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Abstract

Mediterranean mussel farming has become an important component of sustainable aquaculture owing to the high
nutritional value of Mytilus galloprovincialis and its recognized role as a bioindicator of coastal environmental
quality. This study evaluated the physicochemical and microbiological quality of farming water together with the
sanitary safety of mussels collected from the Kristel aquaculture site (Oran, Algeria) to determine their suitability
for human consumption and their potential valorization as a safe source of protein-rich co-products.
Physicochemical parameters, microbiological indicators, and trace metals (Cu, Pb, and Hg) were determined in
farming water, whereas mussel flesh was analyzed for regulatory microbiological criteria and eight trace elements
(Ni, Pb, Hg, Cd, Cr, Cu, Zn, and As). Food safety was further assessed using bioconcentration factor (BCF), Heavy
Metal Pollution Index (HPI), cumulative contamination degree (CD), Metal Pollution Index (MPI), estimated daily
intake (EDI), target hazard quotient (THQ), hazard index (HI), and comparison with provisional tolerable intake
values established by international authorities.

All microbiological indicators in both water and mussel flesh complied with Algerian regulatory requirements or
remained below the analytical detection limits. Trace metal concentrations in mussel tissues were well below the
maximum limits established by Commission Regulation (EU) 2023/915. Human health risk assessment revealed
negligible non-carcinogenic risk, with THQ values below 1 for all investigated metals and a cumulative HI of
approximately 0.046.

Overall, these findings demonstrate that mussels cultivated at the Kristel aquaculture site meet current sanitary
safety requirements and constitute a safe biological resource for human consumption and for the sustainable
valorization of aquaculture co-products. Nevertheless, additional seasonal monitoring is recommended to confirm
the long-term environmental and sanitary status of the farming area.

Keywords: Mytilus galloprovincialis; Aquaculture; Trace metals; Food safety; Human health risk assessment;
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1. Introduction

Mediterranean shellfish aquaculture has become an increasingly important component of the blue economy and
sustainable coastal development, particularly in countries where marine resources contribute substantially to food
security and local economic growth (FAO 2024). Among cultivated bivalves, Mytilus galloprovincialis is one of
the most economically valuable species because of its high nutritional value, broad consumer acceptance, rapid
growth, and relatively low environmental footprint (FAO 2024; Meloni et al. 2022). In addition to its commercial
importance, this species is widely recognized as an effective sentinel organism for environmental monitoring
owing to its remarkable filter-feeding capacity, which enables the accumulation of microorganisms and chemical
contaminants from the surrounding environment (Goldberg 1975; Rainbow 1995, 2002). Consequently, Mytilus
galloprovincialis serves not only as an important seafood resource but also as a reliable bioindicator of coastal
environmental quality and aquaculture sustainability (Andral et al. 2011; Guendouzi et al. 2024).

Trace metals are among the most persistent and hazardous contaminants in marine ecosystems because they are
non-biodegradable, can accumulate in aquatic organisms, and may be transferred through the food chain, posing
potential risks to both ecosystem integrity and human health (Ali et al. 2019). Owing to their sessile lifestyle, long
lifespan, and continuous filter-feeding activity, mussels readily accumulate dissolved and particulate contaminants,
thereby integrating environmental exposure over extended periods (Rainbow 1995, 2002). Consequently, Mytilus
galloprovincialis has become one of the most extensively used bioindicator species in marine pollution monitoring
programmes since the establishment of the global “Mussel Watch” programme (Goldberg 1975; Andral et al.
2011). Although essential trace elements such as copper and zinc are partially regulated through physiological
homeostasis, non-essential metals including lead, cadmium, and mercury may accumulate according to their
environmental bioavailability and represent a potential concern for seafood safety (Rainbow 2002; Bat et al. 2023).
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In addition to chemical contamination, filter-feeding bivalves may concentrate pathogenic microorganisms
originating from wastewater discharges, agricultural runoff, and other anthropogenic sources. Consequently,
microbiological contamination remains a major public health concern because mussels can accumulate fecal
indicator bacteria as well as enteric viruses, including norovirus and hepatitis A virus, which are among the leading
causes of shellfish-associated foodborne outbreaks (Lees 2000; Food and Agriculture Organization of the United
Nations (FAO), World Health Organization (WHO) 2022). To protect consumers, the sanitary classification of
shellfish harvesting areas is primarily based on the determination of Escherichia coli in bivalve molluscs according
to European legislation, including Regulation (EU) 2017/625 and its implementing regulations, together with the
Codex Standard for Live and Raw Bivalve Molluscs (Codex Alimentarius Commission 2022). Therefore, the
combined assessment of microbiological quality and chemical contamination represents the cornerstone of sanitary
surveillance programmes for shellfish production areas.

