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This study aimed at assessing the accumulation of some trace elements (arsenic, bromine, copper, mercury, selenium, and zinc) in the soft tissue of Mediterranean mussels (Mytilus galloprovincialis) from the Black Sea, near Agigea Port. The mussel samples were collected on a monthly basis between February and June 2019 from two stations located in front of the Danube–Black Sea Canal lock, along the two artificial dikes. The mussels (260 samples) were divided into three classes according to their length: A (3−5.9 cm), B (6−8.9 cm), and C (9−12 cm). The concentrations (dry basis) of As (12.5 ± 3.0 mg/kg), Br (173.6 ± 53.9 mg/kg), Cu (11.2 ± 2.5 mg/kg), Hg (0.02 ± 0.02 mg/kg), Se (2.9 ± 1.1 mg/kg), and Zn (179.5 ± 2.5 mg/kg) were determined using spectrometric techniques. The mean daily values of the physicochemical parameters of seawater (temperature, salinity, pH, chlorophyll a content, and dissolved oxygen content) within the study area were reported. Higher element concentrations were generally found for mussels from size classes A and B compared with those of the larger and older mussels from class C. Principal component analysis (PCA) suggested that the phytoplankton represented an important source of As and Br for the smaller mussels collected in February (when the levels of seawater temperature were lower and those of pH and salinity higher) compared to the larger mussels collected in June. Moreover, the multivariate analysis suggested that Cu, Se, Zn, and Br originated from similar anthropogenic sources and their higher concentrations reported in February and June were obtained at lower levels of seawater salinity. The contents of Cu, Zn, Se, As, and Hg in the mussel soft tissue were lower than the maximum permissible levels.
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1 Introduction

Due to their tendency to accumulate in living tissues and toxicity potential, trace elements (TEs) have been a major concern for the marine environment in recent years (Belivermis et al., 2016). They enter the aquatic ecosystem, accumulate in aquatic organisms, e.g., fish, mollusks, algae, and are transferred to people through consumption. Consequently, TEs pose a risk to the health of the ecosystem and humans (Çevik et al., 2008).

Most of the TEs are naturally present in the marine environment, but their naturally occurring concentrations are generally very low (Ansari et al., 2004). Anthropogenic activities can significantly increase TE concentrations in the aquatic systems. Mining, metallurgy, fossil fuel and waste burning, industrial and domestic effluents, agricultural and port activities are main sources of contamination (Wagner and Boman, 2003; Ansari et al., 2004; Wagner and Boman, 2004; Oros and Gomoiu, 2010; Besada et al., 2011; Jakimska et al., 2011; Oros and Gomoiu, 2012; Belivermis et al., 2016; Oros, 2019). The rivers, underground water, and wind can transport large amounts of different pollutants into the seawater (Oros and Gomoiu, 2010; Oros and Gomoiu, 2012; Belivermis et al., 2016; Oros, 2019). After entering the marine environment, TEs can dissolve in the water column, accumulate in the aquatic organisms, become volatilized in the atmosphere, or be stored in the sediments (Oros, 2019). Moreover, some TEs can be released by phytoplankton in the water column or generated by natural rock erosion (Haglund et al., 2007; Oros and Gomoiu, 2012; Oros, 2019). TEs can be essential to aquatic organisms (e.g., Co, Cu, Fe, Mn, Mo, Se, Zn) or non-essential (e.g., As, Br, Cd, Hg, Pb) (Çevik et al., 2008; Jakimska et al., 2011; Santos et al., 2014). Essential elements are toxic at high concentrations, whereas non-essential ones are toxic even at very low concentrations.

Mytilus galloprovincialis has aroused a great interest among scientists, as the species has become a flagship species within the Mussel Watch Program, one of the oldest initiatives on pollution monitoring (Goldberg et al., 1983; Cantillo, 1998). These bivalve mollusks are suitable bioindicators (“sentinel organisms”) of environmental quality due to their well-known capacity to accumulate pollutants in different tissues through intense filtering activity as well as to their sedentary nature, abundance, wide geographical distribution, and good tolerance to environmental change and pollution (Çevik et al., 2008; Besada et al., 2011; Stanković et al., 2011; Kristan et al., 2014; Santos et al., 2014; Belivermis et al., 2016; Azizi et al., 2018; Bat et al., 2018).

