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1. INTRODUCTION 

1.1 Persistent Organic Pollutants (POPs) 
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Table 1: List of POPs included in the Stockholm Convention.  
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POPs included in 
2009 

POPs included in 2011- 
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Dieldrin1 Lindane (γ-HCH)1 HCBD2,3 PFHxS and related compounds2 
Endrin1 Chlordecone1 PCP1  
Heptachlor1 HBB2 PCN2,3  
HCB1,2,3 PeCB1,2,3 Deca-PBDE2*  
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1.2 Heavy metals 
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1.3 Pollution in Aquatic Environment  

���� �
� ����	� �
������
	� ��
!��� ������ ��� �	� �	������	�� ���
� 
�� ����	�� �	���
	��	����

�
�����
	�!
���!���<�&	�����&	���	�9���	�����
	D��	���
�
��	�����������������������	���������

�	������	������
���	��D������������������������D�����
����!���������
�����	�������	���	��
��

������������E
���
������
���
�����
	�
����������	���	���
	��	���"����!�D�,-.-G�)(��������<D�

,--/D� .//2�<� =����� �	�� ���	� ��	
���� ��
�� ������������� ������ �
	���	�	�� ����������� �	��

�����������D�������	���!�����	���������!�������	����!���D���%�����%��
�����	����	�����	���9���

�	�� ����%�������D� �	�
� ��������	�� �	���
	��	�� ��7D� ,--,�<� 9��� �	�� ���� �@��
����
	� �	��

�@��
�����
	� ����� E���� �������� �	� ���� �
������ !������ 
�� ���� :�����	� &	���	� 9���	� �:&9��

����
	D����������%��	���	��	��D��	����%����
��	�����������
	����
�����
	<��

�



4 
 

1.4 Human exposure to POPs and heavy metals  

1.4.1 POPs 
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1.4.2 Heavy metals 
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1.5 Health effects of POPs and heavy metals  

1.5.1 Human health 

1.5.1.1 POPs 
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1.5.1.2 Heavy metals  
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1.5.2 Fish health 

1.5.2.1 POPs 
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1.5.2.2 Heavy metals 
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1.6 Assessment of human health risks related to POPs and heavy 

metals  
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1.6.2 Target Hazard Quotient (THQ) 
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1.6.3 Carcinogenic risk (CR) 
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1.6.4 Toxic Equivalent Factor (TEF) and Toxic Equivalent (TEQ) 
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1.7 Fish health risk: EQS 
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1.8 Food safety and food security 
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1.9 Aquaculture in Tanzania 
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1.10 Possible sources of POPs and heavy metals in Tanzania 
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2 AIMS AND OBJECTIVES 
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3 METHODOLOGY 

3.1 Study locations and sampling sites 
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Figure 1: Map of Coast of Tanzania showing the sampling sites. Made by the author< 
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Fig 2: Fish sample collection. A: From Shakani ponds. B: From Jozani pond 
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Fig 3: Milkfish ponds behind the mangrove forest. A: In Pemba. B: In Mtwara  

 

3.2 Species description 
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Mullet (Mugil cephalus, Linnaeus 1758) 
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3.3 Sample Collection  
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3.4 Sample analysis 
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  �
Fig.4: Schematic overview of the method for A: OCPs, PCBs, BFRs.  B: PFASs analyses. 

Details are described in paper I and III. Adopted from Müller, (2017)  modified by the 

author of this study. 

�

 

Fig.5: Schematic overview of the method for heavy metals analyses in A: Zambia and 

B: Norway Details are described in paper II and III. Figure made by the author of this 

study 

� �
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3.5 Ethical requirements 

#�������������	���
��������
�������!�����	�
�������
�����������
�����������%D��	����F������
	�


�� ����� �������� ��
�� ���� �������� !��� �
	�� ��
	� ������ �������	�� �	�� �����	��<� ����

��������
	� �
� �
	����� ����� ���������!��� ���	���� �%� ������	�����	�� 
�� ���� &	�������� 
��

"���	�� $���	���D� )	�������%� 
�� ���� ��� $������ �	�� ���� ������� �
� ���	��
��� �������� ��
��

��	��	����
�M������!�������	��%�����"�	����%�
��*�����
�
��	��#��������������
���	�� �	�

��	��	��<�������������
	��
����	��
�������������
����	��	����
�(
�!�%�!������	�����%�

����"�	����%�
��+����������D�*�����
�
��	��#����������	���	��	����	������(
�!����	�#

��

$����%�+���
���%�

�

3.6 Statistical analysis 
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4 SUMMARY OF THE PAPERS 

Paper I 

Occurrence and levels of persistent organic pollutants (POPs) in farmed and wild 

marine fish from Tanzania. A pilot study. 
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Paper II 

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. �
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Paper III 

Concentration and patterns of persistent organic pollutants (POPs) and heavy metals 

residues in imported tilapia (Oreochromis niloticus) in Tanzania. A potential human 

health risk assessment.�
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5 DISCUSSION 

5.1 Methodological consideration 

5.1.1 Choice of samples and sampling locations 
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5.1.2 Choice of fish species 

&	����������%������!��������������
�����������!���������
������	����%�
���	<�"��
������	��

�������!������
��	������������%����������
����������������	����������������	������
����
��

��	��	��<� ���� �!
� �������� ���� 
�	��
���� �	�� ���%� ����� ���	� ��������� �
������� �	� �	�

�	����������%������
���@��������
������	������%������	������������
�������������	������	�����%�

�������������������
���<����%��������	�%�����������	�������	��
	�������	��������	��
����

�	���������<�

�

5.2 Analytical methods 

5.2.1 Extraction and detection of analytes 

5.2.1.1 POPs 
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5.2.2.2 Heavy metals 
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5.4 Levels and distribution of POPs and heavy metals farmed and wild 

fish  
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5.5 Pattern and varying levels of POPs and heavy metals imported 

fish 
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5.6 Health risk related to levels of POPs and heavy metals  
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5.6.1 Comparison to maximum residue limits (MRLs) and maximum limits (MLs) 
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5.6.2 Dietary intake of POPs and heavy metals 
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5.6.3 Possible health risk of POPs and heavy metals to fish 
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5.7 Strength and limitations of the study 
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6 MAIN CONCLUSIONS AND RECOMMENDATIONS 
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7 FUTURE PERSPECTIVE AND REFELECTIONS 
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Description of POPs and heavy meals 
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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

� DDTs were the major POPs in farmed
and wild milkfish and mullets.

� p,p0-DDE was 572 times higher in
wild milkfish than in farmed milkfish
from Mtwara.

� PCBs and PBDEs were low and in
varying ranges in milkfish and
mullets.

� HBCDD in mullet from Pemba war-
rant further research on its occur-
rence in the region.
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a b s t r a c t

In 2016, farmed and wild milkfish (Chanos chanos) and mullet (Mugil cephalus) from Tanzania mainland
(Mtwara) and Zanzibar islands (Pemba and Unguja) were collected for analyses of persistent organic
pollutants (POPs). Fish livers were analysed for organochlorine pesticides (OCPs), polychlorinated bi-
phenyls (PCBs), brominated flame retardants (BFRs). Muscle tissue was used for analyses of per-
fluoroalkyl substances (PFASs). The major contaminant was p,p0-DDE. The highest p,p0-DDE concentration
was found in wild milkfish from Mtwara (715.27 ng/g lipid weight (lw)). This was 572 times higher than
the maximum level detected in farmed milkfish from the same area. The ratios of p,p0-DDE/p,p0-DDT in
wild milkfish and mullet from Mtwara and Pemba indicate historical use of DDT. In contrast, ratios in
farmed milkfish from Unguja and Mtwara, suggest recent use. The levels of HCB, HCHs and trans-non-
achlor were low.

P
10PCBs levels were low, ranging from <LOD to 8.13 ng/g lw with the highest mean

level found in farmed milkfish from Shakani, Unguja (3.94 ng/g lw). The PCB pattern was dominated by
PCB -153 > -180> -138. PBDEs were detected in low and varying levels in all locations. BDE-47 was the
dominating congener, and the highest level was found in farmed milkfish from Jozani (1.55 ng/g lw).
HBCDD was only detected in wild mullet from Pemba at a level of 16.93 ng/g lw. PFAS was not detected in
any of the samples. POP levels differed between geographic areas and between farmed and wild fish.
Human activities seem to influence levels on PCBs and PBDEs on Unguja.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Persistent Organic Pollutants (POPs) are halogenated chemical
substances that are characterised by high lipophilicity and chemical
persistence. POPs accumulate in fatty tissues and biomagnify in the
food chain (Lohmann et al., 2007). They are volatile and may un-
dergo long range atmospheric transport and be found far from
where they were used or manufactured (Polder et al., 2014; Wania
and Mackay, 1993). Since 1940s POPs have been manufactured and
used in awide range of products such as pesticides, transformer oil,
building materials, flame retardants, antifouling agents and cool-
ants. They have also been unintentionally released as by-products
in combustion processes (UNIDO, 2003). In aquatic ecosystems,
POPs bioaccumulate in organic matter and aquatic organisms
including fish (Walker et al., 2012). POPs, such as dichlor-
odiphenyltrichloroethane and metabolites (DDTs), polychlorinated
biphenyls (PCBs) and brominated flame retardants (BFRs), have
been documented to cause adverse health effects in animals and
humans (Trollerud, 2013; Walker et al., 2012), such as egg shell
thinning in marine birds (Bouwman et al., 2008; Ratcliffe, 1970),
reproductive impairment in seals (Bergman, 2007) in whales
(B�eland et al., 1993) and endocrine disruption in fish (Berg et al.,
2016). The Stockholm Convention, a global treaty for protecting
humans and the environment against POPs contamination, has
listed more than 20 POPs so far (Stockholm Convention, 2016).
Tanzania ratified the Convention in 2004 and has a national
implementation plan. Due to the hot and humid tropical climate in
Tanzania, many pests and weeds threaten food production in
agriculture. Thus, use of pesticides is inevitable. Several studies
have documented the presence of POPs in the Tanzanian environ-
ment, including food and humans, due to discharges from agri-
cultural activities, malaria control, waste disposals and obsolete
stockpiles (Kariathi et al., 2016; Kishimba et al., 2004; Lema et al.,
2014; Machiwa, 2010; Mtashobya and Nyambo, 2014; Müller
et al., 2016, 2017; Mwevura, 2014; Nonga et al., 2011; Polder
et al., 2014, 2016).

Fish represents a valuable source of proteins and nutrients for
the general population and is of high importance for food security
and economy in many countries (FAO, 2016). Therefore, aquacul-
ture is rapidly expanding worldwide (FAO, 2014) including
Tanzania, (Watengere et al., 2008). The main farmed fish species in
Tanzania are Nile tilapia (Oreochromis niloticus), African catfish
(Clarius gariepinus), rainbow trout (Oncorhynchus mykiss) in fresh
water, and milkfish (Chanos chanos) and mullet (Mugil cephalus) in
marine waters (Rothuis et al., 2014). Whereas a few studies on POPs
have been done in fresh water and marine fishes in Tanzania
(Machiwa, 2010; Mdegela et al., 2009; Mwevura et al., 2002; Polder
et al., 2014), no studies have been performed on POPs levels in
farmed fish in Tanzania in comparison to POP levels in corre-
sponding wild species.

The main objective of the present study was to assess the levels
and occurrence of POPs in farmed and wild milkfish and mullet
from Jozani and Shankani at Unguja, Mtwara, and Pemba Islands in
Tanzania.

2. Materials and methods

2.1. Description of species and study sites

The samples of farmed fish were collected from fish farms on
two Zanzibar Islands (Unguja and Pemba) and Mtwara region in
Tanzania mainland (Fig. 1). Wild fish were collected in the ocean
close to the respective fish farm sites. A full description of sampling
sites and species is presented in Supplementary materials (Suppl) S

1. In short, milkfish (Chanos chanos, Forsskål, 1775) and mullet
(Mugil cephalus, Linnaeus, 1758) are omnivorous fish species which
are tolerant to wide ranges of temperatures and salinity and
therefore suitable for culture. They have become important marine
aquaculture species in the coast of Tanzania. Milkfish from Unguja
Island were obtained from Jozani and Shakani ponds (Fig. 1). Jozani
ponds are located near Jozani forest famous for colobus monkeys,
while Shakani ponds are situated in quarry areas about 3 km from
the airport. Milkfish from Pemba island were collected from ponds
in Pujini village in Chake Chake town (Fig. 1). Wild mullet were
bought from fisherman at Wete (capital of Pemba island). Farmed
and wild milkfish from Mtwara were collected from the ponds and
nearby ocean in Ndubwe village. Mtwara region in the southern
part of Tanzania, is well-known for the production of cashew nuts,
oil and gas, and cement (Fig. 1). The study intended to include
analyses of fish feed from the fish farms for elucidating contami-
nant pathways, however, this was not possible.

2.2. Ethical clearance and permissions to conduct research

Permission to conduct this research in the selected sites was
given by the management of Institute of Marine Sciences, Univer-
sity of Dar es Salaam. Local authorities and fish farm owners were
informed about the research aims, and sampling was conducted
upon farmers' consent. 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. Sampling and sample treatment

Sampling was done in Unguja, Pemba and Mtwara in January,
March and April 2016, respectively. A total of 121 fishwere obtained
from both fish farms and the ocean. The fish were euthanized with
a blow to the head. Dissection and collection of tissue samples were
conducted on site except for Shakani site. Due to the high tem-
perature (up to 40 �C) and absence of suitable shade at Shakani, live
fish were transported in plastic containers to the laboratory at the
Institute of Marine Sciences (IMS) for collection of tissue samples.
Samples were immediately put on dry ice or in liquid nitrogen,
depending on the following analysis, as described below.

Overview of the analysed samples and fish characteristics is
presented in Table 1. Dissection took place on aluminium foil
cleaned with ethanol. Liver samples were put in 10 mL labelled
plastic vials; muscles were wrapped in labelled aluminium foil and
put in a zipper bag, then immediately transferred into the cool box
with ice. To avoid cross contamination, tools were cleaned with
ethanol between each fish sampling. Samples were transferred to
IMS and kept in a freezer at �20OC. For sites that required over a
day of transportation, samples were stored in a freezer until the
traveling time; then transported in a cool box with ice to IMS and
then stored in the freezer at �20OC until transportation to Norway
for analysis. During transportation to Norway the samples were
kept frozen, and after the arrival to Norway the samples were
stored in a freezer at �20OC until analysis.

2.4. 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. Chemical
analysis of the samples was conducted at the Laboratory of Envi-
ronmental 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
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the requirement of the NS-EN ISO/IEC 17025 (TEST 137). The fish
liver samples were analysed for OCPs, PCBs and BFRs. Due to small
sample seize of liver tissue, perfluoroalkyl substances (PFAS) were
analysed in fish muscles.

2.4.1. Chemical analyses; sample extraction and clean up
2.4.1.1. OCPs, PCB, BFRs. From 121 fish, 48 fish liver samples were
chosen based on their weights and the amount of subsample

available. One sample was lost during sample preparation, leaving
47 fish liver samples for analyses for OCPs: hexachlorobenzene
(HCB), a, b- and g-hexachlorocyclohexanes (

P
HCHs), oxy-

chlordane, trans-chlordane, cis-chlordane and trans-nonachlor
(
P

CHLs), mirex, bis-2,2-(4-chlorophenyl)-1,1,1- trichloroethane
(p,p0-DDT) and its metabolites p,p0-DDE, p,p 0-DDD and o,p0-DDT
(
P

DDTs); PCBs: PCB-28, -52, �74, �99, �101, �118, �138, �153,
and�180 (S10PCBs); BFRs such as polybrominated diphenyl ethers:

Fig. 1. A map of Tanzanian coasts showing the location of sampling sites.

