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Abstract

This study assesses contamination by cadmium, lead, and mercury (Cd, Pb, and Hg) in smoked sardines, mackerel, and tuna in
Abidjan and characterises the typological structure of these concentrations at two smoking sites (Abobo-Doumé and Vridi-
Zimbabwe), based on 180 fish analysed before and after smoking using ANOVA-Tukey, principal component analysis (PCA),
and Pearson correlation. Smoking significantly increases Cd and Pb levels in most species, whereas Hg levels decrease, likely
because of evaporation associated with moisture loss. At Abobo-Doumé, Pb levels remain within the Codex limit (0.3 mg/kg),
with tuna reaching only 38% of the threshold. At Vridi-Zimbabwe, however, Pb levels exceed the limit in mackerel (+46%) and
reach 80% of the threshold in tuna, indicating a real health risk. The PCA accounts for 82.37% of the total variance, structured by
Hg and Cd on axis 1 and Pb on axis 2, with Cd-Pb (r =-0.223) and Cd-Hg (r = -0.452) oppositions and a Pb-Hg association (r =
0.331). Three distinct typological profiles emerge: a group dominated by Hg (sardines and tuna from Vridi-Zimbabwe and
sardines from Abobo-Doumé), one by Pb (mackerel from Vridi-Zimbabwe), and one by Cd (mackerel and tuna from
Abobo-Doumé). Mackerel, the species most exposed at both sites, is confirmed as the preferred model for future toxicological
studies.

Keywords: Cadmium; lead; mercury; smoked fish; trace metals; typological characterisation, principal component analysis,
food safety.

1. Introduction

Globally, fish is a food resource of paramount importance, playing an active role in ensuring the nutritional security of populations,
particularly in West Africa, where it serves as an essential and economically accessible source of animal protein (FAO, 2020). In
Cote d’Ivoire, and more specifically within the Abidjan metropolitan area, fish consumption is deeply rooted in dietary habits,
constituting a significant portion of households’ protein intake (Monney, 2022). However, the preservation of these fishery products
in tropical regions faces major obstacles, linked in particular to a lack of suitable infrastructure and specific climatic conditions
(Monney et al, 2020). To overcome these challenges, smoking has emerged as a time-honoured and effective
technique, extending the shelf life of fish and optimising their distribution in markets (Togbe et al, 2019). Nevertheless, this
processing method, which is often carried out on a small-scale, artisanal basis, is likely to introduce or increase the presence of
undesirable substances in the finished products. Among the major environmental and health concerns, contamination by trace metals
(TMs) such as cadmium (Cd), lead (Pb), and mercury (Hg) is of particular concern. These metals are known for their intrinsic
toxicity, even at minute concentrations, and their deleterious effects on human health (Diaby et al, 2017). Aquatic
ecosystems, such as the Ebrié Lagoon in Céte d’Ivoire, are particularly vulnerable to the accumulation of these pollutants, whether
of anthropogenic or natural origin, thereby promoting their bioaccumulation along the aquatic food chain, including in fish species
(Kouamenan et al., 2020). Several studies have already shown that the smoking process can not only alter the nutritional
composition of fish but also influence ETM concentrations, with notable increases in certain metals observed
following this treatment (Adherr ef al., 2022). A thorough understanding of these dynamics is essential for accurately assessing the
health risks associated with the consumption of smoked fish, especially since previous studies have already confirmed the presence
of these contaminants in fish from the region (Chahid, 2016). Recent studies of smoked and processed fish indicate that trace-metal
profiles can differ between raw and processed products and among processing conditions, supporting context-specific evaluation of
smoking effects (Odeyemi et al., 2024; Arisekar et al., 2024; Vural & Ozyurt, 2026). Evidence from artisanal smoked fish in
another African setting also shows that individual trace elements may shift differently during smoking, underscoring the
importance of evaluating locally used processing practices (Guillot ef al., 2026). More broadly, recent literature continues to
identify the bioaccumulation of metals such as Cd, Pb, and Hg in fish as a food-safety issue that requires species- and context-
specific assessment (Lavkush ez al., 2025). Within the scope of the evidence summarised above, a clear research gap remains in the
simultaneous characterisation of Cd, Pb, and Hg profiles across multiple commonly consumed fish species and
smoking sites in Abidjan, particularly through comparison of concentrations before and after smoking and analysis of their
multivariate relationships. This research fits within this context, with the primary objective of analysing and characterising the
typological structure of cadmium, lead, and mercury levels in three species of smoked fish that are highly prized in the Abidjan
region of Cote d’Ivoire. By comparing the concentrations of these heavy metals before and after the smoking process,
this study aims to identify the species most exposed to contamination and to determine the specific influence of smoking on these
levels. This approach will enable the establishment of detailed correlations between the different metals and fish species, thereby
providing a more comprehensive perspective on contamination profiles and their direct implications for food safety and local public
health.