The content of a TE in mussel tissues is usually proportional to the concentration of bioavailable TE in water and food (Ansari et al., 2004; Kljaković-Gašpić et al., 2007; Kristan et al., 2014). Generally, the mussel soft tissue is a more effective accumulator of different elements when compared with the shell (Çevik et al., 2008). The accumulation of TEs in mussels depends on various environmental factors (including seawater temperature, pH, salinity, dissolved oxygen content, dissolved organic carbon content, food availability, sediment type, currents, freshwater and anthropogenic inputs) and biological factors related to mussel growth and reproduction (mainly size, age, sex, and gametogenesis stages) (Cossa, 1989; Ansari et al., 2004; Fattorini et al., 2008; Besada et al., 2011; Kljaković-Gašpić et al., 2007; Maanan, 2007; Kristan et al., 2014; Nardi et al., 2017; Nardi et al., 2018; Romero-Freire et al., 2020). Seawater temperature and pH affect the bioaccumulation of TEs in mussels by changing their solubility and chemical speciation in seawater (Ansari et al., 2004; Nardi et al., 2017; Nardi et al., 2018; Romero-Freire et al., 2020). Higher temperatures and lower pH values usually lead to an increase in the bioaccumulation of TEs (Nardi et al., 2018; Romero-Freire et al., 2020). Moreover, the mass transfer of TEs from sediments to seawater can be intensified at low pH values (Nardi et al., 2018). The eutrophication caused by anthropogenic activities can significantly increase the amount of phytoplankton and facilitate the uptake of TEs by phytoplankton, resulting in enhanced accumulation of TEs in the food web, including in mussels (Wang and Dei, 2001; Fattorini et al., 2008; Kristan et al., 2014; Zhao et al., 2021). Environmental factors, especially the food availability, seawater temperature and salinity, can strongly affect the mussel size and gametogenesis stages (Aral, 1999; Suarez et al., 2005; Vasechkina and Kazankova, 2014; Azpeitia et al., 2017; Rouabhi et al., 2019). Higher concentrations of TEs were reported in the smaller and younger mussels, which may be related to their faster metabolism (Ansari et al., 2004; Yap et al., 2009; Kristan et al., 2014).

The present study highlights new data on the loading of some TEs (Cu, Se, Zn, As, Br, and Hg) in the soft tissue of M. galloprovincialis mussels collected from two sampling points near the Agigea Port, an industrial hot spot on the Romanian Black Sea coast. There is very little information in the related literature on the contents of Se and Br in the soft tissue of Black Sea mussels. According to the Agency for Toxic Substances and Diseases Registry (ATSDR), Cu, Se, Zn, As, Br, and Hg are among the elements with the highest priority that are present in the aquatic environment due to their frequency, toxicity, and potential for human exposure. They are also listed on the Substance Priority List in 2020 (Agency for Toxic Substances and Disease Registry (ATSDR), 2020).



2 Materials and Methods


2.1 Study Area

Mussel samples were collected from two points, i.e., stations A and B, located in front of the Danube–Black Sea Canal lock, along the two artificial dikes within the outer berths of Agigea Port (Figure 1). Stations A and B are 2.7 km and 2.3 km, respectively, away from the Canal exit. The mean water depth in the study area was about 8 m.




Figure 1 | Constanta Sud−Agigea Port area map (Google Earth Pro 7.3.4.8248, 2021; http://earth.google.com).



Agigea Port represents the southern limit of Constanta Port, the most important industrial and maritime hub on the Romanian Black Sea coast. Accordingly, the study area is characterized by strong anthropogenic pressures resulting from intense port activities. Important cargo quantities are carried through the Danube–Black Sea Canal, while iron ores, bauxite, coal, coke, timber, chemicals, petrochemicals, and food are dealt with at specialized terminals in the port.

The study area is strongly impacted by effluents from the nearby Constanta South Wastewater Treatment Plant, which may be rich in TEs (e.g., Cd, Cr, Cu, Fe, Ni, Pb, Zn) and dissolved inorganic nitrogen (Lazar et al., 2013; Chirila et al., 2014; Robescu and Presură, 2017). Moreover, the predominant circulation of a north-south current along the Romanian coast imprints the influence of the Danube River on the area, which discharges approximately 200 km3/year of water into the Black Sea and is responsible for the highest amount of pollutants (Cozzi et al., 2019).



2.2 Sampling, Analysis, and Parameters

The mussels were randomly collected from their artificial rocky substrate (dyke) by scuba divers between February and June 2019. Similar environmental conditions for the mussels collected from the two sampling stations were assumed, given the relatively short distance between the dykes (0.4 km). The samples were stored in a freezer (-20°C) until further analysis. Prior to processing for spectrometric analyses, a series of biometric measurements were performed. The length (L) and wet mass (mw) of each mussel (after thawing and removing the excess water by blotting) were measured using a caliper and an analytical balance (Kern, Germany).