Table 1
Sites and fish characteristics: Sampling time, salinity, mean and range of individual weight and length and number of individual samples of liver from farmed milkfish from
Jozani and Shakani (Unguja), Mtwara and Pemba, wild milkfish from Mtwara and wild mullets from Pemba, Tanzania.

Site Fish type Sampling time Salinity (ppt) Mean weight (g) Weight range (g) Mean length (cm) No of sample

Jozani ponds Milkfish Jan-16 36 662 413e826 44.0625 8
Shakani ponds Milkfish Jan-16 40 683.375 533e936 43.5 8
Pemba Ponds Milkfish Mar-16 25 211.875 196e226 29.4375 8
Pemba wild Mullets Mar-16 30 611.75 542e711 39.6357 8
Mtwara ponds Milkfish Apr-16 22 189.05 83.8e308.6 25.8125 8
Mtwara wild Milkfish Apr-16 29 107.55 59.2e185.2 21.957 7
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BDE-28, -47, �99, �100, �153, �154, �183, �206, �207, �208
and �209 (

P
11PBDEs) and hexabromocyclododecane (HBCDD).

Before weighing, fish liver samples were macerated with scalpel
and thoroughly mixed to obtain homogeneous samples. Approxi-
mately 0.5e1 g of homogenized fish liver was weighed into pre-
cleaned glass centrifuge tubes. After weighing, 25 mL of internal
standards PCB -29, �112 and �207 (1000 mg/mL) (Ultra-Scientific,
RI, USA); 20 mL of BDE -77, �119, �181, and 13C12-209, 13C12-TBBP-A
(500 mg/mL) (Cambridge Isotope Laboratories, Inc., MA, USA) were
added in all the samples. Furthermore, 10 mL distilled water, 2 mL
6% sodium chloride (NaCl), 15 mL acetone and 20 mL cyclohexane
were added. The mixture of sample tissue, standards and fluids
were homogenized using Ultra Turax homogenizer (IKA Ultra-
Turrax T25, IKA Laboratory Technology, Staufen, Germany).
Thereafter followed by lipid extraction using ultrasonic homoge-
nizer (Cole Parmer CPX 750, Vernon Hills IL, USA) The second
extraction was done with 5 mL acetone and 10 mL cyclohexane.
Separation of the lipid extract from the sample was done by
centrifuging at 2095 � g for 10 min using Allegra X-12R Centrifuge
(Beckman Coulter, Fullerton, CA, USA). The method for analysis
used is based on Brevik (1978) with modification as described in
Polder et al. (2008b). The lipid extract was concentrated by evap-
oration using the Zymark Turbo Vap II evaporator (Zymark Coop-
eration, Hopkinton, MA, USA) at 40 �C and thereafter lipid
determination was done gravimetrically using 1 mL aliquot of fat
extract. The clean-up of the remaining lipid extract was performed
using 96% H2SO4 (Fluka Analytika, Sigma-Aldrich, St. Louis, USA).
The final extracts were evaporated on a sand bath at 40 �C with the
blow of N2 and concentrated to a final volume of 0.5 mL before
transferred into the 2 mL amber vials for GC analysis.

2.4.1.2. PFAS. Due to lack of liver tissue after analyses of OCPs, PCBs
and BFRs, muscle was used asmatrix for analysing PFASs. Out of 121
fishes, muscle of the same 47 fishwere analysed for 2 PFSAs groups:
perfluorohexane sulfonate (PFHxS) and perfluorooctane sulfonate
(PFOS) and 6 PFCAs: perfluorooctanoic acid (PFOA), per-
fluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), per-
fluoroundecanoic acid (PFUdA), perfluorododecanoic acid (PFDoA),
and perfluorotridecanoic acid (PFTrDA), summarized as S8PFAS.

The muscle samples were finely chopped with a scalpel before
weighing. Approximately 1 g was weighed into the plastic centri-
fuge tubes. 40 mL internal standards I.S PFAS Syrene (500 ng/mL)
and 40 mL I.S PFAS Sulfonate (500 ng/mL) (Wellington Laboratories
Inc, CANADA) were added in all the samples followed by the
addition of 5 mL of methanol. After adding methanol, the mixture
was homogenized using Ultra Turax T25 Homogenizer then further
sonicated using Ultra Sonic processor. Extraction was done twice
with methanol by shaking the sonicated samples in Vibrax VXR
(IKA Werke GmbH & Co. KG, Germany) machine for 30 min fol-
lowed by centrifugation at 2095 � g for 10 min. The extracts were
concentrated by evaporation in a Turbo Vap LV evaporator at 40 �C
before cleaning up the lipids with active carbon (Env Carb). After
lipid clean-up, the extracts were concentrated again by evaporation
to a final volume of 1 mL and then transferred into the LC-MS vials.
During the analytical procedure sample extracts were not in con-
tact with any glassware to avoid the possible adsorption of the
analytes.

2.4.2. Instrumental analysis
2.4.2.1. Separation and detection of the POPs. OCPs, PCBs and BFRs
were separated and detected using GC-MS methods, PFASs were
separated and detected using LC-MS/MS. For all components, five-
to eight-point linear calibration curves were used and calculations
were done within the linear range for the component. OCPs and
BFRs were monitored using negative chemical ionization (NCI) in

selected ion monitoring (SIM), see list with target ions in Suppl S 1.
3.

2.4.2.2. OCPs and PCBs. Separation and detection of chlorinated
compounds were performed on a HRGC (Agilent 6890 Series)
coupled to a MS detector (Agilent 5975C Agilent Technologies)
which was operated in negative chemical ionization (NCI) mode
with selected ion monitoring (SIM) as described in Polder et al.
(2014). The OC compounds were separated on a DB-5 MS column
(J&W Scientific, Agilent Technologies) (60 m, 0.25 mm i.d., 0.25 mm
film thickness). The temperature programwas: 90 �C (3 min hold);
25 �C/min increase to 180 �C (2 min hold); 1.5 �C/min increase to
220 �C (2 min hold); and 3 �C/min increase to 275 �C (15 min hold)
and 25 �C/min increase to 300 �C (1 min hold). The total run time
was 70.6 min. The carrier gas was hydrogen (H2) at a 1.3 mL/min
constant flow. The injection volume was 2 mL.

2.4.2.3. BFRs. Detection of PBDEs (except from BDE-209) and
HBCDD was performed on a HRGCeLRMS (Agilent 6890 Series;
Agilent Technologies), equipped with an auto-sampler (Agilent
7683 Series; Agilent Technologies) and coupled to a MS detector
(Agilent 5973 Network; Agilent Technologies) (Polder et al., 2014).
In short, the separation and identification of the compounds were
performed on a DB-5 MS column (30 m, 0.25 mm i.d., 0.25 mm film
thickness; J&W Scientific). The injection volume was 2 mL. For
detection of BDE-209, extracts (10 mL) were injected on a GCeMS
(Agilent 6890 Series/5973Network) configured with a program-
mable temperature vaporization (PTV) injector (Agilent Technolo-
gies). The separation and identification of BDE-209were performed
on a DB-5-MS column (10 m, 0.25 mm i.d., 0.10 mm film thickness;
J&W Scientific, Agilent Technologies).

2.4.2.4. PFASs. Separation and detection of PFASs were conducted
using the LC-MS/MS (API 3000; Applied bioscience, MDX SCIEX)
composing of API 3000 triple-quadrupole mass spectrometer
coupled to Agilent 1100 HPLC (Agilent Technologies), as described
by Grønnestad et al. (2017). The injection volume was 10 mL.In
short, the column characteristics include 2.1 mm inner diameter
and 150mm long, with a particle size of 3.5 mm (Agilent Eclipse Plus
C18). The operation software was the Analyst version 1.6.

2.5. QA/QC

2.5.1. OCPs, PCBs, BFRs
Every analytical series included one blind sample of non-spiked

salmon trout (Salmo trutta), two samples of spiked salmon trout for
recovery, three procedural blanks of solvents and the laboratory's
own reference material of the blubber of a harp seal (Pagophilus
groenlandicus).The analytical quality was successfully approved by
routinely analysing different Certified Reference Materials (CRMs).
In addition, the laboratory successfully participated in Arctic
Monitoring and Assessment Program (AMAP) ring test for PCBs,
OCPs and PBDEs in human serum 2016, and Quasimeme 2016,
round 1: QOR126BT, QOR127BT, QBC046BT, QBC047BT for OCs in
fish muscle, fish liver and shellfish tissue inter-laboratory studies.
The limits of detections (LOD) for individual analytes were defined
as 3 times the noise level of each analyte. The LODs (ng/g ww)
ranged from 0.001 to 0.061 for OCPs, 0.001 to 0.117 for PCBs and
0.001 to 0.196 for BFRs. The relative recoveries for OCPs were be-
tween 84 and 118%, for PCBs between 81 and 117% and for BFRs
between 87 and 112%. The results above and below the limit
(80e120%) were corrected for recovery.

2.5.2. PFASs
Every analytical series included one blind sample of non-spiked
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Atlantic cod (Gadus morhua), two recoveries of spiked Atlantic cod
and three blanks of solvent. The analytical quality of the method
was assessed by including an inter-laboratory test (AMAP) in the
analysis of samples. The LOD for PFAS ranged between 0.08 ng/g
ww to 0.43 ng/g ww and the recoveries were between 97 and 125%.

2.5.3. Statistical data analysis
Data were organised in spread sheets (MS Excel, 2016). JMP 11

statistical software was used for further analysis. Compounds
detected in less than 60% of the samples were only reported in
range and not included in statistical analysis. The compounds
which were detected in more than 60% of the samples were re-
ported in mean, median and range and were included in further
statistical analysis. The non-detects (nd) were treated as zero dur-
ing analysis as the concentrations of POPs in general were very low.
Shapiro-Wilk Test W was used to test for the distribution of the
data. Since the data were not normally distributed even after
transformation, a non-parametric Kruskal-Wallis test was used to
test for differences among sites and Tukey test was used to identify
the means that were different from each other. Spearman rank
correlation was used to assess the correlation between variables.
The difference between sites were considered statistically signifi-
cant when p<0.05.

3. Results

3.1. Site and fish characteristics

Salinity varied among locations and is presented in Table 1. The
mean weights of farmed milkfish from Jozani and Shakani were
higher than the farmed and wild milkfish fromMtwara and farmed
milkfish from Pemba (Table 1). The mean lipid percentage in fish
liver ranged between 3.1% in farmedmilkfish fromPemba and 11.4%
in farmed milkfish from Shakani (Table 2).

3.2. Levels of OCPs

DDTs, HCB and g-HCH were detected in more than 90% of the
samples (Suppl S 3.2). DDTs were the dominating OCPs in milkfish
and mullet with the highest mean concentrations in all sites
(Table 2). The mean percent contributions to the

P
DDTs were

84.4% for p,p0-DDE, 8.4% for p,p0-DDD, 7.1% for p,p0-DDT, and 0.2% for
o,p0-DDT (Suppl S 3.1). p,p0-DDE was the dominating compound in
all sites with highest maximum concentrations of 715 ng/g lw in
wildmilkfish fromMtwara (Suppl S 2.1). The ratios of p,p0-DDE/p,p0-
DDT (Suppl S 2.1) ranged from 3.4 to 6.6 (mean 4.6) in farmed
milkfish from Jozani, 6.4e9.3 (mean 7.6) in farmed milkfish from
Shakani, 5.3e10.2 (mean 7.1) in farmed milkfish from Mtwara, 40.9
(only one ratio available) in wild milkfish from Mtwara and
15.1e95.9 (mean 34.6) in wild mullet from Pemba. No ratio was
available for farmedmilkfish from Pemba because p,p0-DDEwas the
only DDT metabolite detected. The highest concentration of HCB
was 0.52 ng/g lw found in farmed milkfish from Shakani (Table 2;
Fig. 2). g-HCH contributed 97% to

P
HCHs. The highest level of g-

HCH was detected in wild milkfish from Mtwara (0.19 ng/g lw)
(Suppl S 2.1.). CHLs were detected in only 42% of the samples with
trans-Nonachlor contributing more than 70% to

P
CHLs (Suppl 3.1).

Mirex was detected in low levels in only two farmed milkfish from
Shakani (Table 2). Levels of CHLs and mirex were < LOD in mullets.

3.3. Levels of PCBs

PCBs were detected in all sites. The highest mean concentration
of

P
10PCBs was found in farmed milkfish from Shakani (3.9 ng/g

lw) (Table 2). The pattern of PCBs was dominated by PCB-153>PCB-
180>PCB-138>PCB-170>PCB-118>PCB-101>PCB-99. PCB-153 and
PCB-180 were detected in more than 70% and 60% of the samples,
respectively (Suppl S 3.2), and contributed 39% and 22% to the
P

10PCBs concentrations, respectively (Suppl 3.1). The levels of PCB-
153 and PCB-180 were ranging from <LOD to 2.92 ng/g lw and
<LOD to 2.19 ng/g lw, respectively. PCB-28, -52 and -74 were
detected in levels < LOD. The mean concentration of

P
10PCBs in

wild mullet from Pemba was 0.59 ng/g lw (Table 2).

3.4. Levels of PBDEs and HBCDD

The highest mean concentration of
P

11PBDEs was found in
farmed milkfish from Jozani (3.52 ng/g lw) (Table 2). BDE-47, BDE-
209 and BDE-100 were detected in >80%, >60% and >27% of the
samples, respectively. BDE-47, -100 and -209 contributed most to
P

11PBDEs (Suppl 3.1) and highest maximum concentrations of
BDE-47, BDE-100 and BDE-209 were found in farmed milkfish from
Jozani in concentrations of 1.55 ng/g lw, 2.78 ng/g lw and 7.03 ng/g
lw (Suppl S 2.1), respectively. BDE -28, -153, -154, and -183 were
detected in less than 30% of the samples (Suppl S 3.1). The mean
concentration of

P
11PBDEs inwild mullet from Pembawas 1.10 ng/

g lw (Table 2). HBCDD was only detected in four wild mullet sam-
ples from Pemba with concentrations ranging from <LOD to
16.93 ng/g lw (Table 2).

3.5. Levels of PFAS

PFAS was not detected in any of the analysed fish muscle sam-
ples in levels above the LOD.

3.6. Associations between POP compounds and sites

3.6.1. Correlations
Spearman rank correlations for lipid percentage and dominant

contaminants are presented in Table 3. A strong correlation was
observed between HCB and p,p0-DDT, PCB-153, PCB-180 and BDE-
47; between p,p0-DDE and p,p0-DDT; between PCB-153 and PCB-
180 and between BDE-47 and BDE-209. HBCDD and gHCH had
only significant correlation with p,p0-DDE and p,p0-DDT,
respectively.

3.6.2. Comparisons between sites
The mean levels of HCB in farmed milkfish from Jozani and

Shakani were significantly higher than in the other sites
(p < 0.0001) (Table 2, Fig. 2). The mean p,p0-DDT level in farmed
milkfish from Jozani was significantly higher than in the other sites
(p < 0.0001). The mean level of

P
10PCBs in farmed milkfish from

Shakani was significantly higher from the other sites (p < 0.0001).
The mean level of

P
11PBDEs was significantly higher in farmed

milkfish from Jozani than in the other sites (p < 0.0001) (Table 2).

