
Philosophiae Doctor (PhD)
Thesis 2023:09

Chalumba Kachusi Simukoko

Levels of persistent organic 
compounds and heavy metals 
in farmed and wild fish from 
Zambia and Tanzania, and 
assessment of possible health 
effects

Nivåer av persistente organiske forbindelser 
og tungmetaller i oppdrettsfisk og villfisk fra 
Zambia og Tanzania, og vurdering av mulige 
helseeffekter 

Philosophiae D
octor (PhD

), Thesis 2023:09
C

halum
ba K

achusi Sim
ukoko

Norwegian University of Life Sciences 
Faculty of Veterinary Medicine
Department of Paraclinical Sciences





 

Levels of persistent organic compounds and heavy metals in farmed and wild 
fish from Zambia and Tanzania, and assessment of possible health effects 

Nivåer av persistente organiske forbindelser og tungmetaller i oppdrettsfisk 
og villfisk fra Zambia og Tanzania, og vurdering av mulige helseeffekter 

 

Chalumba Kachusi Simukoko 

Thesis for the degree of Philosophy Doctor 

 

 

 

                                                                                                              

 

Department of Paraclinical Sciences 

Faculty of Veterinary Medicine  

Norwegian University of Life Sciences 

 

Ås (2023) 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Thesis number: 2023:9 
ISSN: 1894-6402 

ISBN: 978-82-575-2038-0 
  



3 

 

  

Table of Contents 

Acknowledgements ......................................................................................................................... 7 

Acronyms/Terminology .................................................................................................................. 9 

Summary ....................................................................................................................................... 12 

Sammendrag ................................................................................................................................. 14 

1. Introduction ........................................................................................................................... 17 

1.1 Aquaculture ......................................................................................................................... 17 

1.1.1 World aquaculture ................................................................................................................ 17 

1.1.2 Aquaculture in Africa .......................................................................................................... 18 

1.1.3 Effects on aquaculture on the environment ......................................................................... 20 

1.2 Pollution of the aquatic environment .................................................................................. 21 

1.2.1 Persistent organic pollutants (POPs) .................................................................................... 21 

1.2.1.1 Organochlorine pesticides (OCPs) .................................................................................... 22 

1.2.1.2 Polychlorinated biphenyls (PCBs) .................................................................................... 22 

1.2.1.3 Brominated flame retardants (BFRs) ................................................................................ 23 

1.2.1.4 Perfluorinated compounds (PFCs)/Perfluoroalkyl substances (PFASs) ........................... 24 

1.2.2 Heavy metals ........................................................................................................................ 25 

1.2.3 Control of pollutants ............................................................................................................ 26 

1.3 Exposure to POPs and heavy metals ................................................................................... 27 

1.3.1 Sources ................................................................................................................................. 27 

1.3.2 Routes of exposure ............................................................................................................... 28 



4 

 

1.3.3 Fate of pollutants in the body............................................................................................... 29 

1.3.3.1 Absorption and bioaccumulation ...................................................................................... 29 

1.3.3.2 Biotransformation and Elimination................................................................................... 30 

1.4 Adverse effects of POPs and heavy metals......................................................................... 31 

1.4.1 Humans ................................................................................................................................ 31 

1.4.1.1 POPs .................................................................................................................................. 31 

1.4.1.2 Heavy metals ..................................................................................................................... 31 

1.4.2 Fish ....................................................................................................................................... 32 

1.4.2.1 POPs .................................................................................................................................. 32 

1.4.2.2 Heavy metals ..................................................................................................................... 32 

1.5 Risk assessment of POPs and Heavy metals....................................................................... 33 

1.5.1 Human health risks assessment ............................................................................................ 34 

1.5.2 Fish health risk assessment .................................................................................................. 35 

1.6 Monitoring and control of pollution in African waters ....................................................... 36 

2. Knowledge gaps and Aims ................................................................................................... 37 

3. Materials and Methods .............................................................................................................. 38 

3.1 Study area............................................................................................................................ 38 

3.2 Species ................................................................................................................................ 39 

3.3 Sample collection ................................................................................................................ 39 

3.4 Analytical procedure ........................................................................................................... 40 

3.5 Ethical considerations .................................................................................................... 42 

3.6 Statistical analysis .......................................................................................................... 42 



5 

 

4. Summary of papers, .............................................................................................................. 43 

Paper -I ...................................................................................................................................... 43 

Paper -II .................................................................................................................................... 44 

Paper - III .................................................................................................................................. 45 

5. General Discussion ............................................................................................................... 46 

5.1 Methodology .................................................................................................................. 46 

5.1.1 Location and species selection ............................................................................................. 46 

5.1.2 Analytical methods .............................................................................................................. 46 

5.1.3 Statistical analysis ................................................................................................................ 47 

5.2 General findings .................................................................................................................. 47 

5.2.1 Persistent organic pollutants (POPs) in wild and farmed fish on Lake Kariba ................... 47 

5.2.2 Heavy metals in wild and farmed tilapia on Lake Kariba ................................................... 50 

5.2.3 Heavy metals in wild and farmed fish along the cost of Tanzania ...................................... 51 

5.2.4 Comparison of contaminants in fish from Kariba and Tanzanian coastal areas .................. 51 

5.2.4 Comparison of levels of contaminants with other studies/regions ...................................... 52 

5.2.4 Influence of aquaculture on levels and composition of contaminants in wild fish stock .... 53 

5.2.4 Risk assessment for fish and human health ......................................................................... 53 

5.2.4.1 Human health risk assessment .......................................................................................... 54 

5.2.4.2 Fish health risk assessment ............................................................................................... 55 

5.3 Strength and weakness ............................................................................................................ 56 

6. Conclusion ............................................................................................................................ 58 

7. Future Perspectives ............................................................................................................... 60 



6 

 

8. References ............................................................................................................................. 61 

Appendix: Papers I-III .................................................................................................................. 93 

  

 
 

 

 

 

 

 

 



7 

 

AAcknowledgements 
Guidance, support and contributions received from supervisors, colleagues, family and friends 

make it possible for this thesis to be completed. 

Firstly, I would like to express my profound gratitude to my supervisory team led by Professor Jan 

Ludvig Lyche (NMBU) and assisted by Dr Anuschka Polder (NMBU), Associate Professor 

Stephen Mutoloki (NMBU) and Dr Kaampwe Muzandu (UNZA). To Professor Lyche, thank you 

for your patience during the earlier part of the study as I was still trying to find my footing. Your 

knowledge and experience in this field was vital in addressing the challenges faced, as we had to 

dropped some of our earlier plans and modify the study. Dr Polder, despite joining the team later, 

your addition proved to be decisive. Your many years of research in environmental pollution 

provided value insight that brought new life and vigor to the study. Your guidance in the planning, 

sample analysis and drafting of the manuscripts and thesis resulted in the completion of the study. 

Professor Mutoloki and Dr Muzandu thank for making study a pleasant experience through the 

guidance in the academics and planning of trips to from NMBU. 

To Mahin Karimi, Dr Vidar Berg, Mariska Hoorweg and Erik Magnus Ræder your assistance in 

the analysis of the sample, ensured that reliable data was generated. The knowledge gained in 

analytical methods has enhanced my understanding of toxicology. Dr Mette Bjørge Müller 

(NMBU) thank for helping in analysing the data and drafting of the first manuscript and your 

guidance during my stay at NMBU. Professor Øystein Evensen (NMBU) your guidance in 

planning of the study is greatly appreciated. Professor Bernard Hangombe (UNZA) your guidance 

in the early days field work and study was very helpful in making me understand the field of fish 

health. 

Interacting with other students under the TRAHESA and other projects was very helpful in solving 

challenges encountered along the way and learning new skills.  

To the staff at the Ministry of Livestock and fisheries in Siavonga, Gweembe and Sinazongwe, 

your assistance and guidance in the field is appreciated. Am also grateful to the local fishermen 

and commercial fish farms for assisting in catching the fish.  



8 

 

To the management and staff at NMBU and UNZA my gratitude for according me the time, 

facilities and financial support during the course of the study. 

My gratitude goes to NORAD for funding the study under the TRAHESA project - A Capacity 

Building for Training and Research in Aquatic and Environmental Health in Eastern and Southern 

Africa. 

Lastly, I would like to thank my family and friends for the support, love and patience during this 

period. My gratitude goes to my parents Allan and Eunice for their unwavering support and 

patience. I also thank my brothers Smart, Ndele, Kalengo and Kanenga for their support and 

encouragement during this period. To my babies Wankumbu, Lukundu and Ndanji, sorry for 

missing some of your birthdays and school events. Your constant interest in my study is a source 

of great encouragement. To my dear friend Yuki, thank you taking care of our babies in my absence 

and for believing in my ability to complete the study.  

 

 

 

 



9 

 

AAcronyms/Terminology 
 

As              Arsenic 

ATSDR      Agency for toxic substances and disease registry 

BDE           Brominated biphenyl ether 

Cd              Cadmium 

CHLs          Chlordanes 

Cr               Chromium 

CR              Cancer risks 

CRM          Certified Reference Material  

Cu              Copper 

DDD          Dichlorodiphenyldichloroethane 

DDE           Dichlorodiphenyltrichloroethylene 

DDT           Dichlordiphephyyltrichloroethane 

EDI              Estimated daily intake 

EFSA           European food safety authority 

EWI             Estimated weekly intake 

FAO            Food and Agriculture Organisation  

Fe                Iron 

HBCDD      Hexabromocyclododecane 

HCB            Hexachlorobenzene 

HCH            Hexachlorocyclohexane  



10 

 

Hg                Mercury 

HI               Hazard index 

IPEN          International POPs Elimination Network 

IRM            Internal reference material 

JECFA        Joint FAO/WHO Export Committee on Food Additives  

LC              Liquid Chromatography  

LOD            Limit of detection  

LOQ           Limit of quantification  

MALF        Ministry of Agriculture Livestock and Fisheries 

mg               microgram 

Mg              Magnesium  

Mo              Molybdenum  

MS             Mass Spectrometry  

ng                nanogram 

OC              Organochlorines  

OCPs          Organochlorine pesticides 

Pb                Lead 

PBFs           Polybrominated Flame Retardants 

PBDEs        Polybrominated diphenyl ethers 

PCBs           Polychlorinated biphenyls 

PFAs            Perfluoroalkyl substances 

PFDA           Perflourodecanoic acid 



11 

 

PFNA           Perflourononanoic acid 

PFOA           Perfluorooctanoic acid 

PFOS           Perfluorooctanesulfonic acid 

PFRs           Perfluorinated Flame Retardants 

POPs            Persistent Organic Pollutants 

SADC         South African Development Community 

Se                 Selenium 

TBBPA        Tetrabromobisphenol A  

TCR             Total Cancer Risk 

THQ            Target Hazard Quotient 

TTHQ         Total Target Hazard Quotient 

US-EPA      United states Environmental Protection Authority 

WHO           World Health Organisation  

Zn                 Zinc 



12 

 

SSummary 
Pollution of water bodies due to human activities is a threat to sustainable fisheries. Pollutants like 

heavy metals and persistent organic pollutants (POPs) can affect biological functions in fish and 

human. This leads to reduced fish numbers and makes fish unsafe for human consumption. POPs 

are manmade chemicals that are toxic, persist and accumulate in the environment and organisms, 

due to their resistance to environmental and biodegradation. Heavy metals are naturally occurring 

elements in the earth’s crust. Essential metals (Fe, Zn, Cu, Se and Ni) are required for normal 

metabolism but are toxic in high amounts, while non-essential metals (As, Hg, Pb and Cd) are 

toxic in low amounts and have no role in metabolism.  This study compared levels of heavy metals 

and POPs in wild and farmed fish (Nile tilapia: Oreochromis niloticus) from Zambia and Tanzania 

and assessed the effects of aquaculture on wild fish stocks.  

On lake Kariba Zambia, farmed tilapia had lower levels of POPs compared to wild ones. This is 

because farmed tilapia has lower exposure to POPs, as they are fed on commercial feed and reach 

market weight faster. DDT and its metabolites were the dominant organochlorines. Low p,p'-

DDE/p,p'-DDT ratio was observed in wild tilapia indicating recent exposure to DDT, which is still 

permitted by WHO for vector in countries where malaria is endemic. PCB-118, -138, -153 and -

180 and BDE-47, -99, -154 and -209 were the dominant congeners. PFASs compounds, PFOS, 

PFDA and PFNA were only detected in wild fish. Only PBDE exceeded the EQSbiota limits and 

may therefore pose health risk to wild and farmed tilapia. 

Heavy metals in Tilapia muscle from Lake Kariba were lower than the maximum limits (ML) set 

by WHO and therefore safe for human consumption. Hg levels (0.021 mg/kg) in some wild tilapia 

were higher than the Environmental quality standard (EQS=0.020 mg/kg) set by EU. This could 

have adverse effects on fish. Essential metals (Cu, Fe, Zn and Mo) were significantly higher in 

farmed tilapia, while non-essential metals (Al, As, V, Hg, Pb and Cd) were higher in wild ones. 

Commercial feed contains essential metals to enhance fish performance, and this leads to higher 

levels observed in farmed tilapia. Wild tilapia near the fish farms access feed and waste spillage 

rich in trace elements from the farms, and therefore had higher essential metals compared to those 

away from the farms.  
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Milkfish and mullet fish from Tanzanian coastal areas had Pd levels higher than the ML (0.3 mg/kg 

ww) set by WHO/FAO and were therefore not safe for human consumption. Pb was high in both 

muscle (up to 1.44 mg/kg) and liver (up to 47.37 mg/kg) tissue, with liver having significantly 

higher Pb and Cu levels. Industrial activities and late phasing out of leaded gasoline could be 

responsible for the high levels of Pb observed. Wild fish had higher levels of Pb than farmed ones. 

Different geological conditions, fish management practices and economic activities affected the 

levels of metals observed from one location to another. Median Hg levels in fish muscle were 

below the EQS (0.02 mg/kg) set by the EU, indicating no risk to fish.  

It can be concluded that tilapia from lake Kariba in Zambia is safe for human consumption as it 

had low levels of POPs and heavy metals. It was also noted that farmed fish had lower levels of 

pollutants than wild fish. On the other hand, fish from Tanzanian coastal areas might not be safe 

for human consumption, due to the high Pb levels observed. PBDE and Hg from some fish on lake 

Kariba exceeded the EQS and could have adverse effects on the fish. The study also showed that 

fish farming can affect wild fish near the farms, through spillage of feed and waste. Monitoring of 

practices in fish farming is therefore vital to avoid contamination of wild fish stocks.  
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SSammendrag  
Forurensning av det akvatiske miljø på grunn av menneskelige aktiviteter er en trussel mot 

bærekraftig fiskeri og fiskeoppdrett. Forurensninger som tungmetaller og persistente organiske 

miljøgifter (POPs) kan påvirke biologiske funksjoner hos fisk og mennesker. Dette fører til 

reduserte fiskebestand og gjør fisk utrygg som matvare. POPs-er menneskeskapte kjemikalier som 

er giftige, vanskelig nedbrytbare og akkumuleres i miljøet og organismer. Tungmetaller er naturlig 

forekommende grunnstoffer i jord. Essensielle metaller (Fe, Zn, Cu, Se og Ni) er nødvendige for 

normale fysiologiske funksjoner, men er giftige i store mengder, mens ikke-essensielle metaller 

(As, Hg, Pb og Cd) er giftige i lave mengder og er ikke nødvendige for normale kroppsfunksjoner. 

Denne studien sammenlignet nivåer av tungmetaller og POPs i viltlevende fisk og oppdrettsfisk 

(Nile tilapia: Oreochromis niloticus) fra Zambia og Tanzania og vurderte effekten av akvakultur 

på ville fiskebestander. 

I oppdrettsfisken tilapia fra innsjøen Kariba i Zambia ble det målt målt nivåer av POPs 

sammenlignet med viltlevende tilapia. Dette kan forklares med at oppdrettsfisk fôres med 

kommersielt fôr og når markedsvekten raskere (4 måneder). Viltlevende fisk, derimot, kan innta 

føde som er forurenset fra omgivelsene over opptil flere år og vil derfor akkumulere høyere nivåer. 

DDT og dets metabolitter var de dominerende POP. Lavt p,p'-DDE/p,p'-DDT-forhold ble 

observert i viltlevende tilapia, noe som indikerer nylig eksponering for DDT. DDT er fortsatt tillatt 

for å bekjempe malaria i land der malaria er endemisk. PCB-118, -138, -153 og -180 og BDE-47, 

-99, -154 og -209 var de dominerende PCB – og PBDE variantene. PFAS-forbindelsene, PFOS, 

PFDA og PFNA ble påvist i viltlevende fisk, men ikke i oppdrettsfisk. Bare PBDE overskred 

EQSbiota-grensene og kan derfor utgjøre helserisiko for viltlevende fisk og oppdrettsfisk. 

Tungmetaller i Tilapia-muskelen fra Kariba-sjøen var lavere enn maksimumsgrensene (ML) satt 

av WHO og derfor trygge for konsum. Hg-nivåer (0,021 mg/kg) i noen viltlevende tilapia var 

høyere enn miljøkvalitetsstandarden (EQS=0,020 mg/kg) satt av EU. Dette kan gi negative effekter 

på fiskehelsen. Essensielle metaller (Cu, Fe, Zn og Mo) var signifikant høyere i oppdrettsfisk, 

mens ikke-essensielle metaller (Al, As, V, Hg, Pb og Cd) var høyere i viltlevende fisk. 

Kommersielt fôr inneholder essensielle metaller for å forbedre ernæringsveriden, noe som kan 
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forklare de høyere nivåene observert i oppdrettsfisk. Viltlevende tilapia nær oppdrettsanleggene 

får tilgang til fôr og avfall rikt på sporstoffer fra oppdrettsanleggene, og hadde derfor høyere 

verdier av essensielle metaller sammenlignet med de som kom fra områder borte fra 

oppdrettsanleggene. 

Melkefisk og multefisk fra Tanzaniske kystområder hadde Pd-nivåer høyere enn Maksimal Limit 

(ML= 0,3 mg/kg ww) satt av WHO/FAO og kan derfor være utrygge for konsum. Pb var høy i 

både muskel (opptil 144 mg/kg) og lever (opptil 4737 mg/kg). Industriell virksomhet og sen 

utfasing av blyholdig bensin kan være årsaken til de høye nivåene av Pb som er observert. Villfisk 

hadde høyere nivåer av Pb enn oppdrettsfisk. Ulike geologiske forhold, fiskeforvaltningspraksis 

og økonomiske aktiviteter påvirket nivåene av metaller observert fra et sted til et annet. Median 

Hg-nivåer i fiskemuskler var under EQS (0.02 mg/kg) satt av EU, noe som indikerer ingen risiko 

for fisk.  

Det kan konkluderes med at tilapia fra innsjøen Kariba i Zambia er trygg for konsum ettersom den 

hadde lave nivåer av POP-er og tungmetaller. Det ble også bemerket at oppdrettsfisk hadde lavere 

nivåer av forurensninger enn villfisk. Både viltlevende fiks og oppdrettsfisk fra Kariba hadde 

trygge nivåer av miljøgifter og toksisk metaller i fiskekjøttet. På den annen side kan det hende at 

fisk fra tanzaniske kystområder ikke er trygge for konsum, på grunn av de høye Pb-nivåene som 

er observert. PBDE og Hg fra noen fisk på innsjøen Kariba overskred EQS og kunne ha negative 

effekter på fisken. Studien viste også at fiskeoppdrett kan påvirke villfisk nær anleggene, via 

fôrspill og avfall. Overvåking av praksis i fiskeoppdrett er derfor avgjørende for å unngå 

forurensning av ville fiskebestander.
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1. Introduction 

1.1 Aquaculture 
From ancient time, fish has been an important part of the human diet. Fish provides much needed 

proteins, essential fatty acids, minerals and vitamins (Béné et al., 2015; Chan et al., 2019; Vicente-

Zurdo et al., 2019). In 2015, fish account for 17% of total animal protein consumption of 

worldwide human population (FAO, 2018). However, in rural communities depending on fish as 

their main source of protein, the intake from fish can be as high as 70% of the total animal protein 

consumption (Hap et al., 2016; Morato et al., 2006). Unfortunately, the rapid growth of the human 

population has resulted in increased exploitation of fish and other aquatic resources in both fresh 

and marine waters. Since 1961, fish consumption grew from 9kg to 20.2kg per capita in 2015 

(FAO, 2018). As of 2018, FAO reported (FAO, 2020) that global human consumption of fish had 

reached 156 million tonnes. The increasing demand for fish, have led to overfishing, which has 

caused a substantial decline in natural fish stocks. Since the late 1980s, global fisheries catches 

have declined at a rate of 0.4 million tonnes per year (Morato et al., 2006; Zeller & Pauly, 2005). 

In 2005, FAO (FAO, 2007) estimated that three quarters of the world’s wild fish stocks had either 

been fully or over exploited. The increasing demand for fish and diminishing levels of natural fish 

stocks, has made it necessary to find alternatives sources of fish, and aquaculture has emerged as 

a substitute. Aquaculture or aquafarming is the farming/rearing of aquatic organisms (fish, 

crustaceans, mollusks, aquatic plants, algae, and other organisms) in both coastal and inland areas. 

Today, aquaculture is practiced in ponds, cages and tanks in fresh or marine waters.  

1.1.1 World aquaculture 
Since 1970, world aquaculture has grown by an average of 7.5 percent per year (FAO, 2020). In 

the past 20 years, the fastest growth in the sector has been observed in Africa and Asia, which have 

recorded double digit growth (FAO, 2018, 2020). Fish production from both fisheries and 

aquaculture reached 179 million tonnes in 2018 (FAO, 2020), and aquaculture contributed 46 

percent (82 million tonnes) of the total fish production (FAO, 2020). In the same year (2018) FAO 

(FAO, 2020) estimated World fish trade to be worth USD 401 billion USD, with 250 billion 

coming from aquaculture. Some of the main fish species involved in aquaculture are Grass carp 
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(Ctenopharyngodon idellus), Silver carp (Hypophthalmichthys molitrix), Nile tilapia 

(Oreochromis niloticus), Common carp (Cyprinus carpio), Bighead carp (Hypophthalmichthys 

nobilis), Atlantic salmon (Salmo salar), Striped catfish (Pangasianodon hypophthalmus), Milkfish 

(Chanos chanos), Torpedo-shaped catfishes nei (Clarias spp.) and Rainbow trout (Oncorhynchus 

mykiss) (FAO, 2020). Asia account for nearly 70 percent of global fish production (Figure 1), with 

China being the leading producer of both capture and aquaculture fisheries (Figure 1). China’s

contribution to the total global fish production was 35 percent in 2018 (FAO, 2020; R. Sun et al., 

2018). The Asian region also dominates in fish farming, accounting for 89 percent of global 

aquaculture output in 2018, and China accounts 57.9 percent of global aquaculture production

(FAO, 2020). Other large-scale producers are Indonesia, India, Vietnam, USA, Russia, Japan, 

Philippines, Bangladesh, Norway, Egypt, Chile and Brazil (FAO, 2020).

Figure 1: World fish production in 2018 and contribution from regions as reported by FAO
(FAO, 2020)

1.1.2 Aquaculture in Africa
Today, Africa accounts for about 2.7 percent of global aquaculture (FAO, 2020), and in 2018, 

African aquaculture contributed 17.9 percent of total fish production on the continent (FAO, 2020).

35%

34%

14%

10%

7%

China Asia Americas Europe Africa
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Egypt is the leading producer, contributing 70.8 percent of the Africa’s fish production , and 

aquaculture contributes 77 percent of Egypt’s total fish production (Mohamed Shaalan et al., 

2018). Other major producers of farmed fish in Africa are Nigeria, Uganda, Ghana, Kenya Zambia, 

Tunisia, Madagascar, Malawi and South Africa (Adeleke et al., 2020; Genschick et al., 2017). The 

main species cultured in Africa are tilapia, carp, mullet, gilthead seabream, European seabass, and 

African catfish. Over the past decades, a lot of effort has gone into the promotion of aquaculture 

in Africa, with significant investment being made, which are reflected in the recent average annual 

growth of 12.6 percent in sub-Saharan Africa aquaculture (Genschick et al., 2017). Countries in 

sub-Saharan Africa where aquaculture is seeing significant investment are Tanzania, Kenya and 

Zambia.   

Statistics from 2014, show that Zambia was the sixth-largest producer of farmed fish in Africa, 

and the biggest producer of tilapia in the South African Development Community (SADC) 

(Genschick et al., 2017). Aquaculture made up 20% (20, 000 tonnes) of the country’s total fish 

production in 2014, with the rest (80,000 t) from Capture fisheries (Fig. 2) (Tran et al., 2019). The 

main specie being cultured is Nile tilapia (Oreochromis niloticus).  Currently aquaculture is either 

land-based in ponds or water-based using cages. Lake Kariba located at the border of Zambia and 

Zimbabwe, is one of the locations where cage fish farming is practiced, producing 4000 tonnes 

annually, which is 1 percent of Zambia’s fish production (MALF et al., 2016; Mosha & Daudi, 

2020). In southern Africa, aquaculture is practiced in cages on freshwater and marine water and 

on land in ponds. The dominant species are tilapia (O. niloticus) and catfish (C. gariepinus) in 

freshwater and milkfish (Chanos chanos) and grey mullet (Mugil cephalus) in marine water.   

 



20

Figure 2: Fish production in Zambia and contribution from different sectors as reported by Tran 

et al (Tran et al., 2019)

1.1.3 Effects on aquaculture on the environment
The growth of aquaculture may have detrimental impact on the aquatic environment. Current 

aquaculture practices are a possible source of antibiotic residues, antibiotic-resistant bacteria, 

persistent organic pollutants, metals, parasites, and viruses in natural waters and fish (Basaran et 

al., 2010; Sapkota et al., 2008). Commercialization of aquaculture is characterized by 

intensification; high stocking densities and use of large quantities of artificial feed (Rico et al., 

2012). Intensification of aquaculture has led to an increase in fish diseases (viral, bacterial, fungal 

and parasitic) (Bondad-Reantaso et al., 2005; Rico et al., 2012). Large quantities of feed and 

chemicals (antibiotics, disinfectants, fertilizers, pesticides, and antifouling agents) used in fish 

farms result in spillage into the surrounding water causing chemical contamination of aquatic 

environments (Rico et al., 2012; Simukoko et al., 2021). Another effect is genetic contamination 

of wild species due to escapes from fish farms (Li et al., 2011). Escaped fish may harm wild fish 

populations through competition and interbreeding or by spreading diseases and parasites (Li et 

al., 2011).

80%

14%

6%

Capture (80,000 t) Commercial farms (13,600 t) Small scale farms (6,400 t)
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1.2 Pollution of the aquatic environment 
The aquatic environment is one of the most affected environments by pollution (Baines et al., 

2021). Pollution occurs when substances in the environment occur at levels above normal or that 

cause adverse effects in living organisms (Nazir et al., 2015). Water bodies serve as a sink for 

chemical contaminants from human activity (Abbassy, 2018; Pritchard, 1993) and accumulation 

of potentially harmful chemical contaminants in water bodies may reach levels, which are toxic to 

aquatic organisms. Pollution occurs due to natural sources like erosion and volcanic eruption, and 

anthropogenic activities (Adriano, 2001; Mansour & Sidky, 2002; Nazir et al., 2015). 

Anthropogenic sources of pollution include mining, industrial effluents, domestic waste disposal, 

sewage, vector control pesticide spraying, and agriculture runoffs (Baldantoni et al., 2018; Covaci 

et al., 2008; Maurya et al., 2019; Olisah et al., 2020; R. Sun et al., 2018; Xiao et al., 2014). In 

addition to a wide variety of known and unknown contaminants, Persistent Organic Pollutants 

(POPs) and heavy metals are some of the widely distributed pollutants in the environment.  

1.2.1 Persistent organic pollutants (POPs) 
POPs can be biproducts (E.g. dioxins from forest fires, waste burning, etc.) but are mainly 

manmade chemicals that have toxic potential, persist and accumulate in the environment and 

organisms, due to their resistance to environmental and biodegradation (Abbassy, 2018; Q. Liu et 

al., 2017; X. P. Nie et al., 2006; Panseri et al., 2019). POPs with exemption of Perfluoroalkyl 

substances (PFASs) are lipophilic and therefore bioaccumulate in fatty tissues of organisms like 

fish, terrestrial animals and humans (Letcher et al., 2010; X. P. Nie et al., 2006; Squadrone. et al., 

2013). POPs magnify as they pass along food chains, leading to the highest concentrations in top 

predators and on top of food chains (Verhaert et al., 2013; Verhaert et al., 2017). Aquatic top 

predators tend to have higher levels than terrestrial top predators because POPs end up in water 

bodies (ultimate sink) and the aquatic food chains are longer than the terrestrial (Vallack et al., 

1998). The volatile nature of POPs coupled with long environmental half-lives results in long-

range atmospheric transport and global distribution (Fernandez & Grimalt, 2003; Wania & 

Mackay, 1993). Adverse effects of POPs include neurological, reproductive, immune and 

endocrine disruption (Letcher et al., 2010; Xie et al., 2020). POPs include organoclorinated 

pesticides (OCPs), polychlorinated biphenyls (PCBs), brominated flame retardants (BFRs) such 
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as, polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCDD), and 

Perfluoroalkyl substances (PFAS) like perfluorooctane sulfonate (PFOS) and perfluorooctanic 

acid (PFOA).   

1.2.1.1 Organochlorine pesticides (OCPs) 
Organochlorine pesticides are synthetic chlorinated hydrocarbon pesticide that were widely used 

from 1940s to 1960s for agricultural and domestic vector control (Aktar et al., 2009; Jayaraj et al., 

2016). Due to their high toxicity, persistence in the environment and bioaccumulation in fatty 

tissue of organisms, their use has been restricted or banned in most countries (Stockholm 

Convention 2009; Aktar et al., 2009). However, due to their affordability some OCPs are still used 

in developing countries mainly for vector control to prevent diseases like malaria (Gupta, 2004; 

Jayaraj et al., 2016). Dichloro-diphenyl-trichloroethane (DDT) is one OCP still permitted for use 

in malaria vector control in endemic areas like sub-Saharan Africa (Olisah et al., 2020; Stockholm 

Convention, 2009; WHO, 2011). Other examples of OCPs are hexachlorocyclohexane (HCH) like 

lindane, Hexachlorobenzene (HCB), Mirex, trans-nonachlor chlordane, endosulfan, aldrin and 

dieldrin (figure 3).   