The mussels were classified into the following groups according to their length: A (L=3–5.9 cm), B (L=6–8.9 cm), and C (L=9–12 cm). Similar growth rates and ages were assumed for mussels from each size class. Two hundred and sixty mussel samples, i.e., 20 samples/class/month × 3 classes (A–C) × 3 months (February–April) and 20 samples/class/month × 2 classes (A and B) × 2 months (May and June), were dissected with a scalpel to separate the soft tissue from the shell. Flesh samples were weighed (after removing the excess intervalvar liquid by blotting), freeze-dried at -55°C for 48 h using a freeze-dryer (ilShin BioBase, Netherlands), and crushed with a mortar and a pestle. The meat yield (MY) was calculated using Eq. (1), where mwf represents the mass of wet flesh and mw is the mass of wet mussel (flesh and shell).

 

The concentrations of Cu, Se, Zn, As, and Br in each sample were measured using an energy dispersive X-ray fluorescence (EDXRF) spectrometer (SPECTRO XEPOS, Germany) with a Pd/Co tube and quantified with the XRF Analyser Pro software. The total content of Hg was measured using a direct mercury analyzer (DMA-80, Milestone, Italy) and quantified using atomic absorption spectrophotometry at 253.7 nm. All analyses were performed in triplicate. The accuracy of analytical methods was checked using two standard reference materials (SRMs) from the National Institute of Standards and Technology (NIST) and the International Atomic Energy Agency (IAEA), i.e., SRM 2976 (mussel tissue) and IAEA 407 (fish tissue). The measured and certified values of element concentration in SRM 2976 and IAEA 407 are summarized in Table 1, where the values are given as mean value ± standard deviation (SD), except for the certified levels for SRM, expressed as mean value ± expanded uncertainty (EU). The EU is defined by Eq. (2), where uc is the combined standard uncertainty, given by the standard error (SE) of the mean of available values, and k the coverage factor, which represents the Student’s t-value for a 95% confidence interval with n-1 degrees of freedom (n is the number of available data). As shown in Table 1, the percent recovery values for both SRMs range between 83% and 117%, indicating an acceptable accuracy of applied analytical procedures. The precision of element analyses was evaluated based on the relative standard deviation (RSD) of measured concentration values (n=3). The data specified in Table 1 highlight a good precision of analytical methods (RSD ≤ 10.7%)

 


The mean daily values of the physicochemical parameters of seawater, in terms of the temperature (t), salinity (S), pH (pH), chlorophyll a concentration (cc), and dissolved oxygen concentration (cDO), within the study area were taken from the Copernicus Marine Environment Monitoring Service Platform. The physicochemical properties of the water (t, S, pH, cc, and cDO), meat yield (MY), and concentrations of the TEs in the mussel soft tissue (ci, i=Cu, Se, Zn, As, Br, Hg) were selected as relevant parameters.


Table 1 | Comparison between measured and certified values of element concentration in standard reference materials.






2.3 Statistical Data Analysis

Statistical data analysis was performed using XLSTAT 2019.1. Pearson’s correlation coefficient (r) was used to reveal the strength of the linear correlations between the relevant parameters [at a significance level (α) of 0.05]. A data matrix with 13 rows [number of samples, i.e., A, B, and C in February (1), March (2), and April (3), as well as A and B in May (4) and June (5)] and 12 columns (number of relevant parameters) was used in principal component analysis (PCA). PCA is a multivariate exploratory technique, which aims at reducing the total number of independent variables (Vs) in the original data set to a few linear functions, i.e., principal components (PCs) or factors, of the most significant Vs (in terms of resulting variance) (Crăciun et al., 2020; Kapranov et al., 2021). The first PC (PC1) has the highest eigenvalue and variance, the second one (PC2) has the second highest eigenvalue and variance, and so forth. PCA is widely applied to determine the element sources and to assess the impact of environmental factors on contamination levels in seawater, marine organisms, and sediments (Roméo et al., 2005; Belivermis et al., 2016; Bucșe et al., 2020; Shen et al., 2020; Bucșe et al., 2021; Kapranov et al., 2021).