4. Discussion

The variation in salinity between sampling sites may have been
caused by seasonal differences. Shakani and Jozani ponds were
sampled in January during the warm/dry season. While Pemba and
Mtwara sites were sampled during the cool/rainy season.

4.1. Fish characteristics

The weight differences in farmed milkfish between the sites
may be caused by differences in harvesting time, catch method and
feeding regime. The range of lipid percentages in the present study
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(2.5%e23%) corresponds with the lipid percentage reported by
Schlechtriem et al. (2009). Lipid percentagemay vary depending on
species, age, season and location (Schlechtriem et al. (2009).
Although agewas not determined, the farmed fishes in Shakani and
Jozani at Unguja are harvested for consumption after

approximately two years, while those in Mtwara and Pemba are
harvested at less than a year of farming. The time of harvesting, and
thus difference in age, may have contributed to the differences in
lipid percentage.

Fig. 2. Levels of p,p0-DDE, p,p0-DDT, PCB-153, PCB-180, BDE-47, BDE-209, HCB and g-HCH in farmed milkfish from Jozani (UJP), Shakani (USP), Pemba (PP) and Mtwara (MP) and wild
milkfish from Mtwara (MO) and wild mullet from Pemba (PO) illustrated using a box-plot with median line, the 50% box and inter-quartile range (whiskers).
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4.2. Levels and congener profile of OCPs in milkfish and mullet

DDTs were the dominating group of compounds detected in fish
liver in farmed and wild milkfish and mullet (Table 2). The highest
maximum

P
DDT levels were found in wild milkfish from Mtwara

(808 ng/g lw) and in wild mullet from Pemba (138 ng/g lw).
However, only one of the sevenwild milkfish fromMtwara showed
an elevated level of

P
DDTs, while the other six samples showed

low or moderate levels of
P

DDTs. This was illustrated by the
substantial difference between the mean and median level of
P

DDTs for Mtwara wild milkfish (Table 2).
P

DDT levels in farmed
milkfish and wild mullet from the other sites showed little varia-
tion (Table 2). High DDT levels are usually related to former or
ongoing use of DDT. Especially in countries where DDT has been
used (or still is in use) for vector control, higher variation between
samples of same species is expected due to possible local sources.
The ratio of p,p0-DDE to p,p0-DDT is used to explain the time of input
and degradation of DDT to metabolites in the environment.(Marco
and Kishimba, 2005; Polder et al., 2016; Ssebugere et al., 2009). The
high level p,p0-DDE together with the high ratio of p,p0-DDE/p,p0-
DDT in wild milkfish from Mtwara (40.9) and wild mullet from
Pemba (34.6) compared to levels and ratios in the farmed fish
indicate that wild fish from the Indian Ocean coast line is more
likely to be exposed to high p,p0-DDE levels than farmed fish from
Tanzanian aquacultures. The dominance of p,p0-DDE in the fish liver
in the present study corresponds with the findings of Mwevura
et al. (2002) in marine biota from the Tanzanian coast, in farmed
salmon muscle from Norway (Jacobs et al., 2002), in catfish and
tilapia muscle from Uganda (Bagumire et al., 2008), in tilapia
muscle from Tanzanian lakes (Polder et al., 2014), in fish muscle
from Ethiopian dam (Teklit, 2016) and in whole fish from Indonesia
(Sudaryanto et al., 2007) (Table 4). The lipid adjusted levels of
P

DDTs in the present studywere lower than
P

DDT levels in tilapia
muscle from Lake Victoria (Henry and Kishimba, 2006; Polder et al.,
2014) and bonga fishmuscle fromNigeria (Williams and Unyimadu,
2013) (Table 4), and were comparable to the levels reported by
Mdegela et al. (2009) in tilapia muscle and catfish muscle from
Mindu dam, Tanzania. The mean levels of

P
DDTs in wild milkfish

and mullet in the present study were comparable to the levels in
whole body of wild milkfish and mullet (Sudaryanto et al., 2007) in
Indonesia.

HCB was the second dominating contaminant, detected in 98%
of the samples. The levels were relatively lowand in the same range
in all sites. However, the significantly higher levels of HCB in Jozani
and Shakani than in the other sites, suggest a low but active source
of HCB at Unguja. The concentrations of HCB in the present study
were comparable to those reported by Polder et al. (2014) in tilapia
from different lakes in Tanzania but lower than the levels reported
by Sudaryanto et al. (2007) in fish from Indonesia and Shi et al.
(2013) in butterfish from Shantou harbour, China (Table 4). HCB

was used as a fungicide, but also produced as a by-product in the
manufacture of other industrial chemicals and incineration of
chemical waste. HCB is no longer used as fungicide in Tanzania.
Possible relevant sources for HCB at Unguja may be the vicinity of a
nearby airport, and industrial and human activities.

The g-HCH (lindane) was detected in low concentration ranges
in all sites, but showed widespread distribution in the region. The
lipid adjusted mean levels of

P
HCHs detected in the present study

were lower than the levels in muscle from bonga fish from Nigeria
(Williams and Unyimadu, 2013) and in muscle of butterfish from
China (Shi et al., 2013). Compared to studies in Tanzania the levels
of

P
HCHs were lower than in tilapia muscle from Lake Tanganyika

and Lake Nyasa by Polder et al. (2014). Lindane was banned in 2009
for use as a pesticide in many countries including Tanzania and the
low g-HCH concentrations found in the present study reflect
exposure to historic use.

Other detected OCPs were mirex and chlordanes, although in
very low levels (Suppl S 2.1). These OCPs were used as insecticides
and have been banned for decades (ATSDR, 1994). Lipid adjusted
levels of

P
CHLs were 64 fold lower than the highest levels (15.5 ng/

g lw) in muscle of catfish from Mindu dam (Mdegela et al., 2009),
and much lower than levels in fish muscle from China (Liu et al.,
2010; Shi et al., 2013), in whole body milkfish and mullet from
Indonesia (Sudaryanto et al., 2007) and in muscle of bonga fish
from Nigeria (Williams and Unyimadu, 2013) (Table 4).

4.3. Levels and congener profile of PCBs

Tanzania has never produced PCBs but has been using imported
products containing PCBs such as transformers, capacitors, lubri-
cants paints, glue and carbonless paper (IPEN, 2005). Although PCB
levels were relatively low, they were detected in fish from all
studied sites. The highest mean concentrations of

P
10PCBs were

found in farmed milkfish from Shakani (3.94 ng/g lw) and Jozani
(1.57 ng/g lw) (Table 2). Themean lipid adjusted level of

P
10PCBs in

farmed milkfish liver from Shakani was fourfold lower than the
mean

P
7PCB level in tilapia muscle from Southern Lake Victoria

(Polder et al., 2014), but higher than in tilapia muscle from Napo-
leon Gulf, Northern Lake Victoria, Uganda, (Ssebugere et al., 2014a)
(Table 4). The PCB concentrations in present study were much
lower than levels of

P
PCB in muscle of butterfish from Shantou

harbour, China (Shi et al., 2013). The detection of PCBs in marine
and farmed fishes in the present study and in freshwater fishes in
Tanzanian lakes and Uganda further indicate the spread of PCBs
contamination in aquatic environment in this region and conse-
quently human exposure due to fish consumption. The dominance
of PCB-153 to PCB-138 and PCB-180 has also been reported in other
studies (Asante et al., 2013; Hayward et al., 2007; Polder et al.,
2008a, 2008b, 2016), and this is related to high persistence of
PCB-153 to other PCB congeners. However, PCB-138 dominated in

Table 3
Correlations between dominant contaminants.

Lipid% HCB g-HCH p,p0-DDE p,p0-DDT PCB-153 PCB-180 BDE-47 BDE-209 HBCDD

Lipid% 1
HCB 0.52** 1
g-HCH �0.34* �0.27 1
p,p0-DDE 0.01 0.08* 0.2 1
p,p0-DDT 0.29* 0.53** �0.09* 0.69** 1
PCB-153 0.44* 0.66** �0.1 �0.05* 0.14** 1
PCB-180 0.49* 0.65** �0.19 �0.06* 0.15** 0.92** 1
BDE-47 0.09 0.65** 0.2 0.06* 0.43** 0.41** 0.38** 1
BDE-209 �0.13 0.29* 0.29 0.05* 0.25* 0.23** 0.21* 0.54** 1
HBCDD �0.17 �0.08 �0.19 0.04* �0.07 �0.11 �0.13 �0.09 �0.11 1

*p < 0.05; **p < 0.0001.
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tilapia from Tanzanian Lakes rather than PCB-153 (Polder et al.,
2014) suggesting that PCB contamination in Tanzania may origi-
nate from different PCB sources. The higher PCB levels in the
farmed milkfish from Shakani and Jozani in Unguja compared to
Pemba and Mtwara, suggest contamination from airport's emis-
sions and human urban activities. Shakani is situated closer to the
airport (3 km) than Jozani (23 km), and this may explain the higher
PCBs levels in the Shakani milkfish compared to Jozani.

4.4. Levels and congener profile of BFRs

BFRs are ubiquitously present in the global environment (Lyche
et al., 2015) and were detected in fish from all sites in the present
study, in free-range chicken eggs and in humanmilk from Tanzania
(Müller et al., 2016; Polder et al., 2016). The BDE-47 and BDE-209
levels in farmed milkfish from Jozani were significantly higher
than in all the other sites (p<0.0001), except from Shakani (Fig. 2).
The BDE pattern was different between the sites (Fig. 3). The lipid
adjusted mean concentrations of

P
PBDEs in fish in the present

study were comparable to levels in tilapia muscle from Northern
Lake Victoria, Uganda (Ssebugere et al., 2014b) and from lakes
Tanganyika, Nyasa and Babati in Tanzania, (Polder et al., 2014), in
the same range as in farmed salmon muscle from Norway (Jacobs
et al., 2002), but lower than the levels in tilapia muscle from
Benya lagoon in Ghana, Asante et al. (2013) and in farmed salmom
muscle from Southern Chile (Montory and Barra, 2006) (Table 4).
BDE-47, BDE-100 and BDE-209 dominated the PBDEs detected in
the present study (Fig. 3; Suppl S 3.1). The dominance of BDE-47
and its high contribution to the

P
PBDEs is in agreement with

other studies in fish and environment (Asante et al., 2013; Montory

and Barra, 2006; Parolini et al., 2013; Ssebugere et al., 2014b). BDE-
47 is resistant to microbial degradation in the environment (Hale
et al., 2006) and it is one of the major components in the penta
mixture of PBDEs, included in the Stockholm Convention
(Stockholm Convention, 2016). Furthermore, the high concentra-
tion of BDE-47 in the present study could also be due to debromi-
nation of more highly brominated congeners in the fish tissues
(Stapleton et al., 2004). BDE-100 was only detected in farmed
milkfish from Jozani and Shakani. In Jozani, the BDE-100 was
significantly higher than BDE-47 (Fig. 3). PBDEs are not manufac-
tured in Tanzania, but they are used as flame-retardants in com-
mercial products such as electronics and furniture imported from
developed countries. Dismantling and burning of e-waste may be
the most important sources for PBDE contamination in the Tanza-
nian environment. The higher levels of BDEs and pattern difference
in the farmed fish from Jozani and Shakani, compared to the other
locations, may be related to emissions from urban, industrial and
airport activities (Fig. 3).

HBCDD was only detected in four samples of wild mullet from
Pemba in concentrations up to 10 times higher than other BFRs.
HBCDDwas not detected in farmed andwild milkfish (all sites). The
mean level of HBCDD in the present study was two times higher
than in muscle of tilapia from Lake Babati (Polder et al., 2014)
(Table 4). The presence of high HBCDD levels in wild mullets from
Pemba could not be explained and argues for further investigations.

4.5. Levels of PFASs

This was the first study to analyse PFASs in fish from Tanzania.
Liver tissue is preferred for PFAS analyses in fish because PFASs is

Table 4
Mean concentrations of persistent organic pollutants in ng/g lipid weight (ng/g lw) in fish from this study: farmed milkfish (mean of Jozani, Shakani, Pemba and Mtwara
ponds), wild milkfish and wild mullet compared to results from other studies and countries.

Country Location Specie Sampling
year

Fish
Tissue

Lipid % HCB
P

HCH p,p0-DDE p,p'-DDT
P

DDTs
P

CHLs
P

PCBs
P

PBDEs HBCDD Reference

Tanzania All ponds
Chanos chanos

2016 Liver 7.98 0.22 0.05 13.5 3.2 16.6 1.47 1.64 <LOD This study

Tanzania Indian Ocean
Chanos chanos

2016 Liver 7.81 0.2 0.1 103 2.5 117 0.2 1.3 <LOD This study

Tanzania Indian Ocean
Mugil cephalus

2016 Liver 4.85 0.2 0.04 60.7 2,2 73.3 0.6 1.1 5.2 This study

Tanzania Lake Tanganyika O. niloticus 2011 Muscle 3.3 1.2 1.1 116 41.8 273 0.9 17.2 4.1 Polder
et al. (2014)

Tanzania Lake Victoria O. niloticus 2006 Muscle 1.5 500 Henry and
Kishimba (2006)

Tanzania Mindu dam O. niloticus 2009 Muscle 8 2.5 25 21.25 46.3 2.5 Mdegela
et al. (2009)

Tanzania Mindu dam C. gariepinus 2009 Muscle 11 2.7 54.6 29.1 90.9 15.5 Mdegela
et al. (2009)

Uganda Napolean Gulf O. niloticus 2011 Muscle 0.073 Ssebugere
et al. (2014a)

Uganda Murchison bay O. niloticus 2011 Muscle 1.7 5 Ssebugere
et al. (2014b)

Ghana Benya lagoon S. melanotheron 2010 Muscle 3.1 150 19 2.2 Asante
et al. (2013)

Ghana Lagos lagoon E. fimbriata 2008e9 Muscle 2.3 15438 2280 7736 13175 Williams and
Unyimadu (2013)

Indonesia Jakarta Bay Chanos chanos 2003 Whole
body

3.9 28 3.7 120 400 Sudaryanto
et al. (2007)

Indonesia Jakarta Bay V. buchanani 2003 Whole
body

7.3 7.4 1.1 110 260 Sudaryanto
et al. (2007)

Chile Southern Chile Salmo salar 2005 Muscle 15.9 Montory and
Barra (2006)

China Shantou harbour P. argenteus 2010 Muscle 2.61 15.3 122 1958 731 228 1413 Shi et al. (2013)
China Lioaning province C. carpio 2007 Muscle 1.9 26.3 50.5 258.4 245.8 1379 109 Liu et al. (2010)
Norway frozen

Salmo salar
1999 Muscle 13.7 10.9 2.8 1.3 5.2 145 1.1 Jacobs

et al. (2002)

Numbers written in Italic: value was calculated using data from the referred literature.
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expected to be higher in liver than blood or other organs (Giesy and
Kannan, 2001). In the present study, however, most of the liver
tissue was used for analyses of OCPs, PCBs and BFRs, leaving too
little tissue for analyses of PFAS. Therefore muscle tissue was used.
No PFAS levels above LOD were detected in the studied fish muscle.
The detection levels of the different PFASs were in the same range
as used for cod liver in a Norwegian study (Valdersnes et al., 2017),
supporting the analytical method used. However, low sample
amount and high blank levels may have contributed to the absence
of measurable levels of PFAS. Nevertheless, PFASs in low levels were
detected in blood from delivering mothers from northern Tanzania,
showing their presence in the Tanzanian environment (Müller
et al., 2017 in prep). As PFASs are added to various consumer
products, the increasing modernization and importation of con-
sumer products in Tanzania in the future may lead to an increase of
the PFAS levels in the environment and humans. For future studies
fish liver should be used for detecting PFASs.