2. Materials and Methods
2.1 Biological Material

The study focused on three fish species commonly consumed in Cote d’Ivoire, specifically in the city of Abidjan: sardines
(Sardinella maderensis), mackerel (Scomber scombrus), and tuna (Euthynnus alletteratus). The selection of the fish species studied
was based on the results of field investigations. These investigations identified the most commonly consumed species in the city of

Abidjan using a questionnaire designed for this purpose and administered to female vendors at the Abobo Gare and Yopougon
Siporex markets (Monney, 2022).
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2.2 Methods
2.2.1 Study Sites

Two smoking sites were selected for this study. These are the Vridi-Zimbabwe site, located in the Port-Bouet commune, south of
Abidjan (5°16’42.3696”° N; 3°59°42.294”* W) and the Abobo Doumé site, located in the municipality of Attécoubé, north of
Abidjan (5°18°39.5352”” N; 4°2°3.8004”* W) (Fig. 1). Nearly all of the smoked fish sold in Abidjan is produced at these two
smokehouses (Togbe et al., 2019).

2.2.2 Sample Collection and Transport

Samples were collected at two smoking sites: Abobo Doumé and Vridi-Zimbabwe. One hundred and eighty (180) fresh fish,
comprising thirty (30) of each variety (mackerel, sardines, and tuna) caught in the waters of the Ebri¢ Lagoon near the smoking
sites, were purchased directly from the fishermen. After smoking, three types of flesh samples (from the head, middle, and tail) were
taken from each fish (Kayalto, 2009). These samples were placed in clean jars and transported to the Central Laboratory for Food
Hygiene and Agroindustry (LCHAI).

A Legend
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Fig. 1. Map of smoking sites (Monney, 2020)
2.2.3 Determination of Trace Metal Content

The three trace metals (TMs) analysed were lead (Pb), cadmium (Cd), and mercury (Hg) because of their high toxicity (FAO &
WHO, 2011). The methods used for the determination of TME (Cd, Pb, and Hg) were those described by Chiffoleau and Truquet
(1994) and by the Centre d’expertise en analyse environnementale du Québec (CEAEQ, 2006). These methods were slightly
modified (Monney et al., 2020).

2.2.4 Exploratory Data Analysis

Principal Component Analysis (PCA) was applied to the dataset to establish correlations among the variables (Cd, Pb, Hg). This
PCA was performed on a data matrix consisting of six individuals (three types of fish: mackerel, sardine, and tuna from two
smoking sites: Abobo Doumé and Vridi, Zimbabwe), for which the three variables (Cd, Pb, and Hg) were measured.

2.2.5 Statistical Analysis Method

The results were presented as mean + standard error (M£SEM). The mapping of the sampling sites was performed using QGIS 2.18
software.

The dataset was analysed using Principal Component Analysis (PCA) with RStudio 3.5.2 software. The results were analysed using

one-way ANOVA followed by Tukey’s multiple-comparison test at the 5% significance level using GraphPad Prism V5.01 software
(Microsoft, USA). The difference between two variances was considered significant if p < 0.05.
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3. Results and Discussion
3.1 Trace Metal Concentrations in Fish Before and After Smoking by Site

The average trace metal concentrations measured in tuna, sardines, and mackerel before and after smoking are presented in Table 1
for the Abobo Doumé site and in Table 2 for the Vridi-Zimbabwe site. These results allow for a comparison, for each of the three
metals studied (cadmium, lead, mercury), of the effect of smoking by production site, and an assessment of whether the levels
obtained comply with the maximum limit (ML) set by the Codex Alimentarius for fish (Codex Alimentarius Commission, 2025).

3.1.1 ETM Levels in Fish Before and After Smoking in Abobo Doumé

Table 1 shows that, in Abobo Doumé, smoking leads to a general increase in cadmium and lead levels in the three species studied.
In tuna, the Cd concentration increases from 0.005 + 0.001 to 0.042 £+ 0.007 mg/kg (p < 0.001) and the Pb concentration from 0.023
+0.006 to 0.115 £ 0.016 mg/kg (p < 0.0001); in mackerel, Cd levels increased from 0.024 + 0.007 to 0.073 + 0.010 mg/kg and Pb
levels from 0.015 + 0.003 to 0.058 + 0.018 mg/kg (p < 0.001 in both cases). In sardines, however, the increases in Cd (0.031 to
0.051 mg/kg) and Pb (0.043 to 0.081 mg/kg) are not significant. Mercury follows the opposite trend: it decreases in all three species
after smoking, significantly in sardines (0.376 to 0.156 mg/kg, p < 0.0001) and mackerel (0.071 to 0.025 mg/kg, p <0.001), but not
significantly in tuna (0.062 to 0.039 mg/kg).

