1 2 3 4 5 6 7 8 Fish count

Salakta 90.00 123.48 129.01 137.96 148.07 163.26 167.23 170.50 60

Sayada 94.25 120.60 128.45 137.35 147.71 160.67 164.33 169.00 50

Table 4 Growth parameters of
Von Bertalanffy equation. (ns
non-significant, Fc calculated
value of F Snedecor and Ft
theoretical value for ddl 50 and
60)

TL∞ (mm) K (year-1) t0 (year) Specimens number R2

Salakta 200.40 ± 24.05 0.18 ± 0.06 − 2.60 ± 1.02 60 0.93

Sayada 202.94 ± 21.36 0.16 ± 0.04 − 3.03 ± 0.91 50 0.94

Student t 0.59 < 1.96 ns 2.08* 2.33*

F snedecor Fc = 1.27 < Ft = 1.58 ns – –

*Significant
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D. annularis from high-contaminated site have been chroni-
cally exposed to PAHs, PCBs, and metals such as lead, zinc,
and cadmium in their environments (Sassi et al. 1998; Nouira
et al. 2012 and 2013; Zrafi et al. 2013) leading to a lower
growth rate. These results are consistent with a previous study
of Bradai et al. (2001) that noted a slow growth rate of
D. annularis fish from a contaminated area: Golf of Gabes.
The authors attributed the delay in somatic growth of contam-
inated fish to lack of sufficient energy for growth.

Reproduction

Despite the fact that D. annularis is one of the most common
and abundant sparid species of the Mediterranean littoral and
is considered as a species of high commercial value in Tunisia,
few studies have been published on the reproductive biology
of this fish.

In this work, the gonad activity of D. annularis from
(Sallakta site) reached a maximum in April. These results
are in agreement with those found in the central-western
Mediterranean seas (Donnaloia et al. 2017). Fish from

contaminated region have a shift in the spawning period
1 month later when compared to those of control region.
Indeed, the maximum gonad activity is recorded in May.
These results are consistent with those found in contaminated
areas of Tunisia such as Golf of Gabes (Chaouch et al. 2013)
and Golf of Tunis (Mouine et al. 2012). It is well known that
the timing of Diplodus annularis spawning appears to be cor-
related with food availability and sea temperature (Matic-
Skoko et al. 2007). However, other environmental factors
such as chemical pollution for example endocrine disruptor
compounds (EDCs) and the alteration of physicochemical
proprieties of seawater (pH, salinity, dissolved oxygen, turbid-
ity…etc.) affect the timing of spawning of fishes.

The GSI in females of the sea bream decreased consider-
ably in the contaminated site (Sayada) compared to the refer-
ence site (Salakta). These findings may be related to impaired
ovarian development, decreased oocyte diameter, and de-
creased vitellogenin stores (Johnson et al. 2008; Bugel et al.
2009; Gerbron et al. 2014). Several endocrine disrupting com-
pounds (EDCs) detected in the aquatic environment have been
shown to be responsible for the inhibition of vitellogenin

Table 5 Monthly comparaison of the IGS values between Sayada et de Salakta site (Mann Whitney test). (ns non-significant)

