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Abstract   

The originality of the present work is to study, for the 1st time, the existence of shell shape 
deformation in Mytilus galloprovincialis mussel from Morocco Atlantic coasts, in relation with local 
environmental parameters. A slight difference is noted in the average calcium concentrations between the 
2 sites, with values of 10.02⸱10–2 ± 0.15 mM and 10.3⸱10–2 ± 0.15 mM respectively at Haouzia and Jorf-
Lasfar sites. A significant season al variation was observed in both sites, with the existence of 2 
concentration peaks during the months of April and September. These results are correlated with the 
physicochemical records with the existence of a salinity gradient. Shell deformation was observed in 25.9 
% of all individuals from Jorf-Lasfar site. These individuals (group 2) show a higher concentration of 
calcium ions in their shells, a reduced width and increased thickness.  
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Introduction 

Now a day, the interest of the Mytilus galloprovincialis mussel in marine water quality monitoring 
programs is well established [1]. Actually, the feeding mode and the wide geographical distribution make 
this species an interesting biological material. The increase of anthropogenic pressure on marine 
ecosystems in general and on the Atlantic coastline of El Jadida region in particular prompted our 
research team to set up a local biomonitoring program, in order to assess the level of pollutants 
bioaccumulation [2-4] and to evaluate their effects on biological and physiological level [5,6]. 

The observation of natural mussel beds during multiple sampling campaigns of Mytilus 
galloprovincialis has allowed us to detect anomalies in shell shape from Jorf-Lasfar site, which receives 
numerous industrial discharges. From the literature, scientists have noted the effect of abiotic parameters 
on the growth [7-9] and calcification of bivalve shells [10,11]. At low salinity, bivalves show reduced 
growth and calcification rates [12,13] that are thought to be the result of increased energy expenditure for 
calcification, rather than osmotic stress [14]. Based on these data, we postulate that pollution and 
environmental factors has an effect on calcification and shell deformation in Mytilus galloprovincialis. 

The aim of this study is to evaluate the effect of pollution on calcium rate and shell shape of Mytilus 
galloprovincialis mussel. During an annual cycle, calcium concentrations [Ca2+] and morphometric 
measurements were recorded from individual’s shells at Haouzia and Jorf-Lasfar site in El Jadida coast. 
The monitoring of environmental parameters was carried out simultaneously. 
 
Materials and methods 

Study sites and sampling  
El Jadida region has experienced a very significant demographic and industrial boom in recent 

decades [15]. Numerous industrial units and urban expansions have been set up, generating a 
multiplication of effluents that are dumped into the sea. The threat to the coastline environment and its 
biodiversity is real. Two sites were chosen for this study: 
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Haouzia site 
Haouzia site is characterised by the presence of a rock substrate bordered on both sides by sand. The 

mussel bed is one of the most exploited in the area. One station was selected in this area.  

Jorf-Lasfar site 
Jorf-Lasfar site is located at 25 km southwest of El Jadida. Three stations were selected, at different 

distances from the industrial discharges of the area. 
The stations placement is shown on Figure 1.  

 
 

 
Figure 1 Location of the prospected stations (H: Haouzia site; J1, J2 and J3: Jorf-Lasfar site). 
 
 

Mussels sampling was carried out at monthly bases at low tide in the intertidal zone. Once at the 
laboratory, the animals were cleaned and placed in oxygenated seawater for a purging period of 24 to 36 
h. The flesh was then extracted (for other experiments) and the shell valves were dried and stored 
properly until use. 

 
Physicochemical parameters measurements 
The following parameters: pH, temperature, dissolved oxygen and salinity were measured on-site 

simultaneously during the sampling operation, using a multi-parameter measuring device (WTW, model 
Multi 340i). Calibration and cleaning of the probes were carried out as described in the user manual. 
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Calcium measurements   
Four mussel shells per station and per month were grinded with a mortar until a fine powder is 

obtained. Two g of this powder is placed in an Erlenmeyer flask with addition of 10 mL of hydrochloric 
acid (HCL 2M) to dissolve the sample. After filtration on filter paper, distilled water is added to the 
filtrate till completing 100 mL (Vi). A 20 mL of this initial solution is diluted to 100 mL with distilled 
water with addition of 10 mL of sodium hydroxide solution (NaOH 1M) to obtain a basic mixture. This 
solution takes on a red-violet colour by adding a pinch of Murexide color indicator. The titration is 
carried out using Ethylene-Diamine-Tera-Acetic acid (E.D.T.A 2M) until the solution turns blue. The 
volume of EDTA (VEDTA) poured is used to calculate the calcium concentration [Ca+2] in the shell 
sample:  

 
[𝐶𝑎 + 2]  = (𝐹𝑑 × 𝐹𝑐 × [𝐸𝐷𝑇𝐴] × 𝑉𝐸𝐷𝑇𝐴) ÷ 𝑉𝑖                                          (1) 
 

Fd: Dilution factor.  
Fc: Correction factor obtained by dosing a standard solution of calcium carbonate.  
This protocol uses the standard procedures of ISO 6058 [16]. Each measurement obtained is the 

average of 3 replicates. Throughout the assay, “blank” samples; containing no shell powder; are made up 
and undergo the same treatment as the experimental samples. The results are expressed in mM. 