4.6. Association among contaminants

The strong positive correlation observed between HCB, p,p0-
DDE, p,p0-DDT, PCB-153, PCB-180, BDE-47, BDE-209 suggests that
the exposure of these contaminants is from the same source. The
negative and weak correlations of HBCDD, and g-HCH to other
contaminants indicates that HBCDD and g-HCH levels are from
different source as compared to other contaminants (Table 3).

4.7. Possible implications for human and fish health with regard to
POPs

The present study intended to serve as a pilot study for moni-
toring occurrence and levels of POPs in farmed fish. Liver was
chosen as matrix for this pilot study because the concentration of
lipophilic POPs is considered to be highest in this lipid rich organ,
increasing the possibility for finding low level POPs. However, fish
fillets are used for consumption. Risk assessment of POPs in fish is
thus done in fish fillets. Since lipid content in muscle for milkfish

and mullet (0.19e1.8% and 0.56e6.3%, respectively), (Hung et al.,
1980)), are lower than in corresponding liver in the present study
(2.5e23% and 3.2e6.7%, respectively) we assume that the POP
levels in the studied fish liver are higher than in the muscles.
Therefore, we hypothesize that POP levels in the muscle of the
studied fish are lower than the maximum residue limits (MRLs) set
by European Union (EU) (EU Food Safety, 2017) and the United
States Food and Drug Authority (USFDA) (USFDA, 2011) for different
chemical contaminants in fish fillet for human consumption (Suppl
S 2.2). This needs to be confirmed by further studies of POPs in fish
fillets from the same species.

Increased contaminant levels in the future may pose risk to the
development of aquaculture in Tanzania. Experimental studies
have shown that different contaminants induce health effects in
fish (Berg et al., 2016; Mills and Chichester, 2005). Nevertheless, it
has been difficult to associate the effect of contaminant to fish in
the wild due to mobility and recruitment of fish (Pait and Nelson,
2002). However, the levels detected may cause adverse health ef-
fects in farmed and wild fish and may threaten sustainability of
aquaculture and biodiversity.

4.8. Comparison between farmed versus wild-caught fish

The present study revealed little difference in levels of HCB and
g-HCH between farmed and wild milkfish (Table 2), but

P
DDTs

were detected in higher levels in wild than in farmed milkfish. This
means that fish feed is an insignificant DDT source for aquaculture
fish in Tanzania. In contrast, higher levels of

P
PCBs were detected

in farmed fish than inwild fish, maybe related to airport and human
activities, although influence of fish feed as a source is not excluded.
In terms of human health, it is important to monitor PCB levels in
fish feed used in the different fish farms, for excluding that this is an
active PCB source for farmed fish.

5. Conclusion

This is the first study to investigate the occurrence and levels of

Fig. 3. Pattern of individual PBDEs in fish muscle from farmed milkfish from Jozani (UJP), Shakani (USP), Pemba (PP) and Mtwara (MP) and wild milkfish from Mtwara (MO) and
wild mullet from Pemba (PO).
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OCPs, PCBs, BFRs and PFASs in aquaculture in Tanzania. OCPs, BFRs
and PCBs were detected in all the studied fish in Jozani, Shakani,
Pemba and Mtwara in Tanzania. The concentrations of the con-
taminants were lower, comparable and higher than those reported
from elsewhere in the literature. p,p0-DDE, PCB-153 and BDE-47
were the dominant POPs. Wild milkfish from Mtwara contained
higher levels of DDTs than the farmed fish from other sites. The low
levels of HCBs, HCHs, mirex and chlordanes detected in the present
study in comparison to other countries may be due to positive
measures taken after the ban of these pesticides. Significantly
higher levels of PCBs and BFRs were detected in farmed milkfish
from Jozani and Shakani, Unguja, compared to milkfish in Pemba
and Mtwara suggesting influence of various human activities, such
as emissions from airports and improper disposal of wastes. The
occurrence of high levels of HBCDD in wild mullet from Pemba,
calls for further investigations to elucidate sources of HBCDD in the
area. PFASs were not detected in any of the samples in the present
study, however they may increase in the future due an ongoing
importation of PFASs imbedded in consumer products in the re-
gion. Aquaculture is a fast growing activity in Tanzania contributing
both to income and food security. Therefore, if POPs are not regu-
lated and monitored properly, increased levels of contaminants in
farmed fish may pose human health risks and unsustainable
aquaculture production in the future. Future studies in fish from
aquaculture should include fish fillets for human health risk
assessment and fish feed for investigation of exposure route.
However, the reported POP levels may pose ecological and fish
health risk and threaten biodiversity. Therefore, the findings of the
present study warrant further research and monitoring of POPs in
aquaculture and in the environment in Tanzania.
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Jozani farmed 

milkfish 
Shakani farmed 

milkfish 
Pemba farmed 

milkfish 
Mtwara farmed 

milkfish 
Mtwara wild 

milkfish 
Pemba wild 

mullets 

 min max min max min max min max min max min max 

Lipid% 3.420 15.150 6.302 22.956 2.462 4.381 5.086 11.523 4.603 12.916 3.215 6.701 

HCB 0.371 0.479 0.320 0.521 0.067 0.210 < 0.250 0.143 0.277 0.147 0.284 

-HCH < 0.026 < < < < < < < < < < 

-HCH < < < < < < < 0.056 < 0.107 < 0.164 

-HCH 0.011 0.088 0.030 0.123 < 0.115 0.015 0.090 0.024 0.191 < 0.069 

 0.011 0.088 0.030 0.123 < 0.115 0.015 0.145 0.024 0.191 0.047 0.201 

p,p'-DDE 20.456 39.204 10.235 20.422 3.080 7.922 < 1.247 < 715.273 19.014 119.066 

p,p'-DDD < 3.711 < 1.648 < < < < < 75.504 5.375 15.432 

o,p'-DDT < 0.920 < < < < < < < < < < 

p,p'-DDT 3.078 10.675 1.319 2.553 < < < 0.194 < 17.471 0.653 3.488 

 23.534 51.156 11.555 22.909 3.080 7.922 < 1.407 < 808.248 25.344 137.509 

-DDE/ -DDT 6.65 3.73 7.76 8 - - - 6.43 - 40.94 29.12 34.14 

Oxychlordane < 0.040 < 0.059 < < < < < < < < 

trans-chlordane < 0.014 < 0.057 < < < 0.056 < < < < 

cis-chlordane < 0.014 < 0.042 < < < 0.034 < < < < 

trans-Nonachlor < 0.103 < 0.178 < < < 0.066 < < < < 

 < 0.103 < 0.238 < < < 0.103 < < < < 

Mirex < < < 0.270 < < < < < < < < 

PCB-28 < < < < < < < < < < < < 

PCB-52 < < < < < < < < < < < < 

PCB-74 < < < < < < < < < < < < 

PCB-101 < 0.350 < 0.692 < < < < < < < < 

PCB-99 < 0.428 < < < < < < < < < < 

PCB-118 0.141 0.195 0.165 0.452 < < < 0.051 < < < 0.24 

PCB-153 0.299 0.678 0.647 2.914 < 0.465 < 0.522 < 0.555 < 0.733 

PCB-138 < 0.276 < 0.974 < < < 0.151 < 0.075 < 0.164 

PCB-180 0.223 0.458 0.320 2.188 < 0.071 < 0.360 < < 0.018 0.222 

PCB-170 < 0.183 0.085 0.905 < < < 0.117 < < < 0.109 

 0.670 2.406 1.318 8.128 < 0.537 < 1.111 < 0.631 0.024 1.46 

BDE-28 < 0.029 < 0.297 < < < < < < < < 

BDE-47 0.547 1.546 0.340 1.111 < 0.468 0.103 0.284 < 1.333 < 0.558 

BDE-100 0.902 2.783 < 1.373 < < < < < < < < 

BDE-99 < < < < < < < < < < < < 

BDE-154 < 1.340 < 0.274 < < < < < < 0.392 0.837 

BDE-153 < < < < < 0.512 < 0.182 < 0.375 < < 

BDE-183 < < < 0.457 < < < 4.329 < 3.448 < < 

BDE-208 < < < < < < < < < < < < 

BDE-207 < < < < < < < < < < < < 

BDE-206 < < < < < < < < < < < < 

BDE-209 0.076 1.363 0.074 0.503 < 1.129 < 0.132 < 1.162 < 0.354 

 1.674 7.033 1.025 2.867 < 1.452 0.103 4.695 0.087 5.300 0.686 1.396 

HBCD < < < < < < < < < < < 16.927 
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 Contaminant USFDA EU Present study 

DDT 5000  100 63.9 
HCB - 100 0.103 

Mirex 100  100 0.06 
γHCH -  100 0.013 

CHL 300 100 0.04 
PCBs 2000 75 1.22 

PBDEs - -  0.39 
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S3. Material and methods 

S3.1 Description of study sites 

S3.1.1 Unguja Island 
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S3.2 Species description 

S3.2.1 Milkfish (Chanos chanos, Forsskål 1775) 
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S3.2.2 Mullet (Mugil cephalus, Linnaeus 1758) 
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2 Materials and method 

2.1 Study area and sampling 
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2.2 Ethical consideration 
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2.3 Sample analysis 
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2.4 Extraction and analysis of heavy metal  
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2.5 Quality control and quality assurance 

7'=&D�M�����0�7
	����	���
	�!�����
������%�����	�	�������	������	�����
���
����<�=����	�����	
��
!����������
�����
��
	����	���
	<�+������%��	���������
	�
�������	��%����������
���	���������
	�
!�������������%�����
���	���	4�
�������
�4���
���%�������
	���	�
����������������
�������	��%����
�	��������	���������%<��������
���
�%�����
����&	���4+	��%����
������
	���&+7������������!��������%�
%���� �	��������������� �	���
�����	�%������	�� �	�� &	���4*��
���
�%�7
������
	����� ������ 
	�������
%���<�����
����������
��������
����D�7�D�+�D�7�D�7
D�(�D�#�D�7�D�M	��	��+��!������
���2-S��	������������

���������
	�!���-<--5���N
���!��
�����������	��%����������<�

"&(+D�(" )D�(
�!�%0�����*9���	��*9L��
��?��!�����������������
��B��������	��.-����������	�����
�������
	� �$��� 
�� ���	
� �������� �	d6�� �	�� !���� -<--.� �	�� -<--3� ��N
�� ��%� !������ ��!�D�
�����������%D�������
	����	�!������
��-<.26��<�#
�����������%�������D��9="4B��#������
���	�7���������
=�����	��� "�������� �
�� ������ "������� ��
�� (���
	��� =�������� 7
�	���� 7�	���� !��� ��������� �	��
�	��%������� �������������<�����F��	�������������
��?����
!����

���������	��!���� ��������������
�����<�

�

2.6 Estimation of potential health risks for human and fish 
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2.7 Statistical analysis 
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3 Results 

3.1 Concentration of heavy metals 
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3.1.1 Metal concentrations in muscles  
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3.1.2. Metal concentrations in livers 
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3.1.3. Comparison of metal concentrations between muscle and liver within sites 

"�		�:���	�%�)��������
!������	�����	��%���������
	��	�����
	��
������	��7����]-<-6���	�����������
���	� �	� ���� ������� �
�� ���� �������� �	�� ������ �#��<� ,�<� ���� �
	��	�����
	�� 
�� #�� ��]-<-6�� !����
���	�����	��%���������	��������������	��	�������������
����������	��!�������
������	�A
��	�D�$��
�	���	��
�����D�!������� ���� #�� �
	��	�����
	�� �	� ������������ 
�� ����������
����� ��
��"�!���� �	��!����
���������
��������!��������������	��	����������<������
	��	�����
	��
��7��!�������	�����	��%��������
�	� �������� ���	� �	� ���� ������� �
�� ���� ����� �	�� ���� ������ �#��<� ,�<� ���� �
	��	�����
	�� 
�� 7
� !����
���	�����	��%� ������� �	� ������������ ���	� �	� ���� ������ �	� ����������
����� ��
�� A
��	�D� ������ �	��
"�!�����	��!�������
�������
��"�!�����	��!�������������
�������<�&	��
	�����D������
	��	�����
	��

��7
�!������������	�����������
������������
�������
��$��
�	���#��<�,�<��

�

3.2 Correlations between heavy metals in muscles, fish weight and length 
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3.3 Human health risk assessment 

3.3.1 Maximum Limits (MLs)  
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3.3.2 Estimated Weekly (EWI) and Monthly Intake (EMI). 
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3.3.3 Target Hazard Quotient (THQ) and Hazard Index (HI) 
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3.4 Fish health assessment  
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4 Discussion  

4.1 Metal concentrations in muscle and liver, in different study sites and possible sources 

�������	���	��	���
�����������%�!��������������
	��	�����
	��
������	���������	����������
��!�����	��
����������
������	��!�������������
�������������#���,�<���������������!��������������
	�
������	�����
��	��	��	��
�������	���
	��	�<�+��������
	��	�����
	��
������	�������������
�����
������	���������
�@�����������"*������%�:?9N#+9��
�� ������������ �#+9N:?9D�.//6���������B�<��������	�����	��%�
��������
	��	�����
	��
������	�!�������
��������������
��"�!�����	��!��������������������
��������
�
��������
�������������������������������������
������&	���	�9���	��
�����	������
����@�
�����
����
���	��������������#��<�,�<���������%�
�������
%�	������<D��,-.3����������������������
	�
������	�����
&	���	� 9���	D� !����� ��������� ����
	��� ������
	�D� ���
����
	� �	�� ���� �
���
	���� �	�� ���������
�
����	�<�#�������
��D����������%���
!�������������������!������
������&	���	�9���	������
�������
�%��@������%����������
	��	�����
	���������	����
��������
	����
������	����������
!�	���	���������
������������	���������
	��	��������������4
���
������������
��	��������
%�	������<D�,-.3�<�������
��D�
���� $
���� �F���
����� 7����	�� �����4!����D� �
���	���!���� ���� �����+������ 7
������ 7����	�� ��
���4
	
������
��������������	��@�
������
�����
������	������
������!������
����	��	��D��	���
�����������
������
������������
	��	�����
	��
������
�	���	�����!����������	����������	������%<�&	�������
	D�!����
���
�������
��"�!����!�����
���������	���������
����!�������
����������������
������"�����=����D�
!����	�������	��
���D���
����
�(����!�����������#���.�<��������	��
�����
��$
�����	��
�(
�����	�
��	��	��� ��� ��������� ��
��� �
� ����"�����=����� �	�� ����"�!���� �
	��<� *������ ���
��	�� ���� ���	�
�
������	� ��	��� ,--5� �	� ��	��	��D� ���� �������� ��	4
��� ��
�� ����� �
��������� ����� �
	��������� �
�
�	����������� �
	��	�����
	�� �	�"�!���� �����������	���
	��<�����!������������ ��
��������!����
�
���������	�����
��	�
���	D��	��������%�	����%������
!	�
��:���D�!��������
	��
�������
����
��������
������
�������<�"������������������!��	�����
��	�
���	��	������
����!������	�������	��
�����	��
��%�������
�������
	����	����������
��	���
�
��	�������������D��	�������@�
�������
��������������
!�������
�����������+������7
������7����	�<�



11 
 

+���
�����	��
!����
	��	�����
	�D�7��!����
�	�������������������������	���������
��!�������������
��
�������#��<�,�<�)���
����	������������������	������	��	�������
�����
�����
	������������%�������
�����
�
��7���	�����������9$�+=D�,-.1�<�?��!�������������	����������	��%����������������D��	������	����!����
����������
	� �	� ���� ����
	<�?
!����D� �����
	��	�����
	���	����!����	�������!����F����� �
!D�!�����
������ �	������� ���
��
�	�� ������<� ���� #�� �
	��	�����
	�� �	� ������ ��
!��� ���	�����	�� ��
��������
�������
	�� �#��<� ,�D�!������������ �
	��	�����
	�� �	� A
��	�� �	��$��
�	�� ���)	��E�<������ ��
��������
�������	�����%������������%���
��	����
�����D����������%��
������)	��E������
	D��������
���������
��
�������	�������	��������<�+���
���������F�����%�����������������
������
���	��	��D�������
�����
	�
��
�
����F�����%��
	��
������������������	
��������������%����=
�����������<D�,-.3�<�$
��������������������
�
���������%���
����������������!�����
�������������������	�����
����������������
	����
�
����	�������
�
�����������<�9��������������4
����
���

����
���
�	��	������������������<�
��<�<���������������������
��!��� �
������������ �
� ������ ���� �
������ 
�� �
	����	���
	<� ���� �
	��	�����
	�� 
�� 7
� �	�������� 
��
����������
�������
��A
��	�D��������	��"�!����!�������	�����	��%�����������	��	�$��
�	���#��<�,�<�
�����
	����	�A
��	�D��������	��"�!����������	������	���	��
�����	�����������!����!�������
��
����
���	D�!�������$��
�	���
	�����������������	���F����%������!�������!�������������������
������

���	��%��������<�����������������������
	��
�������������	�����	�7
����!��	����������<��

�

4.2 Comparison of heavy metal concentrations in the studied fish muscle with other studies in 
Africa and elsewhere 
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4.3 Association among contaminants, fish weight and fish length 
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4.4 Possible health risk implications for fish and humans with regard to heavy metals  
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Fig 1. Map of Tanzanian coasts showing location of sampling sites 
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*p≤0.05, **p≤0.001, *** p≤0.0001.  
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(A) 

Site 
Sampling 

month/year 
Salinity 

(ppt) 
Mean weight 

(g) 
Weight range 

(g) 
Mean length 

(cm) 

No of 
samples 
(Muscle) 

No of 
samples 
(Liver) 

Jozani pond Jan-16 36 662 413-826 44.1 8 7 

Shakani pond Jan-16 40 683 533-936 43.5 8 9 

Pemba pond Mar-16 25 212 196-226 29.5 8 8 

Mtwara pond Apr-16 22 189 84-309 25.9 8 8 

Mtwara wild Apr-16 29 108 59-185 22 8 8 

Pemba wild Mar-16 30 612 542-711 39.6 8 8 
 

(B) 

Site Sampling 
month/year Salinity (ppt) Mean weight (g) Weight range 

(g) 
Mean 

length (cm) 
No of samples 

(Muscle) 

Jozani pond 16-Jan 36 572 232-814 42 6 

Mtwara pond 16-Apr 22 188 84-338 26 6 

Pemba wild 16-Mar 30 588 542-671 39 6 
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 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  0.013 0.5 
Fe 0.687 0.625 1.953 43 
Zn 0.46 0.181 0.772 30 
Cu 0 0 0 30 
Ni 0.061 0.073 0.052  
Co 0.041 0.019 0.028  
Cr 0 0 0  
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Farmed milkfish Wild milkfish Wild mullet PTWI/PTMI    

Hg 1.96x10-5 0 3.15x10-5 0.004 (EFSA, 2012); JEFCA, 2017 
Fe 1.69x10-3 1.54x10-3 4.82x10-3 5.6 (JEFCA, 2017) 
Zn 1.13x10-3 4.45x10-4 1.90x10-3 7 (JEFCA, 2017) 
Cu 0 0 0 3.5 (JEFCA, 2017) 
Ni 1.5x10-4 1.79x10-4 1.28x10-4 0.035 (JEFCA, 2017) 
Co 9.99x10-5 4.56x10-5 6.78x10-5 0.21 (Varol et al 2017) 
Cr 0 0 0 0.023 (Lin, 2004) 

Cd* 7.4x10-5 1.06x10-4 2.17x10-4 0.025 (JEFCA, 2017) 

*EMI and PTMI for Cd were calculated based on 30 days  
Farmed milkfish: Jozani, Shakani, Pemba and Mtwara ponds 
Wild milkfish: Mtwara, Indian Ocean 
Wild Mullet: Pemba, Indian Ocean   
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Farmed milkfish Wild milkfish Wild mullets RFD 
Pb 0.097 0.14 0.144 0.0035 (USEPA, 2018) 
Hg 0.028 0 0.045 0.0001 (USEPA, 2018) 
Cd 0.003 0.004 0.007 0.0001 (USEPA, 2018) 
Fe 0.0004 0.0003 0.001 0.7 (USEPA, 2018) 
Zn 0.0005 0.0002 0.0009 0.3 (USEPA, 2018) 
Cu 0 0 0 0.04 (USEPA, 2018) 
Ni 0.0011 0.0013 0.0009 0.02 (USEPA, 2018) 
Co 0.048 0.022 0.0323 0.0003 (USEPA, 2018) 
Cr 0 0 0 0.003 (EFSA, 2014; USEPA, 2018) 

Hazard 
Index 0.177 0.167 0.231  

*RFD, Oral Refence Dose for different heavy metals in fish  
�
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(A) 
 

  Farmed milkfish Wild milkfish Wild mullet 
  Jozani Pond Shakani pond Pemba pond Mtwara pond Mtwara Pemba 

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 

 
(B) 
 

  Farmed milkfish Wild milkfish Wild Mullets 

  Jozani Pond Shakani pond Pemba pond Mtwara pond Mtwara Pemba 

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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Country Status 
Fish 
specie Pb Cd Hg Fe Zn Cu Ni Co Cr Reference 

Tanzania FF Milkfish 1.02 0.01 0.01 1.32 0.71 0.14 0.06 0.04 <LOD This study 

Tanzania WF Milkfish 1.41 0.01 N.A 0.85 0.36 <LOD 0.07 0.02 <LOD This study 

Tanzania WF Mullet 1.39 0.02 0.01 1.79 0.88 <LOD 0.05 0.03 0.01 This study 

Tanzania WF Snapper 0.14 0.16  15.77  9.23    Saria, 2016 

Tanzania WF Tilapia 0.03* 0.01* 0.03*       Mdegela et al 2009 

Kenya WF Tilapia 6.11 1.90   17.10 5.80    Nyingi et al 2016 

Zambia WF Tilapia 0.12 0.003   21.00 3.00 0.38  1.53 Nakayama et al., 2010 

China WF Carp 0.03 0.01 0.04  14.50 0.48 0.02  0.25 Wei et al., 2014 

China FF Carp 0.17 0.01 0.01 6.71 7.90 0.30 0.12  0.12 Qin et al 2015 

China WF Tilapia 8.62 0.03   29.50 1.38 3.50  0.51 Leung et al 2014 

Turkey WF Mullet 0.68 0.35 70 125.00 86.20 2.14 2.74  1.30 Tuzen 2009 

Turkey FF 
Rainbow 
trout 0.05 0.001  7.14 3.40 0.38 1.04 0.74 0.53 Varol et al 2017 

Taiwan FF Milkfish 3.63** 0.07**   24.08** 2.02** 0.22**   Chen et al 2000 

Pakistan FF Carp 0.23 0.01        Chatta et al., 2016 

Palestine WF Mullet 0.17       12.78 0.907 0.98     Elnabris et al 2013 
FF: Farmed fish; WF:  Wild fish; N.A: Not Analysed; *: Maximum concentration; **: Calculated from the means of individual 
ponds 
 



28 
 

  



29 
 

 

SUPPLEMENTARY DATA 



30 
 

  



31 
 

������$.0�7
	��	�����
	��
����D�7���	��?���	��.�����������	���,���������
����������	��!����
���
������	��!�������������
����	��	���!����	������
����������!�����
	��	�����
	��
��
���*9�D������	�������	����	������	��
���@���

1.Muscle  (� "�	� ,6��� 6-��� 16��� /6��� "�@�
�� �� �� �� �� �� ��

#������
���
����� � � � � � � �
��� B,� -<6B6� -<2,.� -</5,� .<.B-� .<655� .<51.�
7�� B,� ]*9�� -<--B� -<--1� -<-.B� -<-.2� -<-./�
?�� .,� -<--,� -<--B� -<--2� -<-./� -<-,,� -<-,,�

:�������
����� � � � � � � �
��� 2� .<-3/� .<.62� .<B21� .<623� .</5,� .</5,�
7�� 2� ]*9�� ]*9�� -<-.-� -<-.B� -<-.2� -<-.2�
?�� -� <� <� <� <� <� <�

:����������� (� � � � � � �
��� 2� -<2/,� .<.12� .<3,5� .<561� .<1B2� .<1B2�
7�� 2� -<-.3� -<-.2� -<-,.� -<-,B� -<-,3� -<-,3�
?�� 5� -<-.-� -<-.-� -<-.B� -<-.3� -<-.6� -<-.6�
� � � � � � � �

2.Liver        
� � � � � � � �

#������
���
����� (� "�	� ,6��� 6-��� 16��� /6��� "�@�
��� B,� .<..1� B<.25� 3<.B,� 6</B,� /<131� ,-<.5-�
7�� B,� ]*9�� ]*9�� ]*9�� ]*9�� -<--/� -<-.-�
?�� -� <� <� <� <� <� <�

:�������
����� � � � � � � �
��� 2� 3</-2� 5<3-,� 2<-,1� ./<,/6� 31<B1-� 31<B1-�
7�� 2� ]*9�� ]*9�� ]*9�� -<--1� -<-.-� -<-.-�

:����������� � � � � � � �
��� 2� -</.2� ,<5B.� B<BB2� 3<,16� 5<,65� 5<,65�
7�� 2� ]*9�� -<--3� -<-.-� -<-.,� -<-.B� -<-.B�
?�� -� <� <� <� <� <� <�

�

�

�

�

�

�

�

�

�



32 
 

������$,0�7
�������
	����!��	������!�������#:�G��������	�����#*��	����D�7�D�#�D�M	D�7
D�7��
�	��(���
	��	�����
	���	�������������
���+��#���������
������ ��:�������
������7��:����
���������	������?�<�7
�������	��
���
�������
	����������	��	�����������!�����4�������	�������D�
���	�����	���
�������
	�������������������	��
��<�

�+��

� ��� 7�� #�� M	� 7
� 7�� (�� #:� #*�

7��
4-<.3� .� � � � � � � �
0.431 � � � � � � � �

#��
-<,5� -<B3� .� � � � � � �
0.159 0.058 � � � � � � �

M	�
4-<.1� 4-<-6� -<,5� .� � � � � �
-<B5,� -<1/5� -<.3/� � � � � � �

7
�
-<.2� 4-<,/� 4-<BB� 4-<-2� .� � � � �
0.335 0.108 0.065 0.668 

7��
4-<-6� -<,/� -<-1� 4-<,,� 4-<,-� .� � � �
0.795 0.103 0.690 0.237 0.270 � � � �

(��
4-<.5� -<-3� -<-/� -<B.� 4-<,2� -<-6� .� � �
0.382 0.844 0.610 0.086 0.122 0.777 � � �

#:�
4-<.2� -<B� 0.38 0.45 -0.43 -<,-� -<-.� .� �
0.318 0.100 0.032 0.009 0.014 0.265 0.948 � �

#*�
4-<,.� -<.1� -<B,� 0.45 4-<B6� -<./� 4-<-5� 0.96 .�
0.243 0.358 0.075 0.011 0.050 0.298 0.718 <0.0001 �

�
�

� ��

� ��� 7�� #�� M	� 7
� (�� #:� #*�

7��
4-<B,� .� � � � � � �
0.444 � � � � � � �

#��
-<,.� 4-<,3� .� � � � � �
0.610 0.560 � � � � � �

M	�
-<-6� 0.83 4-<B1� .� � � � �
0.909 0.012 0.373 � � � � �

7
�
4-<61� 0.90 4-<./� -<55� .� � � �
0.139 0.002 0.651 0.076 � � � �

(��
4-<66� 0.78 -<.� -<65� 0.91 .� � �
0.160 0.022 0.823 0.148 0.002 � � �

#:�
4-<,/� 0.98 4-<,5� 0.81 0.93 0.79 .� �
0.493 <0.0001 0.531 0.016 0.001 0.021 � �

#*�
4-<.3� 0.93 4-<,.� 0.81 0.88 0.71 0.98 .�
0.736 0.001 0.610 0.016 0.004 0.047 <0.0001 �

�

�



33 
 

�

�7���

� ��� 7�� #�� M	� 7
� (�� 7�� #:� #*�

7��
-<./� .� � � � � � � �
0.651 � � � � � � � �

#��
-<,B� 4-<,,� .� � � � � � �
0.588 0.608 � � � � � � �

M	�
-<3,� 0.78 -<-1� .� � � � � �
0.307 0.022 0.862 � � � � � �

7
�
4-<,3� 4-<52� -<.2� 4-<B.� .� � � � �
0.568 0.062 0.679 0.460 � � � � �

(��
-<-5� 0.79 4-<51� -<63� 4-<5� .� � � �
0.888 0.020 0.070 0.167 0.119 � � � �

7��
-<-/� -<,1� 4-<,3� -<51� -<B36� -<B6� .� � �
0.826 0.526 0.575 0.069 0.403 0.391 � � �

#:�
4-<3,� 4-<B� 4-<,3� 4-<66� -<36� 4-<B.� 4-<,,� .� �
0.301 0.471 0.565 0.156 0.268 0.450 0.601 � �

#*�
4-<,/� 4-<-2� 4-<3/� 4-<B,� -<B3� 4-<-B� -<-B� 0.93 .�
0.490 0.844 0.220 0.441 0.405 0.944 0.941 0.001 �

�

����

�
� ?�� #:� #*�

#���
#:�

0.79 .� �
0.002 � �

#*�
0.8 0.99 .�

0.002 <0.0001 �

:���
#:�

-<B,� .� �
0.538 � �

#*�
-<-/� 0.93 .�
0.872 0.008 �

�

�

�

�

�

�

�

�

�

�



34 
 

������$B0�"��	��
	��	�����
	��	���N
��!!�
������%���������?"���	��������������	���������

��!�����	������������
������	��!�������������

�� #������"��
����� � :����"��
����� � :����"������

?"� "������ *����� "������ *����� "������ *�����

��� .<-.2� 6<--5� � .<3-2� .3</53� � .<B/3� B<362�
7�� -<--2� -<--.� � -<--2� -<--B� � -<-,� -<--1/�
?�� -<-..� 4� � 4� 4� � -<-.,� 4�
#�� .<B.6� B/<-1.� � -<26,� B<655� � .<125� -<,5�
M	� -<1.3� .<3//5� � -<B61� -� � -<215� .<3,B�
7�� -<.3,� 5<.--� � -� 3<56� � -� -<2/2�
(�� -<-5-� -<-55� � -<-1B� -<-5,� � -<-63� -<-5B�
7
� -<-B5� -<-.,� � -<-.2/� -<--/� � -<-,1� -<-.3�
7�� -� -� � -� -� � -<-..� -�
��

������$30���������
��
������%���������
	��	�����
	����!��	����������	����������
���+��#
��
�������
����	��� ��#
������������

�+��

� � ��� 7�� #�� M	� 7
� 7�� 7�� (��
Farmed milkfish  � � � � � � �
� Mean -<,-B� 5<-16� -<-B3� -<315� ,</3/� -<-,B� 4� -</-2�

�

Media
n -<,BB� 4� -<-36� -<11B� B<261� -<---� 4� -</,3�

Wild milkfish  � � � � � � �
� Mean -<-/3� ,<551� -<,B/� 4� ,<-3.� -<---� 4� .<.26�

�

Media
n -<.1B� 4� 4� 4� ,<.15� -<---� 4� .<B2.�

Wild mullet  � � � � � � �
� Mean -<3-B� ,<63-� 5<21.� -<5.6� .</-3� -<---� 4� -<266�

  
Media
n -<3,1� ,<.62� 4� -</66� .</53� -<---� 4� -<2.B�

�

�

�

�

�

�

�

�

�



35 
 

�

�

� ��

� � ��� 7�� #�� M	� (�� 7
� 7�� 7��
Jozani pond  � � � � � � �

� Mean -<.//� ./<,6-� -<-.B� -<3,,� -<156� 6<65.� 4� -<-B3�

� Median -<,..� 4� -<--3� -<B1B� -<252� ..<B16� 4� -<---�
Shakani pond  � � � � � � �

� Mean -<.56� ,</B,� -<-31� -<6B-� -</53� -<5B,� 4� -<-B.�

� Median -<,.,� 6<,6-� -<-,3� -<6.1� .<--1� -<6--� 4� -<---�
Pemba pond  � � � � � � �

Mean -<,3B� 4� -<-.3� ,<B,B� -</63� 5<5.B� 4� -<---�

� Median -<,62� 4� -<---� 4� .<---� /<B53� 4� -<---�
Mtwara pond  � � � � � � �

� Mean -<,,B� ./<16-� .<53,� -<.,/� -</33� .<2//� 4� -<-,1�

� Median -<,61� 4� 4� 4� -<23.� .</-/� 4� -<---�
Mtwara wild  � � � � � � �

� Mean -<-/3� ,<551� -<,B/� 4� .<.26� ,<-3.� 4� -<---�

� Median -<.1B� 4� 4� 4� .<B2.� ,<.15� 4� -<---�
Pemba wild  � � � � � � �

� Mean -<3-B� ,<63-� 5<21.� -<5.6� -<266� .</-3� 4� -<---�
  Median -<3,1� ,<.62� 4� -</66� -<2.B� .</53� 4� -<---�
�

������$60�+�������	��
�����
�
������@�
������	��S��
	�������
	�
��=�����
����������	��
!������������	���+�������	��	��� ��/6������	���������
	��	�����
	���	���?L��
����������
�
	��������	��������
	������<��
�+��
�

�� Farmed milkfish 
Wild 

milkfish 
Wild 

mullet 

��
Jozani 
Pond 

Shakani 
pond 

Pemba 
pond 

Mtwara 
pond Mtwara Pemba 

THQ average 
consumer -<.-� -<-/� -<-/� -<.,� -<.3� -<.3�
% contribution 
of RfD .-<,1�� /<.,�� 2</1�� .,<,3�� .B</5�� .3<B6��
  �� �� �� �� �� ��
THQ high 
consumer -<.5� -<.3� -<.3� -<./� -<,,� -<,,�
% contribution 
of RfD .6</1� .3<./� .B</5� ./<-2� ,.<1,� ,,<B,�
�
�
�
�
�



36 
 

�
�
�
� ��
�

�� Farmed milkfish 
Wild 

milkfish 
Wild 

Mullets 

��
Jozani 
Pond 

Shakani 
pond 

Pemba 
pond 

Mtwara 
pond Mtwara Pemba 

THQ average 
consumer -<.3� -<..� -<.3� -<.1� -<,-� -<.1�
% contribution 
of RfD .B<62�� ..<,-�� .3<,2�� .5<2,�� ./<16�� .1<3/��

  �� �� �� �� �� ��
THQ high 
consumer -<,.� -<.1� -<,,� -<,5� -<B.� -<,1�
% contribution 
of RfD ,.<.,� .1<3B�� ,,<,,�� ,5<.5� B-<1,�� ,1<,.��
�

 

 

 

 

 

 

 

�

�







1 
 

Manuscript 

Concentrations and patterns of persistent organic pollutants (POPs) and heavy metals residues in 
tilapia (Oreochromis niloticus) imported to Tanzania. Assessment of human health risks  

 

Eliezer Brown Mwakalapa a, b, c, Mette Helen Bjorge Müller a, Aviti John Mmochi b, Jerome Jerry Fundid, 
Mahin Karimi a, Vidar Berg a, Jan Ludvig Lyche a, Anuschka Polder a* 

 
a Department of Food Safety and Infection Biology, Norwegian University of Life Sciences, P. O. Box 8146 
Dep, N-0033 Oslo, Norway 
b Institute of Marine Sciences, University of Dar es Salaam, P. O. Box 668, Mizingani Road, Zanzibar, 
Tanzania 
c Department of Natural Sciences, Mbeya University of Science and Technology, P. O. Box 131, Mbeya, 
Tanzania 
d Department of Quality Control, Ministry of Livestock and Fisheries Development, Veterinary Complex, 
P. O. Box 9152, Dar es Salaam, Tanzania 

 

*Corresponding author: Norwegian University of Life Sciences, Campus Adamstuen, P. O. Box Dep, N-
0033, Oslo, Norway. Tel.: +4792231012 

Email address: anuschka.polder@nmbu.no  

 

Keywords 

Farmed Fish, DDTs, Arsenic, Dioxin-like PCBs, Global transport 

 

  



2 
 

Abstract 

Fish is an important part of the diet for people in Tanzania. The high price of Tanzanian tilapia and 
insufficient production has led to increased import from China. In 2017, imported tilapia from China were 
collected and analysed for POPs and heavy metals. Generally, the concentrations of POPs and heavy metals 
were low. However, the levels and patterns of compounds in individual fish varied, suggesting that tilapia 
from the same package were from different locations in China. This was further confirmed by the 
differences in percent contribution of OCPs, PCBs and PBDEs to the sum of POPs between individual fish. 
The dominating POP was -DDE and its highest concentration was 5.99 ng/g wet weight. The ratio of 

-DDE to -DDT indicated both historic and recent use of DDT in the Chinese environment. HCB, 
HCHs and mirex were detected in more than 85% of the samples. The PCB pattern was dominated by PCB-
153>PCB-138>PCB-209. Finding of PCB-209 may suggest that imported goods can introduce PCB-209 
to the Tanzanian food web. HBCDD was the dominating BFR. For lifetime exposure, no potential health 
risks were observed for any POPs or heavy metals. However, the 95th percentile of estimated weekly intake 
(EWI) for dioxin-like (DL)PCBs; PCB-118 and -105 exceeded the recently adjusted TWI for dioxins and 
DL-PCBs (2 pgTEQ/kg bw/week), suggesting potential health risks to high fish consumers among 
Tanzanian adults. In addition, this study found a high contribution of As to the hazard index, which is of 
concern. The As cancer risk (CR) assessment indicated a potential of carcinogenic risk to Tanzanians from 
consuming imported tilapia. Nevertheless, it is important to recognise positive effects of a varied diet 
including fish. For traceability, it is recommended that future monitoring studies include individual 
samples.  
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1. Introduction  

Fish is an important part of the diet worldwide, due to its high-quality protein and long-chain omega-3 fatty 
acids, essential minerals and vitamins (Bosch et al., 2016; FAO, 2018). Due to rapid population growth and 
stagnation of capture fisheries (FAO, 2014), fish farming has become of increased importance around the 
world (FAO, 2018). After carp, tilapia is among the most cultured and traded fish species (FAO, 2018). It 
belongs to the cichlid family, it is omnivorous, feeding on plankton and aquatic plants. Tilapia grow very 
rapid, which is essential for the aquaculture industry. Nile tilapia, originally from African fresh waters, was 
exported to other countries in the 1940s and 1950s for fish farming purposes (FAO, 2005; Modadugu and 
Acosta, 2004). Today, China is the leading country in the production and export of farmed fish worldwide. 
The Chinese tilapia production in 2017 was 1.93 million metric tons of which 47% accounted for export to 
other countries including Africa (FAO, 2018; USDA, 2017). Fish import in Tanzania has increased from 
3,000 tons in 2010 to 14,000 tons in 2016 with tilapia contributing about 8%. The high price of Tanzanian 
tilapia and insufficient production has led to the increased import from China (MALF, 2016).  

Rapid human population growth, urbanization, industrialization and agricultural development, have 
increased the number of potentially harmful chemicals in the environment, such as persistent organic 
pollutants (POPs) and heavy metals (Fernández and Grimalt, 2003; Gu et al., 2015; Lohmann et al., 2007). 
POPs are persistent, they bioaccumulate in biota and biomagnify through food chain (Lohmann et al., 2007; 
Walker et al., 2012). POPs and heavy metals can be transported long distance from their origin through 
long range atmospheric transport (LRAT) (Breivik et al., 2016; Wania and Mackay, 1993) (Kelly and 
Gobas, 2001). Most of the POPs and heavy metals end up in aquatic environment through river flow, rain 
runoff and waste discharges. In addition, trade of consumer products can distribute POPs and heavy metals 
globally (Rotterdam Convention, 2017). POPs have been manufactured since 1940s and are utilized in 
agriculture, industries, construction and in consumer products (Stockholm Convention, 2018). POPs may 
cause adverse health effects to animals and humans (Walker et al., 2012; WHO, 2010), and due to their 
toxic potency and persistence in the environment, more than 20 POPs have been internationally prohibited 
under the Stockholm Convention, a global treaty for protecting human health and the environment against 
POPs contamination (Stockholm Convention, 2018). Heavy metals are naturally occurring elements in the 

crust; they have been used in industries, constructions and in consumer products (Odukudu et al., 
2014). However due to various anthropogenic activities such as improper waste management, mining and 
emission, they may reach levels above recommendation in the environment and biota including fish (Bosch 
et al., 2016). Due to the potential health effects to humans and biota, mercury (Hg), lead (Pb) and cadmium 
(Cd) have been included in UNECE (United Nations Economic Commission for Europe) and convention 
on Long-range Transboundary Air Pollution (LRTAP) aiming at protecting human and the environment 
from air pollution (UNECE, 1979). 

Fish can bioaccumulate POPs and heavy metals in various tissues directly from the surrounding water or 
indirect through feeding on other organisms. In China, several studies documented levels of POPs and 
heavy metals in fish for consumption (Gu et al., 2016; Huo et al., 2017; Kong et al., 2005; Shi et al., 2013; 
Sun et al., 2018a, 2018b). In Tanzania, levels of POPs and heavy metals in wild and farmed fish were 
documented earlier (Mwakalapa et al., 2018; Mziray and Kimirei, 2016; Polder et al., 2014; Saria, 2016). 
Despite the fact that fish import is growing in Tanzania, little is known about occurrence and levels of POPs 
and heavy metals and potential human health risks of consuming imported fish. The Tanzanian Food and 
Drug authority and Fisheries Division inspect imported fish among others on chemical pollutants. However, 
governmental inspections like this are in general performed on pooled samples. Therefore, the objectives 
of the present study were to determine the concentration of POPs and heavy metals in muscles of individual 
imported tilapia, and to assess health risks to humans. 
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2. Materials and Methods 

2.1. Origin of the samples, sampling and sample treatment 

The imported tilapia from China were purchased from a fish trading company in Dar es Salaam, Tanzania. 
The producer (named on the box) was located in Fujian, East China. The fish (n=23) was degutted before 
sending and arrived frozen in a paper box.  

Sampling was done in Dar es Salaam in March 2017. Four of the fish were discarded based on weight/length 
and 19 fish remained for analyses. The frozen fish were thawed before subsampling. The skin was removed 
before collecting a piece of the dorsal muscle. The muscle samples were wrapped in a labelled aluminium 
foil and frozen at -20°C until transportation to Norway for analysis. During transportation, the samples 
were kept frozen and stored at -20°C until analysis. 

 
2.2. Sample analysis 

The analysis of Persistent Organic Pollutants (POPs) was conducted at the Laboratory of Environmental 
Toxicology at the Norwegian University of Life Sciences (NMBU), Campus 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 analysis of heavy metals was done at the 
Laboratory for Soil and Water analysis, Faculty of Environmental Sciences and Natural Resource 
Management (MINA), NMBU, Campus Ås, Norway.  

The fish muscle samples were analysed for organochlorine pesticides (OCPs): hexachlorobenzene (HCB), 
- - - , bis-2,2-(4-chlorophenyl)-1,1,1- trichloroethane (p,p -

DDT) and its metabolites -DDE, -DDD, -DDD and p -DDT , chlordanes:, trans-
chlordane, cis-chlordane, trans-nonachlor and cis-nonachlor  and mirex and polychlorinated 
biphenyls (PCBs): PCB-66, -74, -87, -99, -101, -105, -110, -114, -118, -128, -137, -138, -141, -149, -151, 
-153, -156, -157, -170, -180, -183, -189, -194, -206 and -209 25PCBs). It was not possible to determine 
PCB-28, -31, -47, -52 and -187 due to instrumental difficulties on the MS. Because of the analytical 
problems with PCB-28 and -52, the sum of non-dioxin-like (NDL) indicator (ID) PCBs include only PCB-
101, -138, -153 and - -ID-4PCBs). Because of low detection frequency of PCB-114 and -189 
(<26%), the sum of dioxin-like (DL) PCBs: include only PCB -105, -118, -156, - -4PCBs). 
Furthermore, -DDT, oxychlordane, PCB-56, -136, -196 and -199 were analysed but not detected in 
levels >LOD in any of the 19 fish samples and were not included in sums or discussed further. 

The analysed brominated flame retardants (BFRs) were polybrominated diphenyl ethers (PBDEs): BDE-
28, -47, -99, -100, -153, -154, -183, -206, -207, -208 and - 11PBDEs). When nona- and deca- BDEs 
were excluded for comparison reasons, the 7BDEs included BDE-28, -47, -99, -100, -153, -154, -183. 
Other analysed BFRs were hexabromocyclododecane (HBCDD), pentabromotoluene (PBT), 
pentabromoethylbenzene (PBEB), 2,3-Dibromopropyl-2,4,6-tribromophenyl ether (DPTE) and 
hexabromobiphenyl (HBB).  