                  

                 p’p’DDT                       Lindane (γ-HCH)                       HCB 

Figure 3: Structure of some organochlorinated pesticides. 

1.2.1.2 Polychlorinated biphenyls (PCBs) 
Polychlorinated biphenyls are synthetic compounds consisting of 2 linked benzene rings with a 

vary degree of chlorination from 1-10 atoms (Anh et al., 2021; Stringer & Johnston, 2002). There 

are 209 congeners of PCBs (Xie et al., 2020). PCBs were used in insulation, capacitor dielectrics, 
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coolants, transformer oils, hydraulic fluids, plasticisers and carbonless copy papers. They were 

also used in heat transfer fluids, lubricating and cutting oils, organic diluents, sealing liquids, 

adhesives, dedusting agents, waxes, flame retardants and in paints and printing inks (Erickson & 

Kaley, 2011; Stalling & Mayer, 1972; Stringer & Johnston, 2002; Xie et al., 2020). PCBs are also 

toxic, persistent and lipophilic (Xie et al., 2020) and due to this, production of commercial grade 

PCBs were prohibited in Europe and USA in the 1970s and ceased globally in the 1990s (Xie et 

al., 2020). The Stockholm Convention, which was adopted in 2001 and entered into force in 2004, 

prohibits the production of PCBs and also the OCPs, requires phasing out of PCB containing 

equipment such as transformers and capacitors (Lallas, 2001). Despite their production being 

stopped, PCBs are still released into the environment as byproducts of thermal industrial processes 

(waste incineration, cement production and metallurgy) (Xie et al., 2020). Structural formulas of 

PCB congeners PCB153 and PCB 209 are shown in figure 4. 

                                      

                                PCB-153                                                  PCB-209 

Figure 4. Structures of some PCBs  

1.2.1.3 Brominated flame retardants (BFRs) 
Brominated flame retardants are used to impart fire resistance properties in products like paints, 

textiles, furniture, building materials, automobiles, airplanes, electronics and plastics (Roberts et 

al., 2011b; M. A. Siddiqi et al., 2003; Wu et al., 2019).  They include compounds like 

Polybrominated diphenyl ethers (PBDEs), Hexabromocyclododecane (HBCDD), 

tetrabromobisphenol A (TBBPA) and polybrominated biphenyls (PBBs). PBDEs are synthetic 

brominated diphenyl ethers with 1 to 10 bromine atoms, constituting 209 congeners. Like PCBS, 

PBDEs are persistent, bioaccumulate in tissues, undergo long range transfer and cause adverse 
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health effects in organisms (Wu et al., 2019). PBDEs are not covalently bonded to materials that 

contain them and due to this, PBDEs are easily released into the environment during production, 

usage, recycling and disposal of materials containing them (Wu et al., 2019). HBCDD is a 12-

carbon ring containing 6 bromine atoms. It was used an alternative to banned PBDEs until it was 

also shown to be persistent and toxic (Nie et al., 2015). Use of some PBDEs and HBCDD is banned 

under the Stockholm Convention (Jensen, 2015; Roberts et al., 2011b; Stockholm Convention, 

2009).  The European Food Safety Authority classifies  TBBPA as a safe compound and its use is 

still permitted (Chain, 2011). Figure 5 shows some BFRs. 

 

    

                  HBDD                                       TBBPA                                      PBDE-47 

Figure 5. Structures of different types of Brominated Flame Retardants.  

1.2.1.4 Perfluorinated compounds (PFCs)/Perfluoroalkyl substances (PFASs) 
Polyfluorinated or perfluorinated alkyl substances (Figure 6) are synthetic compounds consisting 

of a partially or fully fluorinated hydrophobic alkyl chain attached to a hydrophilic end group 

(Thomaidi et al., 2020). PFASs have been extensively used since the 1950s as surfactants, water 

and oil repellants in textile, cosmetics, cookware, paper products, firefighting foam, food 

packaging and furnishing (Birnbaum & Grandjean, 2015; Espana et al., 2015; Thomaidi et al., 

2020). PFASs are also persistent, bioaccumulate, toxic and have a global distribution (Espana et 

al., 2015; Kannan et al., 2001; Wang et al., 2015). Due to their persistence in the environment, 

they are referred to as ‘forever chemicals’ (Pelch et al., 2019). Unlike other POPs, PFASs are water 

soluble making them an important water contaminant including drinking water (Cordner et al., 

2019; Post et al., 2017). PFASs are not fat soluble like other POPs (Geiger et al., 2021; Steenland 
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et al., 2010), but are bound to proteins in tissues. Production and use of commercial PFASs 

mixtures containing a multitude of different PFASs is still in use. However, two PFASs are 

regulated under the Stockholm Convention (Espana et al., 2015; Stockholm Convention, 2009; Z. 

Wang et al., 2015) and include Perfluorooctane sulfonate (PFOS) which was listed in 2009 and 

Perfluorooctanoic acid (PFOA) listed in 2020 (Heidelore Fiedler & Sadia, 2021; H. Fiedler et al., 

2020). 

          

Figure 6: Structure of some PFASs (Adopted from Post et al 2017 (Post et al., 2017)). 

1.2.2 Heavy metals 
Heavy metals are naturally occurring elements in the earth’s crust, with densities  5 or more times 

than water (Tchounwou et al., 2012). Pollution occurs when metals exceed naturally occurring 

(background) levels or are at levels causing adverse effects in humans and animals (Nazir et al., 

2015). Natural processes like erosion and volcanic eruption and anthropogenic activities (Adriano, 

2001; Mansour & Sidky, 2002; Nazir et al., 2015) such as mining, industry, improper  waste 

management may cause pollution (Adriano, 2001; Maurya et al., 2019; Xiao et al., 2014). Metals 

can either be essential or nonessential. Essential metals (Mg, Fe, Zn, Cu, Se, Co, Mo, Cr, and Ni) 

are required for normal biological functions in humans and animals, but can be toxic when levels 

exceed threshold levels for toxicity (Javed & Usmani, 2017; Marengo et al., 2018; Waseem et al., 

2014). On the other hand, non-essential metals (Al, As, V, Hg, Pb, Li, Cd, and Ag) have no known 

biological functions and are toxic even in minute levels (Tchounwou et al., 2012; Waseem et al., 

2014). Metals can disrupt biological processes such as endocrine signaling and enzyme activity 

(Arisekar et al., 2020; Javed & Usmani, 2017; Tchounwou et al., 2012).  
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1.2.3 Control of pollutants 
Measures to reduce spread of pollutants to the environment are regulated by international agencies 

such as the EU, WHO, US-EPA and nationally in Zambia and Tanzania (Zambia Environmental 

Management Agency) ZEMA and (Tanzanian regulator) is the regulating bodies, respectively. 

Countries have come up with international treaties that govern the use, production, and acceptable 

levels of pollution in environment and biota. One such treaty is the Stockholm Convention on 

Persistent Organic Pollutants adopted by partners in 2001 and came into force in 2004. The 

Stockholm Convention aims to eliminate, replace, or reduce the use of POPs (Stockholm 

Convention, 2009). Table 1 lists the POPs regulated under the Stockholm Convention. The United 

Nations in 1979 established the Convention on long-range transboundary transfer of air pollution 

focusing on acidification and eutrophication of lakes. In 1998, a protocol to control heavy metals 

emissions was add to the Convention (UNECE, 2015). Its objective is to control emissions of 

heavy metals from anthropogenic activities that are subject to long-range transboundary 

atmospheric transport and  have adverse effects on human health or the environment (UNECE, 

2015). The protocol focuses mainly on Cd, Hg and Pb. The WHO, EU and other international and 

national organizations have also set limits for heavy metals levels in the environment and biota. 

 

Table 1: List of POPs included in the Stockholm Convention 

Initial 12 POPs (2004) POPs included in 2009 POPs included in 2011-
2018 

Under consideration 

Aldrin 
Chlordane 
Dieldrin 
Endrin 
Heptachlor 
HCB 
Mirex 
Toxaphene 
DDT 
PCB 
PCDD 
PCDF 

Chlordecone 
HBB 
HCH 
HCH 
Lindane (HCH) 
PeCB 
Penta-PBDE 
Octa-PBDE 
PFOS 
 
 

Endosulfan 
HCBDD 
HCBD 
PCP 
PCN 
Deca-PBDE 
Hexa- and Hepta-PBDE 
SCCP 
Tetra-PBDE 
  

Dicofol 
PFOA and related compounds 
PFHxS and related compounds 
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1.3 Exposure to POPs and heavy metals 

1.3.1 Sources 
Pollutants are a result of various anthropogenic activities as show in figure 7. Historic and current 

use of organochlorine pesticides for agricultural and domestic purposes remains a source of 

contamination in the environment and organisms (Affum et al., 2018; Jurgens et al., 2016; R. Sun 

et al., 2018). The source of DDT is from legacy use but also from continued use as indoor residual 

spraying (IRS) for malaria vector control (Banda. & Mundia., 2009; Jayaraj et al., 2016; WHO, 

2011). Another source may be illegal use in agriculture and obsolete stockpiles of DDT (Azab et 

al., 2013; Jayaraj et al., 2016; Konradsen et al., 2003; Müller et al., 2017; Olisah et al., 2020). 

Sources of PCBs and BFRs are from legacy use (R. Sun et al., 2018), but also from old PCB 

containing equipment like electric transformers and capacitors still in use (Lallas, 2001), and 

improper disposal of PCB and BFR containing materials like textile, electronics (e-waste) and 

domestic waste (Cristale et al., 2016; Kefeni et al., 2011; J. Zheng et al., 2011). PFASs are released 

into the environment from PFASs containing products such as cookware, paper packaging, textile, 

furnishings, and electronics (Birnbaum & Grandjean, 2015; Valdersnes et al., 2017). Leaks of 

waste from landfills may also be a significant source of PFASs in water bodies including drinking 

water (Domingo & Nadal, 2019; Hepburn et al., 2019).  

Mineral mining and processing activities are well documented sources of leakage of heavy metals 

to aquatic environments (Adriano, 2001; Maurya et al., 2019). Industrial waste spills into water, 

air and land are also significant sources (Xiao et al., 2014). Use of pesticide and fertilizer 

containing metals in agriculture have also added to environmental pollution of heavy metals 

(Carolin et al., 2017; Defarge et al., 2018; Gimeno-García et al., 1996). 
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Figure 7: Sources of pollutants in the environment. (Adopted from 
https://theconversation.com/killer-whales-why-more-than-half-worlds-orcas-are-threatened-by-
leftover-industrial-chemicals-104020) 

1.3.2 Routes of exposure 
Humans and animals are exposed to pollutants through the oral (ingestion), nasal (inhalation), and 

dermal (absorption) (David, 2006; Rhind, 2002; Wu et al., 2019) exposure routes (Fig. 8). 

Consumption of contaminated food and water is the main route of exposure. Plants and lower 

organisms bioaccumulate pollutants through uptake from soil, water and air.  Humans and animals 

are exposed by feeding on contaminated plants and animals. Fat soluble pollutants (OCP, PCBs 

and BFRs) accumulate in fatty tissues of fish (David, 2006), exposing humans and other predators 

to higher levels of pollutants than species lower in the food chains. Water soluble pollutants 

(PFASs and heavy metals) are also taken up orally through food and drinking water (Cordner et 

al., 2019; Hu et al., 2019). Volatile and gaseous pollutants, and those suspend in dust particles are 

taken up by inhalation (David, 2006; Wu et al., 2019). Dermal absorption and absorption via the 

gills are important exposure routes for fish when they are in contact with polluted water. Injection 

routes are less common, occurring when pollutants are introduced into the body through a break 

in the skin. 
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Figure 8. Exposure routes and fate of pollutants in the body

1.3.3 Fate of pollutants in the body

1.3.3.1 Absorption and bioaccumulation
After oral, nasal or dermal exposure, pollutants are absorbed through the membrane and distributed

around the body (figure 8). Distribution in tissues is determined by size, concentration gradient, 

fat content and degree of blood perfusion. Initial fast distribution to liver and muscle due to high 

lipid content and large blood perfusion respectively, is followed by slow redistribution to other 

organs. Lipophilic POPs (OCP, PCB and PBDE) bioaccumulate in fatty tissues, whereas PFASs 

are distributed to serum proteins, and to proteins in liver, kidney, lungs and placenta (Fàbrega et 

al., 2014; Heuvel et al., 1991; Stanifer et al., 2018). PFASs bind to proteins like plasma albumin,

and the protein content of the tissue influence their level of bioaccumulation in different tissues. 

Metal bioaccumulation is influence by species, organ physiology and properties of the metal 

involved. Metals accumulate mainly in the liver, kidneys, skin, gills (fish) and muscle. In fish 

metal concentrations are highest in the liver and lowest in muscle (Jarić et al., 2011). 

Metallothionines and other proteins present in organs bind metals like Cu, Zn, Cd and Hg but not 

lead (Atli & Canli, 2003; Hamilton & Mehrle, 1986; Ploetz et al., 2007). The liver has higher levels 

of these proteins and thus bioaccumulates more metals (Atli & Canli, 2003; De Smet et al., 2001).
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1.3.3.2 Biotransformation and Elimination 
Pollutants may undergo biotransformation or remain unchanged before excretion in urine and 

feces. The liver is the main site of biotransformation and detoxification of compounds (Singh et 

al., 2016). Liver cytochrome P-450 enzymes (CYP1A) are involved in metabolism 

(biotransformation) of POPs (Sipes & Schnellmann, 1987; White et al., 1997). Lipophilic POPs 

are not soluble in water, and in order to excrete POPs in a water medium like urine, they must be 

transformed to a more water-soluble form. Hydroxylation and conjugation with glucuronic acid of 

lipophilic POPs makes them water-soluble, enabling excretion of these metabolites from the body 

via urine. PCBs with 5 or less chlorine atoms are less resistant to biotransformation and excretion 

than higher chlorinated congeners (Matthews et al., 1978). The opposite is true for PBDEs as less 

brominated congeners are more resistant to biotransformation and accumulate more than higher 

brominated ones (Berg, 2013; Roberts et al., 2011a; Watanabe & Sakai, 2003). PFASs are reported 

to be fully resistant to metabolization in animals and humans (Kudo, 2015) and the literature 

suggest that they are removed unmetabolized from the body mainly by glomerular filtration in the 

Kidneys and excreted in urine (Kudo, 2015). 

Heavy metals bound to proteins in the blood are transport into tissues through protein channels 

(Leslie, 2012). Metallothioneins and other low molecular proteins prevent toxicity by sequestering 

metal ions, reducing the concentration of free ions in tissues/cells (Auclair & Gagné, 2014; 

Hamilton & Mehrle, 1986). Non-essential/toxic heavy metals (Hg, Cd, As & Pb) displace essential 

metal (Cu, Zn) from metallothioneins leading to an increase in intracellular Zn and Cu levels 

(Quig, 1998). High levels of toxic metals in the cell overwhelms metallothionein ability to bind 

them (Hamilton & Mehrle, 1986), leading to an increase of free toxic and essential metal ions in 

the cytosol. Methylation and conjugation with glutathione (GSH) of metals occurs and they are 

excreted in bile (conjugated form) and in urine (methylated form) (Cohen et al., 2006; 

Naranmandura et al., 2006). 



31 

 

1.4 Adverse effects of POPs and heavy metals 

1.4.1 Humans 

1.4.1.1 POPs 
Several adverse effects in humans have been linked to exposure to POPs. Health effects of DDT 

in humans has been a subject of debate for many years (Conis, 2010; Kabasenche & Skinner, 

2014). The exact effects on human health are not well established (M. Longnecker, P., 2005). 

However, studies have reported DDT association with neurological, carcinogenic, reproductive, 

immunological and developmental defects, endocrine disruption and premature birth in humans 

(Beard, 2006; Kabasenche & Skinner, 2014; M. P. Longnecker et al., 1997; Mansouri et al., 2017; 

Mrema et al., 2013; Rogan & Chen, 2005). Other OCP like HCB, Lindane have also be linked to 

cancer, immune suppression, endocrine disruption in humans (Beard, 2006). PCBs have also been 

reported to have carcinogenic, neurotoxic, cardiovascular, reproductive and endocrine disruptive 

effects (Grimm et al., 2015; Ljunggren et al., 2014; Vafeiadi et al., 2014). Similarly, PBDEs are 

also neurotoxic, carcinogenic and endocrine disruptors (Lyche et al., 2015; M. Siddiqi et al., 2003). 

In humans, PFASs are possible carcinogens, suppress immunity, and have genotoxic and cytotoxic 

effects (Coperchini et al., 2021; Neagu et al., 2021; Sunderland et al., 2019; Wielsøe et al., 2015). 

1.4.1.2 Heavy metals 
Heavy metal toxicity is mainly due to non-essential metals Hg, Pb, Cd, and As. The organic form 

of Hg (methylmercury) is more toxic than the metallic forms. Hg causes neural, renal, immune 

digestive and respiratory problems in humans (Bernhoft, 2012; Langford & Ferner, 1999; Yang et 

al., 2020). Mercury poisoning occurred in Minamata Bay, Japan (1956) and Iraq (1971) causing 

serious neural abnormalities in many individuals (Bernhoft, 2012; Skerfving & Copplestone, 1976; 

Yang et al., 2020). Pb is has neurotoxic, immunotoxic, carcinogenic and nephrotoxic in humans 

(Gidlow, 2015; Hou et al., 2013; Humans, 2006; Papanikolaou et al., 2005). It also causes 

reproductive (miscarriages) and heamatological (anaemia) problems (Gidlow, 2015; Papanikolaou 

et al., 2005). Cd causes cancers (beast, kidney, lung), liver and kidney damage, reproductive 

failure, osteoporosis and DNA damage (Bernard, 2008; Genchi et al., 2020; Sharma et al., 2015). 

Inorganic As is extremely toxic to man (J. C. Saha et al., 1999). Arsenic exposure in humans is 
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associated with cancer, diabetes, skin lesions, cardiovascular, respiratory and kidney disease (Kuo 

et al., 2017; Moon et al., 2012; Rasheed et al., 2016). Essential metals are rarely toxic. Toxicity 

only occurs in case of high levels of exposure. For instance, excessive levels of copper can result 

in liver and kidney damage, anemia, immunotoxicity, and developmental toxicity (Pohanka, 2019).  

1.4.2 Fish 

1.4.2.1 POPs 
Effects of POPs on fish species range from outright mortalities to sublethal/subclinical. 

Organochlorines, DDT (DDT metabolites) and Lindane are linked to suppression of the immune 

system in fish and increased incidence of disease and mortality (Berg et al., 2016; Cuesta et al., 

2008; Misumi et al., 2005). PCBs and PDBEs have been associated with immunosuppression, 

endocrine disruption, thyroid and reproductive dysfunction in fish (Baldigo et al., 2006; Dietz et 

al., 2019; T. B. Henry, 2015; Jørgensen et al., 2006; Yu et al., 2015). The effects of PFASs are still 

a subject of much research and debate. PFASs in fish have been linked to developmental 

deformities, growth suppression, oxidative stress, thyroid disruption, reproductive disruption, 

metabolic disturbances and immune toxicity (Han & Fang, 2010; J. W. Lee et al., 2020; Oakes et 

al., 2005). 

1.4.2.2 Heavy metals 
Toxicity of heavy metals in fish is also mainly due to non-essential metals. Metals cause reduced 

body condition, oxidative stress, genotoxicity, and pathological changes in several organs. Hg is a 

highly toxic metal in fish causing tissue damage, reproductive dysfunction, immunotoxicity, 

neurotoxicity, hepatotoxicity and teratogenic effects (Scheuhammer et al., 2016; Sweet & Zelikoff, 

2001; Y. Wang et al., 2015; N. Zheng et al., 2019). Pb is also highly toxic causing oxidative stress, 

neurotoxicity, immunotoxicity, hypocalcemia hepatotoxicity, renal toxicity and heamatological 

changes (Kim & Kang, 2015; J.-W. Lee et al., 2019; Rogers et al., 2003). Cd also causes 

neurotoxicity, immunotoxicity, and oxidative stress (Green & Planchart, 2018; Jin et al., 2015; J.-

L. Zheng et al., 2017). As affects reproduction, growth survival, and cause immune suppression in 

fish (Boyle et al., 2008; Datta et al., 2009; Gonzalez et al., 2010; Tuulaikhuu et al., 2016). Al 

toxicity is mainly due to gill toxicity and resulting hypoxia in fish (Gensemer & Playle, 1999; 
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Poléo, 1995; Poléo et al., 2017). Like humans, essential metals are rarely toxic except in high 

levels or chronic exposure. Cu can result in liver, kidney and gill damage and interfere with Na-K 

ATPase (Malhotra et al., 2020; Pohanka, 2019; Shaw & Handy, 2006). Excessive Zn levels cause 

damage in kidney tubules and hyperplasia in gills of fish (Kaya et al., 2017) and affects 

osmoregulation (calcium uptake) in gills (Bielmyer et al., 2012). The effects of individual metals 

may vary in different species and environmental conditions. 

1.5 Risk assessment of POPs and Heavy metals 
Risk assessment is the calculation or estimation of the risk to a given target organism, system, or 

(sub)population, including the identification of current uncertainties (Gaps in knowledge), 

following exposure to a particular agent, taking into account the inherent characteristics of the 

agent of concern as well as the characteristics of the specific target system (IPCS, 2004). Risk 

assessment involves hazard identification (is the compound bioactive or inert), hazard 

characterization (identification of the dose, which cause harm), exposure assessment (identify the 

exposure levels for a population) and risk characterization whether (identify whether the exposure 

of the population under investigation exceed the harmful level) (Figure 9). A hazard is an inherent 

property (Bioactive: Have the potential to interfere with biological functions) of an agent or 

situation having the potential to cause adverse effects when an organism, system, or 

(sub)population exposed to that agent. Risk is defined as the probability of an adverse effect in an 

organism, system or (sub)-population caused under specified circumstances (exposure dose and – 

time) by exposure to an agent (IPCS, 2004, 2009). The first step in risk assessment is hazard 

identification, which involves identification of known or potential adverse health effects in an 

organism, system or population, associated with a particular agent (chemical, physical or 

biological). This is followed by Hazard characterization, which is the qualitative (adverse effects) 

and quantitative (harmful dose) description of the inherent properties of an agent or situation 

having the potential to cause adverse health effects (IPCS, 2004, 2009). A dose-response 

assessment is usually performed. The third step is exposure assessment which is a qualitative 

and/or quantitative evaluation of the degree of intake of an agent likely to occur in an organism, 

system or population. Lastly risk characterization is done. The last step uses the first 3 steps, in 
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doing a qualitative or/and quantitative evaluation of the probability of occurrence of known and 

potential adverse effects, of an agent in an organism, system or population (IPCS, 2004, 2009).  

 

Figure 9: Components of risk assessment. 

1.5.1 Human health risks assessment  
Maximum limits (metals) and maximum residual limits (POPs) have been set for contaminant 

levels in food by WHO and EU (European Comimission EC, 2006; FAO/WHO, 2002). These are 

levels that must not be exceeded if food items (e.g., fish) are regarded as safe for human 

consumption. Non-carcinogenic risks due to exposure to pollutants, can be determined using 

Estimated daily intake (EDI), Target hazard quotient (THQ) and Hazard index (HI). These 

calculations estimate the possibility of an individual developing non-carcinogenic adverse health 

effects, due to a lifetime of exposure to a pollutant(s).  EDI is an estimation of the daily intake of 

a pollutant by an individual (N. Saha et al., 2016). EDI is compared to established Tolerable daily 

intakes (TDI). TDI is established based on the dose causing no harm in dose-response studies (No 

Observed Adverse Effect Level; NOAEL) multiplied with safety factors for individual variability 

within species and variability between species. TDI is defined as the level of daily intake of a 

pollutant which will not cause any adverse health effects during a lifetime (Mwakalapa et al., 

2019). EDI levels above TDI pose a risk and vice versa. Target hazard quotient is the ratio between 

the Estimated daily intake (EDI) and the oral reference dose (RfD, mg/kg bw/day) (N. Saha et al., 

2016). RfD is an estimate of a daily oral exposure to a toxic substance that is likely to be without 

an appreciable risk of harmful effects during a lifetime (Mwakalapa et al., 2019; Varol et al., 2017). 

The Hazard index also refereed to Total Target hazard quotient (TTHQ) is the sum of individual 
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metal’s THQs. Values of THQ and HI >1 pose a risk of developing non-carcinogenic effects in 

one’s lifetime (Copat et al., 2018; N. Saha et al., 2016). 

Carcinogenic risks (CR) are estimated as the incremental probability of an individual to develop 

cancer, over a lifetime, as a result of exposure to a potential carcinogen (Ahmed et al., 2016).  

USEPA acceptable lifetime cancer risk levels range from10-4 (1 in 10,000) to 10-6 (1 in 1,000,000) 

chance of an individual developing cancer (Varol et al., 2017). Cancer risk values greater than 10-

4 are unacceptable and those less than 10-6 do not pose a risk of cancer in an individual’s lifetime.  

Toxic equivalency factors (TEFs) are used to calculate toxic equivalency values (TEQs) in 

biological tissues and food based on levels of dioxins and dioxin-like PCBs (EPA, March 30, 2022) 

with the purpose of making a health risk assessment. WHO has assigned a TEF for each of the 

dioxins (TCDDs/TCDFs) and dioxin-like PCBs (DL-PCBs) (Van den Berg et al., 2006), and 

2,3,7,8-TCDD has a TEF a reference value of 1. The maximum for fish liver, set by the European 

Commission Regulation (EU) No 1259/2011 of 2 December 2011 is 6,5 pg/g TEQ wet weight.  

1.5.2 Fish health risk assessment 
To protect human and wildlife from hazardous substances, the European Union through its Water 

Framework Directive (WFD) (Directive, 2000/60/EC) has set Environmental Quality Standard 

(EQS) (European Comimission EC, 2000) for EU priority contaminants. These are aimed at 

protecting and improving the aquatic environment, through reduction of hazardous substance 

emission and improving the aquatic environment (European Comimission EC, 2000; Fliedner et 

al., 2016). 45 priority substances and pollutants are listed in the water framework directive, 10 of 

which relate to EQS in biota (fish, crustaceans and molluscs) (Europian Comimission EC, 2013). 

Substances monitored in fish under the WFD are, Brominated diphenyl ethers, 

Hexachlorobenzene, Hexachlorobutadiene, mercury, Dicofol, Perfluorooctane sulfonic acid and 

its derivatives, Dioxin and dioxin-like compounds, Hexabromocyclododecane and Heptachlor and 

Heptachlor epoxide. 
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1.6 Monitoring and control of pollution in African waters 
 
Most African countries are signatories to international conventions such as the Stockholm 

Convention and Convention on long-range transboundary transfer which aim to monitor and 

control the spread of POPs and heavy metals in the environment. The past 2 decades have seen an 

increase in the awareness and monitoring of pollutants on the continent. This has led to several 

reports being produced on the occurrence and level of heavy metals and persistent organic 

pollutants in air, water, soil and biota (Fayiga et al., 2017; Olisah et al., 2020; Taiwo, 2019; Yabe 

et al., 2010). Research has also focused on the health effects of pollutants on humans and animals 

exposed to them (Simukoko et al., 2021). Despite the increased research, Africa still lags behind 

other parts of the world mainly due to lack of technical expertise and infrastructure needed for 

regular monitoring of pollutants (K'Oreje et al., 2020).  The ongoing industrialization of Africa 

and increased trade with industrialised countries increases the risk of environment pollution. These 

developments call for more research and monitoring in order to control environmental pollution. 

To help address this need, our research aimed at providing additional information on occurrence 

and levels of heavy metals and POPs in wild and farmed marine and freshwater fish from Tanzania 

and Zambia. We also carried out risk assessment for human and fish health due to exposure to 

POPs and heavy metals.  
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2. Knowledge gaps and Aims 
The aim of the study was to increase knowledge on the occurrence and levels of heavy metals and 

persistent organic pollutants in marine and freshwater fish from Tanzanian coastal waters and 

Zambian fresh waters. The study also aimed to assesses the potential health risks the analysed 

contaminants may pose to human and fish health. The environmental impact of introduction of 

fish farms on natural/wild fish stocks was also assessed in the study. 

Specific objectives 

� Determine occurrence and levels of persistent organic pollutants (POPs) in wild and farmed 
tilapia (Oreochromis niloticus) from lake Kariba Zambia. 

� Determine and compare levels of heavy metals in wild and farmed tilapia (Oreochromis 
niloticus) from Lake Kariba Zambia. 

� Determine levels of heavy metals in farmed and wild milkfish (Chanos chanos) and wild 
mullet (Mugil cephalous) along the coasts of Tanzania. 

� Assess the health risks to humans associated with consumption of contaminated wild and 
farmed fish from the study areas. 

� Assess the health risks that contaminants pose to fish in the study areas.  

� To assess the influence of fish farming on levels and composition of contaminants in wild fish. 
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3. Materials and Methods 

3.1 Study area  
Lake Kariba is a man-made lake located on the southern border of Zambia with Zimbabwe (-17° 

S 28° E). It was built for the purpose of hydroelectric generation. The lake is 320 Km long with 

an area of 5400 Km², and an average depth of 29 meters. The water flows from west to east. The 

climate is sub-tropical with annual rainfall between 400 to 700 mm and temperature between 13 

and 40°C. Wild and farmed O. niloticus were collected from five locations (Sites 1, 2 & 3, and 

farms 1 & 2) along the lake (Figure 1). Sites 1 and 2 are in Sinazongwe and Gweembe districts 

respectively, over 100 km from site 3 with population of 98, 246 and 50,136 respectively (Zambia 

Central Statistical Office, 2012). Commercial fishing of Kapenta (Limnothrissa miodon), crop, 

livestock, and wildlife farming are practiced in site 1 and 2. In addition, coal mining is done in site 

1. Site 3 is located in Siavonga district, on the eastern end of the lake with crop, livestock, crocodile 

and commercial fish farming, commercial fishing of kapenta and hospitality industry being the 

main economic activities. The area also has a feed processing plant. Farms 1 and 2 are also located 

in Siavonga district practice cage tilapia farming.  