3 Results


3.1 Physicochemical Characteristics of Seawater

Variations in the physicochemical parameters of seawater over time, between February and June 2019, are shown in Figure 2. Seawater temperature (t=4−24°C) showed a normal seasonal variation pattern with low values in February (4−6°C) and high levels in June (20−24°C). The salinity (S=10.4−19 PSU) exhibited significant differences between and within the months, with fluctuations mainly caused by higher flow rates of the Danube. The lowest levels of salinity were measured in mid-June (10.4 PSU) and mid-April (11.4 PSU), whereas the highest value (19 PSU) was recorded in early May. The values of pH (8.20−8.40) were lower in June (8.20−8.26) and higher in February (≈8.38) and April (8.30−8.38). The chlorophyll a concentrations (cc=0.1−6 mg/m3) were lower in June (0.1−0.6 mg/m3), but higher in February, early March, and mid-April (2.5−6 mg/m3), corresponding to phytoplankton blooms in the Black Sea (Vasiliu et al., 2012). The dissolved O2 concentrations (cDO=289−357 mmol/m3) varied significantly between and within the months. Higher values (330−357 mmol/m3) were in the colder periods (lower seawater temperature, higher oxygen solubility), i.e., February and early March, as well as in mid-April. Higher levels of cDO in February−April corresponded to those of cc, caused by phytoplankton blooms.




Figure 2 | Time variation of mean daily values of seawater temperature (t), salinity (S), pH, chlorophyll a concentration (cc), and dissolved oxygen concentration (cDO) in February–June 2019.





3.2 Mussel Growth Patterns and Meat Yield

Variations in the wet flesh mass (mwf=5.1−23.4 g) and meat yield (MY=34.1−69.5%) between February and June 2019, which are shown in Figure 3, highlight the following issues: (i) for individuals from class A, the mwf (5.1−9.1 g) decreased slightly from February to May and the value of mwf in June was 1.80 times higher than that in May; the MY (34.6−69.5%) increased slightly from February to April, the values of MY in April and May were almost equal (≈41%), and the value of MY in June was 1.71 times higher than that in May; (ii) for individuals from class B, the mwf (8.6−14.8 g) exhibited an increase in March (1.36 times), a larger decrease in April (1.72 times), an increase in May (1.41 times), and a smaller decrease in June (1.16 times); the MY (34.1−40.2%) increased slightly until April, the values of MY in April and May were almost equal (≈37%), and the value of MY in June was 1.08 times lower than that in May; (iii) for individuals from class C, the mwf (15.8−23.4 g) increased from February to April; the MY (35.1−41.7%) increased until April and the increase was most significant in March (1.15 times).




Figure 3 | Variation of wet flesh mass (mwf) and meat yield (MY) in February−June 2019 for individuals from size classes A, B, and C.





3.3 The Contents of Trace Elements in Mussel Soft Tissue

The monthly concentrations of TEs in mussel soft tissue are shown in Figure 4. Supplementary Table S1 contains the relevant data on the monthly concentrations of TEs, i.e., the mean value ± standard deviation (ci,mean ± SD), the minimum (ci,min) and maximum (ci,max) levels, as well as the class, month, and code corresponding to these levels (i=Cu, Se, Zn, As, Br, Hg). The results presented in Figure 4 and Supplementary Table S1 indicate that the pattern of accumulation was Zn>Br>As>Cu>Se>Hg.




Figure 4 | Levels of monthly concentration of trace elements in the soft tissue of mussel classes A, B, and C: 1−February, 2−March, 3−April, 4−May, 5−June.





3.4 Results of Statistical Data Analysis

The correlation matrix is presented in Table 2, where the significant values (except diagonal) of r at α=0.05 (two-tailed test) are highlighted in bold. The PCA results referring to eigenvalues indicated three eigenvalues that were >1, i.e., those corresponding to PC1 (5.06), PC2 (2.86), and PC3 (1.77). These first three PCs explain 80.7% (42.2%+23.8%+14.7%) of the total variance. Only PC1 and PC2 were used further in the analysis as the cumulative percentage of total variance explained by them was 66%. The factor loadings (coordinates of variables on the factor-plane PC1−PC2) are specified in Supplementary Table S2, where their significant levels [lj,PCk≥(m/n)0.5 = 0.408, j=1.n, k=1.m, n=12, m=2] are highlighted in bold. The factor scores (projections of cases on the factor-plane PC1−PC2) are summarized in Supplementary Table S3. The projections of variables (12) and cases (13 mussel samples) on the factor-plane PC1−PC2 are shown in Figure 5.


Table 2 | Correlation matrix.






Figure 5 | PCA bi-plot (projections of variables and samples on the factor-plane PC1−PC2).