Recent investigations conducted throughout the Mediterranean basin have demonstrated considerable spatial and
temporal variability in trace metal accumulation by Mytilus galloprovincialis, mainly reflecting differences in local
environmental conditions and anthropogenic pressures (Meloni et al. 2022; Bat et al. 2023; Bruno et al. 2024; El
Mourabit et al. 2024; Guendouzi et al. 2024; Hacisalihoglu 2025). Although most studies have reported
contaminant concentrations below the maximum limits established by European legislation, significant differences
in bioaccumulation patterns and human health risk indices have been observed among production areas. These
findings highlight the importance of continuous site-specific monitoring, particularly in rapidly expanding
aquaculture regions where environmental conditions may change over time. Despite the growing development of
shellfish farming in Algeria, comprehensive studies integrating farming-water quality, microbiological safety,
trace metal contamination, and quantitative human health risk assessment remain scarce.

The present study was conducted to provide a comprehensive sanitary assessment of Mytilus galloprovincialis
cultivated at the Kristel aquaculture site (Oran, Algeria). Specifically, the objectives were to (i) evaluate the
physicochemical and microbiological quality of farming water; (ii) determine the microbiological safety and trace
metal concentrations in mussel tissues in relation to Algerian and European regulatory standards; and (iii) assess
potential human health risks associated with mussel consumption using internationally recognized contamination
and exposure indices, including the bioconcentration factor (BCF), Heavy Metal Pollution Index (HPI), cumulative
contamination degree (CD), Metal Pollution Index (MPI), estimated daily intake (EDI), target hazard quotient
(THQ), and hazard index (HI). By integrating environmental monitoring, food safety evaluation, and quantitative
health risk assessment within a single framework, this study provides scientific evidence supporting the sanitary
status of Algerian mussel aquaculture and the sustainable valorization of mussel co-products as a safe protein
resource.

2. Materials and Methods

2.1 Study site and sampling

The study was conducted at the commercial mussel farming site of Kristel, located in Gdyel (Oran Province,
northwestern Algeria; 35°49'18" N, 0°28'59” W), on the southern Mediterranean coast. Sampling was performed
during March 2024 under routine farming conditions.

Representative seawater samples were collected aseptically in sterile polyethylene bottles from the vicinity of the
cultivation ropes and transported to the laboratory under refrigerated conditions for immediate physicochemical
and microbiological analyses.

Adult specimens of Mytilus galloprovincialis of commercial size were manually harvested from suspended culture
ropes. After collection, mussels were placed in insulated containers containing ice packs, transported to the
laboratory within the same day, and processed immediately for microbiological examination and trace element
determination.

2.2 Physicochemical analyses of seawater

Water temperature, pH (20 °C), electrical conductivity (20 °C), and turbidity were measured immediately after
sampling using calibrated analytical instruments according to standardized procedures. Hydrocarbon concentration
was determined by gas chromatography (GC). Total phosphorus, nitrites, nitrates, unionized ammonia, and
residual chlorine were quantified following ISO 6878, ISO 7890-3, the Rodier method (Rodier et al. 2009), and
the Algerian standard NA 2063, respectively. All analyses were performed in triplicate, and the results are
expressed as mean values.

2.3 Microbiological analyses

The microbiological quality of seawater and Mytilus galloprovincialis samples was assessed according to
internationally recognized ISO standard methods. Water samples were analyzed for total coliforms, fecal
coliforms, intestinal enterococci, sulfite-reducing anaerobes, and Salmonella spp., whereas mussel samples were
examined for Escherichia coli, coagulase-positive Staphylococcus, Salmonella spp., and sulfite-reducing anaerobic
bacteria.