 

Fig. 10: Map of lake Kariba showing the 5 locations (sites1-3 and farms 1 and 2) where tilapia 
were collected on the Zambian side (Courtesy of Eliezer Brown Mwakalapa 2019) 
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Wild and farmed milk fish (Chanos chanos) and Mullet (Mugil cephalus) samples were from 

Tanzania mainland (Mtwara district) and Zanzibar islands of Unguja and Pemba. Mtwara district 

is located in southern Tanzania. Fish farming in ponds is practiced in this area. The main economic 

activities are agriculture, cashew nut production, oil and gas industry and cement factory. In 

Unguja and Pemba islands of Zanzibar, economic activities include tourism, crop and animal 

agriculture, seaweed production and salt extraction industry. Pond aquaculture is also practiced on 

both islands. 

3.2 Species 
Three species of fish. These were Oreochromis niloticus (Nile tilapia), Mullet (Mugil cephalus) 

and Milkfish (Chanos chanos) were included in the study. Nile tilapia is a fresh water omnivorous 

fish native to river Nile, with a worldwide distribution (FAO, 2005-2019). It belongs to the 

cichlidae family and order cichliformes. Tilapia feeds on zooplankton and phytoplankton and 

higher plants (like algae) and thrives in tropical and subtropical climates with environmental 

temperatures of 9–42oC, living in shallow waters. It is found both as wild and farmed fish. It’s fast 

growth and resistance against harsh conditions makes it favourable for aquaculture. Mullet (Mugil 

cephalus) is a marine fish, in the order mugiliformes and family mugilidae. It is found in tropical 

to subtropical coastal waters. It is a diurnal feeder, consuming mainly zooplankton, dead plant 

matter, and detritus. Mullet also graze on epiphytes and epifauna from seagrasses as well as ingest 

surface scum containing microalgae at the air-water interface (FAO, 2006-2021). It can survive in 

temperature and salinity from 8 to 24°C, and 0 ppt to 75 ppt respectively (Camara et al., 2019). 

Milkfish (Chanos chanos) is the only species in the Family Chanidae and belongs to the order 

Gonorychiformes. Its distribution is in low latitude tropics or the subtropical northern hemisphere, 

where temperatures are greater than 20 °C (FAO, 2007-2021). They are omnivorous feeding on 

copepods, diatoms, detritus and zooplankton. 

3.3 Sample collection 
Wild and farmed tilapia were collected from lake Kariba between June 2016 to July 2017. 

Physicochemical parameters (pH, temperature, conductivity and total dissolved solutes) were 

measured. Live wild tilapia was bought from fishermen as they pulled in their catch from the water, 
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place in ice wate and dissect once back at the shore. Dip netting was used to catch farmed tilapia 

then dissected at the shore. Fish length and weight were recorded. Stainless steel forceps and 

scalpel blades were used to dissected muscle tissue of approximately 10g. The tissue was placed 

in clean 15 ml Eppendorf tubes, then transported on ice in a cooler box to the University of Zambia, 

Veterinary Medicine School and stored at -20◦C. Later samples were transported on ice to the 

Laboratory of Environment Toxicology at the Norwegian University of Life Science (NMBU) in 

Oslo, Norway and stored at - 20◦C until analyses. Frozen liver and muscle samples were received 

from Tanzania, then analysed at Central Veterinary Research Institute (CVRI). 

3.4 Analytical procedure 
Persistent organic pollutants (Paper I) were analysed at the Laboratory of Environmental 

Toxicology at the Norwegian University of Life Sciences in Oslo, Norway. The laboratory is 

accredited for testing chemicals in biological samples by the Norwegian accreditation according 

to the requirement of the NS-EN ISO/IEC 17025 (TEST 137). The samples were analysed for 

organoclorinated pesticides (OCPs), polychlorinated biphenyls (PCBs), brominated flame 

retardants (BFRs) such as, polybrominated diphenyl ethers (PBDEs) and HBCDD and 

Perfluoroalkyl substances (PFAS). Before analyses the samples were thawn at room temperature 

and protected from light during the analyses. Heavy metal analysis for paper II was done at the 

Laboratory for Soil and Water analysis, Faculty of Environmental Sciences and Natural Resource 

Management (MINA), Norwegian University of Life Sciences (NMBU), Campus Ås, Norway. 

For paper III heavy metals (except for Hg analysed at MINA) were analysed at the laboratory of 

the Central Veterinary Research Institute in Zambia (CVRI). The laboratory was accredited by the 

Southern African Development Community Accreditation Services (SADCAS). 
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Fig.  11: Schematic overview for analysis of (A) OCPs, PCBs and BFRs and (B) PFASs 
analyses. Adopted from Mwakalapa (2019) with slight modification. 

 

 

Fig. 12: Schematic representation of Heavy metal analysis (A) MINA and (B) CVRI. Adopted 
from Mwakalapa 2019 (Mwakalapa et al., 2019) with modifications. 
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3.5 Ethical considerations 

The study was approved by the University of Zambia, School of Veterinary Medicine research 

committee. Permission from local district fisheries and Veterinary officers was obtained before 

sampling in the areas. Managers at the fish farms gave permission for samples to be collected after 

being informed of the purpose of the study. Wild tilapia was bought from fishermen at an agreed 

price after educating them of the benefits of the research. Fish were humanely euthanised, by first 

stanning on the head before dissection. Permits to export and import fish samples to Norway were 

obtained from Ministry of livestock and fisheries in Zambia and Norwegian Food Safety 

Authority.  

3.6 Statistical analysis 

Data were organised in spread sheets (MS Excel, 2016). JMP 14 statistical software was used for 

further analysis. Readings below the limit of detected (<LOD) were treated as zero during analysis 

as the concentrations of POPs in general were very low. Since the data were not normally 

distributed, non-parametric tests Wilcoxon/Kruskal-Wallis test (rank sum) for differences among 

locations and Wilcoxon pair test for differences between locations were used. Spearman rank 

correlation was used to assess the correlation between variables. The difference between locations 

were considered statistically significant when p<0.05. 
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4. Summary of papers,  

Paper -I 
First findings of per- and polyfluoroalkyl substances (PFASs) in wild tilapia (Oreochromis 

niloticus) from Lake Kariba, Zambia, and higher levels of persistent organic pollutants 

(POPs) in wild versus farmed fish - implications for fish health. Simukoko CK, Mwakalapa 

EB, Muzandu K, Mutoloki S, Polder A, Lyche JL. Manuscript. 

To assess the occurrence and level of persistent pollutants in wild and farmed tilapia (Oreochromis 

niloticus) on Lake Kariba in Zambia, fish liver samples were collected in 2017. The impact of fish 

farms on levels of POPs in near wild fish was also examined. Fish liver tissue was used to measure 

Organochlorine pesticides (OCPs), Polychlorinated biphenyls (PCB), Brominated flame retardants 

(BFR) and Perfluorinated flame retardants (PFRs).  

Lipid percentages were highest in farmed fish and in wild fish nearby the farms. POP levels were 

highest in wild tilapia. DDT was the most abundant OCP in all sites and DDT levels were highest 

in wild tilapia. Low p,p'-DDE/p,p'-DDT ratio in wild tilapia from site 3, may indicate recent 

exposure to DDT. DDT use is still permitted by WHO for vector in countries where malaria is 

endemic, such as in Zambia. Other OCPs, such as HCB, HCH and chlordanes were also higher in 

wild than farmed tilapia. Mirex and heptachlor were below detection limit in all sites. PCBs were 

higher in wild tilapia, with congeners PCB-118, -138, -153 and -180 being the dominant ones. 

Similarly, PBDEs were also higher in the wild tilapia. Congeners BDE-47, -99, -154 and -209 

were the dominant PBDEs. PFASs compounds PFOS, PFDA and PFNA were only detected in 

wild fish. The findings of the study showed that wild tilapia had higher levels of POPs than farmed 

tilapia. Farmed fish feed on highly nutritious commercial feed and grows to market weight (250 -

350g) much faster than wild fish. Furthermore, wild fish near fish farms have lower exposure to 

POPs as they have access of spillage of commercial feed from the farms. It can be concluded that 

fish farming produces fish with lower levels of POPs. Of the POPs examined, only PBDE 

concentrations were above the EQSbiota limits which may pose health risk to both wild and farmed 

fish. 
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Paper -II 

Assessment of heavy metals in wild and farmed tilapia (Oreochromis niloticus) on lake 

Kariba, Zambia - implications for human and fish health.  Simukoko CK, Mwakalapa EB, 

Bwalya P, Muzandu K, Berg V, Mutoloki S, Polder A, Lyche JL. October 2021 Food Additives 

and Contaminants - Part A Chemistry, Analysis, Control, Exposure and Risk Assessment- 

DOI: 10.1080/19440049.2021.1975830. 

The aim of the study was to assess and compare levels of heavy metals (Mg, Fe, Zn, Al, Cu, Se, 

Co, Mo, As, Cr, V, Ni, Hg, Pb, Li, Cd, and Ag) in farmed and wild tilapia on lake Kariba Zambia. 

The influence of fish farming on metals levels in wild fish was also examined. Risk assessment of 

metal levels in tilapia to human and fish health was also determined. Tilapia muscle tissue (n=176) 

was collected in July 2016 and examined for heavy metals using ICP-MS.  

Levels of all the metals were below the maximum limits (MLs) set by WHO/EU. Essential metals 

(Cu, Fe, Zn and Mo) were significantly higher levels in farmed tilapia, while non-essential metals 

(Al, As, V, Hg, Pb, were higher in wild tilapia. Due to their importance in biological functions, 

essential metals added as trace elements to fish feed. This explains the higher levels observed in 

farmed fish. Due to a lower plan of nutrition, wild fish take longer to reach market weight (250-

350g). This exposes them to heavy metals in the lake for a longer time, thus accounting for the 

higher levels of non-essential metals observed. Wild tilapia near the fish farms also had higher 

levels of essential metals than those far from the farms. This is due to feed and waste spillage rich 

in trace elements from the fish farms, that is accessed by the wild tilapia nearby. Human health 

risk assessment showed that estimated weekly intakes (EWI) for all metals were less than the 

Provisional tolerable weekly intakes (PTWI). The Target hazard quotients (THQ) and Hazard 

Index (HI) were also <1, indicating no non-carcinogenic health risks to humans from a lifetime of 

fish consumption. Total cancer risk (CR) was less than 1x10-4, indicating less than 1 in 10,000 

chance of cancer risk from a lifetime of fish consumption. Assessment of risks to fish health 

showed that Hg levels (0.021 mg/kg) in wild tilapia at site 1 was higher than the Environmental 

quality standard (EQS=0.020 mg/kg) set by EU. This indicates possible adverse effects to fish at 
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this location. Except for Hg, findings in this study show that the levels of metals in fish from lake 

Kariba, were safe for human consumption and had no adverse effects on fish. 

Paper - III 
Heavy metals in farmed and wild milkfish (Chanos chanos) and wild mullet (Mugil 

cephalous) along the coasts of Tanzania and associated health risk for humans and fish. 

Mwakalapa EB, Simukoko CK, Mmochi AJ, Mdegela RH, Berg V, Müller MHB, Lyche JL, Polder 

A. Chemosphere 224 (2019) 176-186. 

 
The study was conducted in 2016, to assess levels of heavy metals (Pb, Hg, Cd, As, Al, Fe, Zn, 

Cu, Ni, Co and Cr) in muscle and liver of farmed and wild milkfish (Chanos chanos) and wild 

mullet (Mugil cephalous) along the coast of Tanzania. All metals except Hg were analysed using 

Atomic Absorption Spectrometer (AAS) at Central Veterinary Research Institute (CVRI) in 

Lusaka, Zambia. Hg was analysed using ICP-MS at the Laboratory for Soil and Water analysis, 

Faculty of Environmental Sciences and Natural Resource Management (MINA), Norwegian 

University of Life Sciences (NMBU), Campus Ås, Norway. 

High concentrations of Pb were detected in muscle (upto 1.44 mg/kg) and liver (upto 47.37 mg/kg) 

tissue of wild and farmed milkfish and wild mullet from all sites. The high levels of Pb could be 

due to industrial activities and late phasing out of leaded gasoline in Tanzania. Liver tissue had 

significantly higher levels of Pb and Cu than muscle at all sites. Wild fish had higher levels of Pb 

than farmed fish. Metal levels also varied from one location to another, due to different geological 

conditions, fish management practices and economic activities. Pb was the only metal that 

exceeded the maximum limit (0.3 mg/kg ww) set by FAO/WHO in muscle tissue for human safety. 

Estimated weekly intakes (EWI) for all metals were less than the Provisional tolerable weekly 

intakes (PTWI). Target hazard quotients (THQ) and Hazard Index (HI) were both <1, indicating 

no non-carcinogenic health risks to humans. The median Hg levels in fish muscle were below the 

European Union set Environmental Quality Standards (EQS) of 0.02 mg/kg ww indicating no risk 

to fish health. 
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55. General Discussion 

5.1 Methodology 

5.1.1 Location and species selection 
Research for papers I and II was carried out on lake Kariba in Zambia. This location provided 

access to both wild and farmed tilapia fish, making it suitable for comparison of levels of 

contaminants in both groups. It also enables us to assess the effect of fish farming on contaminant 

levels in wild tilapia close to the fish cages. Paper III research was conduct on the coastline of 

Tanzania, which also provided access to both farmed and wild milkfish and mullet fish species. 

Tilapia, milkfish and mullet fish species were selected because they were found as both farmed 

and wild species, and they are economically important species. 

5.1.2 Analytical methods 
Persistent organic pollutant (OCPs, PCBs, BFRs, PFASs) levels in wild and farmed tilapia in Paper 

I were measured at the environmental toxicology laboratory at NMBU. The laboratory is 

accredited for testing chemicals in biological samples by the Norwegian accreditation according 

to the requirement of the NS-EN ISO/IEC 17025 (TEST 137). OCPs, PCBs and BFRs which are 

fat soluble were extracted using organic solvents acetone and cyclohexane ( Polder et al., 2008) 

which have good extraction yield. GC-MS was used for separation and detection of OCPs, PCBs 

and BFRs. GC-MS has high specificity and sensitivity making it suitable for such analysis.  BDE-

209 is not stable at high temperatures in the GC injector and column (de Boer & Cofino, 2002). It 

is also sensitive to UV light degradation and behaves different from chlorinated and lower 

brominated compounds (de Boer & Cofino, 2002). To avoid thermal decomposition of BDE-209 

shorter GC column and thermally inert injection port were used (Beser et al., 2014). PFASs are 

water soluble and were extracted using methanol, while HPLC-MS was used for separation and 

detection. HPLC-MS has high specificity and sensitivity making it suitable for this analysis. All 

series (OCPs, PCBs, BFRs and PFASs) were run with blanks, standards and certified reference 

(CRM) samples for quality control. In addition, the laboratory participated in regularly in 

international ring test for confirmation of analytical quality. 
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Heavy metal Analysis in Paper II was done at the Laboratory for Soil and Water analysis, Faculty 

of Environmental Sciences and Natural Resource Management (MINA), (NMBU), Campus Ås, 

Norway. After digestion of nitric acid (HNO3), ultrapure concentrated HCl was added in order to 

prevent loss of Hg. Metal analysis was then done using an Agilent 8800 ICP-MS, a method with 

high sensitivity and specificity. Fish Protein Certified Reference Material for Trace Metals (CRM 

Dorm-3, National Research Council Canada, Institute for National Measurement Standards, M-

12, Ottawa, Ontario, Canada K1A 0R6) and fish muscle (ERM-BB422, European Commission – 

Joint Research Centre, Institute for Reference Materials and Measurements (IRMM), 2440 Geel, 

Belgium) were used to validate the procedure. For paper III heavy metals were analysed using 

Atomic Absorption Spectrometer (AAS) at Central Veterinary Research Institute (CVRI) in 

Lusaka, Zambia. ULTRASPEC multi-element aqueous CRM certified reference material (De 

bruyn spectroscopic solutions) was used to verify the procedure. Recoveries were above 80%. 

5.1.3 Statistical analysis 
Data was organized in Microsoft excel before being transferred to JMP statistical and Stata SE/16 

software for analysis. The data was not normally distributed, therefore nonparametric tests were 

used for statistical analysis. Wilcoxon/Kruskal-Wallis test (rank sum) was used to examine 

differences among locations, while Wilcoxon pair test for differences between locations. Spearman 

rank correlation was used to assess the correlation between variables. p<0.05 values were 

considered significant. Non detectable readings (below limit of detection) were assigned a value 

of ½ LOD. This is one of the suggested method of dealing with non-detectable readings which are 

common in environmental studies (Baccarelli et al., 2005). 

5.2 General findings 

5.2.1 Persistent organic pollutants (POPs) in wild and farmed fish on Lake Kariba  
Organochlorine pesticides (OCP) (DDTs, HCB, HCH and Chlordane) were detected in all fish 

liver samples (paper I). Mirex was not detected in any of the tested fish. The wide distribution of 

OCPs in all sites (DDT 100%, HCB 100%, HCH 76% and Chlordane 73%), showed past/ongoing 

exposure to OCPs in the area. Wild fish had higher levels of OCPs than farmed ones. Wild fish 

take longer to reach market weight, increases their exposure time to contaminants and therefore 
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bioaccumulate more contaminants (Van Ael et al., 2013). Contaminant levels in feed are closely 

regulated, and this ensures that exposure of farmed fish to contaminants is reduced (Glencross et 

al., 2020). DDT and its metabolites accounted for most of the OCPs detected in all locations. The 

continued use of DDT in malaria vector control may be the main source of DDT pollution. Due to 

its effectiveness and affordability, DDT use in malaria vector control is still permitted in endemic 

areas like sub-Saharan Africa (Stockholm Convention, 2009; WHO, 2011). The low ratio of p,p'-

DDE/p,p'-DDT (5.8) observed at Sites 3 may indicate recent use of DDT (Bo Strandberg & Hites, 

2001; P. Ssebugere et al., 2009). HCB was also detected in 100% of the analysed samples, 

however, in low levels.  HCB observed could be due to its release into the environment caused by 

anthropogenic activities along the lake and/or precipitation of long range transported HCB 

(Santonen et al., 2017). HCH were also widely used as technical mixture with α-HCH, β-HCH γ-

HCH and other isomers present, or as γ-HCH (Lindane). γ-HCH (Lindane) was the dominant 

isomer in all locations. Lindane is the only isomer that shows strong insecticidal properties (U.S. 

EPA, 2010; UNEP, 2007a), and thus the main component of technical HCH mixture. This may 

account for the dominance of lindane observed in the study. Due to lack of information on the use 

of γ-HCH in Zambia(UNEP, 2007b), the low levels observed are probably due to past use of 

lindane insecticides. Among the Chlordanes, trans-Nonaklor was the most abundant at all sites, 

contributing (34-63%) to ∑CHLs. Chlordane based insecticides are still permitted for use in 

termite control in the construction and agricultural industries (ECZ, 2007; Wood et al., 2018). 

Products on the Zambian market like Antkil, Termidan, Termicide, Chlordasol and Kontakil 

contain 30% to 60% chlordane (ECZ, 2007).  

PCBs were detected in all locations, with congeners PCB-118, -153, -138 and -180 being the 

dominant ones (paper I). PCBs -138 and -153 are not strongly bound to sediments like higher 

chlorinated congeners, making them available to fish (Squadrone. et al., 2013). Their higher 

resistance to metabolism and elimination from fish organism than the lower congeners such as 

PCB -28, -52, and -101 (Squadrone. et al., 2013) also contributes to their occurrence in higher 

levels in fish tissues than other congeners. Levels of PCBs were low in all locations, with the 

highest concentration of ∑17PCBs (3.2 ng/g lw) at site 1. The use of PCB containing transformers, 

hydraulic lubricant, plastics, and paints is the possible source of these compounds in lake Kariba 
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(Pius et al., 2019). Despite being banned in 1980 in industrialised countries (Pius et al., 2019), 

transformers and capacitors containing  PCBs are still in use in the Southern African (Bouwman, 

2003). Wild tilapia from locations with higher human activity (sites 1 and 3) showed significantly 

higher levels of PCBs than wild tilapia away from human settlements (site 2) and farmed tilapia. 

Anthropogenic activities such as industries, mining, agriculture and waste from human settlements 

are sources of POPs (Bouwman, 2003; Covaci et al., 2008; L. Henry & Kishimba, 2006; Lyche et 

al., 2015; Santonen et al., 2017). The larger populations in site 1 and 3 may therefore account for 

the higher levels of PCBs in wild fish from these locations.  

Levels of PBDEs were also higher in wild than farmed tilapia (paper I). As mentioned earlier, the 

longer time that wild tilapia takes to reach market weight (250g)  increases their exposure time to 

contaminants (Van Ael et al., 2013), while lower levels of contaminants in feed consumed by 

farmed fish reduces their exposure to contaminants (Glencross et al., 2020). Wild tilapia near the 

fish farms (site 3) also had lower levels of PBDEs than those away from the farms, probably due 

to escaped farmed fish and access to feed spillage from the farms. PBDEs are not locally 

manufactured, their presence in the fish is probably due to leakage from imported commercial 

products (thermoplastics for computer and TV housing, textiles, foams, furniture, electronics, 

building materials) (Covaci et al., 2008; Lyche et al., 2015). Poor waste disposal from households 

and industries as well as open sewage disposal into the lake is also a possible source of 

contamination ( Polder et al., 2014). The dominant congeners were BDE-47 and BDE-209 in all 

locations. This finding was similar to reports by Polder ( Polder et al., 2014) and Mwakalapa. et 

al. (2018) in Tanzania. Lower brominated congeners like BDE 47 and 100 accumulate more in 

aquatic organisms (Luo et al., 2019), due to their resistance to microbial degradation in the 

environment (Asante et al., 2013; Mwakalapa. et al., 2018; Patrick Ssebugere et al., 2014). Higher 

brominated congeners like BDE 154 and 209 accumulate more in terrestrial organism (Luo et al., 

2019). In aquatic organisms BDE-209 is debrominated to lower congeners (Stapleton et al., 2004) 

which lowers its concentration in fish (Asante et al., 2013). The levels of BDE-209 found in this 

study could indicate an ongoing exposure. However, we could not identify a possible source of the 

compound. 
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PFASs were only detected in wild fish from sites 1 and 2 (paper I). Mining and coal thermal power 

plants use PFASs in their operations (Glüge et al., 2020). Therefore, coal mining and coal thermal 

power plant in site 1, maybe the source of the PFASs. PFOS, PFDA and PFNA were the only 

PFASs detected. Due to their water repellant properties, PFASs are used in various consumer 

products such as impregnated outdoor textiles, shoes, food containers, kitchen ware and 

firefighting foam. Their wide use has resulted in a wide distribution in the environment (Patrick 

Ssebugere et al., 2020). The findings in this study is the first report of presence of PFASs in fish 

from Zambia. To our knowledge, there are only two studies on PFASs in South African fish. 

Verhaert et al., (2017) found levels of PFOS, and PFNA in fish muscle (0.15 to 2.7, and <LOQ to 

0.14 ng/g ww) from Olifants River basin comparable to our findings (0.19 to 0.64 ng/g ww), while 

Groffen et al., (2018) found PFOSs in fish liver from Vaal River in much higher levels (<LOQ to 

289ng/g ww). Compared to a study in trout from the isolated large and deep inland Lake Femund, 

Norway, PFASs level in our study were 10 times lower (3.96 ng/g ww) (Lycke et al., 2018). The 

long chained (>6C) PFASs found in this study are regulated under Stockholm Convention and are 

therefore expected to decline in the future due to their restricted use. 

5.2.2 Heavy metals in wild and farmed tilapia on Lake Kariba 
The study revealed significant difference in metal concentrations based on location and type of 

rearing system (farmed and wild tilapia). Essential metals (Cu, Zn, Fe, Co and Mo) were higher in 

farmed and wild fish (site 3) near the farms, than in wild fish (sites 1 and 2) far from the farms 

(paper II). Higher levels of Cu, Zn, Fe, Co and Mo observed in farmed fish may be due to 

commercial feed containing trace elements (Burridge et al., 2010; Sapkota et al., 2008). Essential 

metals are necessary for various biological functions and are therefore added as trace elements to 

fish feed (Fallah et al., 2011; Yildiz, 2008). Feed spillage from the fish farms is accessed by the 

wild tilapia nearby, thereby exposing them to higher levels of essential metals resulting in the 

higher levels in fish feeding around the cages (Ballester-Molto et al., 2017; Basaran et al., 2010). 

Non-essential metals (Al, Ni, Cd, Hg) were higher in wild tilapia sampled far from the fish farms 

than from other locations. The higher Hg observed could possibly be due to coal mining in the 

area. Coal mining has been reported to release Hg into the environment (J. Liu et al., 2014; Plessl 

et al., 2019). Furthermore, wild tilapia can live up to nine years compared to farmed tilapia, which 
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is harvested within 6 months of cages-rearing on the lake. The wild tilapia can therefore 

accumulate higher levels of heavy metals with long biological half-lives such as Hg and Cd over 

a longer lifespan compared to farmed tilapia. Positive associations between Hg and Cd 

concentrations in tilapia and age as well as size are documented in other studies (Hamada et al., 

2018). Other heavy metals such as like Pb, As, Li and V showed no significant difference between 

wild and farmed tilapia. 

5.2.3 Heavy metals in wild and farmed fish along the cost of Tanzania 
Paper III presents the first report of heavy metals (Cu, Pb, Fe, Zn, Co, Cr, Cd, Ni, Hg, Al, As), in 

liver and muscle of farmed and wild fish (milkfish and mullet) from coastal areas of Tanzania. 

Distribution and levels of heavy metals were influenced by location and rearing system (farmed or 

wild). Pb levels were high in both farmed and wild fish from all the sampled locations, exceeding 

the ML set by WHO/FAO for fish muscle. The wide distribution of Pb in the Tanzanian coastal 

areas could be due to regional emissions from recent rapid growing industrial activities in the 

region (Echegoyen et al., 2014). The late phase-out of leaded gasoline is another possible source 

of Pb. Regional emissions of Pb into the coastal waters may account for the significantly higher 

concentrations of Pb in wild milkfish and mullet muscle (from Zanzibar islands) compared to the 

farmed fish. This finding suggests that wild fish from the Indian Ocean coastline is more exposed 

to Pb than farmed fish. Low concentration of Cd was found, with the highest levels in muscles of 

wild mullet from Pemba Island, Zanzibar. Use of mineral fertilizers in the intensive clove 

production at Pemba could be the source of Cd in this area. The presence of low levels of Hg in 

all fish muscles samples indicated a wide distribution in the region. Other metals like Fe, Cu and 

Co showed geographic variations. The observed difference may be caused by differences in local 

geogenic sources and different feeding regime (Zhou et al., 2020). 

5.2.4 Comparison of contaminants in fish from Kariba and Tanzanian coastal areas 
Differences were observed in levels of heavy metals in fish muscle from Lake Kariba and Tanzania 

coastal areas. Levels of Pb, Cd, Ni were higher in fish from Tanzania, than those from Lake Kariba. 

The higher levels of Cd in Tanzanian coastal areas could be attributed to the use of chemical 

fertilizers in intensive clove production, while the Pb levels may be due to the higher industrial 

activities in this area  (Mwakalapa et al., 2019) compared to lake Kariba. On the other hand, fish 
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from Kariba had higher levels of Fe, Zn, Cu and Cr, while levels of Hg and Co were similar in 

both locations.  Essential metals (Fe, Cu, Zn and Cr) were higher in lake Kariba due to commercial 

aquaculture being practiced on the lake (Simukoko et al., 2021). Essential metals are a vital for 

normal biological functions, and are therefore added commercial feed used in the fish farms 

(Yildiz, 2008). Commercial feed is therefore a source of the higher levels of essential metals seen 

in wild and farmed fish from lake Kariba (Ballester-Molto et al., 2017; Burridge et al., 2010). Rock 

weathering is another source of heavy metal pollution in water bodies (Kapoor & Singh, 2021; 

Zhou et al., 2020). Therefore, different metal composition of rocks also influences the level and 

composition of metals found in fish at each location. 

5.2.4 Species and environmental influences on bioaccumulation of metals 

Bioavailability of metals to aquatic species is dependent on conditions of the aquatic environment 

like salinity, pH, temperature and organic matter/sediments (Dutton & Fisher, 2011; Moiseenko & 

Gashkina, 2020; Väänänen et al., 2018). Tilapia is a freshwater fish, while milkfish and mullet are 

marine fish. Salinity in marine waters has an average of 35 ppt while that of fresh water is below 

0.5 ppt (Painter, 2020). salinity influence the bioavailability and bioaccumulation of certain metals 

in the aqueous environment to aquatic species like fish (Dutton & Fisher, 2011; Moiseenko & 

Gashkina, 2020). For instance, increasing salinity reduces the uptake and bioaccumulation of Cd 

in fish, while the opposite is true for As (Dutton & Fisher, 2011). Therefore, the different salinity 

levels in the study areas could also contribute to the difference observed in levels of heavy metals 

in the current study. Bioaccumulation of heavy metals is also species dependent (Anna Jakimska 

et al., 2011). Therefore, species differences may account for differences observed. 

5.2.4 Comparison of levels of contaminants with other studies/regions 
The level of contamination in fish in the 2 study areas were generally lower than in more 

industrialised regions and comparable to similar areas. ∑DDTs (the dominant OCP)) in wild tilapia 

from lake Kariba were 3 times higher than those from Brazil and Finland (Botaro et al., 2011; 

Koistinen et al., 2008), which may be explained by the continued use of DDT in malaria vector 

control in sub-Saharan Africa (WHO, 2011). DDT in fish from Tanzania, South Africa and China 

(L. Henry & Kishimba, 2006; Y.-X. Sun et al., 2014; Verhaert et al., 2017) was 5 times higher 
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than those from Kariba, which suggest similar continued use of DDT in these countries. PCBs and 

PBDEs were 8 times higher in fish from more industrialised countries like Finland, China and 

South Africa (Koistinen et al., 2008; Y.-X. Sun et al., 2014; Wepener et al., 2012) than the less 

industrialised lake Kariba area. Past production of chlorophenol formulations, PCB atmospheric 

deposition, and effluents containing PCBs and PBDEs from industry and municipalities are 

responsible for higher levels observed in more industrialised regions (Koistinen et al., 2008). 

Heavy metals from lake Kariba were lower than those from more urban and industrialised areas in 

Africa and Asia (Ibrahim et al., 2020; Leung et al., 2014; Mapenzi et al., 2020; Taweel et al., 

2011). Use of fertilizers, pesticides, rock weathering and mining and manufacturing are the main 

sources of heavy metals in the environment (Zhou et al., 2020). Therefore, the type of activities in 

an area has influence on the level of contamination. Pb levels from Tanzania were higher than 

most findings in Africa and Asia (Qin et al., 2015; Simukoko et al., 2021; Varol et al., 2017) but 

considerably lower than findings from Kanya and China  (Leung et al., 2014; Nyingi et al., 2016). 

The rest of the metals in fish from Tanzania were also lower than in more urbanized and 

industrialised areas. 

5.2.4 Influence of aquaculture on levels and composition of contaminants in wild fish stock 
 Aquaculture has been reported to cause pollution of natural waters and fish (Basaran et al., 2010; 

Sapkota et al., 2008). In the current study, it was observed that wild fish near the fish farms had 

similar levels and composition of heavy metals as farmed fish (Simukoko et al., 2021). This was 

not the case with wild fish collected away from the fish farms. Feed and waste spillage from the 

fish farms is accessed by the wild fish nearby, leading to the higher risk of exposure of compounds 

in the commercial fish feed (Ballester-Molto et al., 2017; Basaran et al., 2010; Simukoko et al., 

2021). Escaped farmed fish also become part of the wild fish populations leading to interbreeding 

and spreading diseases and parasites (Li et al., 2011). 

5.2.4 Risk assessment for fish and human health 
Contaminants can cause adverse health effects to human and fish, when they exceed the safe or 

recommended limits. To protect human health from consumption of contaminated fish (food and 

water), WHO/FAO, USEPA and other organization have set maximum limits (for heavy metals) 
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and maximum residual limits (for POPs) for contaminants in the fish. These limits should not be 

exceeded if food is to be safe for human consumption. The EU has also set environmental quality 

standards (EQS) for the purpose of protecting animal and human health. Levels above the set EQS 

indicate possible harm to animal health. 

5.2.4.1 Human health risk assessment 
The concentrations of metals in the muscle of wild and farmed tilapia from Lake Kariba (Paper II) 

were below the maximum limits set by WHO/FAO (FAO/WHO 2002) and EU (EC EC 2006). The 

EWI was also much lower than the PTWI, while the THQs and HI were both less than 1 (<1). This 

indicates that the fish from Lake Kariba can be consumed regularly without any significant health 

risk from both single metal exposure and cumulative effect of exposure to multiple metals. HBVSe 

from all sites were positive, indicating protecting effects of selenium against mercury in the fish 

(Ralston et al. 2016; Yabanli and Tay 2021). Mercury has been shown to inhibit selenium-

dependent enzymes (selenoenzymes), which protect against potential oxidative brain damage and 

is involved in other vital functions such as foetal brain development, growth, thyroid hormone 

metabolism and calcium regulation (Squadrone et al. 2015; Ralston et al. 2016, 2019). Selenium 

sequesters mercury, forming an insoluble selenium-mercury (HgSe) compound, that is excreted 

from the body (Ralston et al. 2016; Yabanli and Tay 2021). The Total cancer risk (TCR) due 

exposure to As, Cd, Cr, Ni and Pb in the fish was less than 1 × 10x−4 (Paper II), indicating that the 

risk of humans developing cancer during their lifetime, as a result of consuming wild and farmed 

tilapia from Lake Kariba was less than 1:10,000 (Varol et al. 2017). 

All the analysed fish from the coastal areas of Tanzania, had Pb levels that exceeded the maximum 

limit (0.3 mg/kg ww) set by FAO/WHO in muscle tissue. However, the estimated weekly intakes 

(EWI) for all metals were less than the provisional tolerable weekly intakes (PTWI), while the 

THQ and HI were both <1, indicating no non-carcinogenic health risks to humans. Despite the 

THQ and HI being low, the Pb levels found in this study are of concern. Pb is highly toxic to 

humans, causing neurological, renal, haematological, and carcinogenic effects (Bosch et al., 2016). 

Children are reported to be more vulnerable (WHO, 2015 ), due to the development of vulnerable 

organs and tissues and their poorly developed excretory systems. Children may also be exposed to 
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additional Pb from old paint, toys and dust on the floor. Due to these other putative sources and 

the high Pb levels (above maximum limit) in fish, Pb could pose a danger to the health of children. 

POPs are lipophilic; thus, liver tissues were used to measure their levels in fish during this study. 

In 2011, the EU set an MRL for Σ non-dioxin like (NDL) PCBs (PCB-28, -52, -101, -138, -153, 

and -180) in fish muscle at 75 ng/g ww (EUROPEAN COMMISSION EC, 2011). The results from 

this study cannot be directly used to assess human health risk, since they were measured in liver 

and not fish muscle. However, since liver has a higher lipid content (range 3-19 %) (present study) 

than muscle (0.4-4 %) (Polder et al., 2014), one can assume that POP levels in wild and farmed 

tilapia liver from the present study are much higher than in the muscle. The highest sum of ΣNDL-

PCBs in the present study (sum of PCB 118, 138, 153, 180) was 0.2 ng/g ww in liver, and thus far 

below the EU MRL.  

5.2.4.2 Fish health risk assessment 
Chemical pollution of water poses a threat to the aquatic environment and may induce acute and 

chronic toxicity in aquatic organisms (European Comimission EC, 2006 ). Contaminants can 

adversely affect fish health if they exceed certain levels. In order to protect animals and humans 

from contaminants, the European Framework Directive was developed in 2008 and identified 33 

priority hazardous substances for which Environmental Quality Standards (EQS) were set for 

water and biota  (Europian Comimission EC, 2013). Heavy metals have been shown to cause 

adverse effects on fish health, such as alteration in condition indices, biochemical disorders, and 

histopathology when certain levels are exceeded (Javed. & Usmani., 2017). An exposure level of 

5 mg/kg of Pb in Clarias batrachus (Cat fish) for 150 days has been shown to inhibit gonadal 

growth, reduce cholesterol and lipid content in brain, testis and ovaries, while increasing both in 

the liver (Katti & Sathyanesan, 1983). At 1 mg/kg, Pb exposure inhibits blood ALA-D activity in  

tilapia (Dos Santos et al., 2016). The high Pb levels in liver from wild milkfish (47.3 mg/kg ww) 

and wild mullet (6.26 mg/kg ww) from Tanzanian coastal waters may therefore pose a health risk 

to the fish. 22% of the fish exceeded the threshold EQSbiota (0.02 mg/kg ww) for Hg and this may 

also affect fish health. Hg levels in Tilapia from Lake Kariba were below the EQSbiota, except for 

wild tilapia at site 1 (mean 0.021 mg/ kg ww) which was slightly higher than the EQSbiota. This 
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may have an effect of the health of the fish in this location. The levels of PBDEs from both wild 

and farm tilapia on lake Kariba exceeded the European standard (EQS) for these contaminants in 

fish and may harm fish health. Follow up studies are needed to ensure that international regulations 

result in decrease of these and other contaminants that threaten the aquatic environment. 

5.3 Strength and weakness 
The study location enabled comparison of contaminant composition in wild and farmed fish from 

the same lake. The location also provided an opportunity to observe the effects of commercial fish 

farming on wild fish attracted to open-cage fish farms. 

Analysis of the fish samples for POPs and heavy metals were done at accredited laboratories at 

Norwegian University of Life Sciences (NMBU) and Central Veterinary Research Institute 

(CVRI) in Zambia. The use of accredited analytical methods ensures a high degree of accuracy of 

the results obtained. The ability of the laboratories to analyse a wide range of contaminants (POPs 

and heavy metals), made it possible to present results on previously known and unknown 

contaminants in the study areas. 

Two countries were involved in the study (Zambia and Tanzania). This provided an opportunity 

to compare contaminants in the 2 countries and how differences in local conditions such as 

industrial activities, marine types (freshwater vs marine water), management systems and fish 

species may affect levels of contamination in fish.  Collaboration between researchers in the 2 

countries will ensure better knowledge sharing and a coordinated approach to the control of 

contaminants in the region. 

The involvement of researchers from Norway and several African countries in the project, ensured 

knowledge and skills transfer. The building of capacity in local researchers in the participating 

countries will result in better management of fish resources and control of environmental pollution 

in the region.  

The study did not measure contaminants in feed, sediments, air, and water and it was therefore not 

possible to point out the source of contaminants observed in the fish. Pooled samples were analysed 



57 

 

due to financial constraints, which made it impossible to trace levels of contaminants to individual 

samples.  

No survey was administered to the public in the study area to get information on the current 

industrial and domestic activities in the areas. Our reliance on published reports of activities in the 

study areas may not be an accurate representation of current activities and therefore possible 

sources of contamination. Information on local activities could have provided data on which 

contaminants needed to be measured in addition to the ones that are reported in the current study. 
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66. Conclusion 
� The study showed that wild tilapia fish had higher levels of persistent organic pollutants 

(POPs) and non-essential heavy metals (As, Pb, Hg, Cd) than farmed tilapia from lake Kariba. 

The longer time required for wild tilapia to attain market weight increases their exposure to 

contaminants leading to higher levels. Due to availability of a high nutrient diet, farmed fish 

attain market weight earlier, thus having a shorter exposure time to contaminants in the aquatic 

environment. 

�  Essential metals (Cu, Zn, Fe, Mo) were higher in farmed tilapia from lake Kariba than in wild 

ones. The addition of essential minerals to commercial feed that is used in the fish farms, 

increasing the availability of the metals to farmed tilapia causing higher levels. It was also 

observed that wild tilapia near the fish farms also had higher levels of essential metals than 

wild tilapia at distance from the farms. Nutrient rick spillage from the farms increases the 

exposure levels to essential metals for wild tilapia near the farms. This finding demonstrates 

that fish farming activities on the lake can affect wild tilapia in the vicinity of the farms and 

therefore need to be monitored and regulated. 

� Levels of both non-essential and essential metals among wild and farmed milk fish and mullet 

from Tanzanian coastal areas varied from one location to another. This suggested different 

sources of metals from one location to another. 

� The dominant POPs in both fish from Zambia and Tanzania were DDT and its metabolites. 

Continued use of DDT in malaria vector control is likely to be the reason for this finding. Other 

abundant POPs found were PCBs (PCB-153, PCB-180, PCB-170 and PCB-138), PBDE (BDE-

47, BDE-99, BDE-100, BDE-154 and BDE-209). PFASs (PFDA, PFNA and PFOS) were only 

found in wild tilapia from lake Kariba. This is the first report of PFASs in fish from Zambia 

and this calls for more research in this field to establish sources and how widespread the 

contaminant is in the country. 

� Human health risk assessment for heavy metals showed that only Pb from fish muscle in 

Tanzania exceeded the maximum limit set by FAO/WHO. Despite this, all the calculated 

weekly intake, target hazard quotient, hazard index and cancer risks were below the 
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recommended levels, indicating no danger of non-carcinogenic and carcinogenic risk from fish 

consumption. 

� Fish health risk assessment showed that Hg in some fish from Zambia and Tanzania exceeded 

the EQS set by the EU and could therefore pose a risk to fish in these areas. PDBEs in liver 

from tilapia in Zambia also exceed the EQS, this may also pose a health risk to the fish in lake 

Kariba. 
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77. Future Perspectives 
� Future research is needed to find and eliminate possible sources of contaminants in wild and 

farmed fish. This should include testing of water, sediments, feed, air samples and discharges 

into the water bodies and air samples. Information gained from such monitoring activities will 

help in coming up with policies and regulations to control pollution of water bodies.  

� Increase information dissemination on POPs and heavy metal contaminants to the public 

through seminars, workshops, publications, media and other available channels. Increased 

knowledge by the public will help in monitoring of activities in their localities and also bring 

about behavioral changes in the community.  

� Regulations need to be enhanced to have routine monitoring of levels of POPs and heavy 

metals in fish and other products of animal origin. Imports of fish from more industrialised 

nations should be regularly monitor for POPs and metal contamination, as these may increase 

exposure to the citizens. 

� Continued training of local experts in the field of toxicology and fish health will provide the 

necessary skills in this area. Continued collaboration between regional and international 

institutions will greatly enhance local expertise in this field. 

� The growing aquaculture industry needs to be well regulated to ensure that the practice does 

not cause pollution of natural water resources and aquatic species. Guideline should be set up 

that will help in achieving good practices in the industry, that ensure human and fish health are 

protected.  

� Climate change is expected to reduce fish catches, fish growth, lower water levels and flow in 

lakes and rivers due to drought and increased precipitation. Levels of pollutants are also 

expected to increase as result of reduced water flow and increased precipitation. It is therefore 

vital that research in climate change and its effects on fish stock, pollution and hydrology are 

carried out and remedial measures put in place. 
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Abstract 27 

The current study was carried out to investigate a wide variety of persistent organic pollutants 28 

(POPs) in wild and farmed tilapia (Oreochromis niloticus) in Lake Kariba, Zambia, and 29 

estimate possible implications for fish health. Concentrations of organochlorine pesticides 30 

(OCPs), polychlorinated biphenyls (PCBs), polybrominated diphenyls (PBDEs), 31 

hexabromocyclododecane (HBCDD) and perfluoroalkyl substances (PFASs) were determined 32 

in liver samples of tilapia. PFASs compounds PFOS, PFDA and PFNA were only detected in 33 

wild fish, with highest median PFOS levels in site 1 (0.66 ng/g ww). Concentrations of POPs 34 

were in general highest in wild tilapia. The highest median ∑DDTs (93 and 81 ng/g lw) were 35 

found in wild tilapia from sites 1 and 2, respectively 165 km and 100 km west of the farms. 36 

Lower DDE/DDT ratios in sites 1 and 3 may indicate relatively recent exposure to DDT. The 37 

highest median of ∑17PCBs (3.2 ng/g lw) and ∑10PBDEs (8.1 ng/g lw) were found in wild 38 

tilapia from site 1 and 2, respectively. The dominating PCB congeners were PCB-118, -138, -39 

153 and -180 and for PBDEs, BDE-47, -154, and -209. The ∑10PBDE concentrations in wild 40 

and farmed fish were above EQSbiota limits set by the EU. This may indicate a risk to the fish 41 

species and threaten biodiversity.  42 

 43 

1. Introduction  44 

Fish serves as a major source of proteins to most people in the world and is essential for food 45 

security and sustainability (FAO, 2020). The growing human population has led to increased 46 

demand for fish, leading to overexploitation of wild fisheries, and reduction of some fish stocks 47 

(FAO, 2005). To meet the future demand for increasing fish consumption in African countries, 48 
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aquaculture industry is rapidly growing in this continent (FAO, 2018). Nile tilapia 49 

(Oreochromis niloticus) is a fast-growing species in tropical and subtropical climate and 50 

therefore commonly used for commercial purposes. According to Genschick et al., 2017, 51 

Zambia is the major producer of tilapia in the Southern African Development Community 52 

(SADC) and the sixth-largest producer of farmed fish in Africa. Based on recent reports, 53 

Zambia produced approximately 30,000 tons of fish in fish farms which is 27 percent of its 54 

total fish production (WorldFish, 2022).  55 

During commercial fish farming, organic substances, chemicals, and antibiotics may be 56 

released in the water bodies and may disturb biodiversity and threaten freshwater ecosystems. 57 

(Allan, 2005; Berg et al., 1992; Kishimba et al., 2004; Li et al., 2011; Mwakalapa et al., 2018; 58 

Nonga et al., 2011; Polder et al., 2014; Simukoko et al., 2021; Ssebugere et al., 2014; 59 

Subasinghe, 2005). Pollution of aquatic environments by persistent organic pollutants (POPs) 60 

may also affect fish and human health (Barni et al., 2016; Burreau et al., 2004; Rodriguez-61 

Hernandez et al., 2017; VKM, 2014). POPs include compounds like organochlorine pesticides 62 

(OCPs), polychlorinated biphenyls (PCBs), brominated flame retardants (BFRs) such as, 63 

polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCDD) and 64 

Perfluoroalkyl substances (PFASs) (Stockholm Convention, 2021). Except for PFASs, which 65 

are protein bound (EPA, 2019), POPs are lipophilic and can therefore accumulate in fatty 66 

tissues of organisms including fish, and bioaccumulate in the food chain (Burreau et al., 2004; 67 

Deribe et al., 2011; Letcher et al., 2010; Sharma et al., 2009; Squadrone et al., 2013, Ssebugere 68 

et al., 2009). Their semi volatile nature coupled with long environmental half-lives results in 69 

long-range transport and global distribution (Wania & Mackay, 1993). Anthropogenic 70 

activities such as industries, mining, agriculture, and waste from human settlements are known 71 

sources of POPs (Covaci et al., 2008; Henry & Kishimba, 2006; Lyche et al., 2015; Nieuwoudt 72 

et al., 2009; Santonen et al., 2017). Despite the Stockholm Convention of 2001, protecting 73 

human health and the environment from POPs (Stockholm Convention, 2021), and global 74 

measures taken, POPs are still present in most parts of the world (Ashraf, 2017). 75 

The growing aquaculture industry in Africa may be threatened by the presence of POPs and 76 

other contaminants in the water and fish. To enable sustainable aquaculture development, it is 77 

of key importance to gain knowledge on toxicological risk factors and the potential adverse 78 

effects of pollutants and other environmental factors on fish health. The current study was 79 
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carried out to establish knowledge on the concentrations of a wide variety of POPs in wild and 80 

farmed tilapia from Lake Kariba, Zambia, with emphasis on fish health. 81 

2. Materials and methods 82 

Description of sampling area  83 

The man-made Lake Kariba is a natural border between Zambia and Zimbabwe (16° 28′ to 18° 84 

04′S; 26° 40′ to 29° 03′ E). On the Zambian side it covers three districts (Sinazongwe, Gwembe 85 

and Siavonga). Five different locations (sites 1, 2 and 3, and farms 1 and 2) (Figure 1) were 86 

chosen for collecting of samples. Details and characteristics of the lake and sites and were 87 

earlier described (Simukoko et al., 2022). In short, the water runoff is eastwards, with a 88 

hydroelectric power plant located at the Kariba Gorge, east of farm 1 (not shown on the map).  89 

 90 

Figure 1: Map of lake Kariba, showing the 5 sampling locations (sites1-3 and farms 1 and 2). 91 

(Courtesy of Eliezer Brown Mwakalapa 2019). Simukoko et al. (2022). 92 

Site 1 is influenced by coal mining, while sites 2 and 3 are dominated by agricultural activities. 93 

The fish farms are in site 3, supplied with a local fish feed processing plant. Sites 1 and 2 are 94 

situated respectively 165 km and 100 km west of the farms.  95 

Ethical consideration and permission for the study 96 
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The study proposal was approved by the University of Zambia, School of Veterinary Medicine 97 

research committee. Local district fisheries and Veterinary officers were consulted and 98 

involved in the relevant locations. Collection of fish from the fish farms was agreed on with 99 

the farm managers. The permission to transport samples from Tanzania to Norway was granted 100 

by The Ministry of Agriculture, Livestock and Fisheries and The Norwegian Food Safety 101 

Authority. 102 

Sample collection 103 

A total of 142 wild and farmed tilapia samples were collected from June to July 2017. 104 

Physicochemical parameters (pH, temperature, conductivity, and total dissolved solutes) were 105 

measured in all sites (not shown). Live wild tilapia was bought from local fishermen as they 106 

pulled in their catch from the water. The fish were placed in a container containing ice water 107 

and transported to the shore for dissection. Farmed tilapias were sampled by dip netting and 108 

placed in containers containing ice water. The length and sex of the fish were recorded (Table 109 

1A, 1B). The size of the fish was sometimes considerably different within the study sites. Only 110 

length was used in statistical analyses because fish weight measured in the field was considered 111 

as not precise. As described earlier (Simukoko et al., 2021), the fish was dissected at the shore. 112 

Liver tissue was removed and placed in clean 15 ml Eppendorf tubes. The samples were 113 

transported to the University of Zambia, Veterinary Medicine School placed on ice in a cooler 114 

box, where they were stored at -20oC. The samples were later transported on ice to the 115 

Laboratory of Environment Toxicology at the Norwegian University of Life Science (NMBU) 116 

at Ås, Norway, and stored at -20oC until analyses. 117 

Sample analysis of OCPs, PCBs and BFRs,  118 

Based on fish size, out of the 142 fish collected, 82 liver samples from male fish were selected 119 

and pooled for analyses on POPs (Table 1A). Each homogenate contained two or three liver 120 

samples.  121 

Before analyses the samples were thawed at room temperature and protected from light during 122 

the analyses. The samples were analysed for organochlorinated pesticides (OCPs): 123 

hexachlorobenzene (HCB), α, β- and γ-hexachlorocyclohexanes (HCHs), heptachlor, 124 

oxychlordane, trans-chlordane, cis-chlordane and trans-nonachlor (CHLs), mirex, bis-2,2-(4-125 

chlorophenyl)-1,1,1- trichloroethane (p,p′-DDT) and its metabolites p,p′-DDE, p,p′-DDD and 126 

o,p′-DDT, polychlorinated biphenyls PCBs: PCB-101, -105, -110, -118, -128, -138, -141, -149, 127 
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-151, -153, -156, -170, -180, -183, -194, -206 and -209 (∑17PCBs), and brominated flame 128 

retardants (BFRs): polybrominated diphenyl ethers PBDEs: BDE -47, -99, -100, -153, -154, -129 

183, -196, -202, -206 (∑9PBDEs) and BDE-209 (∑10PBDEs is ∑9PBDEs + BDE-209), and 130 

hexabromocyclododecane (HBCDD). Mirex, PCB -28, -52, -56, -66, -74, -87, -99, -114, -136, 131 

-137, -157, and -187; BDE-28, -207, and -208 were analysed but were not detected above LOD. 132 

Those compounds were not included in any data analyses further.  133 

 134 

Sample analysis of PFASs, 135 

PFAS compounds were analysed in individual liver samples (N=26) in other fish than used for 136 

POP analyses, but from the same catch. The perfluoroalkyl substances analysed for were: 137 

perfluorohexane sulfonate (PFHxS), perfluorooctane sulfonamide (FOSA) and perfluorooctane 138 

sulfonate (PFOS)* and 9 PFCAs: perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid 139 

(PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA)*, 140 

perfluorodecanoic acid (PFDA)*, perfluoroundecanoic acid (PFUdA), perfluorododecanoic 141 

acid (PFDoA), and perfluorotridecanoic acid (PFTrDA), perfluorotetradecanoic acid 142 

(PFTeDA). Because of low sample amounts available, some female fish were included for 143 

PFAS analyses (Table 1B). Compounds marked with * were included in ∑3PFAS. Other PFAS 144 

components were not detected in levels >LOD and were not used in any data analyses further. 145 

 146 
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T
able 1A

 
Location and fish characteristics for analyses of O

C
Ps, PC

B
s and B

FR
s: Sam

pling tim
e, m

ean and range of individual length and num
ber of pooled liver 

sam
ples from

 w
ild (sites 1,2 &

 3) and farm
ed tilapia (farm

 1 &
 2) from

 Lake K
ariba, Zam

bia. G
ender: all m

ales. 
Location 

Sam
pling tim

e 
2017 

M
ean individual 
length (cm

) 
R

ange of individual 
length (cm

) 
N

o. of individual 
sam

ples 
N

o. of fish  
per pool 

N
o. of pooled 
sam

ples 
Site 1   Sinazongw

e 
June 

27 
20-41 

18 
3 

6  
Site 2   G

w
em

be 
June 

29 
24-37 

16 
2-3 

6  
Site 3   Siavonga 

July 
30 

22-47 
16 

2-3 
6  

Farm
 1 Siavonga 

July 
36 

30-40 
18 

3 
6  

Farm
 2 Siavonga 

July 
26 

18-34 
14 

2-3 
6 

  T
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Location and fish characteristics for analyses of PFA
Ss: Sam

pling tim
e, m

ean and range of individual length and num
ber of pooled liver sam

ples from
 w

ild 
(sites 1,2 &

 3) and farm
ed tilapia (farm

 1 &
 2) from

 Lake K
ariba, Zam

bia. 
Location 

Sam
pling tim

e 
2017 

M
ean individual 
length (cm

) 
R

ange of individual 
length (cm

) 
N

 
G

ender 
Fem

ale/m
ale 

Site 1   Sinazongw
e 

June 
29 

26-34 
5 

3/2 
Site 2   G

w
em

be 
June 

36 
32-42 

5 
2/3 

Site 3   Siavonga 
July 

27 
24-30 

6 
0/6 

Farm
 1 Siavonga 

July 
26 

25-29 
5 

n.d. 
Farm

 2 Siavonga 
July 

28 
26-30 

5 
1/4 

n.d.= not docum
ented 
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Chemical analyses of OCPs, PCB, BFRs  148 

The analytical method for analysing of OCs was first described by Brevik (1978) and modified 149 

by Polder et al. (2014), in which full details are described. In short, the method is based on 150 

repeated fat extraction of the homogenised liver with acetone, cyclohexane, and water, using 151 

an ultrasonic homogenizer and separation of the fat using centrifugation. Lipid determination 152 

was done gravimetrically using 1 mL aliquot of the fat extract. The rest of the extract was 153 

treated with 96% H2SO4 for cleaning of fat and the final extract was concentrated before GC 154 

analyses. Before extraction, internal standards PCB -29, -112 and -207 (1000 μg/mL) (Ultra-155 

Scientific, RI, USA); 20 μL of BDE -77, -119, -181, and 13C12-209, 13C12-TBBP-A ( 500 156 

μg/mL) (Cambridge Isotope Laboratories, Inc., MA, USA) were added in all the samples. 157 

During the analyses, the samples were protected from light and amber GC-vials were used. 158 

Chemical analyses of PFASs 159 

The analytical method was described by Grønnestad et al. (2017). In short, internal standards 160 

(Wellington laboratories, ON N1G 3M5, CA) were added to 0.5 g homogenized liver samples. 161 

Extraction was performed twice with 5ml methanol and an ultrasonic probe sonicator followed 162 

by centrifugation. The supernatants were combined and cleaned with approximately 0.2 g 163 

graphitized carbon (EnviCarb). Finally, the samples were evaporated to near dryness and 164 

dissolved in 500 μl Methanol / water 1:1. Analysis of the samples on HPLC-MS resulted in 165 

substantial matrix effects, suggesting that further cleanup was necessary. An additional 0.2 g 166 

EnviCarb was added to the samples followed by filtration with Spin-X centrifuge filters 167 

(Corning). The EnviCarb and filters were washed with 500μl methanol, and the filtrates were 168 

combined and concentrated to dryness and finally reconstituted in 200μl MeOH. 169 

Instrumental analysis 170 

Separation and detection of the POPs 171 

OCPs, PCBs and BFRs were separated and detected using GC-MS methods as previously 172 

described (Mwakalapa et al., 2018; Polder et al., 2014), on a HRGC (Agilent 6890 Series) 173 

coupled to a MS detector (Agilent 5975C Agilent Technologies) which was operated in 174 

negative chemical ionization (NCI) mode with selected ion monitoring (SIM). The OCPs and 175 

PCBs (injection volume of 1 μL) were separated on a DB-5 MS column (J&W Scientific, 176 

Agilent Technologies) (60 m, 0.25 mm i.d., 0.25 mm film thickness). BFRs (injection volume 177 
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of 2 μL) were separated on a DB-5 MS column (J&W Scientific, Agilent Technologies) (30 m, 178 

0.25 mm i.d., 0.25 mm film thickness). The separation and identification of BDE-209 (injection 179 

volume of 10 μL) were performed on a GC-5-MS (Agilent 6890 Series/5973Network) 180 

configured with a programmable temperature vaporization (PTV) injector (Agilent 181 

Technologies) equipped with a DB-5-MS column (10 m, 0.25 mm i.d., 0.10 mm film thickness) 182 

(J&W Scientific, Agilent Technologies). For all components, five-to eight-point linear 183 

calibration curves were used and calculations were done within the linear range for the 184 

component. OCPs, PCBs and BFRs were monitored using negative chemical ionization (NCI) 185 

in selected ion monitoring (SIM).  186 

Separation and detection of the PFASs 187 

Samples were analyzed on an Agilent 1200 HPLC-system coupled to an Agilent 6460 Triple 188 

Quad Mass Spectrometer (Agilent Technologies). A Phenomenex C18 Luna Omega 3μm 189 

100x4,6 mm (Phenomenex) was used as the analytical column and a 50 mm version of the 190 

same column was installed between the pump and the injector to act as a delay-column to 191 

reduce blank contamination. The injected amount was 20 μl. 192 

Quality Assurance (QA)/ Quality control (QC) 193 

The chemical analysis of the liver samples was conducted at the Laboratory of Environmental 194 

Toxicology at the Norwegian University of Life Sciences in Oslo, Norway. The laboratory is 195 

accredited for testing chemicals in biological samples by the Norwegian accreditation 196 

according to the requirement of the NS-EN ISO/IEC 17025 (TEST 137).  197 

OCPs, PCBs, BFRs. Every analytical series included one blind sample of non-spiked salmon 198 

trout (Salmo trutta), two samples of spiked salmon trout for recovery, three procedural blanks 199 

of solvents and the laboratory's own reference material of the blubber of a harp seal (Pagophilus 200 

groenlandicus). The analytical quality was successfully approved by routinely analysing 201 

different Certified Reference Materials (CRMs). Within the same period, the laboratory 202 

successfully participated in round 1 and 2 of Quasimeme inter-laboratory studies for 2016 for 203 

POPs in fish muscle, fish liver and shellfish tissue. The limits of detections (LOD) for 204 

individual analytes were defined as 3 times the noise level of each analyte. The LODs (ng/g 205 

wet weight, ww) ranged from 0.003 to 0.166 for OCPs, 0.003 to 0.101 for PCBs and 0.003 to 206 
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0.036 for BFRs. The relative recoveries were 82-137% for OCPs, 92-127% for PCBs, and 68-207 

120% for BFRs.  208 

For PFASs, every analytical series included three blanks of solvent, two samples of spiked 209 

Atlantic cod (Gadus morhua) for recoveries and one blind sample of non-spiked Atlantic cod. 210 

LOD was calculated as 3 times the noise in the chromatogram. The LOD for PFAS ranged 211 

between 0.093 ng/g ww to 0.706 ng/g ww. Matrix-matched calibration curves ranged from 0 – 212 

50 ng/ml and were linear with R2>0,99, except for PFTrDA. The analytical quality of the 213 

method was assessed by including an inter-laboratory test (AMAP) in the analysis of samples. 214 

The relative recoveries were 67-115%. 215 

Statistical data analysis 216 

Detection rate was defined as percentage of samples with a detectable value, i.e., above LOD. 217 

The compounds with detection rate above 50% were reported with descriptive statistics. Levels 218 

below LOD were replaced with 1/2 LOD. Compounds with a detection rate lower than 50% 219 

were reported with range and the levels below LOD were replaced with a value of 0.0001 when 220 

calculating the sum of the compound group for all results presented. Stata SE/16 (Stata Corp., 221 

College Station, TX, USA) was used for statistical analysis. Normality of the data was tested 222 

using Shapiro-Wilk. If data from one of the locations failed the Shapiro-Wilk test, the data of 223 

all locations were log-transformed. The nonparametric Kruskal-Wallis test were used as the 224 

present data failed Shapiro-Wilk after being log-transformed. Dunn`s post-hoc test was applied 225 

for pairwise comparisons between the locations, with and without Bonferroni corrections for 226 

multiple comparison. Spearman rank correlation was used to assess the correlation between 227 

variables. The statistical significance level was set at p<0.05. 228 

3. Results 229 

Fish characteristics  230 

Fish weight and length correlated strongly for fish below 1 kg for both wild fish (r=0.93) and 231 

farmed fish (r=0.92). Since fish weight above 1 kg was not specified, fish length was used as 232 

indicator of fish size. Fish from farm 1 were significantly longer (mean 36 cm), (p<0.05) than 233 

the other locations (Table 1A). The median liver lipid contents (%) of farmed fish from farm 1 234 

(7.5 %) and 2 (8,8 %) were significantly higher than for wild fish from site 2 (4.9 %), and was 235 

also significantly higher in farm 1 than in site 1 (4.1 %). In addition, there was a significant 236 
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difference in liver lipid content between the wild fish at site 2 (4.9 %) and 3 (7.2 %) (Fig.2). 237 

Length of the individual fish for PFAS analyses were all in the same range (Table 1B).  238 

 239 

Levels of OCPs, PCBs, BFRs  240 

HCB and p,p’-DDE were the OCPs detected in 100% of the liver samples. Median 241 

concentrations of HCB were significantly higher in wild fish from all sites compared to farmed 242 

fish (both farms) (Table 2B, Fig. 2). Of the HCHs, γ-HCH (lindane) and α-HCH were detected 243 

in 77% and 50 % of the samples, respectively. The highest median concentration of ∑HCHs 244 

was 0.05 ng/g lw in site 3. The γ-HCH was the dominant HCH, contributing 56 %, 69 % and 245 

65 % to ∑HCHs in wild fish from site 1, 2 and 3, and 79 % and 58 % in fish from farm 1 and 246 

2 (Fig. 3). α-HCH contributed between 21-34 % to the ∑HCHs and β-HCH between 1-14%. 247 

The median ∑HCHs was significantly higher in site 2 and 3 compared to farm 1 (Fig. 2). DDTs 248 

were the most abundant OCPs in all the locations with the highest median concentrations of 249 

∑DDTs in wild fish from site 1 and 2 (93 and 81 ng/g lw) (Table 2B). P,p’-DDD and p,p’-250 

DDT were detected in 93 % and 73 %, while o,p’-DDD and o,p’-DDT were detected in 17 % 251 

and 3% of the samples, respectively. P,p’-DDE and ∑DDTs were significantly higher in site 1 252 

and 2 compared to farm 1 and 2, while site 3 was only significantly higher than farm 1 (Fig.2). 253 

The contribution of p,p’-DDE to the ∑DDTs was highest in wild fish from 2 (61 %), lower in 254 

wild fish from site 1 and 3 (48 % and 46 %) but lowest in farmed fish from farm 1 and 2 (30 255 

% and 31 %), respectively (Fig. 3) . In farm 1 and 2, the contribution of p,p’-DDD to the 256 

∑DDTs was higher than that of p,p’-DDE with 68 % and 63 %, respectively (Fig. 3).  257 

 258 
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T
able 2A

: C
oncentrations (ng/g w

et w
eight (w

w
) of persistent organic pollutants (PO

Ps) in w
ild (sites 1, 2 and 3) and farm

ed tilapia (farm
s 1 and 2) from

 Lake 
K

ariba, Zam
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H
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∑

H
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∑
D

D
TS 

∑
C

H
Ls 

∑
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s 
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10 PB

D
Es 

Site 1 
M

ean  
6.77  

0.02 
0.03  
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0.01  

0.18  
0.14  

M
edian 

4.17 
0.01 

0.01 
4.20 

0.01 
0.15 

0.16 
M

in 
2.77 

0.01 
0.01 

1.38 
<LO

D
 

0.04 
0.01 

M
ax 

18.66 
0.05 

0.08 
15.7 

0.03 
0.34 

0.27 
 

N
 = 6 

 
 

 
 

 
 

 
Site 2 

M
ean 

4.73 
0.01 

0.02 
4.67 

0.01 
0.02 

0.36 
M

edian 
4.92 

0.01 
0.02 

3.68 
<LO

D
 

0.02 
0.31 

M
in 

2.91 
0.01 

0.01 
1.36 

<LO
D

 
0.01 

0.13 
M

ax 
6.45 

0.01 
0.03 

10.11 
0.02 

0.03 
0.63 

 
N
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Site 3 
M

ean 
7.82 

0.02 
0.05 

2.16 
0.01 

0.07 
0.14 

M
edian 

7.15 
0.02 

0.04 
1.51 

0.01 
0.07 

0.09 
M
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6.53 

0.01 
0.02 

0.88 
<LO
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0.03 
0.06 
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ax 
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0.03 

0.12 
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0.05 
0.16 
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N
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Farm

 1 
M
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0.01 
0.02 

0.63 
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O
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0.02 

0.04 
M
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7.51 

0.01 
0.02 

0.56 
<LO

D
 

0.01 
0.04 

M
in 

6.26 
0.01 

0.02 
0.31 

<LO
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0.01 

0.03 
M

ax 
12.31 

0.02 
0.02 

1.07 
0.01 

0.04 
0.07 

 
N
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 2 

M
ean 

9.44 
0.01 

0.03 
0.94 

<L
O

D
 

0.02 
0.11 

M
edian 

8.77 
0.01 

0.03 
0.91 

<LO
D

 
0.02 

0.11 
M

in 
7.62 

0.01 
0.01 

0.51 
<LO

D
 

0.02 
0.07 

M
ax 

13.72 
0.02 

0.06 
1.35 

0.01 
0.03 

0.17 
 

N
 = 6 
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C
H
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Σ-C

H
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 of oxychlordane, trans-chlordane, cis-chlordane, trans-nonachlor and cis-nonachlor 
Σ-D

D
Ts: Sum

 of p.p′-D
D

E, o,p′-D
D

D
, p,p′-D

D
D

, o,p′-D
D

T and p,p′-D
D

T 
Σ-17 PC

B
s: Sum

 of C
B

-101, -105, -110, -118, -128, -138, -141, -149, -151, -153, -156, -170, -180, -183, -194, -206 and -209 
Σ-10 PB

D
Es: Sum

 of B
D

E-47, -99, -100, -153, -154, -183, -196, -202, -206 and -209 
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                262 
 263 

 264 

T
able 2B

: C
oncentrations (ng/g lipid w

eight (lw
) of persistent organic pollutants (PO

Ps) in w
ild (sites 1, 2 and 3) and farm

ed tilapia (farm
s 1 and 2) from

 Lake 
K

ariba. Zam
bia. 
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H
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H

 
∑

D
D
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∑
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H
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∑
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B
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∑
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D
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Site 1 

 
M

ean 
6.77 

0.32 
0.35 

97.95 
0.15 

3.29 
2.55 

 
M

edian 
4.17 

0.24 
0.32 

92.51 
0.15 

3.21 
2.56 

 
M

in 
2.77 

0.17 
0.28 

47.98 
0.04 

0.78 
0.21 

 
M

ax 
18.66 

0.60 
0.42 

173.03 
0.27 

6.58 
5.29 

 
 

N
=6 

 
 

 
 

 
 

 
Site 2 

 
M

ean 
4.73 

0.21 
0.42 

98.14 
0.12 

0.44 
9.29 

 
M

edian 
4.92 

0.22 
0.35 

80.72 
0.10 

0.31 
8.09 

 
M

in 
2.91 

0.14 
0.17 

46.65 
0.07 

0.16 
2.08 

 
M

ax 
6.45 

0.26 
0.72 

219.22 
0.24 

1.10 
21.24 

 
 

N
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M
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7.82 

0.27 
0.70 

24.94 
0.15 

0.92 
1.77 

 
M

edian 
7.15 

0.24 
0.52 

20.69 
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0.96 
1.38 

 
M

in 
6.53 

0.18 
0.32 

13.13 
0.03 

0.43 
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M
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0.40 
1.79 
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0.40 

1.40 
3.28 

 
 

N
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M
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8.09 
0.13 

0.24 
8.20 

0.05 
0.19 

0.55 
 

M
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7.51 
0.12 

0.26 
7.56 

0.04 
0.14 

0.52 
 

M
in 

6.26 
0.09 

0.17  
4.62 

0.03 
0.09 

0.25 
 

M
ax 

12.31 
0.21 

0.31 
15.64 

0.09 
0.52 

0.98 
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 2 

 
M
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9.44 

0.10 
0.38 

9.96 
0.05 

0.26 
1.24 

 
M

edian 
8.77 

0.09 
0.33 

10.01 
0.05 

0.25 
1.21 

 
M

in 
7.62 

0.08 
0.09 

6.62 
0.02 

0.15 
0.71 

  
M

ax 
13.72 

0.13 
0.67 

12.30 
0.09 

0.41 
1.99 

 
 

N
=6 
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C
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H
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D
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D
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D

D
, p,p′-D

D
D
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D
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D

T 
Σ-17 PC

B
s: Sum

 of C
B

-101, -105, -110, -118, -128, -138, -141, -149, -151, -153, -156, -170, -180, -183, -194, -206 and -209 
Σ-10 PB

D
Es: Sum

 of B
D

E-47, -99, -100, -153, -154, -183, -196, -202, -206 and -209 
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The ratio of p,p’-DDE/p,p’-DDT was highest in wild fish from site 2 and farmed fish from 265 

farm 1 and lowest in wild fish from site 3. Trans-nonachlor was detected in 73%, and cis-266 

nonachlor, cis-chlordane and trans-chlordane in only 17%, 13 % and 7% of the samples, 267 

respectively. Trans-Nonachlor contributed 66-87% to ∑CHLs. Median ∑CHLs were 268 

significantly higher in wild fish for all sites compared to farmed fish (both farms). Mirex and 269 

heptachlor were not detected in any of the samples.  270 

PCBs were detected in all locations in low concentrations. PCBs-118, -138, -153 and -180 were 271 

the most abundant PCBs and found in 53 %, 60 %, 90 % and 77 % of the samples, contributing 272 

average 8 %, 14 %, 25 % and 16 % to ∑17PCBs respectively (Fig. 3). The highest median 273 

concentration of ∑17PCBs was found in site 1 at 3.2 ng/g lw <site 3<site 2<farm 2<farm 1 274 

(Table 2B, Fig. S1). Median ∑17PCBs was significantly higher in site 1 compared to site 2, 275 

farm 1 and 2. Site 3 was significantly higher compared farm 1 and farm 2 (Fig. 2).  276 

PBDEs were detected in all samples, except one. BDE-47, -99, -154, and 209 were the most 277 

abundant BDEs detected in 70 %, 30 %, 57 % and 97 % of the samples. BDE-209 dominated 278 

the PBDE pattern and contributed average 84 % to ∑10PBDEs (Fig. 3). The highest median 279 

concentration of ∑10PBDEs (including BDE-209) was 8.1 ng/g lw in site 2. Median ∑9PBDEs 280 

(excluding BDE-209) were significantly higher in site 1 and site 2 compared to farm 1 and 2, 281 

while the median ∑9PBDEs was significantly higher in all sites compared to farm 1. Site 2 was 282 

also significantly higher than farm 2 (Fig. 2). HBCDD was only detected in one sample from 283 

farm 1, with a concentration of 0.27 ng/g lw. 284 



16

285
Figure 3. Relative contribution of individual compounds to ∑HCHs, ∑DDTs, ∑CHLs, ∑PCBs, 286

∑PBDEs and PFASs287

Occurrence and levels of PFASs288

PFOS, PFDA and PFNA were the only PFASs detected in levels >LOD in individual wild fish289

(Table 2B). PFOS and PFNA were detected in 100 % and 40 % in wild fish from site 1 and 2, 290

respectively, while PFNA was detected in 20 % in site 1 and 2. The highest median level of 291

PFOS (0.66 ng/g ww) was found in wild fish from site 1 while highest median level of PFDA 292

(0.37 ng/g ww) was found in site 2 (Table 3; Fig. S1). No PFASs were detected in site 3, farm 293

1 or farm 2.294

295
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 296 

Correlations  297 

Spearman correlations coefficients for the main compounds HCB, ∑DDTs, ∑17PCBs, ∑9BDEs 298 

and ∑10BDE are presented in Table S2. In site 1, strong correlations were found between HCB 299 

and ∑10BDE (r=-0.83) and between ∑17PCBs and ∑9BDEs. In site 2, strong correlations were 300 

found between HCB and ∑17PCBs (r=0.77) and between ∑9BDEs and ∑10BDE (r=0.89). In 301 

site 3, ∑17PCBs and ∑9BDEs strongly correlated (r=0.77). In farm 1, ∑17PCBs and ∑DDTs 302 

showed strong correlations (r=0.83), while in farm 2, no strong correlations were found.  303 

Compliance with reference levels 304 

Compared to recommended Environmental quality standards (EQS) from European 305 

commission most of the POPs were below the limits for fish except for ∑10PBDEs (mean 0.04 306 

- 0.36 ng/g ww) which was higher than the EQS limits of 0.0085 ng/g set the EU (European 307 

Commission, 2013; Jürgens et al., 2015).  308 

4. Discussion 309 

The main goal in fish farming industry is to obtain high quality fish for sale in short time. The 310 

fish must fulfil criteria set by health authorities, as regards to nutritional value as well as to the 311 

presence of environmental contaminants/pollutants (Saavedra et al., 2017; Skåre et al., 2014). 312 

The compounds in fish feed are therefore specially put together for the purposes of fast growth, 313 

high content of nutrients and low content of pollutants. Median fish liver lipid contents from 314 

farm 1 and 2, and from wild fish from site 3, were all higher compared to wild fish from sites 315 

Table 3: Mean concentrations (ng/g ww), median (in brackets) and range of PFAS compounds detected in wild and farmed 
 tilapia from Lake Kariba, Zambia.  
 

 Location 
PFAS 
compound 

Site 1 (n=5) Site 2 (n=5) Site 3 (n=6) Farm 1 (n=5) Farm 2 (n=5) 

      
PFNA 0.185 (0.194) 

<LOD-0.274 
1/5 

0.207 (0.129) 
<LOD-0.677 

1/5 

<LOD <LOD <LOD 

PFDA 0.301 (0.313) 
0.221-0.374 

5/5 

0.478 (0.367) 
<LOD-1.18 

4/5 

<LOD <LOD <LOD 

PFOS 0.643 (0.658) 
0.46-0.859 

5/5 

0.34 (<LOD) 
<LOD-0.866 

2/5 

<LOD <LOD <LOD 

PFNA: perfluorononanoic acid 
PFDA: perfluorodecanoic acid 
PFOS: perfluorooctane sulfonate 
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1 and 2 (Table 2, Fig 2). This indicates good conditions for the farmed fish, but also for the 316 

wild fish foraging around the fish farms. Other studies confirm that spillage of feed and organic 317 

waste from the fish cages makes more nutrients available to wild fish (Ballester-Moltó et al., 318 

2017; Bustnes et al., 2010; Varol, 2019).  319 

Levels and congener profile of OCPs, PCBs and BFRs  320 

DDTs were the dominant OCPs in both wild and farmed fish liver tissues from Lake Kariba, 321 

but wild fish had significantly (p<0.05) higher levels of median ∑DDTs compared to the 322 

farmed fish (Table 2, Fig. 2). The dominance of DDTs in OCP pattern was similar to findings 323 

in other studies (Berg et al., 1992; Mwakalapa et al., 2018) (Table 4). The countries around 324 

Lake Kariba (Zambia and Zimbabwe), have a history of DDT use for vector control in 325 

combatting malaria and tsetse control operations in addition to agriculture (Berg et al., 1995). 326 

Lake Kariba was filled with water in 1958-1963. Because the flooded areas were earlier treated 327 

with DDT, the sediments of the Lake is still a reservoir of DDT residues. Due to long half-life 328 

of DDT and different metabolism under anaerobic conditions, DDT and its metabolites 329 

originating from the time before the Lake was filled, may still contribute to exposure of living 330 

organisms in Lake Kariba today (Berg et al., 1995; Brevik, 1996). In addition, DDT may have 331 

entered the Lake Kariba by run-off and atmospheric deposition (Banda & Mundia, 2009; Berg 332 

et al., 1992; Ssebugere et al., 2009). Use of DDT was banned globally in the 1970s but is still 333 

allowed for use in indoor residual spraying (IRS) and for production of insecticide-treated 334 

mosquito nets (ITN) (WHO, 2011). Due to these campaigns, the levels of DDT are expected 335 

to decrease in the environment of the Southern African region. Biodegradation of DDT results 336 

mainly in the more persistent metabolites p,p’-DDE and p,p’-DDD. In the present study, the 337 

contribution of p,p’-DDE to ∑DDTs was highest in wild fish from site 1 and 2 but decreased 338 

eastwards in wild fish from site 3 (Fig. 3). In the farmed fish, p,p’-DDD was contributing most 339 

to ∑DDTs (Table 2, Fig. 3). Higher ratio of p,p’-DDD/ p,p’-DDE is related to anaerobic 340 

degradation in soil and sediments and uptake in plant roots (Buah-Kwofie et al., 2017; Chen et 341 

al., 2007). Periods of drought, or increased water flow in the farming area may contribute to an 342 

increased bioavailability of chemical pollutants stored in sediments below the fish cages. 343 

However, this needs to be studied further. The ratios of p,p’-DDE/p,p’-DDT were lower in 344 

several wild fish from site 1 and site 3, indicating relatively recent use of DDT in the area 345 

(Table 4). In addition, one of the pooled samples from site 1 contained o,p’-DDT, strengthening 346 

this observation. Levels of mean ∑DDTs in the wild tilapia were lower than those reported in 347 
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Lake Victoria (Henry & Kashimbi, 2006; Polder et al., 2014), but higher than from other areas 348 

(Deribe et al., 2011; Gbeddy et al., 2015; Mdegela et al., 2009) (Table 4). Farmed tilapia in the 349 

present study had similar levels of mean ∑DDTs to those reported earlier from Lake Kariba, 350 

Zimbabwean side (Berg et al., 1992) (Table 4). 351 

The second dominant OCP, HCB, was detected in low levels which were below the EQS set 352 

by the EU (Table 4). Median levels of HCB were significantly higher in wild fish from all sites 353 

compared to farmed fish (Table 2B, Fig. 2). This is in accordance with previous studies from 354 

Lake Kariba (Berg et al., 1992). HCB was used as a fungicide, in rubber synthesis and wood 355 

preservation among other uses, but is banned under the Stockholm Convention (Stockholm 356 

Convention, 2021). The low levels observed may reflect a general background level related to 357 

long range atmospheric transport from emission of industries at far distance (Polder et al., 358 

2014). Levels of HCB in the current study were in the same range as levels reported in tilapia 359 

liver from Tanzania (Mwakalapa et al., 2018; Mdegela et al., 2009), but lower than in tilapia 360 

muscle from Tanzania (Polder et al., 2014), and much lower than in brown trout in Norway 361 

(Lyche et al., 2018), (Table 4).  362 

Although levels of HCHs generally were low in all study sites, the median ∑HCHs was 363 

significantly higher in wild fish from site 2 and 3 compared to farm 1 (p<0.05) (Fig. 2). Lindane 364 

(γ-HCH) was used as an insecticide on fruit and vegetable crops, for seed treatment and 365 

treatment of lice and scabies, mainly in West-European and Asian countries (Vijgen et al., 366 

2006). Pure lindane is contaminated with α-HCH and β-HCH of which β-HCH is the most 367 

persistent isomer. Due to regulations, levels of lindane are decreasing. The patterns of HCHs 368 

found in this study may thus reflect historic use of the technical mixture combined with 369 

relatively recent use of γ-HCH. The general HCH levels in tilapia from Lake Kariba were in 370 

the same range as those reported earlier by Berg et al. (1992) in Lake Kariba, Mwakalapa et al. 371 

(2018) and Polder et al. (2014) in Tanzania, but much lower than findings in South Africa by 372 

Verhaert et al. (2017) and in Ghana by Gbeddy et al. (2015) (Table 4). 373 

The ∑CHL levels were very low, but nevertheless significantly higher in wild than in farmed 374 

fish (Fig. 2). Chlordanes are banned compounds and are no longer used as insecticides 375 

(Stockholm Convention 2021) and their levels are expected to decrease. Mean levels of ∑CHL 376 

were less than those reported by Polder et al. (2014) and Mdegela et al. (2009) in Tanzania and  377 
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Gbeddy et al. (2015) in Ghana. Mirex and Heptachlor are also banned substances and were 379 

below detection limit in all samples (Table S 1.1). 380 

PCBs were detected in very low levels in wild and farmed tilapia and those levels were in the 381 

same range as in other East African countries (Deribe et al., 2011; Kidd et al., 2004; Mwakalapa 382 

et al., 2018), but lower than in tilapia from Tanzania and Ghana, and other fish from South 383 

Africa and Norway (Polder et al., 2014; Wepener et al., 2012; Asante et al., 2013; Lyche et al., 384 

2018) (Table 4). Occurrence and levels of PCB (17.2 ng/g lw) in wild tilapia from Lake 385 

Tanganyika was suggested to be related to human activities and small local industries (Polder 386 

et al., 2014). Wild tilapia from site 1 showed the highest median ∑17PCBs (3.2 ng/g lw) (Table 387 

2B). Emission from a coal mine in the area may be a possible source. Other possible sources 388 

of PCBs in countries with limited historic use of PCBs are waste burning, transportation, 389 

household heating, discharges from cities, sewage processing, e-waste burning, hospital waste 390 

incineration, and transformer oil (Pius et al., 2019). In the present study only PCB-118, -138, -391 

153 and -180 were detected in more than 50% of the samples. These congeners are the most 392 

persistent PCBs and contributed more than 60 % to ∑17PCBs in the present study. The 393 

dominance of PCB-153, PCB-180 and PCB-138 in the PCB pattern was similar to findings in 394 

other studies (Asante et al., 2013; Hayward et al., 2007; Mwakalapa et al., 2018; Polder et al., 395 

2014). In the present study, PCB-118 was detected in 72 % of the wild tilapia, but only in 25 396 

% of the farmed tilapia (data not shown). PCB-118 is a mono-ortho substituted PCB and has a 397 

toxic equivalent factor of 0.00003 (Van den Berg et al., 2006). In the study by Polder et al. 398 

(2014) PCB-118 was only detected in one tilapia sample from Lake Victoria and one from 399 

Lake Babati in Tanzania. It seems thus, that the environment in Lake Kariba is exposed to a 400 

different historic PCB mixture than in other studies in the region.  401 

PBDEs were used as flame retardants in thermoplastics (computer and TV housing), textiles, 402 

foams, furniture, electronics, building materials and interiors of cars, busses, and airplanes 403 

(Covaci et al., 2008; Lyche et al., 2015). In general, low PBDE levels were detected in the 404 

present study. BDE-47, -99 and -154 were detected in more than 50 %, whereas BDE-209 was 405 

detected in 97 % of the samples in all areas. Tetra-BDE (BDE- 47) and penta-BDE (BDE-99) 406 

are the most abundant, toxic, and bioaccumulative PBDE congeners (Ssebugere et al., 2014; 407 

Asante et al., 2013; Mwakalapa et al., 2018). Due to differences in metabolism, lower 408 

brominated congeners such as BDE 47 and 100 accumulate more in aquatic organisms, while 409 

higher brominated congeners like BDE 154 and 209 accumulate more in terrestrial organism 410 

(Luo et al., 2019). Deca-BDE, a mixture of nona-, octa and deca BDEs were used as a 411 
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replacement for the tetra and penta- BDE mixtures after they got banned (Stockholm 412 

Convention, 2021). However, deca-BDE debrominates to lower brominated and more 413 

persistent BDE congeners, such as BDE-47 (Stapleton et al., 2004). Half-life of BDE-209 may 414 

vary in different compartments. Luo et al. (2013) found that the dose dependent half-life of 415 

BDE-209 in the muscle of rice fish was from 17 to 19.4 days. Recent studies showed that there 416 

is a significant amount of gaseous BDE-209 in the global atmosphere, which is subject to long-417 

range atmospheric transport (LRAT) (Li et al., 2017). The occurrence of BDE-209 in nearly 418 

100 % of the fish samples from Lake Kariba may therefore be explained by precipitation of 419 

atmospheric transported BDE-209, although the high median BDE-209 levels in site 2 (7.8 420 

ng/g lw) may suggest additional exposure from a local source. Median levels of ∑10PBDEs 421 

were significantly higher in wild fish from site 1 and 2, compared to the farmed fish, 422 

strengthening the hypothesis that wild fish has been exposed to historic precipitation of 423 

atmospheric transported BDE-209. ∑10PBDE levels in wild tilapia sites 1 and 2 were from four 424 

to thirteen-fold lower than in tilapia muscle from Lake Victoria but comparable to findings in 425 

the other lakes in Tanzania (Polder et al., 2014). They were in the same range as in tilapia from 426 

Ghana (Asante et al., 2013) and African tigerfish (Hydrocynus vittatus) from South Africa 427 

(Wepener et al., 2012), and tilapia in Uganda (Ssebugere et al., 2014), higher than in Milkfish 428 

(Chanos chanos) from Tanzania (Mwakalapa et al., 2018) but much lower than in trout (Salmo 429 

trutta) in Norway (Lyche et al., 2018) (Table 4). A global deca-BDE ban was adopted under 430 

the UN Stockholm Convention in 2017 and BDE-209 levels and its debromination products 431 

are thus expected to decrease in the environment.  432 

 433 

Levels and pattern of PFAS 434 

This is the first time PFASs are detected in fish from Zambia. PFASs is a large group of 435 

perfluorinated substances produced since the 1950 and because of their water repellant 436 

properties used in various consumer products such as impregnated outdoor textiles, shoes, food 437 

containers, kitchen ware and firefighting foam. They are very persistent to degradation and 438 

may cause adverse health effects in living species. In contrast to the lipophilic POPs, PFASs 439 

bind to proteins and are more soluble in water (Groffen et al., 2018; Gronnestad et al., 2017; 440 

Lam et al. 2014; Mudumbi et al., 2014). In the present study PFASs were only detected in wild 441 

tilapia in site 1 and 2, and not in site 3 and in farmed fish. PFDA and PFOS were both detected 442 

in levels >LOD in 100 % of the tilapia from site 1, and in 80 % and 40 % in site 2, respectively 443 

(Fig. 3). PFNA was only found in one sample from site 1 and 2. The occurrence of PFASs in 444 
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the wild fish from Sinazongwe (site 1), Gwembe (site 2) may be related to mining industries in 445 

the area. There are to our knowledge only two studies on PFASs in South African fish. Verhaert 446 

et al., (2017) found comparable concentrations of PFOS, and PFNA in muscle tissue ranging 447 

from 0.15 to 2.7, and <LOQ to 0.14 ng/g ww in muscle of fish from the Olifants River basin, 448 

while Groffen et al. (2018) found PFOS in fish liver from Vaal River in much higher levels 449 

similar or higher than in USA, Europe and Asia. than in European studies. PFOS levels in trout 450 

from the isolated, large and deep inland Lake Femund, Norway, were 3.96 ng/g ww, thus 10 451 

times higher than in tilapia from the present study (Lycke et al., 2018). The PFASs found in 452 

this study were long chained (>6C), of which PFOS are regulated under Stockholm Convention 453 

since 2009. These compounds are therefore expected to decline in the future.  454 

 455 

Possible implications for fish and human health 456 

In the present study, levels of PBDEs exceeded the European standard (EQS) for these 457 

contaminants in fish and may harm fish health (Table 5). Follow up studies are needed to ensure 458 

that international regulations result in decrease of these and other contaminants that threaten 459 

the aquatic environment.  460 

 461 

Dioxin-like (DL) PCB-118 TEQ levels (pg/g ww) were below EQS for DL-PCPs (Table 5). 462 

Liver tissues were used in this study because lipophilic POPs would show highest levels in the 463 

lipid rich liver. Results from this study can, therefore, not directly be used in a risk assessment 464 

for humans since humans consume fish muscle. However, the percentage of lipid in tilapia liver 465 

(range 3-19 %) (present study) is higher than in its muscle, (0.4-4 %) (Polder et al., 2014). 466 

Therefore, one can assume that POP levels in wild and farmed tilapia liver from the present 467 

study are much higher than in the muscle tissue.�In 2011, the EU set an MRL for Σ non-dioxin 468 

like (NDL) PCBs (PCB-28, -52, -101, -138, -153, and -180) in fish filet to 75 ng/g ww. The 469 

highest sum of ΣNDL-PCBs in the present study (sum of PCB 118, 138, 153, 180) was 0.2 470 

ng/g ww in liver, and thus far below this EU MRL. POP levels varied sometimes much between 471 

samples from the same area. This may have consequences when calculating risk in future 472 

studies. Therefore, analyzing of individual samples is recommended to get a better view on the 473 

variation in the specified areas. 474 



24 
 

                                               475 

T
able 5: Environm

ental quality standards (EQ
S) for contam

inants in fish and m
edian levels (expressed as ng/g w

et w
eight (w

w
), (dioxin-like PC

B
s, D

L-PC
B

s 
as pg/g TEQ

s w
w

) in w
ild and farm

ed (grouped and individual) tilapia from
 Lake K

ariba, Zam
bia,  

  
  

  
Present study 

C
ontam

inant   
EU

 
EQ

S 
    

M
edian w

ild fish, site S1 &
 S2 

(long distance from
 the farm

s)  
W

ild fish, site 3  
(near farm

s)  
Farm

ed fish 
Farm

 F1 and F2 
D

D
T 

 
 

3.68 
1.51 

0.76 
H

C
B

 
10 

 
0.01 

0.02 
0.01 

γ-H
C

H
 

- 
 

0.009 
0.022 

0.016 
M

irex 
- 

 
- 

- 
- 

C
H

L 
- 

 
0.005 

0.008 
0.004 

H
eptachlor and heptachlor epoxide  

0.0067 
 

- 
- 

- 
PC

B
s 

0.6 
 

0.04  
0.07  

0.02 
D

L-PC
B

: PC
B

-118* 
6.5* 

 
<0.001* 

<0.001* 
<0.001* 

H
B

C
D

D
 

167 
 

- 
- 

- 
PB

D
Es 

0.0085 
 

0.16 
0.09 

F1:0.04; F2:0.11 
PFO

S 
9.1 

 
0.40 

- 
- 

*: pg TEQ
/g w

w
 



25 
 

5. Conclusion 476 

The present study shows that in general, levels of OCPs, PCBs, BFRs and PFAS are lower in 477 

farmed fish compared to wild fish within the same lake. This indicates lower risk for adverse 478 

health effects in farmed fish than for wild fish in Lake Kariba. The study revealed a 479 

geographical trend with higher levels of DDTs, PCBs, PBDEs and PFASs from west to east of 480 

Lake Kariba. However, levels of HCB and HCHs were also higher in fish that had foraged near 481 

the farms. This needs further investigation to elucidate possible sources. The contribution of 482 

p,p’-DDD to ΣDDTs increased eastwards, possibly due to higher environmental impact of 483 

anaerobic processes and historic use. PCB levels were low, and PCB profiles were dominated 484 

by the most persistent PCB congeners PCB-118, -138, -153, and -180. This indicated exposure 485 

to historical used PCB, but to a different PCB mixture than in some other East African 486 

countries. The finding of the now banned PFOS and BDE-209 in the wild tilapia from the 487 

western part of the lake, warrant further research for determination of the possible sources. 488 
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ABSTRACT
The aim of this study was to assess the levels of heavy metals in both wild and farmed tilapia on 
Lake Kariba in Zambia and to evaluate the impact of intensive fish farming on wild tilapia. Three 
sites for wild fish (2 distant and 1 proximal to fish farms) and two fish farms were selected. One 
hundred fish (52 from distant sites; 20 near fish farms; 28 farmed fish) were sampled and muscle 
tissues excised for analysis of heavy metals (Mg, Fe, Zn, Al, Cu, Se, Co, Mo, As, Cr, V, Ni, Hg, Pb, Li, Cd, 
and Ag) by acid (HNO3) digestion and ICP-MS. All metals were found to be below the maximum 
limits (MLs) set by WHO/EU. Essential metals were higher in farmed tilapia, whereas non-essential 
metals were higher in wild tilapia. Significantly higher levels of essential metals were found in wild 
fish near the fish farms than those distant from the farms. Estimated weekly intake (EWI) for all 
metals were less than the provisional tolerable weekly intakes (PTWI). Target hazard quotients 
(THQ) and Hazard Indices (HI) were <1, indicating no health risks from a lifetime of fish consump-
tion. Selenium Health Benefit Value (HBVSe) was positive for all locations, indicating protective 
effects of selenium against mercury in fish. Total cancer risk (CR) due to As, Cr, Cd, Ni and Pb was less 
than 1 × 10−4, indicating less than 1 in 10,000 carcinogenic risk from a lifetime consumption of 
tilapia from Lake Kariba. Hg levels (0.021 mg/kg) in wild tilapia at site 1 were higher than the 
Environmental quality standard (EQS = 0.020 mg/kg) set by EU, indicating possible risk of adverse 
effects to fish. Except for Hg, levels of metals in fish were safe for human consumption and had no 
adverse effects on fish.
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Introduction

Aquaculture is a fast-growing sector that contributes 
significantly to food security, provides an important 
source of high-quality protein and omega 3 fatty acids 
and leads to economic development. In 2018, the 
FAO (2020) estimated the global human consump-
tion of fish to be 156 million tonnes. By 2005, one- 
quarter of wild fish stocks were underexploited, half 
fully exploited and the rest had been overexploited or 
depleted (FAO 2007). The decline in wild fish stocks 
contributes to the need for a growing aquaculture 
sector for protection of food security. Since 1970, 
world aquaculture has grown by an average of 7.5% 
per year (FAO 2020). The fastest growth has been in 
Africa and Asia, which have recorded double-digit 
growth in the past 20 years (FAO 2018, 2020). In 
2018, total fish production from both fisheries and 

aquaculture reached 179 million tonnes (FAO 2020), 
and aquaculture contributed 46% (82 million tonnes) 
of the total production (FAO 2020). Apart from being 
a source of protein, essential fatty acids, minerals and 
vitamins (Béné et al. 2015; Chan et al. 2019; Vicente- 
Zurdo et al. 2019), fish also serve as a source of 
income for people in developing countries (Béné 
et al. 2015; FAO 2018). In 2018, the FAO (2020) 
estimated World fish trade at about USD 
400 billion, with USD 250 billion coming from aqua-
culture production. Africa currently contributes 
about 7% to the total global fish production (FAO 
2020), with Egypt being the largest producer of 
farmed fish on the African continent (Mohamed 
Shaalan et al. 2018). In 2014, Zambia was the sixth- 
largest producer of farmed fish on the continent and 
the biggest producer of tilapia in the Southern African 
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Development Community (SADC) (Genschick et al. 
2017). Zambian aquaculture produced 20,000 tonnes 
of fish in 2014, with commercial farms contributing 
75% (FAO 2016; Genschick et al. 2017).

Despite the many positives recorded from the 
growth in aquaculture, it may also have negative 
impacts on the environment. Some of these are 
release of organic effluents or chemicals and anti-
biotics (from medical treatments) into waterbodies 
and being a source of diseases or genetic contamina-
tion of wild species (Berg et al. 1992; Kishimba et al. 
2004; Subasinghe 2005; Jarić et al. 2011; Li et al. 2011; 
Nonga et al. 2011; Polder et al. 2014; Ssebugere et al. 
2014; Mwakalapa. et al. 2018). The current aquacul-
ture practices can lead to elevated levels of antibiotic 
residues, antibiotic-resistant bacteria, persistent 
organic pollutants, metals, parasites, and viruses in 
natural waters and fish (Sapkota et al. 2008; Basaran 
et al. 2010). Increased pollution with organic (persis-
tent organic pollutants) and inorganic (heavy 
metals) contaminants can affect fish and human 
health (Vos et al. 2000; Watterson. et al. 2008).

Heavy metals are naturally occurring elements in 
the earth’s crust. They have a relatively high density 
(at least 5 times) compared to water (Tchounwou 
et al. 2012). Heavy metal pollution occurs when the 
metals exceed the naturally occurring levels in the 
environment or are at levels that affect human and 
animal health (Nazir et al. 2015). Pollution can be 
due to natural processes such as erosion and volca-
nic eruption, or anthropogenic activities (Adriano 
2001; Mansour and Sidky 2002; Nazir et al. 2015) 
such as mining, industry, improper waste manage-
ment, etc. (Adriano 2001; Xiao et al. 2014; Maurya 
et al. 2019). Essential metals (Mg, Fe, Zn, Cu, Se, 
Co, Mo, Cr, and Ni) are required for normal bio-
logical functions in humans and animals but can be 
harmful when levels exceed threshold levels for 
toxicity (Waseem et al. 2014; Javed and Usmani 
2017; Marengo et al. 2018). Non-essential metals 
(Al, As, V, Hg, Pb, Li, Cd, and Ag) have no known 
biological functions and can be toxic even in small 
amounts (Tchounwou et al. 2012; Waseem et al. 
2014). They have the potential to disrupt normal 
biological functions such as endocrine signalling 
and enzyme activity, which may lead to adverse 
health effects in both humans and fish 
(Tchounwou et al. 2012; Javed and Usmani 2017; 
Arisekar et al. 2020). Freshwater pollution with 

accumulation of environmental toxicants in aquatic 
organisms is a global issue (Amundsen et al. 1997; 
Copaja et al. 2017; Marengo et al. 2018; Mwakalapa 
et al. 2019; Nakayama et al. 2013; Zhang et al. 2016). 
Therefore, monitoring of potentially toxic metals in 
fish is important for both environmental and public 
health (Maurya et al. 2019; Mwakalapa et al. 2019). 
Fish are among the most frequently used bioindi-
cators of pollution in aquatic ecosystems (Stankovic 
et al. 2014) and provide data on bioaccumulation of 
heavy metals in wild and farmed fish. These data 
are needed for knowing the contamination status of 
waterbodies and for assessment of the health risk to 
aquatic organisms and humans. Limited scientific 
data are available on bioaccumulation of metals in 
wild and farmed fish from Zambia as well as sub- 
Saharan Africa. Furthermore, risk assessment for 
heavy metals through consumption of farmed and 
wild freshwater fish from Zambia has not been 
reported.

In Zambia and the rest of Africa, aquaculture is 
practiced in fishponds, tanks and in cages on lakes. 
Lake Kariba on the Zambia–Zimbabwe border is 
one location where farming of Oreochromis niloti-
cus (Nile tilapia) in cages is practiced on an inten-
sive scale. The aims of this study were to (1) assess 
and compare the levels of heavy metals in both wild 
and farmed tilapia, (2) evaluate the impact of inten-
sive fish farming on wild tilapia near the farms and 
(3) compare the results with existing maximum 
residue levels and threshold values set for humans 
and fish health.

Materials and methods

Description of sampling area and species

Lake Kariba is a man-made lake located on the 
southern border of Zambia with Zimbabwe (−17° 
S 28° E). It was built between 1958 and 1963 for the 
purpose of hydroelectric generation. The lake is 
320 km long with an area of 5400 km2, and an 
average depth of 29 m. The lake controls about 
90% of the Zambezi river runoff, and water flows 
from west to east. The climate is sub-tropical with 
annual rainfall between 400 and 700 mm and tem-
perature between 13°C and 40°C. Fish (O. niloticus) 
were collected from five locations (sites 1–3, and 
farms 1 and 2) along the lake (Figure 1). Sites 1 and 
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2 are in Sinazongwe and Gweembe districts, respec-
tively, over 100 km from site 3. The human popula-
tions in sites 1 and 2 are 98,246 and 50,136, 
respectively (Zambia Central Statistical Office 
2012). Site 3 is in Siavonga district, on the eastern 
end of the lake and has a population of 58,864. Farms 
1 and 2 are also located in Siavonga district and use 
cages for farming tilapia in the lake. O. niloticus is an 
omnivorous fish native to river Nile, with 
a worldwide distribution (FAO, 2005). It feeds on 
zooplankton and phytoplankton and higher plants 
(like algae). The fish thrives in tropical and subtro-
pical climates with environmental temperatures of 
9–42°C, living in shallow waters. It is found both as 
wild and farmed fish. Its fast growth and resistance 
to harsh conditions makes it favourable for aquacul-
ture. Other activities on and around the lake are 
commercial fishing of kapenta (Limnothrissa mio-
don), farming, livestock, and wildlife managing. In 
addition, active coal mining is taking place at site 1. 
Site 3 also has a feed processing plant.

Ethical consideration and permission for the study

The study proposal was approved by the University of 
Zambia, School of Veterinary Medicine research com-
mittee. Wild tilapia was bought from fishermen. 
Permission from local district fisheries and veterinary 

officers was obtained before sampling in their areas. 
Managers at the fish farms gave their permission for 
samples to be collected from their farms.

Sample collection

A total of 172 wild and farmed tilapia were collected 
from June to July 2016. Live wild tilapia was bought 
from fishermen, placed in ice water and dissected 
back at the shore. Dip netting was used to catch 
farmed tilapia then dissected at the shore. Fish 
length and weight were recorded (Table 1). The 
scale used in the field could only weigh fish up to 
1 kg, fish beyond this were assigned 1 kg. Therefore, 
only length was used for statistics. Stainless-steel 
forceps and scalpel blades were used to dissected 
muscle tissue of approximately 10 g. The tissue was 
placed in clean 15-ml Eppendorf tubes, then trans-
ported on ice in a cooler box to the University of 
Zambia, Veterinary Medicine School and stored at 
−20°C. Later, samples were transported on ice to the 
Laboratory of Environment Toxicology at the 
Norwegian University of Life Science (NMBU) in 
Oslo, Norway, and stored at −20°C until analysis. 
Permission to transport samples to Norway was 
obtained from the Ministry of Livestock and 
Fisheries, Zambia, and Norwegian Food Safety 
Authority.

Figure 1. Map of Lake Kariba showing the 5 locations (sites 1–3 and farms 1 and 2) where tilapia was collected on the Zambian side. 
(Courtesy of Eliezer Brown Mwakalapa 2019).
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Sample analysis

After selection of fish based on similar weight/length 
from each location, 100 muscle samples were pooled 
in equal amounts as shown in Table 1. Heavy metal 
analysis was done at the Laboratory for Soil and 
Water analysis, Faculty of Environmental Sciences 
and Natural Resource Management (MINA), 
Norwegian University of Life Sciences (NMBU), 
Campus Ås, Norway.

Extraction and analysis of heavy metals

The following heavy metals were analysed: Mg, Fe, 
Zn, Al, Cu, Se, Co, Mo, As, Cr, V, Ni, Hg, Pb, Li, Cd, 
and Ag. Approximately 200 mg of muscle samples 
were weighed in ultrapure Teflon tubes (pre-rinsed in 
7 M nitric acid (HNO3) and in Milli-Q water®). 
Internal standard (74Se, In) and 5 mL Ultrapure 
HNO3 were added. The mixture was digested at 
260°C in an UltraCLAVE (Milestone S.r.L, Sorisole 
(BG) – Italy). After digestion, 1 mL of UltraPure 
concentrated HCl was added (to prevent loss of Hg) 
and then diluted to 50 mL with distilled water. The 
samples were analysed using an Agilent 8800 ICP-MS.

Quality control and quality assurance

Method accuracy was verified by analysing certified 
reference materials in the same way, at the same 
time as the sample series. Fish Protein Certified 
Reference Material for Trace Metals (CRM Dorm- 
3, National Research Council Canada, Institute for 
National Measurement Standards, M-12, Ottawa, 
ON K1A 0R6, Canada) and fish muscle (ERM- 
BB422, European Commission – Joint Research 
Centre, Institute for Reference Materials and 
Measurements (IRMM), 2440 Geel, Belgium) were 
used. The quantified values show good agreement 

with the certified values. LOD and LOQ were quan-
tified from 3 to 10 times STDEV in the method 
blanks, n = 6. The mean of LOD and LOQ were 
calculated using average of the sample weights in 
a 50 ml dilution.

Human and fish health risk assessment

The mean metal concentrations in fish muscle (mg/ 
kg ww) were compared to maximum limits (ML) 
set by WHO and EU (FAO/WHO 2002; EC EC 
2006) for human consumption. Noncarcinogenic 
risks, estimated weekly intake (EWI), target hazard 
quotient (THQ) and hazard index (HI) were calcu-
lated as described by Mwakalapa et al. (2019), using 
formulas (1)–(3). EWIs were compared to provi-
sional tolerable weekly intakes (PTWI) set by 
WHO. Target hazard quotient is the ratio between 
the estimated daily intake (EDI) and the oral refer-
ence dose (RfD, mg/kg bw/day) (Saha et al. 2016; 
USEPA 2018). RfD is an estimate of a daily oral 
exposure to a toxic substance that is likely to be 
without an appreciable risk of harmful effects dur-
ing a lifetime (Varol et al. 2017; Mwakalapa et al. 
2019). The HI also referred to total target hazard 
quotient (TTHQ), which is the sum of individual 
metal THQs. Values of THQ and HI >1 pose a risk 
of developing non-carcinogenic effects in one’s life-
time (Saha et al. 2016; Copat et al. 2018). Selenium 
health benefit Values (HBVSe) for all site were cal-
culated as described by Ralston (Ralston et al. 
2016), using formula (4). A positive HBVSe indi-
cates protective effects of selenium against mercury 
in the fish, while a negative value indicates that 
mercury poses a threat to human health (Ralston 
et al. 2019; Yabanli and Tay 2021). The daily aver-
age fish ingestion per person (fish ingestion rate) is 
30.14 g/day (Kaminski et al. 2018; Tran et al. 2019), 
life expectancy (exposure duration) of 64 years, 

Table 1. Location and fish characteristics: Sampling time, mean and range of individual length and number of pooled muscle samples 
from farmed (farms 1 and 2) and wild tilapia distant (sites 1 and 2) and near farms (site 3) from Lake Kariba. Zambia.

Location Sampling time 2016 Mean of individual length (cm) Range individual length (cm) No. of individual samples
No. of fish 
per pool

No. of pooled/ 
individual samples

Site 1 June 35.57 28–45 29 2–3 10
Site 2 June 30.66 17–42 23 2–3 10
Site 3 June 27.6 24–33 20 2 10
Farm 1 June 23.6 13–29 16 1–3 10
Farm 2 June 27.13 22.5–36 12 1–2 10
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exposure frequency to heavy metals of 365 days/ 
year, and average body weight of an adult 70 kg 
were used in the calculations. 

EWI ¼ MC � IRD � 7
BW

(1) 

where MC = mean metal concentration, 
IRD = daily average fish ingestion per person, and 
BW = average adult body weight. 

THQ ¼ EF � ED � FIR � C
RfD � WAB � TA

� 10�3 (2) 

where EF = Exposure frequency, ED = exposure 
duration, FIR = fish ingestion rate, C = mean 
metal concentration, RfD = oral reference dose, 
WBA = average body weight of an adult and TA 
= average exposure time with noncarcinogenic 
effect (EF*ED). 

HI ¼
Xn

i¼1
THQi (3) 

HBVSe¼ ð½Se � Hg�=SeÞ � Se þ Hgð Þ (4) 

The carcinogenic risk/cancer risks (CR) due to life-
time exposure to arsenic, chromium, cadmium, 
nickel and lead were calculated as described by 
(Saha et al. 2016), using formula (5). The total 
cancer risk (TCR) due to fish consumption from 
the lake, was calculated as the sum of the individual 
cancer risks (Bamuwamye et al. 2015), using for-
mula (6). Carcinogenic risks (CR) are estimated as 
the incremental probability of an individual to 
develop cancer, over a lifetime, as a result of expo-
sure to a potential carcinogen (Ahmed et al. 2016). 
According to USEPA (2018), acceptable lifetime 
cancer risk levels range from 10−4 (1 in 10,000) to 
10−6 (1 in 1,000,000) chance of an individual devel-
oping cancer (Varol et al. 2017). Cancer risk values 
greater than 10−4 are unacceptable and those less 
than 10−6 indicate a negligible risk of cancer in an 
individual’s lifetime. Cancer slope factors (CSF) 
(mg/kg/day)−1 1.5 (As), 6.3 (Cd), 0.5 (Cr), 1.7 (Ni) 
and 0.0085 (Pb) from the Integrated Risk 
Information System USEPA (2018) database were 
used in the calculation of CR (Raknuzzaman et al. 
2016). 

CR ¼ CSF � EDI (5) 

where CSF = Cancer slope factor, EDI = Estimated 
daily intake (EWI/7). 

TCR ¼
Xn

i¼1
CRi (6) 

Risk to fish health was assessed using 
Environmental Quality Standards (EQS) set by EU 
(Ec 2006). EQS are concentrations of a particular 
pollutant or group of pollutants in water, sediment 
or biota that should not be exceeded in order to 
protect humans, aquatic species (fish) and the 
environment (EC EC 2006; Lyche et al. 2019).

Statistical analysis

Data was organised in MS Excel 2016 spread sheets. 
JMP 14 statistical software was used for further 
analysis. Readings below the limit of detection 
(<LOD) were assigned a value of half the LOD. 
Since the data were not normally distributed, non- 
parametric tests Wilcoxon/Kruskal–Wallis test 
(rank sum) for differences among locations and 
Wilcoxon pair test for differences between loca-
tions were used. Spearman rank correlation was 
used to assess the correlation between variables; 
p <.05 values were considered significant.

Results

Concentration of heavy metals in muscle

Fish biometric data is presented in Table 1. Wild 
tilapia from sites 1 and 2 had significantly greater 
total length (p < .01) than those from site 3 and 
farmed tilapia. Descriptive statistics (mean, median, 
minimum and maximum) are shown in Table 2. 
Concentration of heavy metals in fish muscle in 
descending order was as follows: Mg >Fe >Zn >Al 
>Cu >Se >Co >Mo >As >Cr >V > Ni >Hg >Pb >Li 
>Cd >Ag. Except for Pb, all other metals were pre-
sent in all samples.

Essential metals
Essential metals (Cu, Fe, Zn and Mo) were higher in 
farmed and the wild tilapia sampled near the fish 
farms (site 3) compared to wild fish sampled at loca-
tions away from the farms, sites 1 and 2 (Figure 2). 
The highest levels of Fe were in farmed fish farm 1 
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(9.38 mg/kg) and wild fish sampled at site 3 (8.16 mg/ 
kg). Fe levels in fish from these locations were sig-
nificantly higher (p < .05) than in fish sampled from 
sites 1 and 2. Likewise, Zn levels in farmed fish and 
wild fish from site 3 were significantly higher (p < .01) 
than in wild fish from sites 1 and 2. The highest Zn 
level was at site 3 (8.49 mg/kg) and lowest at site 2 

(4.75 mg/kg). Cu levels in farmed and wild fish from 
site 3 were also significantly higher (p < .01) than wild 
fish from sites 1 and 2. The highest Cu level was at 
farm 2 (3.5 mg/kg) and the lowest at site 1 (0.25 mg/ 
kg). Se in wild fish from site 3 (0.14 mg/kg) had 
significantly lower (p < .05) levels than those from 
sites 1, 2 and farm 1. The highest Se level 0.178 mg/kg 

Table 2. Descriptive statistics of heavy metal concentrations in muscles of wild and farmed tilapia (mg/kg ww) and maximum limits 
(ML) set by WHO/FAO, EU, FDA.

Essential metals Non-essential metals

Location Mg Cr Fe Co Ni Cu Zn Mo Se As Al Ag Cd Hg Pb Li V

Site 1 Mean 249 0.095 5.23 0.033 0.018 0.25 4.76 0.003 0.15 0.022 4.81 0.0011 0.0007 0.021 0.009 0.006 0.015
Median 250 0.015 5.15 0.034 0.012 0.25 4.45 0.003 0.16 0.022 4.4 0.0011 0.0006 0.006 0.009 0.006 0.016
Min 210 0.009 3.1 0.018 0.009 0.2 3.6 0.002 0.13 0.018 2.4 0.0005 0.0005 0.004 0.008 0.005 0.013
Max 270 0.8 9.4 0.041 0.068 0.32 7.1 0.004 0.17 0.028 8.5 0.0024 0.0018 0.16 0.011 0.008 0.017

Site 2 Mean 263 0.016 5.34 0.036 0.019 0.33 4.75 0.011 0.18 0.042 4.28 0.0016 0.0022 0.008 0.009 0.006 0.048
Median 260 0.012 4.9 0.034 0.018 0.32 4.7 0.006 0.17 0.042 4.25 0.0012 0.0021 0.005 0.01 0.006 0.021
Min 240 0.008 3.4 0.027 0.011 0.26 3.7 0.004 0.16 0.024 1.5 0.001 0.0009 0.004 0.0015 0.004 0.015
Max 290 0.051 8.2 0.054 0.031 0.45 6.1 0.044 0.22 0.057 8.7 0.0034 0.0045 0.026 0.012 0.011 0.19

Site 3 Mean 231 0.021 8.16 0.044 0.009 2.14 8.49 0.054 0.14 0.023 0.78 0.0004 0.0005 0.009 0.004 0.009 0.005
Median 225 0.02 8.2 0.042 0.009 2.15 8.1 0.045 0.14 0.023 0.91 0.0003 0.0005 0.01 0.002 0.008 0.005
Min 180 0.007 4.3 0.027 0.006 1.2 6.6 0.03 0.11 0.012 0.3 0.0002 0.0003 0.006 0.002 0.006 0.002
Max 290 0.039 14 0.061 0.011 3.2 11 0.086 0.16 0.04 1.4 0.0007 0.0006 0.012 0.009 0.013 0.011

Farm 1 Mean 244 0.02 9.38 0.066 0.01 2.57 6.99 0.058 0.18 0.043 1.3 0.0011 0.0008 0.007 0.008 0.006 0.016
Median 240 0.016 9.55 0.054 0.008 2.55 6.75 0.054 0.18 0.032 1.25 0.0007 0.0004 0.002 0.01 0.006 0.007
Min 180 0.007 4.8 0.024 0.006 0.78 5.6 0.025 0.13 0.021 0.47 0.0003 0.0003 0.001 0.002 0.004 0.004
Max 320 0.053 17 0.17 0.019 4.3 9.3 0.092 0.28 0.15 2.7 0.005 0.0022 0.041 0.011 0.006 0.052

Farm 2 Mean 260 0.038 5.78 0.043 0.011 3.5 7.06 0.05 0.15 0.028 1.64 0.0004 0.0004 0.002 0.007 0.007 0.005
Median 255 0.015 5.5 0.043 0.01 2.65 7.1 0.047 0.16 0.031 0.91 0.0004 0.0003 0.002 0.009 0.008 0.004
Min 240 0.008 2.4 0.011 0.006 0.5 4.3 0.021 0.12 0.005 0.38 0.0001 0.0003 0.001 0.002 0.008 0.002
Max 300 0.24 8.5 0.068 0.024 9 10 0.086 0.2 0.05 8.7 0.0011 0.0005 0.003 0.011 0.008 0.012

WHO and FAO ML 45 30 30 0.1 0.5 0.3
EU ML 0.05 0.5 0.3
FDA ML 1

Figure 2. Concentration of heavy metals (Cu, Fe, Zn, Ni, Mo, Al and Cd) in muscle tissue of farmed and wild tilapia from Lake Karbia. Site 
with the same letter (a,b,c,d, or e) showed no significant difference in metal concentration at ** p < .01 and * p < .05.

6 C. K. SIMUKOKO ET AL.



was in farm 1. The highest Co level was at farm 1 
(0.07 mg/kg) and lowest at site 1 (0.03 mg/kg). The 
Co levels in fish from farm 1 were significantly higher 
(p < .01) than wild fish from sites 1 and 2. Mo levels in 
farmed and wild fish from site 3 were significantly 
higher (p < .01) than wild fish from sites 1 and 2. 
Highest Mo level was at farm 1 (0.06 mg/kg) and 
lowest at site 1 (<0.01 mg/kg). Cr and Mg showed 
no significant difference among all locations.

Non-essential metals

Non-essential metals (Al, Ag, Ni and Cd) were 
higher in wild tilapia at sites 1 and 2 (Figure 2). 
Al was significantly higher in wild fish from sites 
1 and 2 than farmed and wild fish from site 3. 
The highest level of Al was at site 1 (4.81 mg/kg) 
and lowest at farm 1 (0.78 mg/kg). As levels in 
wild fish from site 2 and farm 1 (site 3) were 
significantly higher than wild fish from sites 1 
and 3. The highest As level was at farm 1 
(0.04 mg/kg). V levels at sites 1, 2 and farm 1 
(site 3) were significantly higher (p < .01) than 
other locations, with the highest level at site 2 
(0.0476 mg/kg). Ni level at sites 1 and 2 was 
significantly higher than farmed and wild fish 
from site 3. The highest level was at site 2 
(0.0186 mg/kg). Hg levels in wild fish (all sites) 
were significantly higher (p < .05) than farmed 
fish (site 3). The highest Hg level was at site 1 
(0.021 mg/kg). The level of Pb in wild fish from 
site 3 was significantly lower (p < .01) than sites 
1,2 and farm 1, with the highest level at site 2 
(0.00925 mg/kg). Site 3 had significantly higher 
levels (p < .01) of Li than sites 1, 2 and farm 1, 
with the highest level of 0.00933 mg/kg. Cd 
levels at farm 2 were significantly lower 
(p < .05) than the other locations. Ag levels at 
sites 1 and 2 were higher (p < .01) than fish 
from sites 3 and farm 2. The highest level was at 
site 2 (0.00155 mg/kg).

Correlation among metals and fish length

Fish length had a significant positive correlation 
(Spearman’s correlation) with Ni and Al, but sig-
nificant negative correlation with Cu, Fe, Zn, Co 
and Mo. Significant positive correlation was also 
found for Fe, Cu, Zn, Co and Mo. Al had significant 

positive correlation with Cd, Ag, Hg and Ni. Al, Cd 
and Ni had significant negative correlation with Zn, 
Cu and Mo.

Risk assessment

Human health
Compared to maximum limits set by WHO/FA0, 
EU and FDA, all the measured metals in fish muscle 
were below these limits (Table 2). EWIs of all ana-
lysed muscles were also below the PTWI (Table 3). 
The calculated THQ and HI for all metals were less 
than the threshold of 1 (Table 4) posing no risk to 
human health. HBVSe was positive for all locations, 
indicating protective effect of Se against Hg. Cancer 
risk due to consumption of As, Cr, Cd, Ni and Pb in 
fish were less than 1 × 10−4 (Table 5) showing no 
risk of cancer.

Fish health
The European Union has set an Environmental 
Quality Standard (EQS) of 0.02 mg/kg of mercury 
in fish in the environment for assessment of fish 
health (EC EC 2006). The mean Hg level in wild 
fish from site 1 (0.021 mg/kg) was higher than the 
EQS set by the EU (Table 2). This may cause 
adverse effects in the fish.

Discussion

Metal concentration in muscle of farmed and wild 
tilapia from Lake Kariba

The study found significant difference in metal 
concentrations, with essential metals higher in 
farmed tilapia and non-essential metals higher in 
wild tilapia. Essential metals (Cu, Zn, Fe, Co and 
Mo) were higher in farmed and wild fish (site 3) 
near the farms, than in wild fish (sites 1 and 2) far 
from the farms. Essential metals are necessary for 
various biological functions and are therefore 
added as trace elements to fish feed (Yildiz 2008; 
Fallah et al. 2011), which may explain the higher 
levels in farmed fish (Sapkota et al. 2008; Burridge 
et al. 2010). Feed spillage from the fish farms is 
accessed by the wild tilapia nearby, thereby expos-
ing them to higher levels of essential metals than 
the wild fish far from the fish farms (Basaran et al. 
2010; Ballester-Molto et al. 2017). Non-essential 
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metals (Al, Ni, Cd, Hg) were higher in wild fish 
sampled far from the fish farms. The higher Hg 
level at site 1 (0.021 mg/kg) (Table 2) could possibly 
be due to coal mining in the area as coal mining has 
been reported to release Hg to the environment 
(Liu et al. 2014; Plessl et al. 2019). This calls for 
further studies. Furthermore, wild tilapia can live 
up to 9 years compared to farmed tilapia, which is 
harvested within 6 months of cage-rearing on the 
lake. The wild tilapia can therefore accumulate 
contaminants with long biological half-lives such 
as Hg and Cd over a longer life-span compared to 
farmed tilapia. Positive associations between Hg 
and Cd concentrations in tilapia and age as well as 
size are documented in other studies (Hamada et al. 
2018). However, in the present study, we did not 

find any association between fish size (length) and 
Hg, whereas Cd and length showed significant 
association.

Comparison of metal concentration in muscle of 
tilapia with other regions

Sub-Saharan Africa
Levels of Cu, Fe, Zn and Mo in wild tilapia were 
similar to results reported in an earlier study on the 
same lake (Nakayama et al. 2010) but 10 (Cu) and 
two (Zn) times lower than findings by Berg et al. 
(1995) (Table 6). The 21 years lapse between the 
study by Berg et al. (1995) and our study may 
account for changes in metal content in the lake. 
This downward temporal trend could be due to 

Table 3. Estimated weekly intake (EWI) of heavy metals and Selenium health benefit values (HBVSe) from consumption of muscle tissue 
from wild and farmed tilapia from Lake Kariba, Zambia.

Site 1 Site 2 Site 3 Farm 1 Farm 2 PTWI

Li 1.91 × 10−5 1.87 × 10−5 2.81 × 10−5 1.76 × 10−5 2.18 × 10−5

Mg 7.5 × 10−1 7.93 × 10−1 6.96 × 10−1 7.35 × 10−1 7.84 × 10−1

Al 1.45 × 10−2 1.29 × 10−2 2.35 × 10−3 3.92 × 10−3 4.95 × 10−3 1 (EFSA 2008)
V 4.64 × 10−5 1.43 × 10−4 1.52 × 10−5 4.77 × 10−5 1.45 × 10−5

Cr 2.86 × 10−4 4.83 × 10−5 6.43 × 10−5 5.87 × 10−5 1.16 × 10−4 0.023 (Lin et al. 2004)
Fe 1.58 × 10−2 1.61 × 10−2 2.46 × 10−2 2.83 × 10−2 1.74 × 10−2 5.6 (JECFA 2017)
Co 9.92 × 10−5 1.09 × 10−4 1.32 × 10−4 2 × 10−4 1.28 × 10−4 0.21 (Finley et al. 2012)
Ni 5.43 × 10−5 5.61 × 10−5 2.6 × 10−5 2.94 × 10−5 3.19 × 10−5 0.035 (JECFA 2017)
Cu 7.66 × 10−4 1 × 10−3 6.45 × 10−3 7.74 × 10−3 1.05 × 10−2 3.5 (JECFA 2017)
Zn 1.43 × 10−2 1.43 × 10−2 2.56 × 10−2 2.1 × 10−2 2.13 × 10−2 7 (JECFA 2017)
As 6.57 × 10−5 1.26 × 10−4 6.78 × 10−5 1.3 × 10−4 8.32 × 10−5 0.01498 (JECFA 1989)
Se 4.58 × 10−4 5.30 × 10−4 4.07 × 10−4 5.36 × 10−4 4.58 × 10−4

Mo 8.95 × 10−6 3.43 × 10−5 1.62 × 10−4 1.75 × 10−4 1.5 × 10−4

Ag 3.34 × 10−6 4.66 × 10−6 1.2 × 10−6 3.2 × 10−6 1.33 × 10−6

Cd 2.19 × 10−6 6.57 × 10−6 1.4 × 10−6 2.48 × 10−6 1.1 × 10−6 0.0056 (JECFA 2011)
Hg 6.33 × 10−5 2.36 × 10−5 2.66 × 10−5 2.05 × 10−5 6.69 × 10−6 0.004 (EFSA 2012; JECFA, 2017)
Pb 2.75 × 10−5 2.79 × 10−5 1.1 × 10−5 2.41 × 10−5 2.01938E-05 0.0105 (EFSA 2010)
HBVSe 1.92 × 10−3 2.23 × 10−3 1.71 × 10−3 2.25 × 10−3 1.92 × 10−3

Table 4. Total hazard quotient (THQ) and hazard index (HI) for analysed heavy metals from consumption of wild and farmed tilapia.
Site 1 Site 2 Site 3 Farm 1 Farm 2 RfD (USEPA 2018)

Li 1.36 × 10−6 1.33 × 10−6 2.01 × 10−6 1.26 × 10−6 1.56 × 10−6 0.002
Mg 2.19 × 10−6 2.31 × 10-6 2.03 × 10−6 2.14 × 10−6 2.28 × 10−6

Al 2.07 × 10−6 1.84 × 10−6 3.36 × 10−7 5.6 × 10−7 7.07 × 10−7 1
V 1.33 × 10−6 4.1 × 10−6 4.35 × 10−7 1.36 × 10−6 4.13 × 10−7 0.005
Cr 1.36 × 10−5 2.3 × 10−6 3.06 × 10−6 2.8 × 10−6 5.51 × 10−6 0.003
Fe 3.22 × 10−6 3.28 × 10−6 5.02 × 10−6 5.77 × 10−6 3.56 × 10−6 0.7
Co 4.72 × 10−5 5.2 × 10−5 6.27 × 10−5 9.52 × 10−5 6.11 × 10−5 0.0003
Ni 3.88 × 10−7 4.0 × 10−7 1.86 × 10−7 2.1 × 10−7 2.28 × 10−7 0.02
Cu 2.73 × 10−6 3.57 × 10−6 2.30 × 10−5 2.76 × 10−5 3.77 × 10−5 0.04
Zn 6.83 × 10−6 6.82 × 10−6 1.22 × 10−5 1.0 × 10−5 1.0 × 10−5 0.3
As 3.13 × 10−5 6.0 × 10−5 3.23 × 10−5 6.2 × 10−5 3.96 × 10−5 0.0003
Se 1.31 × 10−5 1.52 × 10−5 1.16 × 10−5 1.53 × 10−5 1.31 × 10−5 0.005
Mo 2.56 × 10−7 9.81 × 10−7 4.62 × 10−6 5.0 × 10−6 4.29 × 10−6 0.005
Ag 9.55 × 10−8 1.33 × 10−7 3.43 × 10−8 9.15 × 10−8 3.79 × 10−8 0.005
Cd 3.13 × 10−7 9.39 × 10−7 2.01 × 10−7 3.54 × 10−7 1.52 × 10−7 0.001
Hg 9.04 × 10−5 3.37 × 10−5 3.8 × 10−5 2.92 × 10−5 9.56 × 10−6 0.0001
Pb 1.12 × 10−6 1.14 × 10−6 4.49 × 10−7 9.84 × 10−7 8.24 × 10−7

Hazard index 2.18 × 10−4 1.9 × 10−4 1.98 × 10−4 2.6 × 10−4 1.91 × 10−4

RfD: Reference dose set by USEPA (2018).
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changes in mining techniques along the drainage 
area of Lake Kariba, which are more environmen-
tally friendly today. Berg et al. (1995) also sampled 
in an area where cage and pond aquaculture were 
being practiced, which could have influenced levels 
of metals in the wild tilapia. Wild tilapia from 
Tanzania (Mapenzi et al. 2020) and Kenya (Nyingi 
et al. 2016) had three to 20 times higher levels of Fe, 
Cu and Zn than the present study, which may be 
explained by their location in areas with more 
industrial mining, agriculture and human activities. 
Cr level was 10 times lower than an earlier study in 
Kariba (Nakayama et al. 2010). The level of Cd was 
similar to those detected 6 years earlier (Nakayama 
et al. 2010), but more than 20 times lower than 
21 years earlier in the lake, suggesting a reduction 
of Cd levels the last 20 years (Berg et al. 1995). Hg 
has not previously been analysed in tilapia from 
Zambia, but the levels were about 20 times lower 
than in wild tilapia from Tanzania (Mshana 
Grayson 2015) and two times lower than Ethiopia 
(Dsikowitzky et al. 2012). Pb levels were similar to 
findings 6 years earlier in Lake Kariba (Nakayama 
et al. 2010), but over 100 times lower than 21 years 
earlier in the same lake (Berg et al. 1995). Pb was 
also more than seven times lower than in Tanzania 
(Mapenzi et al. 2020), Kenya (Nyingi et al. 2016) 
and Ethiopia (Dsikowitzky et al. 2012). Ni in this 
study was ten times lower than earlier findings in 
Lake Kariba (Berg et al. 1995; Nakayama et al. 
2010). The decrease of Pb, Cr and Ni levels was 
contrary to expectations, since the number of 
kapenta fishing boats rose from 423 in 2009 to 
962 in 2013; these are thought to be the sources of 
Pb, Cr and Ni (Chali et al. 2014; Paulet 2014). The 
levels of metals in wild tilapia from Lake Kariba 
were thus lower than the levels in tilapia from other 
countries in the region. We also report lower levels 

of Cd (20x) and Pb (100x) compared with 
a previous study from the same lake. The Hg con-
centration was not measured in the previous study, 
but the levels found in the present study were lower 
than tilapia from Tanzania and Ethiopia.

As stated above, the farmed tilapia had sig-
nificant higher levels of essential metals and sig-
nificant lower levels of non-essential metals 
compared to the wild tilapia sampled far from 
the fish farms.

Farmed tilapia in this study had similar levels of 
the essential metals, Cu and Zn to those found ear-
lier in fish from Lake Kariba (Berg et al. 1995), but 
five to 12 times higher than in farmed tilapia from 
Uganda (Birungi et al. 2007) (Table 7). This could be 
due to differences in composition of trace elements 
in the fish feeds. For Pb, Cd and Ni, levels were more 
than 200 times less than those found earlier in Lake 
Kariba (Berg et al. 1995). This is similar to observa-
tions above in wild tilapia where levels were also 
higher in the earlier study by Berg et al. (1995), 
which indicates a substantial decline in the contam-
ination of non-essential metals in Lake Kariba.

North Africa
Levels of Cu, Fe, V, Al and Co in wild tilapia were 
similar to findings in Egypt (Ibrahim et al. 2020), 
whereas Se, Cr, As, Cd, Hg, Pb and Ni were two 
times lower than in Egypt (Hamada et al. 2018; 
Ibrahim et al. 2020) (Table 6). Tributaries that 
drain into river Nile carry effluents from industries 
and agriculture, as well as sewage. This may 
account for higher levels of Cd, Hg and Pb in Egypt.

The levels of Pb, Hg and Cd in farmed tilapia 
from Egypt (Authman et al. 2012; Hamada et al. 
2018) were over 100 times higher than in the current 
study probably due to industrial and agricultural 
effluents as well as sewage, which have been reported 

Table 5. Estimation of cancer risk (CR) posed by a lifetime of consumption of wild and farmed tilapia from Kariba due to As, Pb, Cd, Cr 
and Ni.

Site 1 Site 2 Site 3 Farm 1 Farm 2 CSF (USEPA 2018) Acceptable risk range (USEPA 1995)

As 1.41 × 10−5 2.71 × 10−5 1.45 × 10−5 2.79 × 10−5 1.78 × 10−5 1.5 1 × 10−4 to 1 × 10−6

Pb 3.34 × 10−8 3.39 × 10−8 1.34 × 10−8 2.93 × 10−8 2.45 × 10−8 0.0085
Cd 1.97 × 10−6 5.92 × 10−6 1.26 × 10−6 2.23 × 10−6 9.6 × 10−7 6.3
Cr 2.04 × 10−5 3.45 × 10−6 4.59 × 10−6 4.19 × 10−6 8.27 × 10−6 0.5
Ni 1.32 × 10−5 1.36 × 10−5 6.31 × 10−6 7.15 × 10−6 7.74 × 10−6 1.7
Total CR 4.97 × 10−5 5.01 × 10−5 2.67 × 10−5 4.15 × 10−5 3.48 × 10−5

CSF, cancer slope factor.
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to cause metal contamination in water in these areas 
(Authman et al. 2012; Hamada et al. 2018). Farmed 
Egyptian tilapia had also 5–100 times higher levels of 
Al and Ni than in the present study (Authman et al. 
2012).

Asia and Middle East
Levels of Cu, Zn and As in wild tilapia were similar 
to those found in Saudi Arabia (Mohammed 2009; 
Abdel-Baki et al. 2011), China (Leung et al. 2014) 
and Malaysia (Taweel and Shuhaimi-Othman 
2011) (Table 6). Cr was comparable to levels in 
Saudi Arabia (Abdel-Baki et al. 2011), but five to 
16 times lower in China (Leung et al. 2014) and 
Malaysia (Abdulali Taweel and Shuhaimi-Othman 
2011). Levels of Cd were similar to findings in Saudi 
Arabia (Abdel-Baki et al. 2011) but three to 40 
times lower than in China (Leung et al. 2014), 
Malaysia (Abdulali Taweel and Shuhaimi-Othman 
2011) and Saudi Arabia (Mohammed 2009). Levels 
of Hg in wild tilapia were 10 to 20 times higher than 
those found in Saudi Arabia (Abdel-Baki et al. 
2011) but 4 to 8 times lower than the Hg levels 
detected in wild tilapia from Malaysia (Naji et al. 
2014). Pb levels were similar to those in Saudi 
Arabia (Abdel-Baki et al. 2011), but substantially 
lower than in China (Leung et al. 2014), Malaysia 
(Abdulali Taweel and Shuhaimi-Othman 2011) and 
Saudi Arabia (Mohammed 2009). It was noted that 
levels of Pb in China were almost 1000 times higher 
(Leung et al. 2014). In the present study, Ni was 
more than 30 times lower than in China (Leung 
et al. 2014) and Malaysia (Abdulali Taweel and 
Shuhaimi-Othman 2011), while As was comparable 
to levels in China (Leung et al. 2014). The higher 
levels of Pb, Ni, Hg and Cd in wild tilapia from Asia 
are probably due to discharge of untreated indus-
trial, agricultural and domestic effluents to aquatic 
environments.

The Cu levels in farmed fish from Lake Kariba 
were comparable to those in Taiwan (Ling et al. 
2013), but five times higher than in Malaysia 
(Taweel et al. 2013) (Table 7). Zinc levels were 
similar to those in Malaysia (Taweel et al. 2013), 
but nine times lower than in Taiwan (Ling et al. 
2013). Co and Se levels were also lower than those 
in Taiwan (Ling et al. 2013). The variation in the 
levels of essential metals in farmed fish is probably 
due to differences in the content of these chemicals 

in the local fish feed. Levels of non-essential metals, 
As, Cd, Pb, Cr and Ni were substantially lower than 
findings in China (Cheung et al. 2008; Kwok et al. 
2014; Geng et al. 2015), Malaysia (Taweel and 
Shuhaimi-Othman 2011) and Taiwan (Ling et al. 
2013). The levels of Hg detected in farmed tilapia 
from China are also substantially higher than the 
levels detected in the present study as well as other 
studies from sub-Saharan Africa. The higher levels 
of heavy metals in farmed fish from Asia may be 
due to the higher level of industrial and agricultural 
activities, which increase the risk of pollution of 
aquatic environments. Difference in feed composi-
tion may also affect levels in different areas.

Correlations

In the present study, essential metals (Fe, Cu, Zn, 
Co and Mo) showed positive correlation, which 
may be explained by a common source of trace 
elements from the fish feed (Yildiz 2008; Fallah 
et al. 2011). Non-essential metals (Al, Cd, Ag, Hg 
and Ni) also had positive correlation but showed 
negative correlation with essential metals (Zn, Cu 
and Mo). The wild fish had higher levels of non- 
essential metals probably due to a longer life span 
resulting in longer exposure, whereas they had 
lower essential metals probably because they were 
not exposed to commercial feed. This may explain 
the negative correlation between non-essential and 
essential metals. Since wild fish were larger than the 
farmed fish (Table 1) and had lower levels of essen-
tial metals (Zn, Cu and Mo), this accounted for the 
negative correlation observed between length and 
Zn, Cu and Mo.

Possible health risk assessment

Human health risk
The concentrations of metals in the muscle of wild 
and farmed tilapia from Lake Kariba (Table 2) were 
below the threshold values for adverse effects set by 
WHO/FAO (FAO/WHO 2002) and EU(EC EC 
2006). We estimated the EWI (Table 3) and showed 
that the EWI was much lower than the PTWI. The 
THQs, which is the ratio of the exposure levels 
(EWI) of the individual potential harmful metal 
and the level at which no adverse effects are 
expected (PTWI), were below 1 for all metals. 

12 C. K. SIMUKOKO ET AL.



Likewise, the HI (Table 4), which is the sum of 
THQs for all metals was also below 1, indicating 
that the fish can be consumed regularly without any 
significant health risk from both single metal expo-
sure and cumulative effect of exposure to multiple 
metals. HBVSe from all sites were positive, indicat-
ing protecting effects of selenium against mercury 
in the fish (Ralston et al. 2016; Yabanli and Tay 
2021). Mercury has been shown to inhibit sele-
nium-dependent enzymes (selenoenzymes) that 
protect against and reverse oxidative brain damage 
and perform other vital functions such as foetal 
brain development, growth, thyroid hormone 
metabolism and calcium regulation (Squadrone 
et al. 2015; Ralston et al. 2016, 2019). Selenium 
sequesters mercury, forming an insoluble sele-
nium-mercury (HgSe) compound, that is excreted 
from the body (Ralston et al. 2016; Yabanli and Tay 
2021). Thus, a Se:Hg molar >1, indicates excess Se 
and its protective effect against Hg (Squadrone et al. 
2015; Yabanli and Tay 2021). The estimated TCR 
for As, Cd, Cr, Ni and Pb was less than 1 × 10x−4 
(Table 5), indicating that the risk of humans devel-
oping cancer during their lifetime, as a result of 
consuming wild and farmed tilapia from Lake 
Kariba was less than 1:10,000 (Varol et al. 2017).

Fish health risk
The mean concentration of Hg at site 1 (0.021 mg/ 
kg) was slightly higher than the EQSBiota (0.02 mg/ 
kg) set by the EU (EC EC 2006). An EQS is the 
concentration of a particular pollutant or group of 
pollutants in water, sediment or biota that should 
not be exceeded in order to protect human health 
and the environment (Lyche et al. 2019). 
Environmental quality standards (EQS) are there-
fore guidelines set by the EU for monitoring pollu-
tion in water and biota (aquatic organisms). 
Chemical pollution of surface water poses a threat 
to the aquatic environment and may induce acute 
and chronic toxicity in aquatic organisms (Ec 
2006). Relatively small concentrations of Hg 
(<160 mg/kg ww) can adversely affect the repro-
duction, development, growth, metabolism, neuro-
behavior, and immune responses of fish (Weis 
2009; Rhea et al. 2013). Though the mean at site 1 
was above the EQS, only one sample (0.16 mg/kg) 
was above the EQS. However, this finding is still 

a cause of concern, since it is above the EQS and 
may induce adverse effects in fish and other sensi-
tive aquatic organisms.

Conclusions

The study presents the first comparison of heavy 
metals in wild and farmed tilapia on Lake Kariba in 
Zambia. This will serve as a baseline for future 
studies and developing of guidelines for the rapidly 
developing aquaculture sector in Zambia as well as 
sub-Saharan Africa. Heavy metal levels in all fish 
were below the ML set by WHO/EU. Essential 
metals (Cu, Zn, Fe, Mo and Co) were higher in 
farmed fish, while non-essential metals (Cd, Pb, 
Al, Ni and Hg) were higher in wild fish. Wild tilapia 
near the fish farms also had higher levels of essen-
tial metals compared to those distant from the 
farms suggesting that spill-over of feed and waste 
from the farms has the potential to contaminate the 
wild fish in the vicinity. It is therefore vital that 
proper guidelines are put in place to limit the effects 
on wild fish. Levels of Cd, Hg and Pb in Lake Kariba 
were also lower than those reported in North Africa 
and Asia. EWI of all metals were far below the 
PTWI. The THQ and HI were all below 1, showing 
no risk of non-carcinogenic effects from consump-
tion of individual or combination of metals in fish, 
during a lifetime. HBVSe were all positive, indicat-
ing protective effects of Se against Hg in fish. Total 
cancer risks were below 1 × 10−4, showing less than 
1:10,000 risk of carcinogenic effects from fish con-
sumption during a lifetime. Levels of Hg in some 
wild fish were higher than the EQS set by the EU. 
Long-term exposure to Hg may therefore cause 
adverse effects in wild fish and other aquatic organ-
isms. The findings of this study show that tilapia 
from the lake are safe for human consumption and 
there are no adverse effects on fish health.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Pb and Ni were detected in 100% in
the muscles and livers of all the
analysed fish.

� Pb pollution is more prevalent in wild
fish than in farmed fish.

� Pb concentrations was above the ML
set by FAO/WHO for human
consumption.

� EDI, THQ and HI values indicated no
risk to human health.

� Pb and Hg levels questions the food
safety for human consumption and
health of fish.
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a b s t r a c t

In 2016, farmed milkfish (Chanos chanos) from Tanzania mainland (Mtwara), and Zanzibar islands
(Pemba and Unguja) and wild milkfish and mullet (Mugil cephalus) from the Indian Ocean were collected
for analyses of heavy metals (Pb, Cd, Hg, As, Al, Fe, Zn, Cu, Ni, Co and Cr) in muscles and livers. High
concentrations of Pb were detected in muscles and livers from wild and farmed milkfish and wild mullet
from all sites. The highest concentration of Pb was detected in wild milkfish liver from Mtwara (47.4mg/
kg ww). The Pb concentrations in fish muscle exceeded maximum levels (ML) set by FAO/WHO (0.3mg/
kg ww) in 100% of the analysed fish. Concentrations of Pb were higher in wild fish than in farmed fish. Cd
concentrations were generally low. The comparison of the Hg concentration with EQSBiota indicated that
Hg might pose potential health risk to 22% of the analysed fish. Median concentrations of Fe in livers
from farmed milkfish from Jozani and Shakani, Zanzibar, were 40e80 times higher than the other sites.
Assessment of human health risk and exposure to heavy metals indicated no potential risk from
consuming the fish from the present study locations. However, the Pb concentrations exceeding ML in
the fish suggests that Pb may affect the health of fish. Future investigations should include regular
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monitoring of heavy metals in farmed and wild fish in Tanzania for further development of sustainable
aquaculture and the welfare of the wild fish stock in the coastal waters.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Heavy metals are ubiquitous and persistent in nature, and may
be toxic to biota at low concentrations (Jaishankar et al., 2014). They
are released to the environment from various sources, including
industrial, mining and agricultural activities, improper waste
disposal (Biney et al., 1994; Henry et al., 2006; Su et al., 2014; Zhang
et al., 2010) and volcanic eruption (Vigneri et al., 2017). Heavy
metals may be distributed by air (AMAP, 2005; EMEP, 2015) and
water through run-off, river flow and oceanic currents (Echegoyen
et al., 2014; Khan et al., 2017). Atmospheric transported heavy
metals are deposited on terrestrial organisms (Steinnes et al., 1994)
or in aquatic ecosystems (Baki et al., 2018; Burger et al., 2007;
Echegoyen et al., 2014).

Because of potential harmful effects in humans and biota, in-
ternational bodies aim to reduce emission (Convention of the
United Nations Economic Commission for Europe (UNECE) and
Long-range Transboundary Air Pollution (CLRTAP)) of heavymetals.
The Convention focuses on mercury (Hg), lead (Pb) and cadmium
(Cd). Due to actions taken the Hg emissions decreased in Europe,
Caucasus and Central Asia (EECCA) and in North America during the
period 1990e2010, but increased significantly in Sub Saharan Africa
and Southeast Asia during the same period due to release from
artisanal and small-scale gold mining (EMEP, 2015). The rapidly
decline in Pb emission in US and Europe has been related to phasing
out of leaded gasoline since 2006 (EMEP, 2015). However, in Africa
it is more challenging to find efficient actions for reducing lead
because communities often are exposed to multiple sources of Pb
including usage of lead-based paint (WHO, 2015).

Fish is an important source of protein, vitamins, essential min-
erals and unsaturated fatty acids for humans worldwide and
important for income generation (FAO, 2014). Due to the fast
growing human population, especially in African countries, there is
increased need for food security (FAO, 2015). The wild fish stocks
are declining globally, and the proportion of the global fish con-
sumption constitute more and more farmed fish. In 2016, the
aquaculture production in Africa increased by 18% (FAO, 2018).
However, there is a concern on pollution of aquatic and oceanic
environments by chemical contaminants, such as heavy metals
because of potential leakage of contaminants to water bodies. Fish
farms placed along the coast lines as in this study, gradually replace
pond water with fresh sea water that may be contaminated with
heavy metals originating from urban waste disposal and from
natural sources (Baki et al., 2018; Biney et al., 1994; Jaishankar et al.,
2014). Heavy metals can bioaccumulate in fish and biomagnify in
the food chain, and result in negative health effects in humans, such
as neurological, cardiovascular and renal system disorders (Ahmed
et al., 2016; Fang et al., 2014; Goldhaber, 2003; WHO, 1995).
Because of the nutritional importance of fish and public health
concerns, there is a need to assess the health impact of heavy
metals in fish for human consumption (Bosch et al., 2016; Fakhri
et al., 2018; Hylland et al., 2006; Saria, 2016; Yi et al., 2011).

In Tanzania, studies from coastal regions revealed heavy metal
contamination in crustaceans (Rumisha et al., 2017, 2012), and wild
fish (Mziray and Kimirei, 2016; Saria, 2016; Shilla, 2016). However,
no study has measured and compared the levels of heavy metals in
farmed and wild marine fish. Therefore, the aims of the present

study were to document the levels of heavy metals in farmed and
wild fish along the coast of Tanzania, to compare these with the
Environmental Quality Standards for biota EQSBiota and to assess
possible health risks for humans. EQSBiota are scientifically defined
values intended to protect fish from adverse health effects of con-
taminants. In this study, we measured the levels of heavy metals in
wild and farmed fish and assessed possible health risks for fish and
humans.

2. Materials and method

2.1. Study area and sampling

Details of fish species description, sampling sites, sample
collection and processing were previously described in a study of
persistent organic pollutants (POPs) in fish from Tanzania
(Mwakalapa et al., 2018). Briefly, a total of 121 farmed and wild
milkfish and mullets were collected from the Zanzibar islands
Unguja and Pemba and Ndumbwe village in Mtwara (mainland) in
Tanzania between January and April 2016 (Fig. 1). Collection of
biometric information including weight and length, dissection and
extraction of muscle and liver tissue were conducted onsite. When
dissection was not possible in the field, live fish were collected and
transferred in water containers to the laboratory for extraction of
muscle and liver. In the field, muscle and liver samples were stored
in a cool box and thereafter transferred to the Institute of Marine
Science and preserved at�20 �C until transportation to Zambia and
Norway for analysis. The samples were kept frozen at �20 �C until
analysis.

2.2. Ethical consideration

Fish farmers and local authorities were informed about the aim
of this study, and sampling of fish samples from their farmers was
done upon their consent. The permission to conduct this research
was granted by themanagement of the Institute ofMarine Sciences,
University of Dar es Salaam and the permit to transport samples
from Tanzania to Zambiawas given by theMinistry of Livestock and
Fisheries Development in Tanzania. The permission to transport
samples from Tanzania to Norway was granted by The Ministry of
Agriculture, Livestock and Fisheries and The Norwegian Food Safety
Authority.

2.3. Sample analysis

At each location the fish was selected on weight and length and
grouped (Table 1). The intention was to get a sufficient number of
fish with the same weight per site and per species, however, at
some sites the available fish were smaller, as in Mtwara
(Mwakalapa et al., 2018). Out of 121 fish, 48 fish were selected
based of their weight for analysis of the following heavy metals in
muscle and liver, the toxic, non-essential metals: mercury (Hg),
lead (Pb), cadmium (Cd), arsenic (As), aluminium (Al), and the
essential metals iron (Fe), zinc (Zn), copper (Cu) nickel (Ni), cobalt
(Co) and chromium (Cr). Hg was only analysed in 18 fish muscle
samples. The analysis of Pb, Cd, As, Al, Fe, Zn, Cu, Ni, Co and Cr was
performed at the laboratory of the Central Veterinary Research
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Institute in Zambia (CVRI). The laboratory was accredited by the
Southern African Development Community Accreditation Services
(SADCAS) on 16th November 2017. The analysis of Hg was done at
the Laboratory for Soil and Water analysis, Faculty of Environ-
mental Sciences and Natural Resource Management (MINA), Nor-
wegian University of Life Sciences (NMBU), Campus Ås, Norway.