4 Discussion


4.1 Physicochemical Characteristics of Seawater

The correlation coefficients (r) between the mean monthly values of seawater temperature (t), salinity (S), pH, chlorophyll a concentration (cc), and dissolved O2 concentration (cDO) are presented in Table 2. These correlation coefficients indicate the following issues: (i) a strong negative correlation between t and S (r=-0.73); (ii) a very strong negative correlation between t and pH (r=-0.96); an increase in the pH of seawater with a decrease in the temperature was reported in the related literature (Dickson, 1993); (iii) a very strong positive correlation between cc and pH (r=0.93); in the process of photosynthesis, CO2 from the water is taken up by algae, thus, the decomposition of   into CO2 and HO− is favored, resulting in an increase in water pH (Zang et al., 2011); moreover, cc and t are very strongly negatively correlated (r=-0.84); (iv) very strong positive correlations between cDO and cc (r=0.95), cDO and pH (r=0.92), as reported in the literature (Zang et al., 2011), as well as a strong negative correlation between cDO and t (r=-0.78).



4.2 Mussel Growth Patterns and Meat Yield

The following mussel gametogenesis stages were reported for M. galloprovincialis (Ciocan, 2002; Suarez et al., 2005; Okaniwa et al., 2010; Bhaby et al., 2014; Azpeitia et al., 2017; Rouabhi et al., 2019): (i) 0 - sexual rest and accumulation of reserve substances (glycogen, lipids, proteins) in adipogranular (ADG) and vesicular connective tissue (VCT) cells; (ii) I - beginning of gametogenesis (multiplication of gonia, development of follicles); (iii) II - gamete development (immature ovules and spermatozoa, more apparent follicles); (iv) IIIa - gamete maturation (gonadal follicles full of mature gametes); (v) IIIb - spawning (gamete release); (vi) IIIc - gamete restoration; (vii) IIId - follicle cleaning process (gamete degradation).

Gametogenesis is energetically supported by two sources, i.e., reserve substances (stored in ADG and VCT cells) and directly ingested food (e.g, phytoplankton, dissolved organic matter, bacteria) (Azpeitia et al., 2017). Environmental conditions, especially the water temperature and salinity, the quantity and quality of available food, can heavily affect the gametogenesis stages and seasonal variations in mwf and MY (Aral, 1999; Suarez et al., 2005; Vasechkina and Kazankova, 2014; Azpeitia et al., 2017; Rouabhi et al., 2019). The mass of soft tissue increases significantly during the gamete development and maturation phases (II, IIIa) and can decrease up to 40% during the spawning phase (IIIb) (Cossa, 1989; Vasechkina and Kazankova, 2014). The data presented in Table 2 highlight a positive linear correlation between MY and t (r=0.62) as well as a negative correlation between MY and pH (r=-0.60).

According to the data reported in the related literature, specimens from class A (L=3−5.9 cm) are most likely in the first 2 years of life, whereas those from class C (L=9−12 cm) are more than 4 years old (Aral, 1999; Okaniwa et al., 2010; Vasechkina and Kazankova, 2014; Azpeitia et al., 2017). In M. galloprovincialis mussels, sexual maturity is attained in their first year of life (Vasechkina and Kazankova, 2014; Azpeitia et al., 2017).

Based on data from the literature (Ciocan, 2002; Suarez et al., 2005; Okaniwa et al., 2010; Bhaby et al., 2014; Vasechkina and Kazankova, 2014; Azpeitia et al., 2017; Rouabhi et al., 2019), the results presented in Figure 3 suggest the following issues: (i) for the smaller and younger mussels from class A, a sexual rest phase (0) is characteristic for the period of February−May, which suggests that immature specimens (up to 1 year old) are predominant; moreover, an early development phase (I) could occur at the end of this period; the significant increase in the flesh mass in June could be an effect of the gamete development and maturation phases (II and IIIa), and of favorable environmental factors (mainly higher temperatures and lower levels of salinity); (ii) for mussels from class B, the gamete development and maturation phases (II and IIIa) occur in February and March, followed by a first (intense) spawning phase (IIIb) in April, a restoration phase (IIIc) in May, and a second (slightly less intense) spawning phase (IIIb) in June; (iii) for the larger and older mussels from class C, the gamete development and maturation phases (II and IIIa) occur in the period of February−April (it is possible only in March and April), and are most likely followed by a spawning phase (IIIb) in May.