In addition, the fish muscles were analysed for the non-essential heavy metals: Lead (Pb), cadmium (Cd), 
mercury (Hg), aluminum (Al), arsenic (As), and essential heavy metals: Cobalt (Co), chromium (Cr), 
copper (Cu), iron (Fe), lithium (Li), nickel (Ni), selenium (Se), vanadium (V) and zinc (Zn).  
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2.3 Analysis of POPs 

The analytical method was based on Brevik, (1978) with slight modification as described in Mwakalapa et 
al (2018) and Polder et al (2008). In brief, approximately 0.5-1 g of homogenized fish muscle was weighed 
into the pre-cleaned centrifuge glass tubes and internal standards PCB -29, -112 and -207 (Ultra-Scientific, 
RI, USA); BDE -77, -119, -181, and 13C12-209, 13C12-TBBP-A (Cambridge Isotope Laboratories, Inc., 
MA, USA) were added. Lipid extraction was done twice following homogenization using Ultra Turax (IKA 
Ultra-Turrax T25, IKA Laboratory Technology, Staufen, Germany) and ultrasonic (Cole Parmer CPX 750, 
Vernon Hills IL, USA) homogenizers and centrifuging using Allegra X-12R Centrifuge (Beckman Coulter, 
Fullerton, CA, USA). The lipid content was measured gravimetrically using 1 ml aliquot of lipid extract 
and lipid removal/cleanup was done using 96% H2SO4 (Fluka Analytika, Sigma-Aldrich, St. Louis, USA). 
The final extracts were transferred into the 2 ml amber vials for GC analysis after evaporation on a sand 
bath at 40°C with the blow of N2. 

The separation and detection of OCPs and PCBs were performed by high resolution GC (Agilent 6890 
Series gas chromatography system; Agilent Technologies, Avondale, PA, USA) equipped with an injector 
and auto sampler (Agilent 7683), a dual column system with specifications SPB-5 and SPB-1701, both 60 

cro 
 ECD). The separation detection of BFRs were performed 

on HRGC-LRMS configured with a split/splitless injector (Agilent Technologies, Santa Clara, Us). The 
BFRs were monitored using ECNI on SIM mode at m/z 79/81 for PBDEs, HBCDD, PBT, PBEB, at m/z 
79/551 for HBB and at m/z 160/79 for DPTE. The details of the analytical method, instrumental 
specifications and temperature program have been described earlier in  (A Polder et al., 2014; A. Polder et 
al., 2008b; Polder et al., 2016). 

 

2.3.1 QA/QC for POPs 

For every analytical series included three procedural blanks (solvents), one blind (non-spiked cod (Gadus 
morhua)), two spiked samples of cod for recoveries and the laboratory's own reference materials (LRMs) 
of blubber of harp seal (Pagophilus groenlandicus) and minke whale (Balaenoptera acutorostrata). The 
analytical quality was successfully approved by routinely analysing different Certified Reference Materials 
(CRMs), In addition, the laboratory successfully participated in Arctic Monitoring and Assessment 
Program (AMAP) ring test for PCBs, OCPs and PBDEs in human serum 2016, and Quasimeme 2016, 
round 1: QOR126BT, QOR127BT, QBC046BT, QBC047BT for OCs in fish muscle, fish liver and shellfish 
tissue inter-laboratory studies. The lowest levels of detection (LODs) for individual compounds were 
defined as three times the noise level. The LODs (ng/g wet weight (ww)) ranged from 0.0007 to 0.013 for 
OCPs, 0.0006 to 0.0903 for PCBs and 0.001 to 0.005 for BFR. Positive procedural blanks were found for 
some OCPs and some BDEs. The relative recoveries for OCPs were between 55 and 142%, for PCBs 
between 87 and 118% and for BFRs between 99 and 112%. The results above and below the limit (80 to 
120%) were corrected for recoveries.  

 

2.4 Analysis of Heavy metals 

The method used for heavy metals analysis has been previously described in Mwakalapa et al (2018). In 
brief, approximately 500 mg of muscle sample were weighed in a nitric acid (HNO3) and Milli-Q water 
rinsed teflon tubes, then digested using 5 mL HNO3. Ultrapure concentrated HCl was added to prevent loss 
of Hg. Internal standard consisting of Sc, Ge, Rh, In and Bi was added. The samples were then decomposed 
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at 260°C in an UltraClave (Milestone, Italy) then diluted to 50.0 mL using distilled water in centrifuge 
tubes from Sarstedt. The samples were then analysed on Agilent 8800 QQQ ICP-MS against standards for 
each element. 

 

2.4.1 QA/QC for heavy metals 

For each series, at least one certified reference material (CRM) and 3 blanks were analysed. For this series, 
DORM-3 (Fish Protein Certified Reference Material for Trace Metals) from National Research Council 
Canada was analysed. The values assigned for the following metals: Cr, Fe, Ni, Cu, Zn, As, Cd, Hg, and 
Pb are all within the acceptable range of uncertainty. The limit of detection (LOD, mg/kg ww) were: Li 
(0.0003), Al (0.02), V (0.0004), Cr (0.001), F (0.04), Co (0.0001), Ni (0.003), Cu (0.0006), Zn (0.006), As 
(0.001), Se (0.001), Cd (0.0001), Hg (0.0002), and Pb (0.0001). 

 

2.5. Ethical Clearance and permissions to conduct research 

Permission to conduct this research in the selected fish was given by the management of Institute of Marine 
Sciences, University of Dar es Salaam and the Ministry of Livestock and Fisheries Development. The 
permission to transport samples from Tanzania to Norway was granted by The Ministry of Livestock and 
Fisheries and The Norwegian Food Safety Authority. 

 

2.6 Estimation of potential human health risks 

The potential health risk for humans related to exposure to POPs and heavy metals were assessed using the 
median and 95th percentiles of measured concentrations, and the average and highest per capita fish 
consumption (Gerber et al., 2016; Pheiffer et al., 2018; Yohannes et al., 2014).  

The assessment of human health risk was done by comparing the concentration of POPs and heavy metals 
to the Maximum Residue Limits (MRLs) and Maximum Limits (MLs) set by EU food safety and 
FAO/WHO (EU Food Safety, 2018; FAO/WHO, 1995) , respectively. Estimated Weekly Intake (EWI), 
Target Hazard Quotient (THQ) and Hazard Index (HI) were calculated to estimate long-term health risks 
associated with consumption of tilapia, details for the estimation are described in supplementary 
information S3.1. Due to carcinogenic effect of the As, (USEPA, 1986) has established the highest (1x10-

4) and lowest (1x10-6) acceptable safe standards level range for cancer risk over a lifetime exposure. 
Carcinogenic risk (CR) for As was calculated using the cancer slope factor (CFS) of 1.5 mg/kg day provided 
by (USEPA, 2005) and compared with the safe standards. 

For assessment of Tanzanian exposure to DL-PCBs, we used the WHO toxic equivalent factor (TEF2006) 
(Berg et al., 2006) to estimate the toxic equivalents (TEQs) for the DL-PCBs. TEQs were used to calculate 
the EWIs for DL-PCBs. TEQs values were calculated using the following equation; 


��"#"$% ��&�� � 
���' 

Where TEQtotal is the summation of individual dioxin-like PCB, Ci and TEFi are the concentration and toxic 
equivalent factor, respectively for the dioxin-like PCBs. 
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2.7. Statistical data analysis 

Data were organized in MS Excel, 2016. JMP 11 statistical software was used for further analysis. 
Compounds detected in less than 60% of the samples were only reported with range and not included in 
statistical analysis. The compounds which were detected in more than 60% of the samples were reported 
with mean, median and range and were included in further statistical analysis. To reduce overestimation 
the compounds that were detected below LOD were treated as zero during analysis as the concentrations of 
POPs in general were close to LOD. Shapiro-Wilk Test W was used to test for the distribution of the data. 
Spearman rank correlation was used to assess the correlation between variables.  

 

3. Results 

The fish weight, length, lipid percentages and the concentrations of POPs with their detection frequency 
are presented in Table. 1. The corresponding results expressed as ng/g lipid weight are presented in Table 
S1. The fish weight and length ranged between 260  396 g and 23.3  26.8 cm respectively. The median 
lipid % was 0.81 ranging from 0.24% to 2.24%.  
contributed more than 50% to the POPs (Fig 1A).  

3.1 Chlorinated pesticides (OCPs) 

DDTs, HCB, HCHs and mirex were detected in more than 85% of the fish in concentrations >LOD. DDTs 
were the dominating OCPs (Table 1). 38 ng/g ww (range 0.05 
- 6.36 ng/g ww). -DDE was the dominant DDT metabolite contributing 78.3
by -DDD (18%) and -DDT (3.7%). The median concentration of -DDE was 0.37 ng/g ww 
(range 0.04-5.99 ng/g ww). The ratios of -DDE/ -DDT ranged from 2 to 1930. The median 

-HCH with a - - -HCH 
contributed on average 36.51%, 49.51% and 13.98 respectively. Trans-nonachlor was the 
dominant chlordane contributing on average 44.6% to , followed by cis-chlordane (33.1%) and cis-
nonachlor (22.3%), respectively.  

 

3.2 PCBs 

In general, the penta- and hexa-chlorinated PCBs dominated the PCB pattern in the fish (Fig 1B). In three 
fish, PCB-209 contributed from 25 to 35% to PCBs. The individual PCB congener pattern (median 
values) were dominated by PCB-153, followed by PCB-138>PCB-209> PCB-180>PCB-118> PCB-
149 PCB-170>PCB-105>PCB-206, contributing 17.9%, 13.3%, 10.9%, 10.9%, 10.3%, 6.7%, 6.7%, 4.2% 
and 3.7% to 25PCBs, respectively. The highest concentrations of PCB-153, -138, -209 and -118 were 0.06, 
0.05, 0.05 and 0.04 ng/g ww (Table 1). The NDL-ID-4PCBs contributed 42.1 25PCBs. -
4PCBs contributed 18.7 25PCBs. PCB-118 was the dominating DL-PCB, contributing 54.9 -
4PCBs.  

 

3.4 BFRs 

HBCDD was the dominant BFR (Table 1) and detected in 100% of the fish samples with a median 
concentration of 0.33 ng/g ww ranging from 0.02 to 1.39 ng/g ww. The median HBCDD concentration 
contributed 76% to BFRs. 11PBDEs was 0.03 ng/g ww ranging from 0.01 
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to 0.25 ng/g ww (Table 1). The individual PBDE congener pattern (median values) was dominated by BDE-
209, followed by BDE-47>BDE-154> BDE-206>BDE-100>BDE-153, contributing 45.9%, 18.1%, 14.2%, 
9.5%, 8.5%, 3.9 11PBDEs. The highest concentration of BDE-209 was 0.12 ng/g ww. When 
excluding the nona- and deca BDEs (BDE-209, BDE-208, BDE-207 and BDE-206), BDE-47 was the 
dominating BDE congener contributing 40.5 7PBDE followed by BDE-154 (31.8%) and BDE-
100 (19%). HBB was detected in only 37% of the samples. PBT, PBEB and DPTE were not detected in 
any of the samples. Contributions of individual PBDEs for the individual fish are shown in Fig 1C.  

 

3.5 Heavy metals  

Except for Pb and Cd all other non-essential metals were detected in 100% of the samples (Table 2, Figure 
S1). Pb and Cd were detected in 94.7% and 84.2% of the samples respectively. The dominant non-essential 
metal was Al with highest median concentration of 0.58 mg/kg ww (range 0.25-1.5 mg/kg ww) followed 
by As>Hg>Pb>Cd. The essential metals were detected in 100% of the samples, except for Ni, which was 
detected in 84% of the samples. The dominant essential metal was Zn which had a median concentration 
of 3.3 mg/kg ww (range 2.6-7.5 mg/kg ww) followed by Fe>Se>Cu>Co Ni>Cr>V Li (Table 2). 

 

3.6 Associations between POPs and metals 

Spearman rank correlation for lipid percentage and dominant POPs are presented in Table S2A and between 
heavy metals in Table S2B. A significant strong correlation (r>0.7) was observed between HCB and p,p -
DDT; between trans-nonaklor and BDE-47, PCB-138 and PCB-153; between mirex and BDE-47; between 
PCB-153 and PCB-138, BDE-47; between PCB-138 and BDE-47 and BDE-47 and HBCDD. For the heavy 
metals, a significant correlation was observed between Pb and Zn, V; between Cd and Se; between As and 
Cu; between Al and Zn, V and between Zn and V. 

 

3.7 Human health risk 

3.7.1 Maximum Residue Limits (MRLs) and Maximum Limits (MLs) 

The MRLs and MLs for POPs and heavy metals are presented in Table S3. The concentrations of POPs and 
heavy metals in the present study were all below recommended values set by EU and WHO/FAO (EU Food 
Safety, 2018; FAO/WHO, 1995). 

 

3.7.2 Estimated weekly intake (EWI) for POPs and heavy metals 

The median and 95th percentile concentrations were used for estimating EWI for POPs ( DDTs, HCB, y-
HCH, mirex, DL-4PCBs, HBB) and heavy metals (Pb, Hg, Cd, As, Al, Se, Fe, Co, Ni, Cu, Zn, V, Cr, Li) 
from consumption of the imported tilapia in Tanzania (Tables S4 A, B). The EWI for DDTs, HCB, y-
HCH, mirex and HBB were below the TWI based on USEPA (2007) and WHO/JECFA (2018). The EWI 
for DL-PCBs were compared with the previous TWI set by (EU Council, 2001) and the most recent from 
EFSA (2018) (Table S4 A). The 95th percentile of EWI for DL-PCB-118 for the average fish consumer and 
the 95th percentile of EWI for DL-PCB-105 and -118 for the high fish consumer exceeded the current TWI 
(2 pgTEQ/kg bw/week) set by EFSA (EFSA, 2018). When compared to the previous TWI (14 pgTEQ/kg 
bw/week) all DL-PCBs were far below the recommended value (Fig 2). The 95th percentile of EWI for 
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-PCBs for both the average and the high fish consumers exceeded the current TWI but was also below 
the previous TWI (Table S4 A). For the average and high consumer, the median and 95th TEQ for PCB-
118 contributed 55% and 59% to TEQ-DL-4PCBs followed by PCB-105 contributing with corresponding 
percentages of 23% and 27%, respectively.  

For the heavy metals, none of the EWI and EMI exceeded the PTWI and PTMI (Table 4B).  

 

3.7.3 Target Hazard Quotient (THQ) and (HI) 

The THQ and HI for the analysed POPs and heavy metals are presented in Tables 3 A and B. All the THQs 
for POPs were below 1. The highest THQ was observed for -DDE followed by -DDD>PCB-
118>BDE-47>PCB-105 contributing 92%, 38.8%, 8.7%, 4.3% and 3.9% to the 95th percentile of HI for 
high consumers. The HI for both the average and high consumers were less than 1.  

For heavy metals all the THQ were less than 1, however the highest THQ was observed for As followed 
by Hg>Se>Co>Pb contributing 53%, 23%, 7.8%, 7% and 2.9% to the 95th percentile of HI for high 
consumers. The HI for both the average and high consumers were less than 1, however the 95th percentile 
of HI for the high consumers was close to 1 (HI=0.76). The 95th percentile carcinogenic risk (CR) value for 
the As due to exposure from tilapia consumption were 2×10 4 and 1.2x10 4 for both the average and high 
consumer, which were above the acceptable lifetime cancer risk levels range (1x10 6 to 1x10 4). 

 

4. Discussion 

4.1 POPs 

In general, the concentrations of POPs were relatively low. However, the levels and patterns of the 
individual compounds differed between the fish (Fig S2), which suggest that the fish are from different 
locations. In addition, we found that the percentages of contributions of the sum OCPs, PCBs and PBDEs 
to the sum of POPs were different between the individual fish (Fig 1A), which support the hypothesis that 
the fish, packed in one box, were not from the same location in China. This was not expected. For food 
safety reasons, it is preferable that traded goods have high traceability and standards (FAO/WTO, 2017; 
Moretti et al., 2003). For this reason, studies as this, analysing individual fish, rather than pooling, can give 
important information to Food Safety, Health and Trade authorities.  