2.4. Extraction and analysis of heavy metal

The standard operating procedure for heavy metals at CVRI,
Zambia, was performed using The Analyst 400 series of Perkin
Elmer Atomic Absorption Spectrophotometer (Nchima, 2014). After

thawing at room temperature, the samples of livers and muscles
were macerated into small pieces and mixed in a blender to ho-
mogeneous mixture. After mixing, approximately 1 g of liver and
5 g of muscles from each sample were transferred quantitatively
into a Kjeldahl flask. Digestion of the sample was followed by
addition of 20ml of concentrated nitric acid (HNO3, analytical
grade) followed by heating at the temperature between 210 and
350 �C for about 10e20min. Thereafter, 10ml of concentrated
sulphuric acid (H2SO4, analytical grade) was added into the sample.
The boiling continued until the samples were digested. For sepa-
ration, 5ml portions of concentrated nitric acid were added grad-
ually. The clear sample was left to cool down to room temperature

Fig. 1. Map of Tanzanian coasts showing location of sampling sites.
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and washed using distilled water. The samples were filtered using
15mm Whatman®

filter into 25 or 50ml volumetric flask and
distilled water was used to adjust the volume. The concentration of
heavy metals was measured by using the Atomic Absorption
Spectrophotometer (Analyst 400 AAS, Perkin Elmer, USA) after
preparation of the calibration standard. This method did not
include measurement of dry weight. Therefore, results are
expressed as mg/kg wet weight (ww).

The Hg analysis, performed at MINA, NMBU, Norway, was as
following: Approximately 200mg of muscle samples were weighed
in ultrapure teflon tubes that were pre-rinsed in 7M nitric acid
(HNO3) and inMilli-Q water® digested in 5mL of Ultrapure HNO3 at
260 �C in an UltraCLAVE (Milestone S.r.L, Sorisole (BG) e Italy). The
samples were added 1mL of UltraPure concentrated HCl after
digestion to prevent loss of Hg and diluted to 50.0mL with distilled
water. Gold (Au) was used as internal standard. Hg was quantified
at mass 200, 201 and 202 with an Agilent 8900.

2.5. Quality control and quality assurance

CVRI, Zambia: Contamination was avoided by cleaning the in-
strument prior to use. Reagent blanks were used to check
contamination. Accuracy and precision of the analytical method
and digestion was verified by performing in-house spike-recovery
tests on random fish samples for the analytes included in the study.
The laboratory performs Intra-Analyst comparisons (IAC) at least
twice every year and participated in Proficiency Testing and Inter-
Laboratory Comparisons at least once per year. The overall re-
coveries for Pb, Cd, As, Cr, Co, Ni, Fe, Cu, Zn and Al were above 80%
and the limit of detection was 0.006mg/kg ww for all the analysed
metals.

MINA, NMBU, Norway: The LOD and LOQ for Hg were calculated
from 3 times and 10 times standard deviation (SD) of blank samples
(n¼ 5) and were 0.001 and 0.004mg/kg dry weight (dw), respec-
tively, based on mean weight of 0.185 g. For this study series,
DORM-3 (Fish Protein Certified Reference Material for Trace
Metals) from National Research Council Canada was digested and
analysed at the same time. The quantified value of Hg showed good
agreement with the certified value.

2.6. Estimation of potential health risks for human and fish

Potential human health risks related to heavy metal exposure
from fish consumption were assessed by comparing the concen-
trations of heavy metals in fish muscles in mg/kg ww to maximum
limit (ML) and calculating the Estimated Weekly Intake (EWI),
Target Hazard Quotient (THQ) and Hazard Index (HI) (USEPA,1989).

For Cd, the Estimated Monthly Intake (EMI) was calculated as rec-
ommended (EFSA, 2009). A THQ is the ratio of the potential
exposure to a substance, i.e. estimated daily intake (EDI) of a heavy
metal, and the level at which no adverse effects are expected, i.e.
Reference doses (RfD) set by United States Environmental Protec-
tion Agency (USEPA) (USEPA, 2018). RfD is an estimate of a daily
oral exposure to a toxic substance that is likely to be without an
appreciable risk of harmful effects during a lifetime (Varol et al.,
2017). The RfD values are given in Table 5. If the THQ is calculated
to be less than 1, then no adverse health effects are expected as a
result of exposure. If the THQ is greater than 1, then adverse health
effects are possible.

The HI is the sum of all the THQ from individual metal. EWI, THQ
and HI were calculated using equations below:

EWI ¼ MC*IRd*7
BW

(1)

where, MC is the median metal concentration in fish muscles (mg/
kg ww); IRd is the daily average and maximum fish ingestion by an
adult person (24.66 g/day (MALF, 2016) and 38.35 g/day (FAO,
2018)) and BW is an average body weight for an adult individual
(70 kg)

THQ ¼ EF*ED*FIR*C
RfD*WAB*TA

*10�3 (2)

EF is the exposure frequency to heavy metals (365 days/yr.); ED is
the exposure duration (61.8 years) equivalent to life expectancy; FIR
is the fish ingestion rate (24.66 g/day); C is the median metal
concentration in fish muscle (mg/kg ww); RfD is the oral reference
dose (mg/kg/day); WAB is the average body weight of an adult
person (70 kg) and TA is the average exposure time with non-
carcinogenic effect (EF*ED)

HI ¼
Xn

i¼1

THQi (3)

THQi is the THQ of the individual metal and n is the number of
heavy metals analysed included in the health risk assessment.

Potential health risk for fish was assessed by comparing the
concentration of heavy metals in fish liver to EQSBiota.

2.7. Statistical analysis

Collected data were organized using Microsoft Excel 2016. Sta-
tistical analyses were done using JMP Pro 13. Shapiro-Wilk Test W
was used to test for the distribution of the data. Data were not

Table 1
Characteristics of muscle and liver samples of milkfish from Jozani and Shakani (Unguja), Mtwara and Pemba and wild milkfish from Mtwara and wild mullets from Pemba,
Tanzania, for the analysis of Pb, Cd, Fe, Zn, Cu, Ni, Co and Cr (A), and muscles from farmed milkfish from Jozani and Mtwara and wild mullets from Pemba for Hg analysis (B).

Site Sampling month/year Salinity (ppt) Mean weight (g) Weight range (g) Mean length (cm) No of samples (Muscle) No of samples (Liver)

(A)
Jozani pond Jan-16 36 662 413e826 44.1 8 7
Shakani pond Jan-16 40 683 533e936 43.5 8 9
Pemba pond Mar-16 25 212 196e226 29.5 8 8
Mtwara pond Apr-16 22 189 84e309 25.9 8 8
Mtwara wild Apr-16 29 108 59e185 22 8 8
Pemba wild Mar-16 30 612 542e711 39.6 8 8

Site Sampling month/year Salinity (ppt) Mean weight (g) Weight range (g) Mean length (cm) No of samples (Muscle)

(B)
Jozani pond 16-Jan 36 572 232e814 42 6
Mtwara pond 16-Apr 22 188 84e338 26 6
Pemba wild 16-Mar 30 588 542e671 39 6
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normally distributed even after log transformation. Statistical dif-
ferences between sites were assessed using non-parametric Krus-
kal Wallis Test and Post hoc analysis to determine differences
between sites. Mann Whitney U Test was used to test the differ-
ences between muscles and livers. Pearson correlation coefficient
was used to examine the relationship among heavy metals and
between heavy metals and biometric parameters. The levels of
significance were set to p� 0.05.

3. Results

3.1. Concentration of heavy metals

Characteristics of the fish and sampling sites are presented in
Table 1A, B. The concentrations (mean, median and range) of non-
essential metals (Pb, Cd, Hg) and essential metals (Fe, Zn, Cu, Ni, Co,
Cr) in the muscles and livers of the studied fish are presented in
Table 2. The concentrations of Pb, Cd and Hg in the muscles and
livers were presented with percentiles in Table S1. Al and As were
not detected above LOD in any of the analysed samples, and are not
discussed hereafter.

3.1.1. Metal concentrations in muscles
Of the non-essential metals, Pb was detected in 100% of the

muscle samples from farmed and wild milkfish and from wild
mullets (Table 2). In general, the wild fish contained higher con-
centration of Pb in the muscles compared to farmed fish. The
highest median concentrations of Pb were found in wild and
farmed milkfish from Mtwara (1.44 and 1.18mg/kg ww, respec-
tively) and in wild mullet from Pemba (1.43mg/kg ww). Hg was
detected in 100% of the muscles from farmed milkfish from Jozani
and Mtwara and in wild mullets (other sites not analysed), and the
highest median concentration was found in muscle from farmed

milkfish from Jozani (0.02mg/kg ww). Cd was detected in more
than 70% in the muscles from farmed and wild milkfish and wild
mullet. The highest median concentration of Cd was found in
muscle of wild mullet from Pemba (0.02mg/kg ww). Of the
essential metals, Ni was detected in 100% and Fe, Zn and Co were
detected inmore than 70% in themuscles from farmedmilkfish and
wild milkfish and mullet. Concentrations of Ni in the muscles were
in the same range in all species and sites (0.02e0.09mg/kg ww).
The highest median concentration of Fe was found in muscle of
farmed milkfish from Shakani (3.34mg/kg ww, range< LOD e

11.96mg/kg ww). Cu and Cr were detected in less than 7% in the
muscles of the analysed samples.

3.1.2. Metal concentrations in livers
Pb was detected in 100% of the liver samples from farmed and

wild milkfish and from wild mullets (Table 2). The highest median
concentration of Pb in liver was found inwildmilkfish fromMtwara
(8.03mg/kg ww, range 4.91e47.37mg/kg ww), followed by farmed
milkfish from Shakani (5.68mg/kg ww, range 1.12e20.16mg/kg
ww). The highest Pb concentration in Shakani was regarded as an
outlier. When this outlier was removed from the dataset, the me-
dian concentration for Shakani was 3.77mg/kg ww. The median
concentration of Pb in the farmed milkfish from Mtwara was
4.74mg/kg ww. Cd was detected in low levels in only 35% of the
liver samples with highest frequency in farmed milkfish from
Shakani and wild mullet from Pemba. Hg was not analysed in fish
livers. Ni was detected in 100% in all fish livers from all sites. The
concentrations of Ni were in the same range in all species and sites
(0.03e0.09mg/kg ww). Fe was detected in >85% of farmed milkfish
from Jozani and Shakani, but in lower frequency at the other sites.

Table 3
Median concentrations (mg/kg ww) of heavy metals in the muscles of farmed and
wild milkfish and wild mullets and maximum Limit (MLs) in mg/kg ww.

Metals Farmed Milkfish Wild Milkfish Wild Mullet WHO/FAO (ML)

Pb 0.963 1.387 1.426 0.3
Cd 0.007 0.01 0.021 0.1
Hg 0.008 e 0.013 0.5
Fe 0.687 0.625 1.953 43
Zn 0.46 0.181 0.772 30
Cu <LOD <LOD <LOD 30
Ni 0.061 0.073 0.052
Co 0.041 0.019 0.028
Cr <LOD <LOD <LOD

-: Not analysed.

Table 4
EstimatedWeekly Intake (EWI) for Hg, Fe, Zn, Cu, Ni, Co and Cr and EstimatedMonthly Intake (EMI) for Cd inmg/kg bw/day from consumption of muscle from farmed and wild
milkfish and wild mullets by an adult Tanzanian person, weighing 70 kg.

Farmed milkfish Wild milkfish Wild mullet PTWI/PTMI

Hg 1.96� 10�5 e 3.15� 10�5 0.004 (EFSA, 2012; JECFA, 2017)
Fe 1.69� 10�3 1.54� 10�3 4.82� 10�3 5.6 (JECFA, 2017)
Zn 1.13� 10�3 4.45� 10�4 1.90� 10�3 7 (JECFA, 2017)
Cu <LOD <LOD <LOD 3.5 (JECFA, 2017)
Ni 1.5� 10�4 1.79� 10�4 1.28� 10�4 0.035 (JECFA, 2017)
Co 9.99� 10�5 4.56� 10�5 6.78� 10�5 0.21 (Finley et al., 2012)
Cr <LOD <LOD <LOD 0.023 (Lin et al., 2004)
Cda 7.4� 10�5 1.06� 10�4 2.17� 10�4 0.025 (JECFA, 2017)

Farmed milkfish: Jozani, Shakani, Pemba and Mtwara ponds.
Wild milkfish: Mtwara, Indian Ocean.
Wild Mullet: Pemba, Indian Ocean.
-: Not analysed.

a EMI and PTMI for Cd were calculated based on 30 days.

Table 5
Total Hazard Quotient (THQ) and Hazard Index (HI) for analysed heavy metals from
consumption of farmed and wild milkfish and wild mullets.

Farmed milkfish Wild milkfish Wild mullets RfD

Pb 0.097 0.14 0.144 0.0035a

Hg 0.028 e 0.045 0.0001a

Cd 0.003 0.004 0.007 0.0001a

Fe 0.0004 0.0003 0.001 0.7a

Zn 0.0005 0.0002 0.0009 0.3a

Cu <LOD <LOD <LOD 0.04a

Ni 0.0011 0.0013 0.0009 0.02a

Co 0.048 0.022 0.0323 0.0003a

Cr <LOD <LOD <LOD 0.003a

Hazard Index 0.177 0.167 0.231

-: Not analysed.
a RfD, Oral Reference Dose for different heavy metals in fish obtained from

(USEPA, 2018).
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The highest median concentrations of Fe were found in farmed
milkfish from Jozani and Shakani (88.28 and 81.22mg/kg ww,
respectively). Zn was detected in >85% of farmed milkfish from
Jozani and Shakani and in 75% in mullet from Pemba, but in less
than 15% in farmed and wild milkfish from Mtwara. The highest
median concentration of Zn was found in farmed milkfish from
Jozani (2.19mg/kg ww). Cu and Co were detected in 70%e100% of
the liver samples. The highest median concentrations of Cu were
found in farmed milkfish from Jozani and Shakani (8.05 and
7.15mg/kg ww, respectively). The concentrations of Co were in the
same range in all species and sites (<LODe 0.03mg/kg ww). Cr was
not detected in any of the liver samples.

3.1.3. Comparison of metal concentrations between muscle and
liver within sites

Mann Whitney U test showed significantly higher concentra-
tions of Pb and Cu (p< 0.05) in the liver than in the muscle for all
species and sites (Fig. 2). The concentrations of Fe (p< 0.05) were
significantly higher in the liver than in the muscle for farmed and
wild milkfish in Jozani, Shakani and Pemba, whereas the Fe con-
centrations in the muscles of farmed milkfish from Mtwara and
wild mullet from Pemba were higher than in the liver. The con-
centrations of Cd were significantly higher in muscles than in the
livers for all fish and all sites (Fig. 2). The concentrations of Co were
significantly higher in the muscles than in the liver in farmed
milkfish from Jozani, Pemba and Mtwara and wild milkfish from
Mtwara and wild mullet from Pemba. In contrast, the concentra-
tions of Co were higher in the liver of farmed milkfish from Shakani
(Fig. 2).

3.2. Correlations between heavy metals in muscles, fish weight and
length

A significant positive correlation (using Pearson correlation test)
was observed between fish weight and fish length for all fish
(Table S2A, S2B and S2C). Correlation between the heavy metals
and between heavy metals and fish weight and fish length is pre-
sented in tables S2A, S2B, S2C and S2D.appsec1

3.3. Human health risk assessment

3.3.1. Maximum limits (MLs)
The present study used MLs for heavy metals in fish defined by

the WHO/FAO (Table 3). In the present study, the concentrations of
Pb were above ML of 0.3 set by WHO/FAO (FAO/WHO, 1995), in
100% of the analysed fish. The concentrations of all other heavy
metals were below the MLs.

3.3.2. Estimated weekly (EWI) and monthly intake (EMI)
The median concentrations in the muscles were used for esti-

mating the EWIs of Hg, Fe, Zn, Co, Cr, and Ni from fish consumption
in Tanzania (Table 3). For Cd the EMI was calculated according to
Joint FAO/WHO (JECFA, 2011). None of the EWIs for Hg, Fe, Zn, Co,
Cr, and Ni and EMI for Cd exceeded the (PTWI) and (PTMI) (Table 4).
According to EFSA the PTWI for Pb were removed and assessment
of risk of Pb is now expressed as (THQ) (JECFA, 2011).

3.3.3. Target Hazard Quotient (THQ) and Hazard Index (HI)
THQ values for the analysed heavy metals in muscles are pre-

sented in Table 5. All the THQs from individual heavy metals were
less than 1. However, the highest THQ was observed for Pb in wild
milkfish followed by wild mullets (Table 5). The Hazard Index (HI),
which is the summation of the THQs of all the heavy metals, was
0.177, 0.167 and 0.231 (median levels), for farmed milkfish, wild
milkfish and wild mullets, respectively. These HI values are below

the threshold value of 1, and thus reflect no health risk related to
human consumption of the studied fish. The contributions of Pb, Hg
and Co to the HI were Pb>54%, Hg>15%, Co>26%, in farmedmilkfish
and Pb>83%, Co>13% in wild milkfish and Pb>62%, Hg>19%,
Co>13% in wild mullets, Hg was not measured in wild milkfish
(Table 5). Using median Pb concentrations for average and high
consumers show that the highest THQwas observed for wildmullet
from Pemba (Table S5 A, B), contributing 14.4% and 22.3%, respec-
tively, to the RfD. Using the 95th percentile of Pb concentrations for
average and high consumers shows that the highest THQ was
observed for wild milkfish from Mtwara, contributing 19.8% and
30.7%, respectively, to the RfD.

3.4. Fish health assessment

European Union has set Environmental Quality Standards (EQS)
for various chemicals including POPs and mercury in fish muscle.
The mean Hg concentrations in the muscles of the fish in the pre-
sent study were below EQS (0.02mg/kg ww). However, three in-
dividual farmed milkfish from Jozani exceeded the EQS for Hg in
fish as set by EU. No EQS has been set for other heavy metals.

4. Discussion

4.1. Metal concentrations in muscle and liver, in different study sites
and possible sources

The main findings of this study were the high concentrations of
Pb in muscle and liver from wild and farmed milkfish and wild
mullet from all sites (Fig. 2). This suggests wide distribution of Pb in
the Tanzanian coastal environment. All the concentrations of Pb in
fish muscle of milkfish and mullet exceeded the ML set by WHO/
FAO for fish muscle (FAO/WHO, 1995) (Table 3). The significantly
higher concentrations of Pb in wild milkfish muscle from Mtwara
and wild mullet muscle from Pemba compared to the farmed fish
suggest that fish from the Indian Ocean coastline is more exposed
to Pb than farmed fish (Fig. 2). The study of Echegoyen et al. (2014)
describes distribution of Pb in the Indian Ocean, which reflects
regional emissions, deposition and its horizontal and vertical
movement. Furthermore, this study shows that the surface waters
of the Indian Ocean are contaminated by extremely high Pb con-
centrations resulting from emissions from recent rapid growing
industrial activities in the region and a late phase-out of leaded
gasoline (Echegoyen et al., 2014). Wild fish is part of the food chain
in the coastal ocean. Therefore, the South Equatorial Current (east-
west), combined with the East Africa Coastal Current (south-north)
could be a possible additional exposure route for Pb in the coastal
waters of Tanzania, and could be the cause of the high concentra-
tions of Pb found in the wild fish in the present study. In addition,
wild milkfish from Mtwara were collected in the brackish water
from the estuaries of the Mambi River, within the mangroves, close
to Ndumbwe village (Fig. 1). The main road from Southern to
Northern Tanzania is situated close to the Mambi River and the
Mtwara ponds. Leaded gasoline has been forbidden since 2006 in
Tanzania, but earlier run-off from this road might have contributed
to increased Pb concentrations in Mtwara estuaries and ponds. The
wild mullets from Pembawere collected in the open ocean, and the
bay nearby the town of Wete, which is one of the most populated
areas of Pemba. Mullets migrate between the open ocean and
brackish water in the mangroves and may therefore be contami-
nated due to anthropogenic activities, and the exposure from the
surface water from the East Africa Coastal Current.

Although in lower concentrations, Cd was found at the highest
levels in muscles of wild mullet from Pemba (Fig. 2). Use of mineral
fertilizers in the intensive clove production at Pemba may be a
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source for Cd in the area (OSPAR, 2017). Hg was detected in all the
analysed fish muscles, indicating a wide distribution in the region.
However, the concentration ranges within sites were quite low,
which might indicate background levels. The Fe concentrations in
liver showed significant geographic variations (Fig. 2), with highest
concentrations in Jozani and Shakani at Unguja. This geographic
difference may be caused by geogenic sources, especially for the
Unguja region, but also because of different feeding regime.
Although high quality fish feed is imported to Tanzania, the pro-
duction of local quality controlled fish feed is not established yet
(Rothuis et al., 2014). Some fish farmers use commercially produced
fish feed while others use cattle manure to fertilise the ponds to
obtain algae for fish feed. Others use left-over of food like corn and
vegetables (pers. obs.). This practise gives fewer possibilities to
trace the sources of contamination. The concentrations of Co in
muscle of farmed milkfish from Jozani, Pemba and Mtwara were

significantly higher than in Shakani (Fig. 2). The ponds in Jozani,
Pemba and Mtwara are manmade in mangroves and supplied with
water from the ocean, whereas Shakani ponds are situated in a
quarry area were seawater is supplied from the ocean by seepage.
This might be the reason for the differences in Co between the sites.

4.2. Comparison of heavy metal concentrations in the studied fish
muscle with other studies in Africa and elsewhere

Compared to other studies Pb concentrations in muscle of the
farmed and wild fish in the present study were higher than those
reported in the muscles of wild tilapia (Mdegela et al., 2009) and
wild snapper (Saria, 2016) from Tanzania, and wild tilapia from
Zambia (Nakayama et al., 2010), but lower than wild tilapia from
Kenya (Nyingi et al., 2016) (Table 6). They were higher than wild
and farmed carp from China (Qin et al., 2015; Wei et al., 2014), wild

Fig. 2. Heavy metal concentrations in the muscles (black boxes) and livers (grey boxes) of farmed milkfish from Jozani (JP), Shakani (SP), Pemba (PP) and Mtwara (MP) and wild
milkfish fromMtwara (MO) and wild mullet from Pemba (PO). The red discontinued line represents the ML set for Pb in fish byWHO/FAO. The letters (a, b, c, d) and (w,x) groups site
by variables for the muscles and livers respectively. Sites connected with the same letters indicate no significant differences in metal concentration. The stars indicate the differences
between muscles and livers within site. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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mullet and farmed rainbow trout from Turkey (Tuzen, 2009; Varol
et al., 2017), farmed carp from Pakistan (Chatta et al., 2016) and
wild mullet from Palestine (Elnabris et al., 2013). They were much
lower than in wild tilapia from China (Leung et al., 2014), and
farmed milkfish from Taiwan (Chen et al., 2000). The Cd concen-
trations in the studied fishmuscles were lower than thewild tilapia
from Kenya (Nyingi et al., 2016), comparable to wild tilapia from
Tanzania (Mdegela et al., 2009), but higher than tilapia from
Zambia (Nakayama et al., 2010). They were also comparable to wild
and farmed carp and wild tilapia from China (Leung et al., 2014; Qin
et al., 2015;Wei et al., 2014) and farmed carp from Palestine (Chatta
et al., 2016), higher than farmed trout from Turkey (Varol et al.,
2017) but much lower than wild mullet from Turkey (Tuzen,
2009) and farmed milkfish from Taiwan (Chen et al., 2000). Hg
concentrations in the muscle from wild and farmed fish in the
present study were in the same range as in wild tilapia from
Tanzania (Mdegela et al., 2009) and in wild and farmed carp in
China (Qin et al., 2015; Wei et al., 2014). The concentrations of Fe,
Zn, Cu, Co and Cr in the present study were lower than in the other
studies. Ni concentrations in the studied fish were higher than in
wild carp from China (Wei et al., 2014), but lower than in the other
studies (Table 7).

4.3. Possible health risk implications for fish and humans with
regard to heavy metals

4.3.1. Human health
In general, the present study showed that the concentrations of

Pb in all the studied fish muscles exceeded the maximum levels
(MLs) set by FAO/WHO, while other heavy metals were below the
respective MLs (Table 3) (FAO/WHO, 1995).

The calculated EWIs for Hg, Fe, Zn, Cu, Ni, Co and Cr were far
below the PTWIs set by various parties (Table 4). In the present
study, the EMI for Cd was far below the PTMI (Table 4). The THQs
and HIs were less than 1 for all fish suggesting that consumption of
the fish will not pose any health risk in a lifetime for a healthy, adult
person in Tanzania. (Table 5).

Pb is a very toxic heavy metal. Human exposure to Pb can result
in neurological and renal problems, haematological effects, hyper-
tension and cancer (Bosch et al., 2016). Pb is retained longer in the
bodies of children than in adults due to their immature organ
systems and less efficient metabolism of themetalWHO (2015). For
Pb, the possible health risk of consumption of farmed and wild
milkfish and mullet was calculated based on THQ and contribution
of RfD for average and high consumers based on median and 95th
percentile (Table S5). According to the EFSA report (EFSA, 2010), the

average dietary exposure of Pb to European high consumers is from
0.0004 to 0.0024mg/kg body weight per day. This is far higher than
corresponding levels found in the present study (mean, 4.04E-4).
However, for calculations of THQ, the average and high per capita
consumption was obtained from FAO (2018), which might not be
representative for residents in the studied coastal areas where fish
may be the main source of food. Therefore, THQ values for the
populations in these areas might exceed the threshold value and, in
that case, the consumption of the fish may pose potential health
risks, especially for children. According to WHO (2015), children
may, in addition to food, be exposed to Pb paint on children toys
and in playground equipment in African countries, and calls for a
programme of action to reduce Pb, including screening of vulner-
able or high risk groups.

In addition, persistent organic pollutants (POPs), including
organochlorine pesticides (OCPs) such as HCB, HCHs and DDTs,
polychlorinated biphenyls (PCBs) and brominated flame retardants
(BFRs) were analysed earlier in the same fish (Mwakalapa et al.,
2018). This implies that there is a potential of health effect to
humans caused by synergistic impact from heavy metals and POPs
(Singh et al., 2017) through fish consumption.

4.3.2. Fish health
Heavy metals may cause adverse effects on fish health, such as

alteration in condition indices, biochemical disorders, and histo-
pathology (Javed and Usmani, 2017; Zeitoun andMehana, 2014). Pb
in fish may cause inhibition of gonadal growth, increased level of
cholesterol in the liver and may adversely affect reproduction at a
level of 5mg/kg in catfish (Clarias batrachus) (Katti and
Sathyanesan, 1983). Pb concentrations >1mg/kg were found to
inhibit ALA-D activity in blood of tilapia (Dos Santos et al., 2016).
The present maximum Pb concentrations in the wild milkfish
muscles (1.96mg/kg ww) and livers (47.3mg/kg ww) and in wild
mullet muscle (1.74mg/kg ww) and liver (6.26mg/kg ww) may
thus pose health risk to fish itself and consequently threatens
biodiversity for the respective wild species.

In 2008, The European Framework Directive identified 33 pri-
ority hazardous substances for which Environmental Quality
Standards (EQS) were set, including Hg and Cd. When comparing
with the EQSBiota, 22% of the fish exceeded the threshold value
(0.02mg/kg ww) for Hg. This calls for further investigation of Hg in
the Tanzanian aquatic environment, including fish. Increase of
heavy metals in the future may pose serious threat to wild fish
stock and aquaculture industry and thus regular monitoring of
heavy metals in Tanzanian fish would be recommended.

Table 6
Assessment of risk of Pb exposure and % contribution of RfD from farmed and wild fish using (A) median and (B) 95 percentile Pb concentrations and THQ for average
consumers and high consumers.

Farmed milkfish Wild milkfish Wild mullet

Jozani Pond Shakani pond Pemba pond Mtwara pond Mtwara Pemba

(A)
THQ average consumer 0.10 0.09 0.09 0.12 0.14 0.14
% contribution of RfD 10.27 9.12 8.97 12.24 13.96 14.35
THQ high consumer 0.16 0.14 0.14 0.19 0.22 0.22
% contribution of RfD 15.97 14.19 13.96 19.08 21.72 22.32

Farmed milkfish Wild milkfish Wild Mullets

Jozani Pond Shakani pond Pemba pond Mtwara pond Mtwara Pemba

(B)
THQ average consumer 0.14 0.11 0.14 0.17 0.20 0.17
% contribution of RfD 13.58 11.20 14.28 16.82 19.75 17.49
THQ high consumer 0.21 0.17 0.22 0.26 0.31 0.27
% contribution of RfD 21.12 17.43 22.22 26.16 30.72 27.21
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5. Conclusion

The present study is the first to quantify the concentrations of
heavymetals (Cu, Pb, Fe, Zn, Co, Cr, Cd, Ni, Hg, Al, As) in both farmed
andwild fish in Tanzania. Except for Cr, Al and As the other analysed
heavy metals were detected in at least 50% of the studied fish. The
concentrations of heavy metals in the present study were lower,
comparable and higher than those reported elsewhere in the
literature. Pb and Ni were the dominant heavy metals in both the
muscles and livers. The concentration of Pb in all the muscles of the
analysed fish in all sites exceeded the ML set by WHO/FAO for
human consumption and trade. Pb was detected in higher con-
centrations in wild fish than in farmed fish, suggesting that Pb
contamination is more prevalent in wild fish than in farmed fish.
This calls for the government to increase their efforts on fish
farming. In addition, waste management and treatment should be
encouraged in order to reduce pollution in the aquatic environ-
ment. Even though assessment of health risks (THQ and HI) indi-
cated no appreciable health risk for humans from consumption of
the studied fish, detection of Pb above MLs and detection of POPs in
the same fish from previous study (Mwakalapa et al., 2018) is of
concern. Possible synergistic impact by POPs and heavy metals
needs further investigations. However, it is worth not to exclude
the potential benefit of fish for human consumption as protein and
vitamin source. The high Pb concentrations found in the present
study may inhibit gonadal growth and affect reproduction. In
addition, some of the analysed fish samples exceeded the EQSBiota
set for Hg. Based on the previous statement the high levels of Pb
and Hg can affect fish health and that might threaten biodiversity
and aquaculture development. Findings of this study calls for
further investigation of sources of Pb, especially in wild fish from
the ocean. Moreover, future investigations should include regular
monitoring of heavy metals and POPs in farmed and wild fish in
Tanzania for further development of aquaculture and the welfare of
the wild fish stock in the coastal waters.
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