Compared to the Codex maximum level (ML) established for lead in fish (0.3 mg/kg), all levels measured after smoking in Abobo
Doum¢é remain below this threshold: the highest value, observed in tuna (0.115 mg/kg), represents only 38% of the ML. Cadmium,
for which the Codex does not specify a maximum level for fish, is not subject to any regulatory limits despite the significance of its
increases. Mercury, meanwhile, remains well below the maximum level for methylmercury applicable to tuna (1.2 mg/kg); its
decrease after smoking is likely due to partial evaporation resulting from the fish’s moisture loss during the process.

Table 1. Average ETM content before and after smoking at the Abobo Doumé site

Species Metal Before smoking (mg/kg) After smoking (mg/kg)
Tuna Cd 0,005 +0,001¢ 0,042 + 0,007¢

Pb 0,023 + 0,006¢ 0,115+0,016¢

Hg 0,062 +0,0122 0,039 +0,007*
Sardine Cd 0,031 +0,007* 0,051 +0,008*

Pb 0,043 +0,007* 0,081 £0,011*

Hg 0,376 + 0,090¢ 0,156 + 0,006¢
Mackerel Cd 0,024 £ 0,007¢ 0,073 £0,010°

Pb 0,015 +0,003° 0,058 +0,018°

Hg 0,071 +0,014¢ 0,025 +0,006°

Superscript letters: a = not significant (ns); b =p < 0.05; ¢ =p < 0.001; d = p < 0.0001. In each row, the same letter is used for both the
“before smoking” and “after smoking” values to indicate the result of the statistical test applied to that pair of values

3.1.2 ETM Levels in Fish before and after Smoking at Vridi, Zimbabwe

Table 2 highlights a distinctly different pattern at the Vridi-Zimbabwe site. Cadmium levels never increase significantly after
smoking, regardless of the species (tuna: 0.026 to 0.017 mg/kg; sardine: 0.004 to 0.012 mg/kg; mackerel: 0.010 to 0.032 mg/kg).
Lead, on the other hand, increases very sharply and significantly in tuna (0.002 to 0.240 mg/kg, p < 0.0001) and mackerel (0.005 to
0.438 mg/kg, p < 0.0001), whereas the increase remains small and nonsignificant in sardines (0.002 to 0.004 mg/kg). Mercury levels
decreased significantly in sardines (0.280 to 0.128 mg/kg, p < 0.0001) and mackerel (0.346 to 0.151 mg/kg, p < 0.0001), and
decreased non-significantly in tuna (0.153 to 0.087 mg/kg). Compared to the Codex maximum level (ML) for lead (0.3 mg/kg), the
levels measured after smoking at Vridi-Zimbabwe exceed the regulatory threshold in two out of three species: smoked mackerel
exceeds it by 46% (0.438 mg/kg, or 146% of the ML), and smoked tuna reaches 80% of the ML (0.240 mg/kg), whereas the same
species in their fresh state were well below this level. Only sardines, whose Pb content remains very low after smoking (0.004
mg/kg, or about 1% of the ML), remain well within compliance. The smoking process used in Vridi-Zimbabwe therefore pushes
mackerel—and nearly tuna—beyond the internationally recognised safety threshold for lead, which represents a real health risk
rather than merely a statistical one. As in Abobo Doumé, cadmium cannot be assessed for regulatory compliance due to the lack of a
Codex maximum limit specific to fish, and mercury levels for all three species remain well below the maximum limit for
methylmercury applicable to tuna (1.2 mg/kg).