DDTs were the dominating POPs. In two of the fish samples, the ratio of p,p -DDE/p,p -DDT were lower 
than five (<5) suggesting recent use of DDT while others had higher ratios reflecting more historic use of 
DDT (Table 1). The pattern of HCHs, -HCH, suggested the use of technical mixture of 
HCHs in the past. Although in low and varying concentrations, the present study showed that mirex still is 
present in the Chinese environment. Mirex was used as insecticide to eliminate ants (Alley, 1973) and was 
banned in 1978 by the Stockholm Convention (USEPA, 2009).  

Just like the OCPs, PCB levels and patterns were in general low and varying between the individual fish 
(Fig 1B). Surprisingly, PCB-209 contributed 9.6% to 25PCBs in the present study (Fig 1B). PCB-209 was 
present in less than 1% of all commercial PCBs in the past. However, it is produced as a by-product of 
several chemical industries and wastewater treatment in USA, China and in other countries (Howell et al., 
2008; Huo et al., 2017; Knutzen et al., 2001). In Eastern China, Huo et al., (2017) found PCB-209 in 
sediment of a freshwater lake and suggested a pigment industry as possible source. To our knowledge, 
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PCB-209 has never been analysed and/or detected in any study in Tanzania. Therefore, the import of fish 
contaminated with PCB-209 might introduce this compound to the Tanzanian food web.  

HBCDD was in general the dominating BFR. Studies in China confirm ongoing production and distribution 
of HBCDD (Li et al., 2016; Sun et al., 2018a). Sun et al., (2018) suggested e-waste recycling activities, 
harbor construction and shipment to be the sources of HBCDD in the coastal environment of China. Li et 
al., (2016) points out that emission of HBCDD might come from the production and disposal of HBCDD 
containing products such as insulation boards. The Stockholm Convention banned HBCDD in 2013 
(Stockholm Convention, 2018). However, the estimation of future production of HBCDD in China may be 
as much as 238 Kilo tones (Kt) by 2020 (Li et al., 2016). HBCDD was found present in the Tanzanian 
environment earlier, but only in few samples of tilapia, wild mullet, chicken eggs and humans (Müller et 
al., 2016; Mwakalapa et al., 2018; Polder et al., 2016, 2014). These findings were related to the disposal of 
imported consumer products. The present study found that BDE-209 dominated the PBDE pattern in 68% 
of the analysed fish. This was not unexpected, as BDE-209 is still produced and used in China in large 
quantities (Zhang et al., 2017) although it is listed for elimination by the Stockholm convention. The rest 
of the PBDE pattern showed ongoing exposure to penta- and hexa-BDEs in Chinese aquatic environment. 

 

4.2 Metals 

In general, metals were in low concentrations, with wide ranges between fish. The weak correlations 
between fish (Table S2B) suggest that tilapia were exposed to different sources of heavy metals. This 
supports again the hypothesis that the studied tilapia might be originating from different locations. 
Industrial activities such as mining discharges from chemical industries, atmospheric deposition were 
suggested as major sources of As pollution in China (Chen et al., 2015; He and Charlet, 2013; Huang et al., 
2018). The As is highly toxic and it is found naturally in high concentrations in ground water in various 
places worldwide (National Research Council, 1999; WHO, 2018). Consumption of the imported tilapia 
from China is a potential additional exposure route to As for humans apart from drinking water in Tanzania 
(Kassenga and Mato, 2008).  

 

4.3 Assessment of human health risk  

Various organizations have set international guidelines for maximum levels for the consumption and trade 
of fish contaminated with POPs and heavy metals. The POPs and metals concentration in imported tilapia 
from China were below MRLs and MLs, suggesting these fish are safe for trading and consumption.  

Humans are exposed to POPs and heavy metals through consumption of fish. There is a need for assessing 
human health risks from longterm -
HCH, mirex and HBB were all below the TWI set by WHO/JECFA (2018) and USEPA (2007), indicating 
no potential health risk from consumption of tilapia from China (Table 3A). Recently (November 2018) 
EFSA published a new TWI (2 pg TEQ/kg bw/week) for DL-PCBs (EFSA, 2018) which is 7 times lower 
than the previous TWI (14 pg TEQ/kg bw/week) (EU Council, 2001). Based on the current TWI, the 
consumption of tilapia from China will pose health risk from the DL-PCBs PCB-118 and -105 for the 
average and high consumer (Table 3A). However, when using the previous TWI, there will be no potential 
health risk from consumption of imported tilapia.  

Moreover, the THQs for the POPs and heavy metals that are considered as non-carcinogenic indicated no 
potential human health risk over a lifetime from single or mixture of POPs and heavy metals by consuming 
imported tilapia in this study. However, the major contributions of DDTs (85%) and As (53%) to the HI 
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for POPs and heavy metals, respectively, is of concern. The HI (0.8) for sum THQs for heavy metals for 
high consumers, which is close to 1, is also of concern to the general public. Moreover, the carcinogenic 
risk for the As exceeded acceptable cancer risk safe level range (1x10-6 to 1x10-4). This indicate possible 
carcinogenic risk due to consumption of tilapia imported from China. 

 

5. Conclusion 

This study revealed that tilapia imported from China is a source of exposure of POPs and heavy metals to 
the Tanzanian population. Furthermore, the study revealed that the concentrations and patterns for the POPs 
and heavy metals varied between the individual fish. Based on the varying concentration and different 
patterns, the study suggests that the tilapia, which were in one package, might originate from different 
locations in China. The dominating POP was -DDE and its ratio to the -DDT suggest both previous 
and recent use of DDT in the Chinese environment. To our knowledge, PCB-209 has never been analyzed 
and/or been detected in any study in Tanzania. The finding of PCB-209 in the imported Chinese tilapia 
suggests that PCB-209 can be introduced to the Tanzanian food web and environment by imported goods.  

This study found relatively low levels of As in the imported tilapia. However, because of the high toxicity 
of As and its high contribution to the hazard index, As in imported fish are of concern as fish consumption 
may thus be an additional source of exposure to natural ground water sources in Tanzania. 

In general, POPs and heavy metals did not pose any potential human health risks from consumption of the 
imported fish. However, the EWI for DL-PCB-105 and -118, for both average and high fish consumers, 
exceeded the TWI, which means that PBC-105 and -118 may pose health risk for humans when consuming 
tilapia from China. Moreover, the 95th percentile cancer risk levels for As, for both average and high fish 
consumers, exceeded the acceptable cancer risk safe level range, indicating potential carcinogenic effect to 
humans when consuming tilapia from China. The present study only assessed health risks related to POPs 
and heavy metals from consumption of fish. Thus, other food items and exposure sources may increase the 
risk. On the other hand, according to the Norwegian Scientific Committee for Food Safety (VKM, 2006) 
the positive effects of a varied diet that includes fish may counterbalance the potential of negative effects.  

For future studies, it is suggested that the Food Safety authorities in Tanzania may routinely include 
individual sampling for monitoring purposes in order to elucidate the homogeneity of the traded fish, and 
to enable a more thorough risk assessment.  

 

6. Acknowledgement 

This study was a part of TRAHESA project, A Capacity Building for Training and Research in Aquatic 
and Environmental Health in Eastern and Southern Africa, funded by NORAD. We would like to thank the 
local authorities for their support. We extend our appreciation to Mariska Hoorweg for assisting with the 
laboratory work and GC analysis and to the laboratory staff at MINA, NMBU, Norway, for heavy metal 
analysis. 

 

 

 

 



13 
 

7. Reference 

Alley, E.G., 1973. The use of mirex in control of the imported fire ant. J. Environ. Qual. 2, 52. 
doi:10.2134/jeq1973.00472425000200010005x 

Berg, M. Van den, Birnbaum, L.S., Denison, M., De Vito, M., Farland, W., Feeley, M., Fiedler, H., 
Hakansson, H., Hanberg, A., Haws, L., Rose, M., Safe, S., Schrenk, D., Tohyama, C., Tritscher, A., 
Tuomisto, J., Tysklind, M., Walker, N., Peterson, R.E., 2006. The 2005 World Health Organization 
reevaluation of human and mammalian toxic equivalency factors for dioxins and dioxin-like 
compounds. Toxicol. Sci. 93, 223 241. doi:10.1093/toxsci/kfl055 

meat and consumer health: A review. J. Sci. Food Agric. 96, 32 48. doi:10.1002/jsfa.7360 

Breivik, K., Armitage, J.M., Wania, F., Sweetman, A.J., Jones, K.C., 2016. Tracking the global distribution 
of persistent organic pollutants accounting for e-waste exports to developing regions. Environ. Sci. 
Technol. 50, 798 805. doi:10.1021/acs.est.5b04226 

Brevik, E.M., 1978. Gas chromatographic method for the determination of organochlorine pesticides in 
human milk. Bull. Environ. Contam. Toxicol. 20, 281 286. 

Chen, G., Shi, H., Tao, J., Chen, L., Liu, Y., Lei, G., Liu, X., Smol, J.P., 2015. Industrial arsenic 
contamination causes catastrophic changes in freshwater ecosystems. Sci. Rep. 5, 1 7. 
doi:10.1038/srep17419 

EFSA, 2018. European Food Safety Authority. Dioxins and related PCBs: tolerable intake level updated 
[WWW Document]. EFSA J. URL https://www.efsa.europa.eu/en/press/news/181120 (accessed 
11.30.18). 

EU Council, 2001. Amending Commission regulation (EC) No 466/2001 setting maximum levels for 
certain contaminants in foodstuffs. Off. J. Eur. Communities 1 5. 

EU Food Safety, 2018. EU legislation on MRLs maximum residue limits [WWW Document]. URL 
https://ec.europa.eu/food/plant/pesticides/max_residue_levels/eu_rules_en (accessed 12.2.18). 

FAO/WHO, 1995. General standards for contaminants and toxins in food and feed, Codex Alimentarius 
Commission. Rome. 

FAO/WTO, 2017. Trade and food standards. Rome. 

FAO, 2018. The state of the world fisheries adn aquaculture; meeting the sustainable development goals. 
Rome. 

FAO, 2014. The state of world fisheries and aquaculture. Opportunities and challenges., Food and 
Agriculture Organization of the United Nations. Rome. 

FAO, 2005. Cultured aquatic species information programme Oreochromis niloticus (Linnaeus, 1758), 
Food and Agriculture Organization of the United Nations. 

Fernández, P., Grimalt, J.O., 2003. On the global distribution of persistent organic pollutants. Chim. Int. J. 
Chem. 57, 514 521. doi:10.2533/000942903777679000 

Gerber, R., Smit, N.J., Vuren, J.H.J. Van, Nakayama, S.M.M., Yohannes, Y.B., Ikenaka, Y., Ishizuka, M., 
Wepener, V., 2016. Bioaccumulation and human health risk assessment of DDT and other 
organochlorine pesticides in an apex aquatic predator from a premier conservation area. Sci. Total 
Environ. 550, 522 533. doi:10.1016/j.scitotenv.2016.01.129 

Gu, Y.G., Huang, H.H., Lin, Q., 2016. Concentrations and human health implications of heavy metals in 



14 
 

China Sea. Environ. Toxicol. Pharmacol. 45, 90 94. doi:10.1016/j.etap.2016.05.022 

Gu, Y.G., Lin, Q., Wang, X.H., Du, F.Y., Yu, Z.L., Huang, H.H., 2015. Heavy metal concentrations in wild 
fishes captured from the South China Sea and associated health risks. Mar. Pollut. Bull. 96, 508 512. 
doi:10.1016/j.marpolbul.2015.04.022 

He, J., Charlet, L., 2013. A review of arsenic presence in China drinking water. J. Hydrol. 
doi:10.1016/j.jhydrol.2013.04.007 

Howell, N.L., Suarez, M.P., Rifai, H.S., Koenig, L., 2008. Concentrations of polychlorinated biphenyls 
(PCBs) in water, sediment, and aquatic biota in the Houston Ship Channel, Texas. Chemosphere 70, 
593 606. doi:10.1016/j.chemosphere.2007.07.031 

Huang, M., Sun, H., Liu, H., Wang, X., Wang, B., Zheng, D., 2018. Atmospheric arsenic Deposition in the 
Pearl river Delta region, South China: Influencing iactors and speciation. Environ. Sci. Technol. 52, 
2506 2516. doi:10.1021/acs.est.7b04427 

Huo, S., Li, C., Xi, B., Yu, Z., Yeager, K.M., 2017. Historical record of polychlorinated biphenyls (PCBs) 
and special occurrence of PCB 209 in a shallow fresh-water lake from eastern China. Chemosphere 
184, 832 840. doi:10.1016/j.chemosphere.2017.06.073 

Kassenga, G.R., Mato, R.R., 2008. Arsenic contamination levels in drinking water sources in mining areas 
in Lake Victoria Basin , Tanzania , and its removal using stabilized ferralsols. Int. J. Biol. Chememical 
Sci. 2, 389 400. 

Kelly, B.C., Gobas, F.A.P.C., 2001. Bioaccumulation of persistent organic pollutants in lichen-caribou-
. Sci. Technol. 35, 325 334. 

doi:10.1021/es0011966 

Knutzen, J., Bjerkeng, B., Green, N.W., Kringstad, A., Schlabach, M., Skåre, J.U., 2001. Monitoring of 
micropollutants in fish and shellfish from the Grenland fjords (S. Norway) 2000. 

Kong, K.Y., Cheung, K.C., Wong, C.K.C., Wong, M.H., 2005. Residues of DDTs, PAHs and some heavy 
metals in fish (tilapia) collected from Hong Kong and mainland China. J. Environ. Sci. Heal. - Part A 
Toxic/Hazardous Subst. Environ. Eng. 40, 2105 2115. doi:10.1080/10934520500232738 

Li, L., Weber, R., Liu, J., Hu, J., 2016. Long-term emissions of hexabromocyclododecane as a chemical of 
concern in products in China. Environ. Int. 91, 291 300. doi:10.1016/j.envint.2016.03.007 

Lohmann, R., Breivik, K., Dachs, J., Muir, D., 2007. Global fate of POPs: Current and future research 
directions. Environ. Pollut. 150, 150 165. doi:10.1016/j.envpol.2007.06.051 

MALF, 2016. Ministry of Agriculture Livestock and Fisheries. The Tanzania fisheries sector: challenges 
and opportunities. Dar es salaam. 

Modadugu, V.G., O. Acosta, B., 2004. A review of global tilapia farming practices. Aquac. Asia 9, 7 16. 
doi:10.3109/9780203308905-5 

Moretti, V.M., Turchini, G.M., Bellagamba, F., Caprino, F., 2003. Traceability issues in fishery and 
aquaculture products. Vet. Res. Commun. 27, 497 505. doi:10.1023/B:VERC.0000014207.01900.5c 

Müller, M.H.B., Polder, A., Brynildsrud, O.B., Lie, E., Løken, K.B., Manyilizu, W.B., Mdegela, R.H., 
Mokiti, F., Murtadha, M., Nonga, H.E., Skaare, J.U., Lyche, J.L., 2016. Brominated flame retardants 
(BFRs) in breast milk and associated health risks to nursing infants in Northern Tanzania. Environ. 
Int. 89 90, 38 47. doi:10.1016/j.envint.2015.12.032 



15 
 

Mwakalapa, E.B., Mmochi, A.J., Müller, M.H., Mdegela, R.H., