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INTRODUCTION

Aquatic pollution by heavy metals is one 
of the most concerning threats to the quality of 
aquatic ecosystems and human health. Heavy 
metals such as zinc (Zn), iron (Fe), copper (Cu), 
manganese (Mn), chromium (Cr), and aluminum 
(Al) can accumulate in water bodies due to human 
activities, including industrial, agricultural, and 

domestic discharges (Chahid et al., 2014). Once 
present in aquatic environments, these metals can 
be absorbed by fish, posing a risk to aquatic fauna 
and human health.

While essential metals must be absorbed by 
fish for their normal metabolism or bodily func-
tions (Canli et Atli, 2003), heavy metals such as 
mercury, cadmium, and lead have no biologi-
cal or beneficial function in living organisms 
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(Robert, 1991; Ekeanyanwu et al., 2015) and 
can be highly toxic.

Freshwater fish represent an important source 
of protein for populations (Benabdelkader et al., 
2018). They play a vital role in human nutrition 
and are a valuable and inexpensive food source. 
Therefore, it is essential to carefully monitor them 
to ensure that high levels of toxic heavy metals 
are not transferred to humans through consump-
tion (Olaifa et al., 2004; Adeniyi et Yusuf, 2003).

The bioaccumulation of these metals in fish 
can have toxic impacts, including effects on the 
neurological, renal, and hepatic systems in hu-
mans (WHO, 2011). It is therefore crucial to 
monitor the metal contamination of these species 
to protect public health and ensure food safety.

This study contributes to assessing the health 
risks associated with the consumption of fresh-
water fish in Morocco. It provides valuable data 
to guide aquatic resource management policies 
and to raise awareness among local communities 
about the potential dangers of heavy metal bioac-
cumulation in fish.

MATERIALS AND METHODS 

Study area

The Al-Massira Dam Lake is considered the 
cornerstone of the watershed management plan 
for the Oum Er Rbia River basin. Located at 120 
km southeast of Casablanca (32°28’32’’ North, 
7°32’15’’ West), and is the second-largest reser-
voir in Morocco.  It extends over a length of 30 
km, with a maximum width of 10 km and a depth 
that can reach up to 40 m. It covers an area of 
139 km², with a storage capacity of 2,760 million 
m³. The water resources of this watershed mainly 
come from the surface waters of three major riv-
ers, supplemented by groundwater contributions. 
Built in 1979, it plays a crucial role in irrigation 
and houses a hydroelectric power station generat-
ing an average of 221 GWh per year.

Sampling

A total of 108 samples were collected from 
the Al Massira Dam Lake and then transported 
to the laboratory. For the muscle tissue samples, 
0.2 g of each sample was weighed, and 5 ml of 
65% nitric acid and 2 ml of hydrogen peroxide 
were added to each sample. The samples were 

then placed in a microwave oven at a tempera-
ture of 190 °C (Environmental Analysis Exper-
tise Center of Quebec, 2003) for tissue diges-
tion and complete evaporation of the acid. After 
cooling, the samples were transferred to tubes 
and adjusted to 50 ml with ultra-pure water. 
Heavy metals were measured using a microwave 
plasma atomic emission spectrometer (MP-AES). 
The metal concentrations in the muscle tissue 
samples are presented in mg per kg of wet weight.

Human health risk assessment

The estimated daily intake (EDI) 

The estimated daily intake refers to the aver-
age amount of a contaminant that an individual is 
likely to ingest each day through the consumption 
of fish, water, or other environmental sources. It 
is typically expressed in units of mass per body 
weight per day (e.g., mg/kg/day). The estimated 
daily intake of each heavy metal is calculated as 
follows (USEPA, 2015):

	 𝐸𝐸𝐸𝐸𝐸𝐸 (𝑚𝑚𝑚𝑚/𝑘𝑘𝑔𝑔−1/𝑑𝑑𝑑𝑑𝑑𝑑⁻¹ ) = 𝐸𝐸𝐸𝐸 × 𝐸𝐸𝐸𝐸 × 𝐹𝐹𝐹𝐹𝐹𝐹 × 𝐶𝐶
𝑊𝑊𝑊𝑊𝑊𝑊 × 𝐴𝐴𝐴𝐴𝐴𝐴  (1) 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸𝐸𝐸 × 𝐸𝐸𝐸𝐸 × 𝐹𝐹𝐹𝐹𝐹𝐹×𝐶𝐶
𝑅𝑅𝑅𝑅𝑅𝑅 × 𝑊𝑊𝑊𝑊𝑊𝑊 × 𝐴𝐴𝐴𝐴𝐴𝐴 × 10−3  (2) 

𝐻𝐻𝐻𝐻 = ∑ THQ𝑛𝑛
𝑖𝑖=1  (3) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = RfD × WAB

C  (4) 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶
𝑊𝑊𝑊𝑊𝑊𝑊  (5) 

%𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐸𝐸𝐸𝐸𝐸𝐸
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 100 (6) 

 
 
 
 
 

	(1)

where:	EF – exposure frequency (in days 
per year), ED – exposure duration (in 
years), FIR – fish ingestion rate (13.87 
kg per year). This represents the average 
amount of fish consumed annually by 
adults and children (Kasmi et al., 2023; 
Azekour et al., 2020), C – concentration 
of the heavy metal in the fish muscle tis-
sue (in mg/kg of fish), WAB – average 
body weight of the adult (in kg). This 
represents the average weight of an adult 
individual, often used to calculate expo-
sure relative to body weight. In our case, 
it represents 73.3 kg for adults (Kasmi 
et al., 2023; Azekour et al., 2020), ATn 
– average exposure time or exposure 
age (in days). This is the period during 
which the individual has been exposed 
to the contaminant. It can be calculated 
by taking the average age of the popu-
lation and the period during which they 
have consumed fish.

Target hazard quotient (THQ)

The THQ is an indicator used to assess non-
carcinogenic risks associated with exposure to 
toxic substances. The THQ is calculated (USEPA, 
2011) using the following Equation 2: 
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𝐸𝐸𝐸𝐸𝐸𝐸 (𝑚𝑚𝑚𝑚/𝑘𝑘𝑔𝑔−1/𝑑𝑑𝑑𝑑𝑑𝑑⁻¹ ) = 𝐸𝐸𝐸𝐸 × 𝐸𝐸𝐸𝐸 × 𝐹𝐹𝐹𝐹𝐹𝐹 × 𝐶𝐶
𝑊𝑊𝑊𝑊𝑊𝑊 × 𝐴𝐴𝐴𝐴𝐴𝐴  (1) 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸𝐸𝐸 × 𝐸𝐸𝐸𝐸 × 𝐹𝐹𝐹𝐹𝐹𝐹×𝐶𝐶
𝑅𝑅𝑅𝑅𝑅𝑅 × 𝑊𝑊𝑊𝑊𝑊𝑊 × 𝐴𝐴𝐴𝐴𝐴𝐴 × 10−3  (2) 

𝐻𝐻𝐻𝐻 = ∑ THQ𝑛𝑛
𝑖𝑖=1  (3) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = RfD × WAB

C  (4) 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶
𝑊𝑊𝑊𝑊𝑊𝑊  (5) 

%𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐸𝐸𝐸𝐸𝐸𝐸
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 100 (6) 

 
 
 
 
 

	 (2)

where:	 RfD – oral reference dose (mg/kg⁻¹/day⁻¹). 

According to data from USEPA (2011), the 
reference dose for zinc (Zn) is 0.3 mg/kg/day, for 
copper (Cu) it is 0.04 mg/kg/day, for manganese 
(Mn) it is 0.14 mg/kg/day, and for chromium (Cr) 
it is 0.5 mg/kg/day. No reference dose has been de-
fined for iron (Fe). For aluminum (Al), the refer-
ence dose is extremely low, at 0.0002 mg/kg/day, 
according to the same source.

The hazard index (HI) 

The hazard index (HI) is used to assess the cu-
mulative health risks related to exposure to mul-
tiple toxic substances, considering their non-carci-
nogenic effects. It is calculated as the sum of the 
target hazard quotients (THQ) for each substance 
or metal under study (Giri and Singh, 2015).
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	 (3)

Maximum acceptable daily intake (CRlim)

The maximum acceptable daily intake 
(CRlim) is the maximum amount of a food that 
a person can consume daily without exceeding 
the safety thresholds related to the toxicity of a 
non-carcinogenic contaminant, such as a heavy 
metal (Alipour et al., 2015).
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	 (4)

Estimated weekly intake (EWI)

The EWI is a measure used to estimate the 
amount of a contaminant ingested each week by 
a person through the consumption of contami-
nated fish.
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	 (5)

where:	 Cm – concentration of the contaminant in 
the muscle tissues of the consumed fish, CR 
– (consumption rate, in kg/week): the rate 
of fish consumption by an individual. In this 
case, it is 0.25 kg/week, FAO (2016).

Percentage of provisional tolerable weekly intake 
(%PTWI)

The %PTWI is used to assess whether the 
weekly consumption of a contaminant exceeds 
or stays within limits considered safe for human 
health (Miri et al., 2017).
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𝐻𝐻𝐻𝐻 = ∑ THQ𝑛𝑛
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = RfD × WAB

C  (4) 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶 × 𝐶𝐶𝐶𝐶
𝑊𝑊𝑊𝑊𝑊𝑊  (5) 

%𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐸𝐸𝐸𝐸𝐸𝐸
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 100 (6) 

 
 
 
 
 

	 (6)

where:	PTWI – a reference dose established by 
the FAO/WHO joint expert committee on 
food additives (JECFA, 2011). It repre-
sents the maximum weekly amount of a 
contaminant that can be consumed with-
out significant health risks (zinc: 7 mg/kg/
week, iron: 6.4 mg/kg/week, copper: 3.5 
mg/kg/week, manganese: 7 mg/kg/week, 
chromium: 0.2 mg/kg/week and alumi-
num: 2 mg/kg/week).

Statistical analysis

Data analyses were performed using the sta-
tistical software R (version 4.3.2). An analysis of 
variance (ANOVA) was used to evaluate differ-
ences between species.

RESULTS 

Distribution of heavy metals in the muscle 
tissues of Cyprinus carpio, Sander lucioperca 
and Oreochromis niloticus 

The mean concentrations and standard errors of 
the six heavy metals studied in muscle of freshwater 
fish (Cyprinus carpio, Sander lucioperca and Oreo-
chromis niloticus) are presented in Table 1.

To provide more precision on the nature of 
the heavy metals influencing the average con-
centrations recorded, the Figure 1 illustrates 
the average content of different heavy metals 
(Zn, Fe, Cu, Mn, Cr, and Al) measured in mg/
kg of dry weight for the three fish species stud-
ied. The error bars indicate the variability of the 
measurements for each metal.

Table 1. Mean concentrations (± SE) of heavy metals (mg/kg dry weight) in the muscle of the three studied species
Species Zn Fe Cu Mn Cr Al

Cyprinus carpio 56.22 ± 28.23 46.77 ± 13.27 2.61 ± 0.70 1.19 ± 0.56 2.27 ± 0.38 16.05 ± 11.45

Sander lucioperca 29.43 ± 4.45 48.73 ± 94.59 1.46 ± 0.94 0.94 ± 0.44 4.52 ± 12.81 13.66 ± 5.18

Oreochromis niloticus 34.41 ± 9.99 38.41 ± 15.28 1.77 ± 0.81 1.42 ± 0.77 2.41 ± 0.29 12.86 ± 10.35



173

Journal of Ecological Engineering 2025, 26(5) 170–180

Iron (Fe) is the dominant metal in the muscles 
of the pikeperch and Nile tilapia. Zinc (Zn) ranks 
second for all species, with a higher concentration 
in the common carp muscle. 

The other metals (Al, Cr, Cu, Mn) are present 
in much lower quantities, with no significant dif-
ferences between species.

Variability is highest for the pikeperch, espe-
cially for Fe, which may be due to marked en-
vironmental or biological differences. The results 
emphasize the importance of monitoring Fe and 
Zn levels in these fish to assess the environmental 
and dietary risks to human health. 

The muscle of the common carp detects vari-
able metal levels, with Zn and Fe being the met-
als that record the highest values, reaching 56.22 
mg/kg of dry weight and 46.77 mg/kg of dry 
weight, respectively. In contrast, Al, Cu, Cr, 
and Mn present average to low values, ranging 
from 16.05 mg/kg of dry weight, 2.61 mg/kg of 
dry weight, 2.27 mg/kg of dry weight, and 1.19 
mg/kg of dry weight. These results do not ex-
ceed the recommended regulatory limits (FAO, 
2012; NRCC, 1981).

The analysis of the pikeperch muscle showed 
that Fe has the highest content. The concentra-
tions of Fe and Zn are also notable in the pike-
perch, with values reaching 48.73 mg/kg of dry 
weight and 29.43 mg/kg of dry weight, respec-
tively. Mn is the least present in this species, with 
a value of 0.94 mg/kg of dry weight. Other heavy 
metals like Al, Cr, and Cu are also accumulated 
but at concentrations lower than Fe.

For the Nile tilapia muscle, the concentrations 
of Fe and Zn are significantly higher than those of 
the other metals. The average contents of Fe and 
Zn are 38.41 mg/kg of dry weight and 34.41 mg/kg 
of dry weight, respectively. The concentration of 
Al is also notable, with a value of 12.86 mg/kg of 
dry weight. Cr, Cu, and Mn follow similar trends, 
with values reaching 2.41 mg/kg of dry weight, 
1.77 mg/kg of dry weight, and 1.42 mg/kg of dry 
weight, respectively.

Health risk estimation

The common carp, due to its wide distribution 
and role in aquaculture, is an important indicator 
of water quality. Heavy metals such as zinc (Zn), 
iron (Fe), copper (Cu), manganese (Mn), chromi-
um (Cr), and aluminum (Al) are often measured 
to assess the level of contamination in fish.

The objective is to evaluate exposure to these 
metals in common carp and examine the toxico-
logical risks associated with their consumption. 
The indices used for this assessment include the 
estimated weekly intake (EWI), the percentage of 
the provisional tolerable weekly intake (%PTWI), 
the estimated daily intake (EDI), the target hazard 
quotient (THQ), the hazard index (HI), and the 
critical concentration limits (CRlim). The results 
are presented in the Table 2.

These results indicate that the concentration of 
zinc (Zn) and iron (Fe) in common carp is rela-
tively high, with an EWI of 0.059 mg/kg/week and 
0.050 mg/kg/week, respectively, corresponding 

Figure 1. Comparison of heavy metal concentrations in in the muscles of Cyprinus carpio, 
Oreochromis niloticus, and Sander lucioperca (±SE)
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to %PTWI values of 0.842 and 0.781. These val-
ues suggest that the consumption of these fish 
contributes significantly to the weekly tolerable 
intake for these metals, although these intakes 
remain below the maximum limits recommended 
by the World Health Organization (WHO, 2007).

Copper (Cu) and manganese (Mn) show 
lower concentrations in the muscle tissues of 
the carp, which aligns with findings from other 
studies (Lemire et al., 2018) reporting that these 
metals are generally present at low levels in 
freshwater fish. However, although the EDI for 
copper is low (0.11 mg/kg/day), this metal re-
mains a risk factor in the case of long-term bio-
accumulation in food chains.

Aluminum (Al), despite having a low EWI, 
presents a high %PTWI of 0.85%, indicating 
a substantial contribution to aluminum intake 
through fish consumption, particularly in areas 
with higher pollution levels. Aluminum is known 
for its neurotoxic potential, and although the con-
centrations observed are low, the presence of alu-
minum in fish tissues could pose a long-term risk 
to public health (Mie et al., 2017). 

Predatory fish, such as pike-perch, occupy 
high trophic levels in aquatic ecosystems and are 
therefore prone to accumulating heavy metals 
from environmental pollution. The following indi-
ces have been calculated to assess the health risks 
associated with pike-perch consumption (Table 3).

Zinc is present at a relatively low concentration 
in the muscles of Pike-perch, well below the recom-
mended limit (CRlim of 2.267 mg/kg). The percent-
age of the PTWI is also low (0.47%), indicating that 
exposure through zander consumption is negligible. 
However, the high THQ could suggest a potential 
risk of toxicity under certain intensive consump-
tion conditions, although the HI index remains low, 
showing that the overall impact is limited.

Iron, although at a higher concentration than 
zinc, remains well below the recommended limit 
levels. The percentage of the PTWI (0.93%) is low, 
and the EDI is far below hazardous values. The THQ 
is relatively moderate, and the HI index does not 
present a significant toxicity risk to human health.

Copper is present in very small amounts in the 
muscles of Pike-perch, with a concentration well 
below the recommended levels. The percentage of 
the PTWI is extremely low (0.02%), and the THQ 
remains low, indicating that there is no risk of tox-
icity from ingesting this species. The low HI index 
confirms that there are no health concerns.

Chromium, although at a higher concentra-
tion than the other metals (0.005 mg/kg/week), 
remains far below the recommended limit con-
centrations (CRlim of 0.003 mg/kg). The percent-
age of the PTWI (2.5%) is relatively low, and the 
estimated exposure is well below hazardous val-
ues. The THQ is low, and the HI index indicates 
that there is no significant risk of toxicity.

Table 2. Analysis of metal exposure in common carp muscle and estimations of EWI, %PTWI, CRlim, EDI, THQ, 
and HI in wet weight.

Metal EWI (mg/kg/week) %PTWI CRlim (mg/kg) EDI (mg/kg/day) THQ (10⁻⁶) HI

Zn 0.059 0.842 1.266 2.25 7500 0.014

Fe 0.050 0.781 3.524 1.93 2752.67 0.014

Cu 0.002 0.057 27.047 0.11 2695/67 0.014

Mn 0.001 0.014 50.565 0.05 351.23 0.014

Cr 0.002 1 0.002 0.09 62.63 0.014

Al 0.017 0.850 – 0.65 654.76 0.014

Table 3. Analysis of metal exposure in pike-perch muscle and estimations of EWI, %PTWI, CRlim, EDI, THQ, 
and HI in wet weight

Metal EWI (mg/kg/week) %PTWI CRlim (mg/kg) EDI (mg/kg/day) THQ (×10⁻⁶) HI

Zn 0.033 0.47 2.267 1.26 4193.86 0.010

Fe 0.060 0.93 5.749 2.29 3274.75 0.010

Cu 0.001 0.02 32.577 0.07 1653.92 0.010

Mn 0.001 0.01 2.233 0.04 292.27 0.010

Cr 0.005 2.5 0.003 0.21 141.85 0.010

Al 0.015 0.75 – 0.6 600.72 0.010
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The results of the heavy metal analyze in the 
tilapia muscles show that the concentrations of 
the different metals measured are well below the 
recommended critical limits (CRlim) and that the 
toxicity and health impact indices indicate a low 
risk to human health (Table 4).

The zinc concentration in tilapia is 0.038 mg/
kg, which is 0.542% of the PTWI. The EDI (esti-
mated daily intake) is 1.45 mg/kg/day, well below 
hazardous values. The THQ is extremely low at 
4821.15 × 10⁻⁶, and the HI index is 0.01017, sug-
gesting a negligible risk of toxicity.

Iron is present at a concentration of 0.043 
mg/kg, which is 0.671% of the PTWI. The EDI 
is 1.65 mg/kg/day, which remains well below 
concerning thresholds. The THQ is also low 
(2360.56.10⁻⁶), and the HI index shows no sig-
nificant risk to human health.

The copper concentration in tilapia is 0.002 
mg/kg, which is 0.057% of the PTWI. The EDI is 
0.08 mg/kg/day, well below hazardous threshold 
values. The THQ is low at 1941.99.10⁻⁶, and the 
HI index shows no health concerns.

The manganese concentration is 0.001 mg/kg, 
representing 0.014% of the PTWI. The EDI is low 
at 0.06 mg/kg/day, and the THQ is 422.76.10⁻⁶, 
which does not indicate a risk to human health. 
The HI index remains low, confirming the ab-
sence of health concerns.

The chromium concentration is 0.002 mg/kg, 
representing 1% of the PTWI. The EDI is 0.1 mg/
kg/day, well below hazardous levels. The THQ is 
low at 68.93.10⁻⁶, and the HI index indicates a 
negligible risk to human health.

The aluminum concentration is 0.014 mg/kg, 
representing 0.7% of the PTWI. The EDI is 0.56 
mg/kg/day, and the THQ is 557.36.10⁻⁶, indicating 
a low risk. The HI index remains at 0.01017, sug-
gesting no health concerns regarding aluminum.

The Figure 2 shows that the common carp has 
the highest overall hazard index, predominantly 

by Zn and Fe, and followed by Cu. The pike-
perch has a lower hazard index compared to the 
Common Carp, but its composition is also domi-
nated by Zn and Fe. Nile Tilapia shows a similar 
profile to the pike-perch, but with slightly differ-
ent proportions for each metal. The metals Mn, 
Cr and Al have relatively low contributions to the 
hazard index for all species.

DISCUSSION

Accumulation of heavy metals in muscle

The fish muscle is typically analyzed as it is 
the main part of the fish consumed by humans and 
is involved in health risks (El Morhit et al., 2013). 
Traces of the metals sought in the muscle of the 
studied species are present with varying concentra-
tions from one species to another. It should be noted 
that Cr, Mn, and Cu are the least concentrated com-
pared to other metals. According to the established 
order, Zn, Fe, and Al are the major pollutants in the 
muscle of the studied fish, indicating that the muscle 
is contaminated by these heavy metals.

The dominant heavy metals are Fe, Zn, and to 
a lesser extent, Al. The highest concentration re-
corded in the muscle is that of Fe, followed by Zn. 
These two metals remain the main metallic con-
taminants in the muscle and show a wide distribu-
tion. They tend to concentrate easily in the muscle. 
It should be noted that Zn is an essential nutrient for 
aquatic organisms; at millimolar concentrations, it 
is a trace element involved in numerous enzymatic 
reactions (dehydrogenases, proteases, peptidases) 
and plays an important role in the metabolism of 
proteins, carbohydrates, and lipids (Kabata and 
Pendias, 2001). However, if present in excess, it 
can become harmful (Noppe, 1995). Fe is essential 
for cellular respiration in animals; it is a powerful 
catalyst for certain biochemical reactions. Howev-
er, it is toxic at high doses (Noppe, 1995). 

Table 4. Analysis of metal exposure in Nile tilapia muscle and estimations of EWI, %PTWI, CRlim, EDI, THQ, 
and HI in wet weight.

Metal EWI (mg/kg/week) %PTWI CRlim (mg/kg) EDI (mg/kg/day) THQ (10⁻⁶) HI

Zn 0.038 0.542 1.97 1.45 4821.15 0.01017

Fe 0.043 0.671 4.894 1.65 2360.56 0.01017

Cu 0.002 0.057 22.504 0.08 1941.99 0.01017

Mn 0.001 0.014 45.984 0.06 422.76 0.01017

Cr 0.002 1 0.003 0.1 68.93 0.01017

Al 0.014 0.7 – 0.56 557.36 0.01017
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The accumulation of heavy metals in fish is in-
fluenced by synergistic and antagonistic interactions 
between elements. In this study, high iron (Fe) lev-
els in Cyprinus carpio (46.77 mg/kg), Sander lu-
cioperca (48.73 mg/kg), and Oreochromis niloti-
cus (38.41 mg/kg) suggest it may impact the bio-
availability of zinc (Zn), copper (Cu), manganese 
(Mn), chromium (Cr), and aluminum (Al). These 
interactions have been widely studied in aquatic 
ecosystems, as they influence metal uptake, toxic-
ity, and accumulation in fish tissues (Bury et al., 
2003; Kowalska et al., 2021).

Competition for absorption 

Iron competes with Zn²⁺, Mn²⁺, and Cu²⁺ for 
intestinal transporters such as Divalent Metal 
Transporter 1 (DMT1), which is responsible for 
the absorption of essential metals in vertebrates. 
High Fe levels can reduce the absorption of these 
metals by saturating transport sites, leading to 
lower Mn and Cu bioavailability in the studied 
fish (Bury et al., 2003). This competition is well-
documented in freshwater fish, where Fe inhibits 
Cu and Mn uptake, affecting their physiological 
functions (Andrews, 2000; Glover et al., 2003). 
The relatively low Mn and Cu levels in the fish 
analyzed in this study could be explained by this 
competitive inhibition at the absorption stage.

Complex formation & metal precipitation

Iron, especially in its oxidized form (Fe³⁺), has 
a strong tendency to form insoluble hydroxides, 

which can trap other metals like Cr and Al, reduc-
ing their availability to aquatic organisms (Stumm 
& Morgan, 1996; Tessier & Campbell, 1987). This 
phenomenon has been observed in sediment-rich 
environments, where Fe binds with trace metals, 
preventing their uptake by fish (Li et al., 2020).

In low-oxygen environments, Fe(III) is reduced 
to Fe(II), a more soluble form, which can release 
co-adsorbed metals, increasing their bioavailability 
(Stumm & Morgan, 1996). This process may ex-
plain why certain metals, such as Mn, remain avail-
able in lower concentrations while Fe accumulates 
in higher amounts in the studied species.

Synergistic effects with zinc

Iron and zinc are the most abundant metals in 
the muscle tissues of the studied fish. These ele-
ments share common absorption pathways, mean-
ing Fe can enhance Zn uptake under certain con-
ditions. Research has shown that Fe stimulates Zn 
transporter expression, leading to increased Zn ab-
sorption (Andrews, 2000). However, excess Fe may 
inhibit Zn absorption through direct competition, as 
observed in several studies on freshwater fish (Reid 
& McDonald, 1991; Kowalska et al., 2021).

In this study, Zn levels are relatively high, 
particularly in Cyprinus carpio (56.22 mg/kg), 
suggesting that the interaction between Fe and Zn 
may not be entirely inhibitory but could involve 
a balance between enhancement and competition, 
depending on environmental factors and metal 
concentrations (Kasmi et al., 2023).

Figure 2. Composition of the hazard index (HI) for the different heavy metals in the three species of fish studied
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Impact on metal toxicity

High Fe levels have been shown to reduce the 
toxicity of heavy metals such as Pb and Cd by 
limiting their intestinal absorption and transport 
in fish (Glover et al., 2003). This protective ef-
fect occurs because Fe competes with these toxic 
metals for binding sites on biological membranes, 
reducing their accumulation and harmful effects 
(Othman et al., 2020).

Similarly, Fe can influence the toxicity of Cr, 
depending on its chemical form. Cr(III) is relative-
ly non-toxic, whereas Cr(VI) is highly toxic. Fe 
plays a role in reducing Cr(VI) to Cr(III), thereby 
mitigating its harmful effects (Tessier & Campbell, 
1987; Li et al., 2020). In this study, low Cr levels 
in fish muscle may be linked to Fe interactions, re-
ducing its availability and potential toxicity.

Comparison with other studies in North Africa

Several studies on Moroccan freshwater bod-
ies have reported similar levels of Fe and Zn ac-
cumulation, with higher concentrations in benthic 
and omnivorous fish like Cyprinus carpio.

El Morhit et al. (2013) studied heavy metal 
contamination in fish from the Atlantic coast and 
Moroccan rivers and found Zn and Fe as domi-
nant metals, similar to this study.

Kasmi et al. (2023) reported high Zn and Fe 
levels in Sardina pilchardus from the Moroccan 
Mediterranean coast, indicating that these metals 
are commonly bioaccumulated in fish across Mo-
roccan aquatic ecosystems.

Othman et al. (2020) investigated heavy met-
al levels in Oreochromis niloticus from Egyptian 
freshwater bodies and reported higher levels of 
Cr (4.5–6.2 mg/kg) and Cu (3.1–4.5 mg/kg) com-
pared to the present study (Cr: 2.41 mg/kg, Cu: 
1.77 mg/kg). This suggests that industrial and 
agricultural pollution in Egypt may contribute to 
higher Cr and Cu accumulation.

Comparison with global studies

Kowalska et al. (2021) studied heavy metal 
contamination in predatory fish from Eastern 
European rivers and found higher Zn (60–80 
mg/kg) and Fe (50–70 mg/kg) levels in species 
like pike and perch.

Li et al. (2020) reported similar Fe and Zn 
concentrations in freshwater fish from China, in-
dicating that these metals are commonly accumu-
lated across different geographical regions.

Variation in metal concentrations according 
to fish species

The concentrations of metallic elements in the 
studied fish are found to be highly heterogeneous, 
varying from one species to another. Among the 
main causes of these fluctuations are the physi-
ological and biological parameters of these spe-
cies (organs, size, sex, age, diet, etc.). This finding 
closely aligns with the statements of Langston and 
Spence (1995) and Wang and Fisher (1997), who 
showed that biological parameters such as age, 
size, growth, breeding season, permeability of ex-
ternal membranes, feeding habits, and the nature 
of internal ligands significantly contribute to the 
variability in the bioaccumulation of heavy metals.

This study identified that Cyprinus carpio 
(common carp) is the fish that accumulates the 
most heavy metals, with a total concentration of 
125.13 mg/kg of dry weight. Indeed, the carp is 
an omnivorous, opportunistic, and benthopha-
gous species. It digs up to 20 cm into the muddy 
bottom (Dosdat et al., 1996). It feeds at the bot-
tom of the reservoir and is always in contact with 
the sediment, which is considered a major reser-
voir of pollutants, making the carp more likely to 
accumulate heavy metals compared to the other 
studied fish. The work of Caccia et al. (2003) 
showed that metals tend to accumulate more in 
benthic species due to their low mobility and their 
diet, which is primarily based on benthic organ-
isms that rely on the sediment.

The contamination of Cyprinus carpio, Sand-
er lucioperca, and Oreochromis niloticus is mod-
erate, and continuous consumption by the local 
population could expose consumers to health 
risks due to the accumulation of these metals in 
the body. The risk is not limited to humans but 
also extends to piscivorous animals.

Health risks related to trace elements

Regarding the THQ, the values calculated 
for all metals, particularly zinc, indicate that the 
levels of these metals in the fish are well below 
established safety thresholds. However, the HI 
remains low (0.014), suggesting a low overall 
toxicity risk for consumers of common carp in 
the studied areas.

Overall, the heavy metal concentrations in 
the muscles of the pike-perch measured are low 
and well below the recommended critical limits 
for each metal. The toxicity indices (THQ) and 
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the health impact index (HI) both show a low risk 
to human health. There are no major concerns 
regarding pike-perch consumption in relation to 
these heavy metals, although further studies may 
be needed to confirm long-term safety in popula-
tions with high fish consumption.

The THQ values were below 1 for each heavy 
metal in the three fish species studied, indicating 
that there is no non-carcinogenic health risk as-
sociated with the ingestion of a single metal from 
the consumption of these fish. The highest THQ 
value was estimated for Zn, followed by Fe. Zn, 
Fe, and Cu were the main contributors to the HI 
in all three fish species. Although the THQ values 
for individual metal ingestion are within accept-
able limits, continuous and excessive consump-
tion of these fish, particularly the common carp, 
could lead to chronic non-carcinogenic effects. 
these results are comparable to those of other re-
search conducted on freshwater fish. For instance, 
a study by Kowalska et al. (2021) observed simi-
lar levels of zinc and iron in predator fish from 
rivers in Eastern Europe, with negligible risk 
levels. Another study by Li et al. (2020) reported 
similar concentrations of copper and manganese 
in freshwater fish in China and concluded that 
these levels posed no risk to public health.

The concentrations of heavy metals in the 
tilapia muscles measured in this study are low 
and well below the recommended critical limits. 
The toxicity indices (THQ) and the health impact 
index (HI) show that exposure to these metals 
through tilapia consumption poses no significant 
risk to human health. Therefore, there are no ma-
jor concerns regarding tilapia consumption in re-
lation to these heavy metals. The results obtained 
in this study are similar to those observed in 
other research on Nile tilapia in various regions. 
In Egypt the study conducted by Othman et al. 
(2020) reports similar concentrations of heavy 
metals in tilapia, with zinc, iron, and copper lev-
els not exceeding safety limits. Another study in 
South Africa carried out by Chaves et al. (2019) 
reported comparable levels of aluminum and 
chromium, well below concerning levels.

CONCLUSIONS

The study of metal contamination in the mus-
cle of the three studied species from the Al Mas-
sira reservoir demonstrates the presence of micro-
pollutants at moderate levels. The levels of heavy 

metals detected in the muscle suggest that these 
fish are capable of concentrating and bioaccumu-
lating metals in their bodies from the aquatic en-
vironment. Following these various analyses, Fe 
is considered the element with the highest con-
centrations among the metals analyzed in the fish, 
followed by Zn, Al, Cr, Cu, and Mn. The concen-
trations of heavy metals in the muscle tissues of 
the studied fish are generally low and well below 
the recommended critical limits. The (THQ) and 
the (HI) indicate a low risk to human health, sug-
gesting that the consumption of these fish does 
not pose a significant danger related to the pres-
ence of heavy metals. However, although the cur-
rent results indicate low exposure and low risk, 
further studies may be necessary to confirm long-
term safety, especially in populations with high 
fish consumption, and to monitor the evolution of 
metal contamination levels in aquatic ecosystems.
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