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ABSTRACT

	Introduction: In the Niger Delta region where fishes are smoked traditional, there are significant concerns about microbial contamination and toxicological safety regarding this practice.
Aim: this study investigated the degree of microbial contamination and toxicological risk associated with the presence of polycyclic aromatic hydrocarbons (PAHS) and heavy metals (HMs) in smoked fish from five major markets in Warri, Delta State.
Place and Duration of Study: Department of Environmental Management and Toxicology, Federal University of Petroleum Resources, Effurun/ March, 2023 – July, 2023.
Methodology: this study has determined the microbial load, PAHS, and HMs content of smoked fish obtained from Effurun, Polokor, Igbudu, Okere, and Ogbe-Ijoh markets using standard microbiological methods, gas chromatography-mass spectrometry, and atomic absorption spectrophotometry. A human health assessment was conducted according to the standards of the United States Environmental Protection Agency and the World Health Organisation.
Results: High bacterial contaminations, especially Salmonella spp., Escherichia coli, Listeria monocytogenes, Vibrio spp., and Shigella spp., were observed with E. coli having the predominant counts from the smoked fishes in the five markets. Benzo[a]pyrene equivalent of PAH (Benzo(a)pyrene) was highest (8.4 µg/kg) in smoked fishes from Okere Market, well above the European Union limit of 2.0 µg/kg, with BaPeq ILCR values of 5.3 × 10⁻², which indicates high health risks. The Estimated Daily Intake, Hazard Quotient, and Cancer Risk indices for the various heavy metals (mercury, lead, cadmium, arsenic, chromium, nickel, and copper) present in smoked fishes from the various markets exceeded their permissible limits mostly in children, indicating potential chronic exposure and risks.
Conclusion: study provided an integrated microbial and chemical risk profiles of smoked fish in Warri for the first time. It provides empirical justification for proactive regulatory reform, continuous monitoring of contamination, the adoption of safer smoking technology, and public health campaigns targeting both market vendors and consumers.
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1. INTRODUCTION 
Fish is an integral part of Nigerian cuisine, serving as a relatively inexpensive source of animal protein for many Nigerians. Specifically, smoked fish remains one of the most popular commodities due to its long shelf life, pleasant taste, and widespread availability among both urban and rural populations. However, the traditional smoking practices that are widely adopted in Nigeria have major food safety issues, particularly regarding microbial contamination and the build-up of toxic residues. Notably, the presence of polycyclic aromatic hydrocarbons (PAHs) and heavy metals in smoked fish products have raised growing concerns about their toxicological implications for public health (Asamoah et al., 2025; Hafsat et al., 2024).
Polycyclic aromatic hydrocarbons and heavy metals pose significant global risks to food safety, as they resist removal by conventional processing methods commonly used in developing countries (Chokor & Ediagbonya, 2024; Iwu et al., 2024). Fish are exposed to polycyclic aromatic hydrocarbons (PAHS) while smoking and tend to accumulate hazardous heavy metals, such as lead (Pb), cadmium (Cd), arsenic (As), and mercury (Hg), when harvested from environmentally contaminated sites, like the Niger Delta region (Kowalska et al., 2025). Poor hygiene and improper storage have led to high levels of microbial contamination in smoked fish, which can result in infections caused by E. coli, S. aureus, or Listeria monocytogenes (Ayeloja et al., 2018). Island, 2024; Amoah et al., 2025). Eating fish contaminated with these agents can cause serious harm to your health. Some of the elements can even lead to cancer or dysfunction of vital organs (Abera & Adimas, 2024; Jomova et al., 2025; Kowalska et al., 2025), while bacteria present in the fish can cause rapid illnesses. Food safety laws from international and domestic bodies govern most countries. Global and national food safety standards are consistently disregarded across Nigerian markets (Lee et al., 2021; Ogbeide & Henry, 2024), despite recent studies (Ayodeji et al., 2023; Oghenochuko et al., 2022) from Port Harcourt, Lagos, and Calabar revealing unsafe levels of contaminants. 
Despite the recorded dangers, there are few empirical studies targeting the dual burden of microbial and chemical contamination in smoked fish sold through local markets in Nigeria, especially in the Niger Delta region. Warri, a commercial centre in Delta State, is surrounded by numerous artisanal and semi-industrial fish smoking operations. The city’s markets, such as Effurun, Polokor, Igbudu, Okere, and Ogbe-Ijoh, are essential locations for the sale and consumption of various smoked fish species. Given the environmental pollution resulting from oil exploration and the poor urban waste management in this area, there is an urgent need to assess the safety profile of smoked fish sold in these markets. This study investigated the degree of microbial contamination and toxicological risk associated with the presence of polycyclic aromatic hydrocarbons (PAHs) and heavy metals in smoked fish from five major markets in Warri, Delta State. The results of this research will serve as evidence-based guidance for regulatory bodies, healthcare workers, and consumers alike, as well as inform practices related to fish smoking and market hygiene.

2. materialS and methods 
2.1 Study area and sample collection
[bookmark: _Hlk218023889]The research was carried out in five major markets in Delta State, Nigeria, like Effurun Market (PTI Road, Warri Uvwie; 5.555148°N, 5.786107°E), Polokor Market (Okere Ugborikoko Road; 5.53518°N, 5.75573°E), Igbudu Market (Warri South; 5.519393°N, 5.759947°E), Okere Market (Swamp Road, Agbasa; 5.515883°N, 5.746755°E), and Ogbe-Ijoh Market (Warri Southwest; 5.522767°N, 5.747013°E). These markets were targeted due to their high volume of Atlantic mackerel smoked fish trades, as mackerel is the most abundant species in the area. The samples of smoked fish were purchased directly from the vendors at these markets. All the samples were kept in clean aluminium containers in ice-packed coolers to maintain their condition during transportation to the laboratory.
2.2 Heavy metals and polycyclic aromatic hydrocarbons determination
To conduct chemical studies, the edible parts of the fish were oven-dried, homogenised, and extracted with n-hexane and dichloromethane (1:1 v/v). Cleaning of extracts was performed using silica gel column chromatography, and PAHs were analysed by gas chromatography-mass spectrometry (GC-MS). The abundance of heavy metals (Pb, Cd, Hg, As, Cr, Ni, Cu, Zn, Fe, and Mn) was either ascertained by using atomic absorption spectrophotometry (AAS) following acid digestion (HNO3 and H2O2). Reagent blanks, duplicate samples, and matrix spikes were analyzed to ensure quality assurance and control (QA/QC). Acceptable recoveries were found to be between 80 and 120 per cent, and calibration correlation coefficients (R²) were 0.995.  
2.3 Bacterial contamination assessment
The bacterial contamination of smoked fish samples was assessed using standard microbiological techniques (culture method and biochemical tests). Each smoked fish samples of 25 grams were homogenised in 250 ml buffered peptone water, after a tenfold serial dilutions, 0.1 ml aliquots was plated on Xylose Lysine Deoxycholate (XLD) agar, Eosin Methylene Blue (EMB) agar, Haemolytic Ceftrazidime Lithium Chloride (HCLA) agar and Thiosulfate Citrate Bile Salts Sucrose (TCBS) agar to determine the presence of potential Salmonella spp., and Shigella spp., Escherichia coli, Listeria monocytogenes, and Vibrio spp. respectively. Plates were incubated at 37°C for 24-48 hours. After incubation, colonies were counted and recorded as colony forming units per gram (CFU/g). 
2.4 Toxicological and Risk Assessment 
A human health assessment was conducted according to the standards of the U.S. Environmental Protection Agency (USEPA) and the World Health Organisation (WHO). Equation (i) was used to calculate the Estimated Daily Intake (EDI) of the metals, Hazard Quotient (HQ) (Eqn ii) and Hazard Index (HI) (Eqn iii) was used to determine the non-carcinogen risk on comparing EDI with the reference dose (RfD). 

Where:
C = concentration of metal in food (mg/kg)
IR = ingestion rate of smoked fish (kg/day)
BW = body weight of consumer (kg)

 

Where:
HI = Hazard Index
EDI = estimated daily intake (mg/kg-day)
RfD = reference dose (mg/kg-day, set by USEPA/WHO)

The Cancer Risk (CR) was calculated with equation iv 

Where:
EDI = estimated daily intake (mg/kg-day)
CSF = cancer slope factor (mg/kg-day⁻¹)

In the case of PAHs, the individual reactant concentrations were calculated into Benzo[a]pyrene equivalent (BaP), which was computed using the toxic equivalency factor (TEF) (Eqn v) and the Incremental Lifetime Cancer Risk (ILCR) (Eqn vi) was computed to determine the risks of exposure in the long-term. 


Where:
CPAH = concentration of individual PAH (µg/kg)
TEF = toxic equivalency factor (dimensionless) relative to BaP


Where:
CSF for BaP = 7.3 (mg/kg-day)⁻¹ (USEPA value; varies slightly in literature)
ILCR > 10-6 considered unacceptable


Infection Probability (Daily Risk)
The dose of ingested pathogen (d) (Eqn vii) was then calculated based on the pathogen concentration and rate of ingestion, and the probability of infection (P inf) (Eqn viii) and the probability of annual infection (Pannual) (Eqn ix) were then calculated based on the cumulative probability per day. 


 
Where:
C = concentration of pathogen (CFU/g)
IR = ingestion rate of smoked fish (g/day)




Where:
d = ingested dose (CFU/day)
N₅₀ = median infectious dose (pathogen-specific)
α = parameter of the Beta-Poisson model


2.5 Statistical analysis
The statistical analysis of the data was conducted using descriptive statistics, as well as Kruskal-Wallis or one-way ANOVA tests to compare inter-markets. All laboratory work adhered to the WHO's biosafety level 2 standard.

3. results and discussion
3.1 Heavy Metal Risk Assessment 
Tables 1-5 present the mean concentrations, estimated daily intakes (EDI), hazard quotient (HQ), and cancer risks (CR) of heavy metals in smoked fish in five of the major markets (Polokor, Igbudu, Okere, Ogbe-Ijoh and Effurun). In general, it is evident that toxic metals such as Pb, Cd, Hg, and As pose a significant health hazard, with a high hazard quotient, particularly in children who are more exposed compared to their body weight. Arsenic and mercury were found repeatedly to have high levels of HQ and cancer risk, such that the long-term carcinogenicity could be concerning. The optional elements like Fe, Zn, and Cu were in relatively safer concentrations, though they require attention considering the bioaccumulation possibilities. In general, children seem to be the most vulnerable with high HQ and CR within markets.
Polokor market results, as presented in Table 1, showed that the most significant risk was mercury exposure, to which the child hazard quotient (HQ) was as great as 25.0, and that greatly exceeded the safe measure of 1. Arsenic (As) also illustrated a high child HQ of 12.0, although cadmium (Cd) depicted a cancer risk (CR) of 6.0 × 10-4. Despite the relative safety of vital metals, such as Zn and Fe, the child CR of lead (Pb) was 1.5 × 10-4, which highlights the accrued risk.
Table 1: Estimated Daily Intake, Hazard Quotient, and Cancer Risk of Heavy Metals in Smoked Fish for Adult and Child Consumers in Polokor Market
	Metal
	Mean Conc.
(mg/kg)
	RfD
	CSF
	EDI
(Adult)
	HQ
(Adult)
	CR (Adult)
	EDI
(Child)
	HQ
(Child)
	CR
(Child)

	Pb
	1.30X10-1
	1.00X10-2
	8.50X10-3
	8.57X10-3
	6.59X10-2
	8.57X10-5
	1.50X10-2
	1.15X10-1
	1.50X10-4

	Cd
	4.00X10-2
	2.00X10-2
	1.00X10-2
	1.71X10-2
	4.29X10-1
	3.43X10-4
	3.00X10-2
	7.50X10-1
	6.00X10-4

	Hg
	6.00X10-2
	1.00X100
	5.00X10-1
	8.57X10-1
	1.43X101
	8.57X10-1
	1.50X100
	2.50X101
	1.50X100

	As
	2.50X10-2
	2.00X10-1
	1.50X100
	1.71X10-1
	6.86X100
	3.43X10-2
	3.00X10-1
	1.20X101
	6.00X10-2

	Cr
	1.65X10-1
	4.00X10-2
	4.10X101
	3.43X10-2
	2.08X10-1
	1.37X10-3
	6.00X10-2
	3.64X10-1
	2.40X10-3

	Ni
	2.15X10-1
	7.00X10-1
	
	6.00X10-1
	2.79X100
	4.20X10-1
	1.05X100
	4.88X100
	7.35X10-1

	Cu
	1.40X10-1
	7.00X10-1
	
	6.00X10-1
	4.29X100
	4.20X10-1
	1.05X100
	7.50X100
	7.35X10-1

	Zn
	1.31X100
	3.00X10-1
	
	2.57X10-1
	1.97X10-1
	7.71X10-2
	4.50X10-1
	3.45X10-1
	1.35X10-1

	Fe
	5.05X100
	1.00X10-2
	
	8.57X10-3
	1.70X10-3
	8.57X10-5
	1.50X10-2
	2.97X10-3
	1.50X10-4

	Mn
	4.30X10-1
	1.40X10-1
	
	1.20X10-1
	2.79X10-1
	1.68X10-2
	2.10X10-1
	4.88X10-1
	2.94X10-2


HQ < 1 implies safety; HQ ≥ 1 implies potential non-carcinogenic health risk; Acceptable risk range for CR is 10⁻⁶ to 10⁻⁴ and CR > 10⁻⁴ implies potential cancer risk

As presented in Table 2, there were extremely high risks in the Igbudu market samples, with the child HQ of 20.0 and the Hg of 30.0 amongst children. Cd was also alarming, and a CR of 6.0 x 10-4 was recorded; Pb had a child CR of 1.5 x 10-4. A combination of these values points to Igbudu as among the best places to be exposed to both non-carcinogenic and carcinogenic risk factors.

Table 2: Estimated Daily Intake, Hazard Quotient, and Cancer Risk of Heavy Metals in Smoked Fish for Adult and Child Consumers in Igbudu Market
	Metal
	Mean Conc. (mg/kg)
	RfD
	CSF
	EDI (Adult)
	HQ (Adult)
	CR (Adult)
	EDI (Child)
	HQ (Child)
	CR (Child)

	Pb
	1.20X10-1
	1.00X10-2
	8.50X10-3
	8.57X10-3
	7.14X10-2
	8.57X10-5
	1.50X10-2
	1.25X10-1
	1.50X10-4

	Cd
	3.50X10-2
	2.00X10-2
	1.00X10-2
	1.71X10-2
	4.90X10-1
	3.43X10-4
	3.00X10-2
	8.57X10-1
	6.00X10-4

	Hg
	5.00X10-2
	1.00X100
	5.00X10-1
	8.57X10-1
	1.71X101
	8.57X10-1
	1.50X100
	3.00X101
	1.50X100

	As
	1.50X10-2
	2.00X10-1
	1.50X100
	1.71X10-1
	1.14X101
	3.43X10-2
	3.00X10-1
	2.00X101
	6.00X10-2

	Cr
	1.50X10-2
	4.00X10-2
	4.10X101
	3.43X10-2
	2.29X100
	1.37X10-3
	6.00X10-2
	4.00X100
	2.40X10-3

	Ni
	1.75X10-1
	7.00X10-1
	
	6.00X10-1
	3.43X100
	4.20X10-1
	1.05X100
	6.00X100
	7.35X10-1

	Cu
	1.20X10-1
	7.00X10-1
	
	6.00X10-1
	5.00X100
	4.20X10-1
	1.05X100
	8.75X100
	7.35X10-1

	Zn
	1.21X100
	3.00X10-1
	
	2.57X10-1
	2.13X10-1
	7.71X10-2
	4.50X10-1
	3.72X10-1
	1.35X10-1

	Fe
	4.65X100
	1.00X10-2
	
	8.57X10-3
	1.84X10-3
	8.57X10-5
	1.50X10-2
	3.23X10-3
	1.50X10-4

	Mn
	3.70X10-1
	1.40X10-1
	
	1.20X10-1
	3.24X10-1
	1.68X10-2
	2.10X10-1
	5.68X10-1
	2.94X10-2


HQ < 1 implies safety; HQ ≥ 1 implies potential non-carcinogenic health risk; Acceptable risk range for CR is 10⁻⁶ to 10⁻⁴ and CR > 10⁻⁴ implies potential cancer risk

Table 3: Estimated Daily Intake, Hazard Quotient, and Cancer Risk of Heavy Metals in Smoked Fish for Adult and Child Consumers in Okere Market
	Metal
	Mean Conc. (mg/kg)
	RfD
	CSF
	EDI (Adult)
	HQ (Adult)
	CR (Adult)
	EDI (Child)
	HQ (Child)
	CR (Child)

	Pb
	1.30X10-1
	1.00X10-2
	8.50X10-3
	8.57X10-3
	6.59X10-2
	8.57X10-5
	1.50X10-2
	1.15X10-1
	1.50X10-4

	Cd
	4.00X10-2
	2.00X10-2
	1.00X10-2
	1.71X10-2
	4.29X10-1
	3.43X10-4
	3.00X10-2
	7.50X10-1
	6.00X10-4

	Hg
	6.00X10-2
	1.00X100
	5.00X10-1
	8.57X10-1
	1.43X101
	8.57X10-1
	1.50X100
	2.50X101
	1.50X100

	As
	3.00X10-2
	2.00X10-1
	1.50X100
	1.71X10-1
	5.71X100
	3.43X10-2
	3.00X10-1
	1.00X101
	6.00X10-2

	Cr
	1.65X10-1
	4.00X10-2
	4.10X101
	3.43X10-2
	2.08X10-1
	1.37X10-3
	6.00X10-2
	3.64X10-1
	2.40X10-3

	Ni
	2.30X10-1
	7.00X10-1
	
	6.00X10-1
	2.61X100
	4.20X10-1
	1.05X100
	4.57X100
	7.35X10-1

	Cu
	1.40X10-1
	7.00X10-1
	
	6.00X10-1
	4.29X100
	4.20X10-1
	1.05X100
	7.50X100
	7.35X10-1

	Zn
	1.38X100
	3.00X10-1
	
	2.57X10-1
	1.87X10-1
	7.71X10-2
	4.50X10-1
	3.27X10-1
	1.35X10-1

	Fe
	5.30X100
	1.00X10-2
	
	8.57X10-3
	1.62X10-3
	8.57X10-5
	1.50X10-2
	2.83X10-3
	1.50X10-4

	Mn
	4.15X10-1
	1.40X10-1
	
	1.20X10-1
	2.89X10-1
	1.68X10-2
	2.10X10-1
	5.06X10-1
	2.94X10-2


HQ < 1 implies safety; HQ ≥ 1 implies potential non-carcinogenic health risk; Acceptable risk range for CR is 10⁻⁶ to 10⁻⁴ and CR > 10⁻⁴ implies potential cancer risk

The results of the Okere market (Table 3) were similar to Polokor, where Hg was outstanding also at a child HQ of 25.0. Chromium had a value of 6.0 x 10-4, with a child HQ of 10.0. Child CR of the patient with Pb was 1.5 × 10-4, which signifies a stable lead-related cancer burden. Whereas Fe and Zn were seen to be of less concern, the exposure of the toxic metals in combination was very dangerous.
Table 4: Estimated Daily Intake, Hazard Quotient, and Cancer Risk of Heavy Metals in Smoked Fish for Adult and Child Consumers in Ogbe-Ijoh Market
	Metal
	Mean Conc. (mg/kg)
	RfD
	CSF
	EDI (Adult)
	HQ (Adult)
	CR (Adult)
	EDI (Child)
	HQ (Child)
	CR (Child)

	Pb
	1.05X10-1
	1.00X10-2
	8.50X10-3
	8.57X10-3
	8.16X10-2
	8.57X10-5
	1.50X10-2
	1.43X10-1
	1.50X10-4

	Cd
	3.00X10-2
	2.00X10-2
	1.00X10-2
	1.71X10-2
	5.71X10-1
	3.43X10-4
	3.00X10-2
	1.00X100
	6.00X10-4

	Hg
	4.50X10-2
	1.00X100
	5.00X10-1
	8.57X10-1
	1.90X101
	8.57X10-1
	1.50X100
	3.33X101
	1.50X100

	As
	2.00X10-2
	2.00X10-1
	1.50X100
	1.71X10-1
	8.57X100
	3.43X10-2
	3.00X10-1
	1.50X101
	6.00X10-2

	Cr
	1.40X10-1
	4.00X10-2
	4.10X101
	3.43X10-2
	2.45X10-1
	1.37X10-3
	6.00X10-2
	4.29X10-1
	2.40X10-3

	Ni
	1.85X10-1
	7.00X10-1
	
	6.00X10-1
	3.24X100
	4.20X10-1
	1.05X100
	5.68X100
	7.35X10-1

	Cu
	1.05X10-1
	7.00X10-1
	
	6.00X10-1
	5.71X100
	4.20X10-1
	1.05X100
	1.00X101
	7.35X10-1

	Zn
	1.20X100
	3.00X10-1
	
	2.57X10-1
	2.14X10-1
	7.71X10-2
	4.50X10-1
	3.75X10-1
	1.35X10-1

	Fe
	4.70X100
	1.00X10-2
	
	8.57X10-3
	1.82X10-3
	8.57X10-5
	1.50X10-2
	3.19X10-3
	1.50X10-4

	Mn
	3.70X10-1
	1.40X10-1
	
	1.20X10-1
	3.24X10-1
	1.68X10-2
	2.10X10-1
	5.68X10-1
	2.94X10-2


HQ < 1 implies safety; HQ ≥ 1 implies potential non-carcinogenic health risk; Acceptable risk range for CR is 10⁻⁶ to 10⁻⁴ and CR > 10⁻⁴ implies potential cancer risk

The market, which had the greatest mercury impact, was Ogbe-Ijoh with a child HQ of 33.3, alarming. Arsenic (As) was the nearest with child HQ as 15.0 with Cd as CR of 6.0 x 10-4. Here, it is worth pointing out that the levels of Cu were higher than in other markets and the adult HQ was about 5.7, which, although necessary, was also toxic at extensive exposures.
Table 5: Estimated Daily Intake, Hazard Quotient, and Cancer Risk of Heavy Metals in Smoked Fish for Adult and Child Consumers in Effurun Market
	Metal
	Mean Conc. (mg/kg)
	RfD
	CSF
	EDI (Adult)
	HQ (Adult)
	CR (Adult)
	EDI (Child)
	HQ (Child)
	CR (Child)

	Pb
	1.40X10-1
	1.00X10-2
	8.50X10-3
	8.57X10-3
	6.12X10-2
	8.57X10-5
	1.50X10-2
	1.07X10-1
	1.50X10-4

	Cd
	5.00X10-2
	2.00X10-2
	1.00X10-2
	1.71X10-2
	3.43X10-1
	3.43X10-4
	3.00X10-2
	6.00X10-1
	6.00X10-4

	Hg
	7.00X10-2
	1.00X100
	5.00X10-1
	8.57X10-1
	1.22X101
	8.57X10-1
	1.50X100
	2.14X101
	1.50X100

	As
	4.00X10-2
	2.00X10-1
	1.50X100
	1.71X10-1
	4.29X100
	3.43X10-2
	3.00X10-1
	7.50X100
	6.00X10-2

	Cr
	1.75X10-1
	4.00X10-2
	4.10X101
	3.43X10-2
	1.96X10-1
	1.37X10-3
	6.00X10-2
	3.43X10-1
	2.40X10-3

	Ni
	2.20X10-1
	7.00X10-1
	
	6.00X10-1
	2.73X100
	4.20X10-1
	1.05X100
	4.77X100
	7.35X10-1

	Cu
	1.55X100
	7.00X10-1
	
	6.00X10-1
	3.87X10-1
	4.20X10-1
	1.05X100
	6.77X10-1
	7.35X10-1

	Zn
	1.33X100
	3.00X10-1
	
	2.57X10-1
	1.93X10-1
	7.71X10-2
	4.50X10-1
	3.38X10-1
	1.35X10-1

	Fe
	5.05X100
	1.00X10-2
	
	8.57X10-3
	1.70X10-3
	8.57X10-5
	1.50X10-2
	2.97X10-3
	1.50X10-4

	Mn
	3.90X10-1
	1.40X10-1
	
	1.20X10-1
	3.08X10-1
	1.68X10-2
	2.10X10-1
	5.38X10-1
	2.94X10-2


HQ < 1 implies safety; HQ ≥ 1 implies potential non-carcinogenic health risk; Acceptable risk range for CR is 10⁻⁶ to 10⁻⁴ and CR > 10⁻⁴ implies potential cancer risk

Table 5 illustrates the presence of the pollutant chemicals or substances in the fish. The Hg risk was still large in Effurun, where child HQ was 21.4, and As had child HQ at 7.5. The risk of child cancer (CR) of chromium (Cr) was highest with the threat of chromium at 2.4 x 10-3, thus Effurun was unique in threatening with chromium. Lead and cadmium had a similar risk level with a CR of 1.5 x 10-4 and 6.0 x 10-4 respectively.
3.2 Polycyclic Aromatic Hydrocarbons (PAHs) Risk Assessment
In Table 6-10, the concentration, toxic equivalency factor (TEF), and Benzo[a]pyrene Equivalents (BaPeq) are equivalent to mean concentration, while estimated daily intake (EDI) and Incremental lifetime cancer risk (ILCR) are quantified for the concentrations of carcinogenic and non-carcinogenic PAHs in the markets. The carcinogen Benzo[a]pyrene steadily provided the top values of the BaPeq and ILCR with a sweek follow-up by dibenzo[a,h]anthracene. In Okere and Polokor markets, higher levels of total BaP equivalents were recorded, indicating an increased risk of cancer infection compared to Ogbe-Ijoh and Effurun. Naphthalene and fluoranthene were also included, which added relatively less ILCR values. In general, the values of ILCR of the majority of PAHs were higher than the healthy risk limit (1 × 10-6), which was an indication of potentially significant public health risks.

[bookmark: _Hlk218023713]Table 6: Mean Concentration, Toxic Equivalency Factor (TEF), Benzo[a]pyrene Equivalents (BaPeq), Estimated Daily Intake (EDI), and Incremental Lifetime Cancer Risk (ILCR) of PAHs Detected in Smoked Fish from Polokor Market
	PAH Compound
	Mean Conc. (µg/kg)
	TEF
	BaPeq (µg/kg)
	EDI (mg/kg-day)
	ILCR

	Benzo(a)pyrene
	7.0X100
	1.0X100
	7.0X100
	6.0X10-3
	4.4X10-2

	Benzo(b)fluoranthene
	5.8X100
	1.0X10-1
	5.8X10-1
	5.0X10-4
	3.6X10-3

	Benzo(k)fluoranthene
	4.1X100
	1.0X10-1
	4.1X10-1
	3.5X10-4
	2.6X10-3

	Indeno(1,2,3-cd)pyrene
	4.6X100
	1.0X10-1
	4.6X10-1
	3.9X10-4
	2.9X10-3

	DiBenzo(a,h)anthracene
	3.6X100
	1.0X100
	3.6X100
	3.1X10-3
	2.3X10-2

	Naphthalene
	9.9X100
	1.0X10-3
	9.9X10-3
	8.5X106
	6.2X10-5

	Fluoranthene
	6.9X100
	1.0X10-3
	6.9X10-3
	5.9X106
	4.3X10-5

	Pyrene
	6.2X100
	1.0X10-3
	6.2X10-3
	5.3X106
	3.9X10-5

	Anthracene
	3.7X100
	1.0X10-2
	3.7X10-2
	3.2X10-5
	2.3X10-4

	Chrysene
	4.2X100
	1.0X10-2
	4.2X10-2
	3.6X10-5
	2.6X10-4



Mackerel fish, which was smoked, demonstrated cancerous PAHs at the necessary levels (Table 6). Benzo[a]pyrene was added with an ILCR of 4.4 x 10-2, followed by dibenzo[a,h]anthracene with an ILCR of 2.3 x 10-2. Lighter with lower ILCRs, such as naphthalene and pyrene, had a lower effect, but when summed up, they contribute to risk.

Table 7: Mean Concentration, Toxic Equivalency Factor (TEF), Benzo[a]pyrene Equivalents (BaPeq), Estimated Daily Intake (EDI), and Incremental Lifetime Cancer Risk (ILCR) of PAHs Detected in Smoked Fish from Igbudu Market
	PAH Compound
	Mean Conc. (µg/kg)
	TEF
	BaPeq (µg/kg)
	EDI (mg/kg-day)
	ILCR

	[bookmark: _Hlk217874840]Benzo(a)pyrene
	4.8X100
	1.0X100
	4.8X100
	4.1X10-3
	3.0X10-2

	Benzo(b)fluoranthene
	6.2X100
	1.0X10-1
	6.2X10-1
	5.3X10-4
	3.9X10-3

	Benzo(k)fluoranthene
	4.0X100
	1.0X10-1
	4.0X10-1
	3.4X10-4
	2.5X10-3

	Indeno(1,2,3-cd)pyrene
	5.3X100
	1.0X10-1
	5.3X10-1
	4.5X10-4
	3.3X10-3

	DiBenzo(a,h)anthracene
	4.5X100
	1.0X100
	4.5X100
	3.9X10-3
	2.8X10-2

	Naphthalene
	8.5X100
	1.0X10-3
	8.5X10-3
	7.3X106
	5.3X10-5

	Fluoranthene
	5.9X100
	1.0X10-3
	5.9X10-3
	5.1X106
	3.7X10-5

	Pyrene
	6.3X100
	1.0X10-3
	6.3X10-3
	5.4X106
	3.9X10-5

	Anthracene
	2.7X100
	1.0X10-2
	2.7X10-2
	2.3X10-5
	1.7X10-4

	Chrysene
	3.5X100
	1.0X10-2
	3.5X10-2
	3.0X10-5
	2.2X10-4



At Igbudu (Table 7), the ILCR was 3.0 × 10-2 with BaP continuing to be a potent risk factor with dibenzo [a,h] anthracene being 2.8 × 10-2. Other PAHs, including benzo [b]fluoranthene and indeno [1, 2, 3-cd] pyrene, added ILCRs in the 10-3 range. These results indicate that there are cumulative risks far exceeding the acceptable limits.
Table 8: Mean Concentration, Toxic Equivalency Factor (TEF), Benzo[a]pyrene Equivalents (BaPeq), Estimated Daily Intake (EDI), and Incremental Lifetime Cancer Risk (ILCR) of PAHs Detected in Smoked Fish from Okere Market
	PAH Compound
	Mean Conc. (µg/kg)
	TEF
	BaPeq (µg/kg)
	EDI (mg/kg-day)
	ILCR

	Benzo(a)pyrene
	8.4X100
	1.0X100
	8.4X100
	7.2X10-3
	5.3X10-2

	Benzo(b)fluoranthene
	7.6X100
	1.0X10-1
	7.6X10-1
	6.5X10-4
	4.8X10-3

	Benzo(k)fluoranthene
	5.6X100
	1.0X10-1
	5.6X10-1
	4.8X10-4
	3.5X10-3

	Indeno(1,2,3-cd)pyrene
	6.3X100
	1.0X10-1
	6.3X10-1
	5.4X10-4
	3.9X10-3

	DiBenzo(a,h)anthracene
	5.1X100
	1.0X100
	5.1X100
	4.4X10-3
	3.2X10-2

	Naphthalene
	1.1X101
	1.0X10-3
	1.1X10-2
	9.7X106
	7.1X10-5

	Fluoranthene
	7.7X100
	1.0X10-3
	7.7X10-3
	6.6X106
	4.8X10-5

	Pyrene
	6.9X100
	1.0X10-3
	6.9X10-3
	5.9X106
	4.3X10-5

	Anthracene
	3.5X100
	1.0X10-2
	3.5X10-2
	3.0X10-5
	2.2X10-4

	Chrysene
	4.7X100
	1.0X10-2
	4.7X10-2
	4.0X10-5
	2.9X10-4



Okere market was the most polluted in PAH. Peak values of benzo[a]pyrene ILCR were reached, possibly with a factor of 5.3 x 10-2, but the highest among all sites, and dibenzo[a, h]anthracene with a factor of 3.2 x 10-2. Here, naphthalene was detected with the meanest value of the highest concentration (11 µg/kg) with the least ILCR (7.1 × 10-5). Here, the burden of cancer was the worst.

Table 9: Mean Concentration, Toxic Equivalency Factor (TEF), Benzo[a]pyrene Equivalents (BaPeq), Estimated Daily Intake (EDI), and Incremental Lifetime Cancer Risk (ILCR) of PAHs Detected in Smoked Fish from Ogbe-Ijoh Market
	PAH Compound
	Mean Conc. (µg/kg)
	TEF
	BaPeq (µg/kg)
	EDI (mg/kg-day)
	ILCR

	Benzo(a)pyrene
	3.7X100
	1.0X100
	3.7X100
	3.2X10-3
	2.3X10-2

	Benzo(b)fluoranthene
	3.3X100
	1.0X10-1
	3.3X10-1
	2.8X10-4
	2.1X10-3

	Benzo(k)fluoranthene
	2.5X100
	1.0X10-1
	2.5X10-1
	2.1X10-4
	1.6X10-3

	Indeno(1,2,3-cd)pyrene
	3.5X100
	1.0X10-1
	3.5X10-1
	3.0X10-4
	2.2X10-3

	DiBenzo(a,h)anthracene
	2.9X100
	1.0X100
	2.9X100
	2.5X10-3
	1.8X10-2

	Naphthalene
	6.3X100
	1.0X10-3
	6.3X10-3
	5.4X106
	3.9X10-5

	Fluoranthene
	4.5X100
	1.0X10-3
	4.5X10-3
	3.9X106
	2.8X10-5

	Pyrene
	4.3X100
	1.0X10-3
	4.3X10-3
	3.7X106
	2.7X10-5

	Anthracene
	2.3X100
	1.0X10-2
	2.3X10-2
	2.0X10-5
	1.4X10-4

	Chrysene
	3.1X100
	1.0X10-2
	3.1X10-2
	2.7X10-5
	1.9X10-4



Ogbe-Ijoh was relatively less contaminated, with an ILCR of 2.3 x 10-2 and dibenzo[a]anthracene at 1.8 x 10-2. Though the case of lighter PAHs introduced ILCRs less than 10-4, the overall risk of cancer remains high and far exceeds what should be considered.

Table 10: Mean Concentration, Toxic Equivalency Factor (TEF), Benzo[a]pyrene Equivalents (BaPeq), Estimated Daily Intake (EDI), and Incremental Lifetime Cancer Risk (ILCR) of PAHs Detected in Smoked Fish in Effurun Market
	PAH Compound
	Mean Conc. (µg/kg)
	TEF
	BaPeq (µg/kg)
	EDI (mg/kg-day)
	ILCR

	Benzo(a)pyrene
	5.4X100
	1.0X100
	5.4X100
	4.6X10-3
	3.4X10-2

	Benzo(b)fluoranthene
	4.3X100
	1.0X10-1
	4.3X10-1
	3.7X10-4
	2.7X10-3

	Benzo(k)fluoranthene
	3.5X100
	1.0X10-1
	3.5X10-1
	3.0X10-4
	2.2X10-3

	Indeno(1,2,3-cd)pyrene
	4.5X100
	1.0X10-1
	4.5X10-1
	3.9X10-4
	2.8X10-3

	DiBenzo(a,h)anthracene
	3.7X100
	1.0X100
	3.7X100
	3.2X10-3
	2.3X10-2

	Naphthalene
	8.4X100
	1.0X10-3
	8.4X10-3
	7.2X106
	5.3X10-5

	Fluoranthene
	5.7X100
	1.0X10-3
	5.7X10-3
	4.9X106
	3.6X10-5

	Pyrene
	5.5X100
	1.0X10-3
	5.5X10-3
	4.7X106
	3.4X10-5

	Anthracene
	3.0X100
	1.0X10-2
	3.0X10-2
	2.6X10-5
	1.9X10-4

	Chrysene
	4.0X100
	1.0X10-2
	4.0X10-2
	3.4X10-5
	2.5X10-4



Sample using Effurun as a medium gave a value of 3.4 × 10-2 of BaP ILCR and dibenzo[a,h]anthracene at the control, 2.3 × 10-2. This risk is also increased by other PAHs like indeno[1,2,3-cd]pyrene that added 2.8 x 10-3. All set of values of ILCR suggests a significant cancer risk among consumers during their lifetime.

3.3 Microbial Risk Assessment 
[bookmark: _Hlk217871457]Tables 11 to 15 describe the quantitative microbial risk assessment (QMRA) of smoked fish products in the five markets. Findings show abnormally high microbial contaminations, especially Salmonella spp., E. coli, Listeria monocytogenes, Vibrio spp., and Shigella spp., in some of the markets. Notably, potential E. coli counts were as high as 2.6 × 10⁷ CFU/g in Igbudu market. The daily infection probability (P inf) exceeded 0.98, and the annual risk of exposure to all pathogens was 1.0, significantly exceeding the acceptable values set by the World Health Organisation. These findings affirm that smoked fish in these markets poses a very high risk of food-borne diseases, with a focus on the poor application of hygienic food processing and management.
Table 11: Quantitative Microbial Risk Assessment (QMRA) of Smoked Fish Samples in Polokor Market
	Microorganism
	Mean Conc. (x105 CFU/g)
	Alpha (α)
	Beta (β)
	P_inf (Daily Risk)
	Annual Risk

	Salmonella spp.
	61.00
	3.13X10-1
	2.70X10-1
	9.86X10-1
	1.00X100

	E. coli
	250.00
	1.55X10-1
	2.40X10-1
	9.81X10-1
	1.00X100

	L. monocytogenes
	75.00
	2.50X10-1
	3.10X10-1
	9.92X10-1
	1.00X100

	Vibrio spp.
	57.00
	2.80X10-1
	3.40X10-1
	9.95X10-1
	1.00X100

	Shigella spp.
	47.00
	2.90X10-1
	3.00X10-1
	9.90X10-1
	1.00X100



The count of microbes was alarmingly high; E. coli was 2.5 x 107CFU/g and Salmonella spp. 6.1 x 106 CFU/g. The risk of infection was almost a certainty, with a daily risk of over 0.98 and an annual risk of 1.0 (100%), indicating that it became almost impossible to avoid infection.

Table 12: Quantitative Microbial Risk Assessment (QMRA) of Smoked Fish Samples in Igbudu Market
	Microorganism
	Mean Conc. (x105 CFU/g)
	Alpha (α)
	Beta (β)
	P_inf (Daily Risk)
	Annual Risk

	Salmonella spp.
	94.50
	3.13X10-1
	2.70X10-1
	9.87X10-1
	1.00X100

	E. coli
	261.00
	1.55X10-1
	2.40X10-1
	9.82X10-1
	1.00X100

	L. monocytogenes
	86.00
	2.50X10-1
	3.10X10-1
	9.92X10-1
	1.00X100

	Vibrio spp.
	69.00
	2.80X10-1
	3.40X10-1
	9.95X10-1
	1.00X100

	Shigella spp.
	47.00
	2.90X10-1
	3.00X10-1
	9.90X10-1
	1.00X100



The highest E. coli load was in Igbudu (2.61 × 10-7 CFU/g) and Salmonella was 9.5 × 10-6 CFU/g). Once again, Pinf values of all pathogens were greater than 0.98 with 1.0 as the annual risk constant, making the samples one of the most polluted.


Table 13: Quantitative Microbial Risk Assessment (QMRA) of Smoked Fish Samples from Okere Market
	Microorganism
	Mean Conc. 
(x105 CFU/g)
	Alpha (α)
	Beta (β)
	P_inf (Daily Risk)
	Annual Risk

	Salmonella spp.
	103.00
	3.13X10-1
	2.70X10-1
	9.88X10-1
	1.00X100

	E. coli
	185.00
	1.55X10-1
	2.40X10-1
	9.80X10-1
	1.00X100

	L. monocytogenes
	64.50
	2.50X10-1
	3.10X10-1
	9.92X10-1
	1.00X100

	Vibrio spp.
	76.00
	2.80X10-1
	3.40X10-1
	9.95X10-1
	1.00X100

	Shigella spp.
	51.00
	2.90X10-1
	3.00X10-1
	9.90X10-1
	1.00X100


The same trend was observed in Okere samples, where Salmonella was at 1.03 × 107 CFU/g and Vibrio spp. at 7.6 × 106 CFU/g. The probability values of infection were greater than 0.99, and the annual risk was 1.0.

Table 14: Quantitative Microbial Risk Assessment (QMRA) of Smoked Fish Samples from Ogbe-Ijoh Market
	Microorganism
	Mean Conc. 
(x105 CFU/g)
	Alpha (α)
	Beta (β)
	P_inf (Daily Risk)
	Annual Risk

	Salmonella spp.
	105.00
	3.13X10-1
	2.70X10-1
	9.88X10-1
	1.00X100

	E. coli
	189.00
	1.55X10-1
	2.40X10-1
	9.80X10-1
	1.00X100

	L. monocytogenes
	110.00
	2.50X10-1
	3.10X10-1
	9.93X10-1
	1.00X100

	Vibrio spp.
	85.00
	2.80X10-1
	3.40X10-1
	9.95X10-1
	1.00X100

	Shigella spp.
	65.00
	2.90X10-1
	3.00X10-1
	9.91X10-1
	1.00X100


The highest Listeria monocytogenes count was found in Ogbe-Ijoh (1.1 × 10-7 CFU/g) and potential Salmonella count was 1.0 × 10-7 CFU/g). There is consequently a high intensity of health risk, a daily risk exceeding 0.99, and an annual likelihood of infection.

Table 15: Quantitative Microbial Risk Assessment (QMRA) of Smoked Fish Samples from Effurun Market
	Microorganism
	Mean Conc. (x105 CFU/g)
	Alpha (α)
	Beta (β)
	P_inf (Daily Risk)
	Annual Risk

	Salmonella spp.
	89.00
	3.13X10-1
	2.70X10-1
	9.87X10-1
	1.00X100

	E. coli
	245.00
	1.55X10-1
	2.40X10-1
	9.81X10-1
	1.00X100

	L. monocytogenes
	86.50
	2.50X10-1
	3.10X10-1
	9.92X10-1
	1.00X100

	Vibrio spp.
	96.00
	2.80X10-1
	3.40X10-1
	9.95X10-1
	1.00X100

	Shigella spp.
	73.00
	2.90X10-1
	3.00X10-1
	9.91X10-1
	1.00X100


There were potential Vibrio spp. and E. coli at 9.6 × 106 CFU/g and 2.45 × 107 CFU/g in the Effurun samples, respectively. Just like in any other market, P inf was over 0.98 and the annual risk remained at 1.0.