GSI Sex Site J F M A M J J A S O N D

Male Salakta 0.8 0.95 1.2 5.80 4.45 0.20 0.33 0.38 0.43 0.20 0.33 0.43

Sayada 0.90 0.95 1.5 3.52 5.57 1.46 0.70 0.6 0.38 0.2 0.70 0.38

Significance (P < 0.05) ns ns ns * * * ns ns ns ns ns ns

Female Salakta 0.99 1 1.4 9.34 5.51 0.31 0.21 0.5 0.43 0.31 0.21 0.43

Sayada 0.7 0.8 1 5.56 5.71 1.36 0.41 0.4 0.55 0.25 0.41 0.55

significativity (P < 0.05) ns ns ns * * * ns ns ns ns ns ns

HSI Sex Site J F M A M J J A S O N D

Male Salakta 0.52 0.78 1.30 1.60 0.78 0.52 1.06 1.66 1.05 1.60 0.78 0.52

Sayada 1.19 1.60 1.70 2.47 2.36 1.19 1.59 2.20 1.83 2.10 1.70 1.19

significance (P < 0.05) ns ns ns * * * ns ns ns ns ns ns

Female Salakta 0.75 1.10 1.10 1.70 1.34 0.75 1.50 1.16 1.25 1.70 1.34 0.75

Sayada 1.29 1.65 1.70 2.89 2.95 1.29 1.97 2.01 2.12 2.40 2.15 1.29

significativity (P < 0.05) ns ns ns * * * ns ns ns ns ns ns

*Significant

Fig. 9 Monthly fluctuation in GSI (a) and HSI (b) of D. annularis male (M) and female (F) for both areas
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biosynthesis via binding to estrogenic receptors and negative
feedback on the hypothalamic pituitary axis (Solé et al. 2003).
Therefore, it is important to note that female fish from polluted
areas produce fewer oocytes than control fish. This can be
considered as the adaptive aspect of these fish to pollution.
In fact, environmental stressors have significant effects on fish
performance due to the reorientation of energy resources in
response to stress (Schreck 2010). We note that the GSI and
HSI reports vary in the sameway over time for the two studied
populations, indicating that D. annularis is a fatty fish for
which the accumulation of lipid reserves is carried out in the
muscles. The liver is only involved in the transformation of
these lipid reserves.

Interestingly, we noted higher HSI in fish from polluted
area (Sayada site) than those of reference area (Salakta site).
It is obvious that the liver is the main crossroads of the me-
tabolism of endogenous and chemical compounds. The chron-
ic exposure of fish of Sayada to mixture of contaminants in-
crease the metabolic activity of the liver in response to chem-
ical contamination (Van der Oost et al. 2003; Ghedira et al.
2010). The higher HSI can be explained by the hypertrophy
and to the hyperplasia of the hepatocyte cells linked to in-
creased detoxification metabolism caused by the high pollu-
tion mixture in the polluted site (Dragun et al. 2013;
Agbohessi et al. 2015). The chronic treated wastewater dis-
charges in Sayada site increased the metals and hydrocarbon
concentrations in sediments and seawater and could be related
to the increase of fish hepatosomatic index in this site. Indeed,
the north-south sea currents can disperse chemical pollutants
by geochemical processes from other points of treated waste-
water from limitroph agglomerations such as Khenis city and
thus harm the health of the fish and their environment (Jebali
et al. 2013b).

Other studies have shown a decrease of the HSI following
the exposure of fish to pollutants (Hauser-Davis et al. 2012;
Bervoets et al. 2013). The authors suggest that chronic

Fig. 10 Size frequency
distribution of D. annualris
oocytes from Salakta (a) and
Sayada (b) areas

Table 6 Values of absolute (AF) and relative (RF) fecundity in both
studied sites

AF RF

Min Max Average Min Max Average

Salakta 5985 73.710 23.072 ± 3174 203 1597 634 ± 69

Sayada 5076 43.371 13,222 ± 1590 154 910 355 ± 67

ANOVA Fa = 7.7; P < 0.0005* Fr = 12.9; P < 0.0005*
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exposure to pollutants causes histopathological lesions of liver
tissue and depletion of energy stores (glycogen and lipid con-
tent) in fish living at sublethal pollution levels in polluted
areas. Nevertheless, it is important to note that high HSI in
contaminated fish is correlated with decreased reproductive
performance andmorphological alteration caused by exposure
to multiple pollution.

Conclusion

This study investigated in situ morphometry, growth perfor-
mance, and reproduction success of D. annularis fish from
reference and contaminated area of the Tunisian coastline.
Several different biological alterations were characterized in
fish living in polluted area. The analysis of the meristic char-
acteristics revealed that these traits are insensitive to marine
pollution exposure. However, the use of the geometric mor-
phometry approach based on the generalized Procuste super-
position and the thin-plate approaches show a distinct body
and otolith shape variations of fish living in the contaminated
area. The contaminated fish morphometry alteration was as-
sociated with the decrease of the somatic growth and repro-
duction performance. The results concerning gonadosomatic
and hepatosomatic indexes and the fecundity success demon-
strate clearly the alteration of the reproductive cycle of
D. annularis from polluted site. Interestingly, we noted for
the first time pollution induced a reduction in the number
and diameter of oocytes in contaminated fish. Our results rec-
ommended the usefulness of D. annularis body and otolith
shapes, gonadosomatic and hepatosomatic indexes, and fe-
cundity success responses as biological biomarkers in the
monitoring and protection programs of the marine contamina-
tion in the Mediterranean sea.
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