4.3 The Contents of Trace Elements in Mussel Soft Tissue

Cu, Se, and Zn are essential (physiological) elements for organisms, but at high concentrations they are also very toxic. Cu and Zn are constituents of hemocyanin and enzymes responsible for the proper functioning of metabolic pathways (Jakimska et al., 2011). The levels of cZn and cCu in February (171−226.5 mg/kg and 11.89−14.94 mg/kg, respectively) and June (199−203 mg/kg and 12.85−15.46 mg/kg, respectively) were among the highest of all months (Figure 4). Notably, the highest concentrations corresponded to specimens from classes A and B. It was reported that the concentrations of TEs (e.g., Cu, Zn, Se, Cd, Pb) in smaller and younger mussels, having higher metabolic rates, were higher than those in larger and older ones (Yap et al., 2009). Moreover, cZn and cCu were positively correlated (r=0.56 in Table 2). This finding suggests the possibility of similar sources of intake, e.g., port activities, wastewater discharges (Roméo et al., 2005; Kristan et al., 2014).

Se is involved in cell antioxidant mechanisms and can prevent excessive metal accumulation (Znidaric et al., 2006). The highest levels of cSe were in February (≈3.7 mg/kg) and June (3.2 mg/kg and 5.9 mg/kg, respectively) for specimens from classes A and B (Figure 4). For these size classes, the lowest levels of cSe (1.71 mg/kg and 1.76 mg/kg, respectively) and the highest level of cHg (0.07 mg/kg) were found in April. This finding is in line with that reported by Fowler and Benayoun (1976), who stated that the uptake of Se can be reduced in the presence of Hg. A negative correlation (r=-0.45) was observed between cSe and cHg, but it was not statistically significant at α=0.05 (Table 2). Moreover, the correlation matrix shown in Table 2 indicates a very strong positive correlation between cCu and cSe (r=0.83), suggesting the possibility of similar sources of intake.

Br, Hg, and As are considered non-essential elements for mussel metabolism. Br and Hg are harmful even at very low concentration. Inorganic forms of As, i.e., arsenate and arsenite, are toxic, whereas its organic forms, including arsenobetaine and arsenocholine, are generally considered non-toxic. Moreover, arsenobetaine has an important role in bivalve detoxification. The mussels take these non-essential elements from seawater as well as from ingested phytoplankton and other suspended particles (Stanković et al., 2011).

The Br present in the environment usually has an industrial origin, with the main anthropogenic sources being the brominated flame retardants (BFRs). Several organic forms of Br, e.g., polybrominated dibenzo-p-dioxins (PBDDs), polybrominated diphenyl ethers (PBDEs), have been found within the mussel tissues (Fernandes et al., 2009; Vidal-Liñán et al., 2015). Some researchers have reported that PBDDs may also be excreted by algae and/or cyanobacteria in the marine environment and transferred to marine species, e.g., mussels, fish, shellfish (Haglund et al., 2007). According to the data presented in Figure 4, higher levels of cBr were observed in February (220−309 mg/kg) and June (152−156 mg/kg), whereas lower levels were in April (124−129 mg/kg). The larger and older mussels from class C had the lowest value of cBr (124 mg/kg) in April, corresponding to the highest levels of mwf (23.4 g) and MY (41.71%). The mussels from classes A and B exhibited higher levels of cBr in March and April than those from class C, whereas the mussels from class C had the highest value of cBr (309 mg/kg) in February. The strong positive correlation between cBr and cc (r=0.65) (Table 2) indicates that the phytoplankton was an important source of Br.

The concentration of Hg (cHg) presented a major peak in April (0.07 mg/kg) for mussels from classes A and B. Notably, most of the Hg accumulated in the soft tissues of seafood is in the form of [CH3Hg]+, which is the toxic form (Stanković et al., 2011). Mytilus species are able to synthesize metal-binding proteins, i.e., metallothioneins (MTs), that protect the cell against metal toxicity. MTs are cysteine-rich proteins that can bind both essential (e.g., Cu, Zn, Se) and non-essential (e.g., Hg, As, Cd) elements by their thiol groups (Stanković et al., 2011).

The main sources of As in the marine environment are river inputs, groundwater, and marine sediments (Neff, 1997; Belivermis et al., 2016). Marine algae accumulate arsenate ( ) from the water, reduce As5+ to As3+, convert the arsenite ( ) to different organoarsenic compounds, and then release the   and organoarsenic compounds into seawater (Neff, 1997). Some organic forms of As, such as dimethylarsinic acid (DMA) and methylarsonic acid (MMA), which are also found in mussels, were reported as potentially toxic to humans (Francesconi, 2010). Non-toxic arsenobetaine and arsenocholine are efficiently accumulated from seawater by blue mussels Mytilus edulis (Gailer et al., 1995). The plots in Figure 4 show that the mussels from classes A and B present higher levels of cAs in February and March than those from class C. In contrast, the larger and older mussels from class C had the highest value of cAs (19.26 mg/kg) in April, corresponding to the highest levels of mwf and MY. Positive correlations between cAs and cc (r=0.49), even if statistically non-significant at α=0.05, and between cAs and cDO (r=0.59) (Table 2) suggest that the phytoplankton blooms contributed to the enhanced uptake of As by the mussels.