Discussion
Tables 1–5 revealed the presence of heavy metals, including Hg, Pb, Cd, As, Cr, Ni, and Cu, particularly concerning Estimated Daily Intake (EDI), Hazard Quotient (HQ), and Cancer Risk (CR) values. In Polokor Market (Table 1), for example, the HQ for mercury (Hg) in children was 25.0, far exceeding the reference safety value of 1.0, and in adults, it was 14.3. Arsenic (As) also posed a serious hazard, with HQ values of 6.86 (adults) and 12.0 (children), and the CR for arsenic in children reached 6.0 × 10², surpassing the upper permissible cancer risk limit. Similarly, in Okere Market (Table 3), cadmium levels resulted in HQS of 0.429 (adult) and 0.75 (child), while Pb CR values consistently ranged from 1.5 × 10⁴ to 1.5 × 10⁵ across all markets, indicating potential chronic exposure and genotoxic risks. These findings are in agreement with Obi and Odoemena (2021), who reported high Pb and Cd concentrations in smoked fish from the Niger Delta, and with Oghenochuko et al. (2022), who linked Hg accumulation in fish to crude oil effluent contamination of freshwater systems. These tendencies are very catastrophic due to environmental legacy pollution from petroleum refining, Bioaccumulation of metals in benthic fish, leaching from metal-based smoking surfaces, and the use of unsafe water sources for washing fish before smoking. The higher values for children compared to adults on all EDI, HQ, and CR indices in all markets suggest a greater vulnerability of young consumers, primarily due to their increased exposure to body mass.
[bookmark: _Hlk218024150]The polycyclic aromatic hydrocarbon profile (Tables 6–10) showed elevated levels of several carcinogenic PAHs, with Benzo[a]pyrene reaching a mean concentration of 8.4 µg/kg in Okere Market (Table 8) and 5.4 µg/kg in Effurun Market (Table 10). The Benzo[a]pyrene equivalent (BaPeq) was also high in Okere at 8.4 µg/kg, which is substantially above the EU limit of 2.0 µg/kg for BaP in smoked foods. Corresponding Incremental Lifetime Cancer Risk (ILCR) values ranged from 2.3 × 10⁻² in Ogbe-Ijoh Market (Table 9) to 5.3 × 10⁻² in Okere Market (Table 8), all well above the USEPA’s acceptable upper threshold of 1.0 × 10⁻⁴. This affirms that the probability of carcinogenic results is high, especially among people who eat smoked fish regularly for a long time. These findings corroborate the results of Chokor & Ediagbonya (2024) in Benin City, who observed BaP levels ranging from 6.3–10.1 µg/kg in traditionally smoked catfish. Similarly, Iwu et al. (2024) found that smoked fish prepared with hardwood combustion consistently exceeded Codex PAH safety limits. The trend observed in this study can be attributed to an open-flame-rich and PAH-concentrated smoking environment, which is known to cause high PAH loads, particularly when fish are directly exposed to flames or stacked near smoke outlets.
The microbial analysis (Tables 11–15) revealed alarmingly high levels of pathogenic bacteria in all markets. For example, E. coli levels reached 2.61 × 107 CFU/g in Igbudu Market (Table 12), while Listeria monocytogenes was recorded at 1.10 × 107 CFU/g in Ogbe-Ijoh Market (Table 14). Across all markets, the probability of daily infection (P_inf) for potential Salmonella spp., Vibrio spp., and Shigella spp. exceeded 0.98, with annual risks of 1.00, indicating a near certainty of infection for consumers over a year of regular intake. These levels far exceed the microbial safety limits of 10⁶ CFU/g recommended by FAO/WHO for ready-to-eat fish products and align with the findings of Amoah et al. (2025), who documented E. coli counts exceeding 2.1 × 10⁶ CFU/g in smoked fish from urban Ghanaian markets. The extremely high Listeria counts also align with the findings of Salihu et al. (2008), Adeyeye et al. (2017), and Kester et al. (2024), which warn of a rise in listeriosis cases due to the sale of unregulated smoked fish in Sokoto, Lagos and Ogun States respectively. These findings suggest that hygiene lapses in post-smoking handling, non-refrigeration, and exposure to unhygienic market environments significantly contribute to the microbial burden. For example, open-air display, repeated handling by vendors, and water contamination during processing remain likely vectors, as also observed in a similar study by Ayeloja et al. (2018) and Island (2024) in Ibadan.
Carcinogenic PAHs, toxic heavy metals and pathogenic microorganisms all coming together in all sampled markets point to a multi-dimensional toxicological threat to the Warri population. When combined with dietary exposure, all of the key risk indicators (EDI, HQ, CR, BaPeq, ILCR, and microbial risk probability) were substantially higher than the limits of international safety. The WHO (2021) has warned that such multi-exposure dietary contamination significantly increases the risk of chronic diseases, including cancer, neurodevelopmental deficits, kidney and liver toxicity, and immune dysfunctions. The outcomes of this research are thus not only a statistical alarm but an epidemiological implication, especially for the urban poor households that consume smoked fish as a staple protein source.
From the evidence computed and presented in Tables 1-15, it is apparent that smoked fish in Warri markets is not safe for human consumption without regulatory reforms. The statistics are in support of the following evidence-based recommendations: transition from open-fire to Chokor oven technology (supported by FAO and WHO), regular monitoring of PAHs and metal residues in urban markets, compulsory microbial load testing before selling in markets, training of fish processors and vendors with regards to hygienic practices, metal-safe surfaces, and clean water uses. These interventions align with the Codex Alimentarius guidelines, as in Lee et al. (2021), and must be urgently incorporated into Delta State’s food safety agenda. 
Therefore, the results of this study suggest that smoked fish sold in the Warri markets poses a significant microbial and toxicological threat. Children are at high risk due to their high exposure ratios. The research aim has been achieved, with solid empirical evidence attesting to the dire need for regulatory surveillance, public health interventions, and awareness programmes among consumers to combat avoidable morbidity and mortality in the region.

4. Conclusion
This research has revealed the microbial and toxicological safety of smoked fish consumed in Effurun, Polokor, Igbudu, Okere, and Ogbe-Ijoh markets, particularly, the specific measurements of microbial contamination, the concentrations of polycyclic aromatic hydrocarbons (PAHS), heavy metals (e.g., Pb, Cd, Hg, As), and the risk to human health based on risk assessment metrics such as the Estimated Daily Intake (EDI). The findings were unequivocal; smoked fish samples of every market had high levels of microbial and chemical contaminants. Potential pathogenic E. coli, Salmonella spp., Listeria monocytogenes, Vibrio spp., and Shigella spp. were isolated in exceedingly high levels far exceeding WHO/FAO permissible limits. Annual risk probabilities for microbial infection were estimated at 1.0 in all locations, indicating near-universal exposure among the regular consumers. Levels of Benzo[a]pyrene in Okere Market were recorded up to 8.4 µg/kg, above the EU and Codex safety thresholds, and BaP-equivalent values of carcinogenic risk (ILCR) all exceeded USEPA’s upper limit of 1.0 × 10⁻⁴. As for heavy metals, mercury (Hg) posed the greatest impending danger, with HQ as high as 25.0 among children in Ogbe-Ijoh Market. Also, Arsenic and cadmium had HQ and CR values that were significantly above the tolerable levels. Cumulative exposures to these toxicants, especially for those who are children or frequent users, suggest chronic health outcomes of cancer, neurotoxicity, organ damage, and immunosuppression. Overall, the results indicated that smoked fish sold in the studied Warri markets poses a significant public health risk. This study has produced reliable empirical data that should inform food safety surveillance, regulatory reforms, and health education for consumers in Delta State and other locations.
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