 
Morphometric measurements 
Morphometric measurements were taken using a caliper of 1/20 mm accuracy. The measured 

parameters are (Figure 2):  
1) Length: Represents the maximum distance between the anterior and posterior region of the shell 

(Figure 2(A)).  
2) Width: Is the maximum distance between the ventral and dorsal faces of the valve (Figure 2(B)).  
3) Thickness: Represents the maximum distance between the greater curvature of the shell valves 

(Figure 2(C)). 
 
 

 
Figure 2 Morphometric measurements on Mytilus galloprovincialis shell: (A) Orientation of the outer 
side of the shell; (B) Shell length and width measurements and (C) Shell thickness measurement. 
 
 

Statistical analysis  
Both morphometric and [Ca+2] are expressed as means ± MSD. The comparison between 

morphometric measurements was done by ANOVA. Inter-station comparisons between the means of 
[Ca+2] were performed by the non-parametric Wilcoxon test. Seasonal variations of [Ca2+] were analysed 
by the Kruskal and Wallis test. The comparison of [Ca2+] within J population was done using Man 
Whitney test. 
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Results and discussion 

Results 
Physicochemical parameters 
The water temperature shows distinct variations between the 2 sites. The highest values of around 

21.4 °C were recorded during May in H and J1. In June, temperatures are 21 °C in H and 19.5 °C in J2.  
(Figure 3(A)). The pH values are between 7.1 and 8.2 (Figure 3(B)) at both sites. Water salinity at 
Haouzia site varies between 24 and 40.4 psu during respectively May and October. In Jorf-Lasfar site, the 
lowest values are 36.8 psu in May in station J1; the highest values are 46.6 psu in December in J2 (Figure 
3(C)). Dissolved oxygen levels are 8.6 mg/L in H during January and 10.2 mg/L in J2 during March 
(Figure 3(D)). 

 
 

 
Figure 3 Environmental factors variations at prospected (H, J1, J2 and J3) from El Jadida coastline [6]: (A) 
Temperature variation; (B) pH; (C) Salinity and (D) Dissolved oxygen. 
 
 

Calcium concentration  
Temporal variation of calcium concentration in mussel’s shells is shown in Figure 4. In all stations, 

2 peaks are distinguished during April and September. The calcium levels for the 2 peaks are respectively 
11.84⸱10–2 and 14.31⸱10–2 mM in the mussel’s shells of station H; 12.46⸱10–2 and 14.12⸱10–2 mM in J1; 
11.76⸱10–2 and 14.12⸱10–2 mM in J2 and 12.16⸱10–2 and 12.58⸱10–2 mM in J3. The lowest [Ca2+] levels are 
recorded during January in individuals shells from H (6.8⸱10–2 mM) and J3 (7.58⸱10–2 mM), while in 
those of animals from J1 and J2 these levels are respectively 7.66⸱10–2 and 7.88⸱10–2 mM during 
December. 
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Figure 4 Monthly variations of calcium concentration in Mytilus galloprovincialis shell from the 
prospected stations. Histograms with “a”, “b” and “c” letters on top are statistically different from each 
other. Histograms with the same letters are not statistically different. *: p < 0.05.  

 
 
Spatial variation of [Ca2+] in mussel’s shells is shown in Figure 5. No significant difference is 

observed between Haouzia and Jorf-Lasfar site. 
 
 

 
Figure 5 Spatial variation of [Ca+2] in Mytilus galloprovincialis shell from prospected stations. 
 
 

The comparison of the average calcium concentrations in individual’s shells from the 4 stations is 
shown in Figure 6. The lowest average concentration is found in animals from station H, with a value of 
10.02⸱10–2 ± 0.15 mM followed by individuals from station J3 with a value of 10.24⸱10–2 ± 0.15 mM. The 
highest levels were found in animals of J1 and J2, with values respectively of 10.28⸱10–2 ± 0.15 and 
10.38⸱10–2 ± 0.15 mM. 
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Figure 6 Average [Ca+2] in Mytilus galloprovincialis shells from the prospected stations. 

 
 
Morphometric parameters 
During the sampling campaigns, observations concerning shells shape led us to differentiate 2 

groups of animals. The 1st one is made up of mussels with no shape anomaly (Group 1) and the 2nd 
(Group 2) is made up of individuals with an external shell deformation (Figure 7). The deformation is 
whether localised on the ventral or dorsal side of the shells. All individuals of group 2 comes from Jorf-
Lasfar site and constitute 25.9 %. 

 
 

 
Figure 7 Illustration of shell deformation of Mytilus galloprovincialis from Jorf-Lasfar site. 
 
 

The comparison of shell width and thickness (Figure 8) shows a statistically significant difference 
(P = 0.03) between individuals in groups 1 and 2. Indeed, individuals of group 1 have a mean width of 
2.24 ± 0.1 cm, while those of group 2 have a mean width of 2.15 ± 0.1 cm. The measurement of shell 
thickness in both groups shows a highly significant difference (P = 0.000007). Individuals of group 2 had 
an average shell thickness of 2.08 ± 0.1 cm compared to 1.88 ± 0.1 cm for those of group 1. 

 
 

 
Figure 8 Comparison of shell width and thickness in individuals of groups 1 and 2 of Mytilus 
galloprovincialis mussel. Group 1: Without shell shape deformation. Group 2: 25.9 % with shell shape 
deformation. *: p < 0.05; ***: p < 0.001. 
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The comparison of the average calcium concentrations between group 1 and group 2 is shown in 
Figure 9, and was done for autumn and winter seasons. Calcium concentration in individuals’ shells of 
group 2 is higher than that of group 1; respectively 11.01⸱10–2 ± 0.12 and 10.06⸱10–2 ± 0.15 mM. [Ca2+] 
level of individuals from Haouzia site is comparable to that of individuals from group 1, with a value of 
10.2⸱10–2 ± 0.12 mM. 

 
 

 
Figure 9 Comparison of [Ca+2] in Mytilus galloprovincialis shell between individuals from group 1 and 
group 2 (Jorf-Lasfar site) and those from site H. Histograms with “a” and “b” letters on top are 
statistically different from each other. Histograms with the same letters are not statistically different. 
Group 1: Without shell shape deformation. Group 2: 25.9 % with shell shape deformation. *: p < 0.05.  
 
 

Discussion 
This study approach allowed us, for the 1st time, to relate environmental factors to the appearance of 

shell deformations in the M. galloprovincialis mussel from the Atlantic coast of Morocco. In addition, the 
analytical aspect, through the quantification of shell calcium coupled with morphometric measurements, 
provides a new basis in understanding shell shape plasticity of this species. Calcium ions concentration in 
Mytillus galloprovincialis shell from the coast of El Jadida is slightly lower at Haouzia (H) site than Jorf-
Lasfar (J). These concentrations follows a seasonal variation which is well marked by 2 peaks, 1 in spring 
(April) and the 2nd in early autumn (September). The shells of individuals collected in winter have the 
lowest [Ca+2]. Twenty-five percent (25.9 %) of the individuals from site J showed shell deformations. The 
morphometric parameters recorded confirm a significant gain in thickness. It is in this group of mussels 
(with shell deformations) that [Ca+2] is the highest. The measurement of environmental parameters shows 
a salinity gradient between the 2 study sites. 

Shell constitution in veliger larvae of bivalves begins 48 h after fertilisation [17,18]. In mytilids, 
natural variations in shell shape of Mytilus edulis and M. trossulu from the North Atlantic and the Arctic 
are generated by different environmental gradients of temperature, salinity and food availability [19]: 1) 
The effect of temperature gradient is thought to influence the metabolism of bivalves [20] and 
consequently has obvious effects on calcification of marine organisms under climate change [21,22]. 2) 
Osmotic stress caused by salinity gradients induces chemical changes in carbonates that are negatively 
affected by ocean acidification [23-25]. 3) The combined effects of decreasing [Ca2+] and unfavourable 
carbonate chemistry in water represent limiting factors for calcification in bivalves [26,27]. 

In the present study, the monthly measurement of environmental parameters (salinity, temperature, 
pH and dissolved oxygen) of the water did not show big intra-site variations; except for salinity. 
However, we can explain the effect observed by the concomitance of multiple factors on the calcification 
of M. galloprovincialis shell. It is commonly accepted that osmotic stress, ocean acidification and 
temperature increase the impact on the shape and thickness of Mytilus shell [9-19]. Indeed, bio-
mineralisation becomes successively more unfavourable due to the reduction of [Ca2+] and inorganic 
dissolved carbon availability [25]. Finally, the overall data in the literature suggest that shell shape 
variability is an important adaptive component to environmental stressors. These findings bring us back to 
the fact that it is difficult to summarise all the interacting factors that condition shell shape. It would 
therefore be judicious to overlay our results on the population density and predation pressure of this 
species.  
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Conclusions 

The combined use of metric measurements, environmental factors monitoring and titrimetric assay 
made it possible to describe shell shape variation in M. galloprovincialis from Moroccan Atlantic coasts 
and its implications. Therefore, despite the similarity of the results between the 2 sites concerning [Ca2+], 
it would seem that the shell deformation in individuals from Jorf-Lasfar site is related to environmental 
factors reflecting the effect on assimilation of a greater bioconcentration of calcium ions. This situation 
has a serious impact on the morphometry of the shells, which tend to gain in thickness and lose in width, 
thus marking the appearance of the deformation. In order to protect wild mussel beds of M. 
galloprovincialis, and to preserve the shoreline of El jadida region, further studies are needed to 
determine the relationship between the effects of industrial pollution on bivalve shell calcium ion 
concentration.  
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