Table 2. Average ETM concentrations before and after smoking at the Vridi site in Zimbabwe

Species Metal Before smoking (mg/kg) After smoking (mg/kg)
Tuna Cd 0,026 + 0,003* 0,017 +0,007*

Pb 0,002 £ 0,001¢ 0,240 £ 0,072¢

Hg 0,153 £0,012° 0,087 +£0,011°
Sardine Cd 0,004 £ 0,001* 0,012 £ 0,0022

Pb 0,002 + 0,001 0,004 + 0,000*

Hg 0,280 £ 0,029¢ 0,128 £0,019¢
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Species Metal Before smoking (mg/kg) After smoking (mg/kg)
Mackerel Cd 0,010 + 0,005* 0,032 +0,008*

Pb 0,005 +0,001¢ 0,438 £0,061¢

Hg 0,346 + 0,073¢ 0,151 +0,0224

Superscript letters: a = not significant (ns); b =p < 0.05; ¢ =p < 0.001; d = p < 0.0001. In each row, the same letter is used for both the
“before smoking” and “after smoking” values to indicate the result of the statistical test applied to that pair of values

A comparison of the two tables reveals a marked contrast between the two smoking sites. In Abobo Doumé, the increases in Cd and
Pb caused by smoking are statistically significant in most species, but remain moderate in magnitude, so that no concentration
exceeds the Codex limit for lead. In Vridi-Zimbabwe, by contrast, cadmium levels are never significantly affected, but lead levels in
tuna and mackerel increase sharply to the point of exceeding—or even significantly exceeding—the regulatory limit. This contrast
suggests that smoking-related lead contamination results not only from pre-existing environmental bioaccumulation but also from a
specific contribution linked to the smoking equipment and/or fuel used at the Vridi-Zimbabwe site—a contamination mechanism
also reported for smoked freshwater fish by Mielcarek et al. (2022). Lead thus appears to be the only contaminant for which
smoking leads to regulatory thresholds being exceeded, and this occurs exclusively at Vridi-Zimbabwe. This finding is consistent
with the work of Chatabis-Mazurek et al. (2021), who report dietary exposure to Cd, Pb, and Hg that is generally below safety
thresholds, but with inter-species and inter-site variability that warrants differentiated monitoring depending on the processing site.
From a public health perspective, these results indicate that while smoking as practised in Abobo Doumé does not, with regard to
lead, pose a risk of exceeding regulatory limits, the smoking method used in Vridi-Zimbabwe exposes consumers of smoked tuna
and, above all, smoked mackerel to lead levels exceeding the Codex maximum limit, which justifies paying particular attention to
the choice of wood or smoking fuel and, if necessary, implementing stricter controls on smoked foods produced at this site.

3.2 Analysis and Typological Structure of ETM Content in Mackerel, Sardines, and Tuna

Principal Component Analysis (PCA) was used to classify and process information regarding the heavy metals studied (Cd, Pb, and
Hg) by establishing correlations between the set of variables on the one hand and the set of statistical individuals on the other.

3.2.1 Coding of Statistical Individuals and Variables

For greater clarity, a coding scheme was established for the variables (Cadmium: Cd; Lead: Pb; Mercury: Hg) and statistical units
according to smoking site (Abobo Doumé Mackerel: AM; Abobo Doumé Sardine: AS; Abobo Doumé Tuna: AT; Vridi Zimbabwe
Mackerel: VM; Vridi Zimbabwe Sardine: VS; Tuna Vridi Zimbabwe: VT). The variable codes and their corresponding values are
presented in Table 1.

Table 1. Variable codes and their attributes

Smoking site Code Smoked fish Code Variables Code Dim1 Dim2

Abobo-Doumé A Maquereau M Cadmium Cd -0.761 0.474

Vridi-Zimbabwe v Sardine S Lead Pb 0.651 0.738
Tuna T Mercury Hg 0.823 -0.145

3.2.2 Distribution of the Inertia of the Variables Among the Studied Species

The eigenvalues of the three axes or dimensions (Dim 1, Dim 2, and Dim 3) that best represent the variables and their contribution
to the total inertia are shown in Fig. 2 and Table 2. The two dimensions, Dim 1 and Dim 2, used to describe the correlations among
variables related to spatial structures, account for 82.37% of the total information, with 55.98% and 26.39%, respectively (Table 2).
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Fig. 2. Distribution of inertia between Dim1 and Dim2
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Table 2. Distribution of ETM inertia among dimensions Dim 1, Dim 2, and Dim 3 for mackerel, sardine, and tuna

Dim 1 Dim 2 Dim 3
Eigenvalue 1.679 0.791 0.5286
Variability 55.983 26.395 17.622
Cumulative Percentage 55.98 82.37 100

3.3 Correlation between Variables in the Studied Species

An analysis of the correlation matrix between variables (Table 3) reveals a significant negative correlation (p < 0.05) between Cd
and Pb (r = —0.223) and between Hg and Cd (r = —0.452), and a significant positive correlation (p < 0.05) between Hg and Pb (r =
0.331). In the “dim1 x dim2” factor plane (Fig. 3), the first component (dim1 axis) accounts for 40% and 34% of the variance in Hg
(0.823) and Cd (-0.761) contamination, respectively, in the smoked fish studied. With an inertia of 26.4%, the second component
(dim?2 axis) accounts for 68% of the variation in Pb contamination in sardines, mackerel, and tuna (0.738).

Table 3. Correlation matrix (Pearson (n)) between ETM variables in mackerel, sardine, and tuna

Variables Cd Pb Hg

Cd 1 -0.223" -0.452"
Pb -0.223" 1 0.331
Hg -0.452" 0.331" 1

Significance levels are indicated as follows: * =p <0.05
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Fig. 3. Correlation cycle of variables
3.4 Typological Correlation between Variables and Statistical Individuals

Fig. 4 presents a typological correlation between the variables (Cd, Pb, and Hg) and the statistical individuals (AM, AT, AS, VM,
VT, and VS). From this relationship, three typological zones emerge, namely:

o The zone formed by the statistical individuals VT, VS, and AS and the variable Hg (orange zone)
o The zone formed by the individual VM and the variable Pb (blue zone)
o The zone formed by the individuals AT and AM and the variable Cd (red zone)

The principal component analysis (PCA) conducted to process and describe the correlations between the set of variables on the one
hand and the statistical set of individuals on the other showed that 82.37% of the information was accounted for by the two axes
(diml1 and dim?2). This result is slightly lower than the 92.61% reported by Chahid (2016) for Dim 1 and Dim 2 in a study of Cd, Pb,
and Hg contamination in sardines. The eigenvalues show that the first axis (diml) is the most significant because it accounts for
more than half of the analysed data (56%). The negative correlations observed between Cd and Pb, and between Cd and Hg, indicate
that the concentrations of Cd in smoked sardines, mackerel, and tuna, as well as those of Pb and Hg, vary in opposite directions.

The positive correlation found between Pb and Hg reveals that the concentrations of these two heavy metals in the smoked fish
varieties vary in the same direction.
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Fig. 4. Factor plot of the fish studied

From left to right, the Dim 1 axis reflects an increasing gradient of Cd and Hg contamination in sardines, mackerel, and tuna. In
contrast, from bottom to top, the Dim 2 axis reflects an increasing gradient of Cd contamination in sardines, mackerel, and tuna.
Thus, the typological structure revealed by the Diml x Dim2 plot shows the differentiation of three zones based on their degree of
contamination. First, a zone comprising the following samples: smoked sardines and tuna from Vridi-Zimbabwe and smoked
sardines from Abobo-Doumé (VS, VT, and AS), which exhibit significant Hg contamination. Next, a zone comprising smoked
mackerel from Vridi-Zimbabwe (VM), characterized by Pb contamination. Finally, a zone comprising samples such as smoked
mackerel and tuna from Abobo-Doumé (AM and AT), marked by high Cd contamination. This high cadmium content is consistent
with the findings of Telahigue et al. (2024), who studied two species (sea bream and sea bass). These authors demonstrated that a
significant accumulation of cadmium may be more prevalent than that of other metals (Pb and Hg) in the flesh of these species.
Research by Diop et al. (2019) showed that tilapia from Hann Park (Senegal) were significantly (p < 0.05) more contaminated with
Pb, whereas tilapia from the site near the wastewater treatment plant (Cambéréne) were significantly (p < 0.05) more contaminated
with Cd. Research conducted by Chahid (2016) also identified three distinct zones: a zone comprising liver samples, which showed
moderate levels of Cd, Pb, and Hg contamination; a zone comprising gill samples, characterized by Pb and Hg contamination; and
finally, a zone comprising muscle samples, which showed low levels of heavy metal contamination.

4. Conclusion

The typological analysis showed that smoked fish samples from the two Abidjan smoking sites differed in their associations with
cadmium, lead, and mercury. The PCA separated the samples into three main groups: samples associated with mercury, samples
associated with lead, and samples associated with cadmium. Mackerel was highlighted in two contamination profiles, with an
association with cadmium in Abobo-Doumé and an association with lead in Vridi-Zimbabwe. These findings suggest that metal
distribution varied by fish species and smoking site. However, interpretation should remain cautious because the PCA was based on
six statistical individuals, and the manuscript does not present full concentration values or a direct comparison with food-safety
limits.

5. Limitations

The study has some limitations to consider. The Principal Component Analysis is based on only six statistical individuals, which
undermines the robustness of the identified typological structure, despite the 180 fish collected upstream. Geographic
representativeness is also limited, as only two smoking sites were studied among all those existing in Abidjan. The correlations
observed between Cd, Pb, and Hg are reported statistically but are not explored in depth from a mechanistic perspective, particularly
regarding accumulation pathways or the origins of contamination sources.
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