4.3.1 PCA

Depending on the significant values of their coordinates (shown in bold in Supplementary Table S2), the most important variables are as follows: (i) pH (l8,PC1 = 0.981), cc (l9,PC1 = 0.943), cDO (l10,PC1 = 0.935), t (l7,PC1=-0.934), MY (l12,PC1=-0.675), S (l11,PC1 = 0.582), cAs (l3,PC1 = 0.481), and cBr (l2,PC1 = 0.476) for PC1; (ii) cCu (l4,PC2 = 0.940), cSe (l5,PC2 = 0.810), cZn (l1,PC2 = 0.708), S (l11,PC2=-0.533), and cBr (l2,PC2 = 0.523) for PC2. The projections of cases on the factor-plane PC1−PC2 (Supplementary Table S3 and Figure 5) indicate a good discrimination between the mussel (MS) groups collected in February and June on the PC1 direction. The PC1 coordinates of group MS1 (samples A, B, and C collected in February), i.e., 2.60−2.74, correspond to lower values of t (5°C) and MY (34.14−35.14%), as well as to higher values of pH (8.38), cc (4.16 mg/m3), cDO (339.8 mmol/m3), and cBr (220−309 mg/kg), where the values of t, pH, cc, and cDO between brackets are mean values. Concurrently, PC1 coordinates of group MS5 (samples A and B collected in June), i.e., from -4.77 to -4.01, correspond to higher values of t (22°C) and MY (69.46% for A5 class), as well as to lower values of pH (8.22), cc (0.29 mg/m3), cDO (318.0 mmol/m3), and S (13.3 PSU). In contrast, PC2 can discriminate between the samples collected in February and June (groups MS1 and MS5 with PC2 coordinates of 0.90−2.72), which generally had higher values of cBr (152−309 mg/kg), cZn (171−227 mg/kg), cCu (11.9−15.5 mg/kg), and cSe (2.71−5.92 mg/kg), and those collected in March−May (groups MS2−MS4 with PC2 coordinates between -2.12 and -0.33), which had lower values of cBr (124−195 mg/kg), cZn (118−178 mg/kg), cCu (7.32−11.3 mg/kg), and cSe (1.71−2.81 mg/kg).

On one hand, PCA emphasizes that PC1 is positively associated with cAs, cBr, cc, cDO, pH, and S, as well as negatively associated with t and MY. This indicates that the phytoplankton was an important source of As and Br for the smaller mussels collected in February (group MS1) compared to the larger ones collected in June (group MS5). Referring to the mean (m) values of seawater properties, lower levels of tm (5°C) as well as higher levels of pHm (8.38) and Sm (15.5 PSU) were reached in February compared to June (tm=22 °C, pHm=8.22, and Sm=13.3 PSU). On the other hand, PC2 is positively associated with cCu, cSe, cZn, and cBr, as well as negatively associated with S. This suggests that Cu, Se, Zn, and Br originated from similar anthropogenic sources and their higher concentrations reported in February and June were obtained at lower levels of S, corresponding to higher flow rates of the Danube in these two months.



4.3.2 Comparison With Other Studies and Maximum Permissible Levels of Element Concentration

The levels of TE concentrations in the soft tissue of M. galloprovincialis species determined in this study (dry basis) were compared with those reported in the related literature in Table 3. The values of cCu found in this study were up to 1.5 times higher and those of cHg 1.5 times lower than the values reported by Roméo et al. (2005) in the same location (2001−2002). The levels of cZn were similar to those reported by Roméo et al. (2005). Moreover, the levels of cCu, cZn, and cAs reported in this study were quite similar to those found for mussels from Turkey (Black Sea, Sea of Marmara, and Aegean Sea) (Belivermis et al., 2016), Montenegro (Adriatic Sea) (Stanković et al., 2011; Joksimović et al., 2012; Jović et al., 2012), Croatia (Bay of Mali Ston, Adriatic Sea) (Kljaković-Gašpić et al., 2007), Slovenia (Gulf of Trieste, Adriatic Sea) (Kristan et al., 2014; Bajc and Kirbis, 2019), Spain (Atlantic Ocean and Mediterranean Sea) (Deudero et al., 2009; Besada et al., 2011), and Morocco (Atlantic Ocean) (Maanan, 2007). In contrast, the levels of cHg (0.01−0.07 mg/kg) were generally much lower than the values in mussels from Montenegro (0.1−0.5 mg/kg) (Stanković et al., 2011; Jović et al., 2012), Croatia (0.08−0.28 mg/kg) (Kljaković-Gašpić et al., 2007), Spain (0.04−0.54 mg/kg) (Deudero et al., 2009; Besada et al., 2011), and Morocco (0.01−2.31 mg/kg) (Maanan, 2007). There is very little information on the Se and Br concentrations in the soft tissue of M. galloprovincialis species in the Black Sea. The values of cSe from 6.8 mg/kg to 40.8 mg/kg and of cBr from 30 mg/kg to 209 mg/kg were reported in a recent study on the mussels collected from coasts of Sevastopol (Crimea) (Kapranov et al., 2021). The values of cSe measured in the current study (1.71−5.92 mg/kg) were lower than those reported by Kapranov et al. (2021), whereas the values of cBr (124−309 mg/kg) were quite similar.


Table 3 | Concentrations (dry basis) of some trace elements in the soft tissue of M. galloprovincialis mussels.



Where available, the element concentrations obtained in this study (wet basis) were compared with the maximum permissible levels (MPLs) (Wagner and Boman, 2003; Wagner and Boman, 2004; EC 1881, 2006) (Supplementary Table S4). The values of cCu (0.841−1.777 mg/kg), cZn (13.56−27.70 mg/kg), cSe (0.197−0.680 mg/kg), cAs (1.060−2.214 mg/kg), and cHg (0.001−0.008 mg/kg) were lower than their corresponding MPLs, i.e., 30 mg/kg, 100 mg/kg, 2 mg/kg, 5 mg/kg, and 0.5 mg/kg (wet basis).





5 Conclusions

The current study provides new information on the concentration of some TEs, i.e., Cu, Se, Zn, As, Br, and Hg, in the soft tissue of M. galloprovincialis mussels collected from an artificial rocky substrate (Agigea Port, Romania). The order of accumulation was as follows: Zn>Br>As>Cu>Se>Hg. Different element bioaccumulation patterns were identified within the three classes of mussel length, i.e., A (3−5.9 cm), B (6−8.9 cm), and C (9−12 cm). Higher element concentrations were generally found for the mussels from classes A and B compared to the larger and older mussels from class C.

The variables used in multivariate analysis were as follows: seawater temperature (t=4−24°C), salinity (S=10.4−19 PSU), pH (8.20−8.40), chlorophyll a concentration (cc=0.1−6 mg/m3), dissolved oxygen concentration (cDO=289−357 mmol/m3), meat yield (MY=34.1−69.5%), concentrations (dry basis) of As (cAs=9.22−19.3 mg/kg), Br (cBr=124−309 mg/kg), Cu (cCu=7.32−15.5 mg/kg), Hg (cHg=0.01−0.07 mg/kg), Se (cSe=1.71−5.92 mg/kg), and Zn (cZn=118−241 mg/kg). The MY was positively correlated with t and negatively correlated with pH. The results of PCA indicated the following relevant issues: (i) PC1 was positively associated with cAs, cBr, cc, cDO, pH, and S, as well as negatively associated with t and MY; this suggests that the phytoplankton represented an important source of As and Br for the smaller mussels collected in February (when the levels of t were lower and those of pH and S higher) compared to the larger mussels collected in June; (ii) PC2 was positively associated with cCu, cSe, cZn, and cBr, as well as negatively associated with S, indicating that Cu, Se, Zn, and Br originated from similar sources (e.g., port activities, wastewater discharges) and their higher concentrations reported in February and June were obtained at lower levels of S (corresponding to higher flow rates of the Danube).

The concentrations of As, Cu, Hg, and Zn fall in the range of those found in low to moderately polluted areas. The levels of cHg, i.e., 0.001−0.008 mg/kg (wet basis), were much lower than the maximum permissible level specified in EC 1881 (2006), i.e., 0.5 mg/kg. Furthermore, temporal variations of concentrations of Br and Se were reported. Few studies on mussels from the Black Sea have focused on the assessment of Br and Se bioaccumulation. The information provided may be useful in supplementing existing data on TE pollution in the Black Sea.
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