Briefly, total and fecal coliforms were enumerated using the membrane filtration technique in accordance with
ISO 9308-1, intestinal enterococci according to ISO 7899-2, sulfite-reducing anaerobes following ISO 15213, and
Salmonella spp. according to ISO 6579. Microbiological analyses of mussel tissues were performed using the
corresponding ISO reference methods and the results were interpreted according to the microbiological criteria
established by Algerian regulations and relevant European legislation. All microbiological determinations were
carried out under aseptic laboratory conditions, and the results were expressed as colony-forming units (CFU) or
most probable number (MPN), depending on the analytical method used.
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2.4 Determination of trace metals

Trace metal concentrations were determined in both seawater and mussel soft tissues. For mussel samples, soft
tissues were carefully dissected from the shells, pooled, homogenized, and subjected to acid digestion according
to NF EN 14082:2003, using concentrated analytical-grade acids under controlled temperature conditions. The
investigated elements : nickel (Ni), lead (Pb), mercury (Hg), cadmium (Cd), chromium (Cr), copper (Cu), zinc
(Zn), and arsenic (As), were subsequently quantified by inductively coupled plasma optical emission spectrometry
(ICP-OES) and expressed as pg g' dry weight (DW). For seawater samples, appropriate acidification and pre-
concentration procedures were applied prior to instrumental analysis, and metal concentrations were expressed as
pg L. Throughout the analytical procedure, instrument calibration was performed using certified standard
solutions, and analytical quality was ensured through the use of reagent blanks, procedural blanks, and certified
reference materials. The measured concentrations in mussel tissues were compared with the maximum permissible
levels established by Commission Regulation (EU) 2023/915.

2.5 Quality assurance and quality control (QA/QC)

Analytical quality was ensured through the use of reagent blanks, duplicate analyses, calibration with certified
multi-element standard solutions, and periodic verification of instrument performance. Recovery tests were
performed on spiked samples, and all analyses were conducted in triplicate. Limits of detection (LOD) and
quantification (LOQ) were established according to the analytical procedure employed.

2.6 Contamination and human health risk indices

Potential health risks associated with the consumption of Mytilus galloprovincialis were evaluated using
internationally accepted exposure assessment models. Estimated Daily Intake (EDI), Target Hazard Quotient
(THQ), Hazard Index (HI), Bioconcentration Factor (BCF), Heavy Metal Pollution Index (HPI), Cumulative
Degree (CD), and Metal Pollution Index (MPI) were calculated according to the equations reported below. The
parameters used in these calculations were selected from internationally recognized guidelines and previous
studies to facilitate comparison with similar investigations.

2.6.1 Bioconcentration factor (BCF)

The bioconcentration factor for Cu, Pb, and Hg was calculated as:

BCF = eresh / Crater

where Ceresn 18 expressed in pg/kg DW and Ciaer in pg/L, yielding BCF values in L/kg.

2.6.2 Heavy Metal Pollution Index (HPI)

HPI was calculated according to Mohan et al. (1996):

HPI=X(W; x Qi) / ZWi; Wi=k/S;; Qi= M/ S;) x 100

where M; is the measured concentration of metal i, S; the corresponding guideline value, and W; the unit weight.
In the absence of specific shellfish-water standards, WHO drinking water guideline values were used as reference
concentrations (World Health Organization (WHO) 2017).

2.6.3 Cumulative contamination degree (CD)

An adapted contamination factor, derived from the contamination factor concept originally proposed by Hékanson
(1980), was calculated for each metal as the ratio between the measured concentration and the corresponding
European maximum limit:

CF; = Ci measured / C; limit; CD_adapted = ZCF;

2.6.4 Metal Pollution Index (MPI)

MPI was determined using the geometric mean approach described by Usero et al. (1996):

MPI = (Ci x C2 X ... x Cy)(1/n)

where C; is the concentration of metal i and n = 8.

2.6.5 Estimated Daily Intake (EDI)

EDI was calculated following the USEPA methodology (USEPA 1989, 2013):

EDI = (Ceresn(fw) x IR) / BW

where Ceresn(fw) is the concentration on a fresh-weight basis, IR = 20 g/day is the ingestion rate, and BW = 70 kg
is the reference body weight (USEPA 2011).

2.6.6 Target Hazard Quotient (THQ) and Hazard Index (HI)

THQ was calculated as:

THQ = EDI / RfD

where RfD is the oral reference dose established by the USEPA for each metal. The cumulative Hazard Index was
calculated as HI = ZTHQ; (USEPA 2000).

2.6.7 Comparison with tolerable intakes

Weekly or monthly estimated intakes were compared with the provisional tolerable intake values established by
the Joint FAO/WHO Expert Committee on Food Additives (JECFA): Cd PTMI = 25 ng/kg bw/month (JECFA
2011), Hg PTWI = 1.6 ng/kg bw/week (JECFA 2003), and the historical reference values for Pb and As (JECFA
1986) commonly used for comparative purposes in the literature.

2.7 Sanitary classification of the production area

E. coli results obtained from mussel flesh were compared with the shellfish production area classification criteria
established by Regulation (EC) No. 854/2004. The interpretation was performed according to the thresholds
defining Zone A for direct human consumption.

2.8 Statistical analysis

All analyses were performed in triplicate, and the results are presented as mean + standard deviation (SD).
Statistical analyses were carried out using IBM SPSS Statistics software. Differences between measured values
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and regulatory limits were evaluated where appropriate. A significance level of p < 0.05 was considered
statistically significant.

3. Results

3.1 Physicochemical and microbiological quality of farming water

The physicochemical characteristics of the farming water are presented in Table 1. The water exhibited typical
marine conditions, with an alkaline pH (8.34), low turbidity (1.55 NTU), and low hydrocarbon concentration (0.66
ng/L). Total phosphorus, nitrites, nitrates, and residual chlorine were not detected, whereas unionized ammonia
was 0.015 mg/L.

Table 1 Physicochemical characteristics of the farming water (Kristel, March 2024)

Parameter Measured value
Temperature 23 °C

H (20 °C) 8.34
Electrical conductivity (20 °C) 97,200 pS/cm
Turbidity 1.55 NTU
Hydrocarbons 0.66 ng/L
Total phosphorus Not detected
Nitrites Not detected
Nitrates Not detected
Unionized ammonia 0.015 mg/L
Residual chlorine Not detected

Trace metal concentrations in seawater were below the analytical detection limits. No fecal coliforms, fecal
streptococci, or Escherichia coli were detected (Table 2).

Table 2 Trace metals and microbiological quality of farming water

Parameter Result
Copper <0.02 pg/L
Lead <0.05 pg/L
Mercury <1.0 ug/L
Fecal coliforms Absent
Fecal streptococci Absent
Escherichia coli Absent

3.2 Sanitary quality of mussel flesh
The concentrations of trace metals in mussel flesh are summarized in Table 3. All measured concentrations were
below the maximum levels established by Commission Regulation (EU) 2023/915.

Table 3 Trace metal concentrations in Mytilus galloprovincialis flesh (mean = SD, n = 3)

Metal Concentration (ng/g DW) EU limit
Ni 0.025 £ 0.001 <2.0

Pb 0.19 +£0.01 0.30

Hg 0.039 + 0.002 0.10

Cd 0.29 +£ 0.01 0.50

Cr 0.075 + 0.003 <1.0

Cu 0.63 +£ 0.02 <2.0

Zn 0.019 £ 0.001 <0.10
As 0.011 £ 0.001 <1.0

Microbiological analyses demonstrated compliance with Algerian regulatory standards (Table 4).

Table 4 Microbiological quality of mussel flesh

Parameter Result
Aerobic mesophilic bacteria (30°C) 5.0 x 10> CFU/g
Thermotolerant coliforms Absent
Coagulase-positive Staphylococcus Absent
Salmonella spp./25 g Absent

3.3 Contamination indices and human health risk assessment
The calculated bioconcentration factors are presented in Table 5.

Table 5 Bioconcentration factors (BCF)
Metal BCF (L/kg)
Cu >31,500
Pb >3,800
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Metal BCF (L/kg)
Hg >39
Because dissolved metal concentrations in seawater were below the analytical detection limits, the reported BCF
values represent minimum estimates of the actual bioaccumulation capacity.

The Heavy Metal Pollution Index (HPI) was estimated at 10.6, well below the critical threshold of 100, indicating
the absence of significant heavy metal pollution in the farming water.

The individual contamination factors (CF) calculated for each metal, together with the resulting cumulative
contamination degree (CD), are presented in Table 6.

Table 6 Individual contamination factors (CF) and cumulative contamination degree (CD)

Metal Measured concentrationEU limit (ng/g) CF
(ng/g DW)

Ni 0.025 2.0 0.013
Pb 0.19 0.30 0.63
Hg 0.039 0.10 0.39
Cd 0.29 0.50 0.58
Cr 0.075 1.0 0.075
Cu 0.63 2.0 0.315
Zn 0.019 0.10 0.19
As 0.011 1.0 0.011

aCD =ZXCF;=2.21.
All individual contamination factors were below 1, indicating that none of the analyzed metals exceeded the
corresponding European maximum level. The cumulative contamination degree (CD = 2.21) confirms an overall

low contamination level and a comfortable safety margin with respect to regulatory limits.
The Metal Pollution Index (MPI) was 0.069 ng/g DW.

The estimated daily intake (EDI) and the corresponding target hazard quotient (THQ) calculated for each metal
are presented in Table 7.

Table 7 Estimated daily intake (EDI) and Target Hazard Quotient (THQ)

Metal EDI (mg/kg bw/day) THQ
Cd 1.66E-5 0.017
Pb 1.09E-5 0.003
Hg 2.23E-6 0.022
Cr 4.29E-6 0.001
Cu 3.60E-5 0.001
Ni 1.43E-6 <0.001
Zn 1.09E-6 <0.001
As 6.29E-7 0.002

All individual THQ values were below 1, and the cumulative Hazard Index (HI = 0.046) remained well below the
threshold for non-carcinogenic risk. The absence of Escherichia coli in mussel flesh indicates that the production
area met the microbiological criteria corresponding to a Class A harvesting area according to Regulation (EC) No.
854/2004, subject to confirmation through routine monitoring.

4. Discussion

The physicochemical characteristics of the farming water indicated good environmental quality. The alkaline pH,
low turbidity, low hydrocarbon concentration, and the absence of detectable nitrites, nitrates, phosphates, and
residual chlorine suggest that the site was not affected by significant nutrient enrichment or anthropogenic
pollution during the sampling period, consistent with the quality requirements established for shellfish-growing
waters under Directive 2006/113/EC (Directive 2006/113/EC 2006). Moreover, the Heavy Metal Pollution Index
(HPI=10.6) remained well below the critical threshold of 100, indicating negligible metal contamination (Mohan
et al. 1996; Edet and Offiong 2002).

Trace metal concentrations in Mytilus galloprovincialis from the Kristel farming site were all below the maximum
limits established by Commission Regulation (EU) 2023/915, confirming the sanitary quality of the mussels.
Similar findings have been reported in cultivated mussels from the Calich Lagoon (Sardinia, Italy), where trace
metal concentrations remained within the European regulatory limits despite the semi-enclosed nature of the
farming area (Meloni et al. 2022). Conversely, higher concentrations of several metals have been reported in wild
populations from Lake Faro (Sicily), although the calculated THQ values generally remained below the critical
threshold for non-carcinogenic risk (Younis et al. 2024; Bruno et al. 2024). Likewise, mussels collected along the
Sea of Marmara showed greater spatial variability in Cd, Pb, Hg, Cu, and Zn concentrations, with cumulative
Hazard Index values approaching 0.7 in the most impacted sites but remaining below the critical value of 1
(Hacisalihoglu 2025). Similar conclusions were reported for the Turkish Black Sea coast (Bat et al. 2023).
Comparable observations have also been reported along the Moroccan coastline. Although active bioaccumulation
of Cu, Zn, Cd, and Pb has been described in mussels collected near wastewater discharge areas, trace metal
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concentrations generally remained below the European regulatory limits (El1 Mourabit et al. 2024). In Algeria,
seasonal investigations performed on the western coast, including the Kristel area, demonstrated moderate spatial
and temporal variations in Pb, Cu, and Zn accumulation without systematic exceedance of regulatory standards
(Rouane-Hacéne et al. 2015; Guendouzi et al. 2024). Overall, these comparisons indicate that the Kristel mussel
farming site belongs to the least contaminated areas reported for M. galloprovincialis in the Mediterranean basin.
The calculated bioconcentration factors (BCF) confirmed the well-known ability of M. galloprovincialis to
accumulate trace metals, particularly copper and lead, even when dissolved concentrations in seawater remain
extremely low. This finding is consistent with the role of mussels as efficient bioindicators of coastal metal
contamination previously described by Rainbow (1995, 2002) and confirmed in Mediterranean monitoring studies
(Andral et al. 2011). Nevertheless, because dissolved metal concentrations were below the analytical detection
limits, the calculated BCF values should be regarded as conservative minimum estimates.

Human health risk assessment further confirmed the safety of mussel consumption. All individual Target Hazard
Quotient (THQ) values were below 1, and the cumulative Hazard Index (HI = 0.046) remained far below the
threshold of concern, indicating no appreciable non-carcinogenic risk. Similar conclusions have been reported for
Mediterranean mussels from Italy, Tiirkiye, Morocco, and Algeria despite higher trace metal concentrations than
those observed in the present study (Bat et al. 2023; Younis et al. 2024; El Mourabit et al. 2024; Guendouzi et al.
2024).

The absence of thermotolerant coliforms, coagulase-positive Staphylococcus, Salmonella, and Escherichia coli
demonstrates the excellent microbiological quality of both seawater and mussel flesh. These findings are consistent
with the microbiological criteria established for Class A shellfish harvesting areas under Regulation (EC) No.
854/2004 and with the recommendations of the Codex Alimentarius (CXS 292-2008) and FAO/WHO guidelines
for the sanitary quality of bivalve molluscs (FAO/WHO 2022).

This study has several limitations. First, it was based on a single sampling campaign at one aquaculture site,
preventing the assessment of seasonal variability previously reported for Mediterranean mussels (Rouane-Hacéne
et al. 2015). Second, only three metals were measured in seawater, limiting the calculation of BCF and HPI. Third,
viral pathogens such as norovirus and hepatitis A virus were not investigated, although they are recognized as
important foodborne hazards associated with shellfish consumption (Lees 2000). Finally, human dietary exposure
was estimated using default consumption assumptions recommended by the USEPA (USEPA 2011). Future
investigations should therefore include seasonal monitoring, a broader range of contaminants, viral analyses, and
local dietary surveys to provide a more comprehensive assessment of the sanitary quality of Algerian mussel
farming areas.

5. Conclusion

The present study provides the first integrated assessment of the physicochemical and microbiological quality of
the farming water, trace metal contamination, and sanitary safety of Mytilus galloprovincialis cultivated at the
Kristel aquaculture site (Oran, Algeria). The results demonstrated that the farming water was free from detectable
microbiological and metal contamination for the investigated parameters, while mussel tissues complied with both
the maximum trace metal levels established by Commission Regulation (EU) 2023/915 and the Algerian
microbiological standards.

Comparison with recent studies conducted across the Mediterranean basin, including Spain, Italy, Tirkiye,
Morocco, Tunisia, and Algeria, indicated that the Kristel site belongs to the lower range of trace metal
contamination reported for M. galloprovincialis. Moreover, the calculated health risk indices (THQ < 1 for all
metals; HI = 0.046) confirmed that mussel consumption is not associated with appreciable non-carcinogenic health
risks under the exposure scenario considered. The absence of Escherichia coli and other microbiological indicators
further supports the excellent sanitary quality of the mussels and suggests that the farming area is consistent with
the microbiological criteria for a Class A shellfish harvesting area according to European regulations.

Although these findings demonstrate the high sanitary quality of mussels produced at the Kristel site, the study
was limited to a single sampling campaign. Therefore, seasonal and multi-year monitoring, together with the
determination of a broader range of trace metals and emerging contaminants in seawater, is recommended to
confirm the long-term environmental status of the farming area and support its official sanitary classification. Such
investigations would also strengthen the sustainable development of mussel aquaculture and contribute to the
production of safe, high-quality seafood for human consumption.
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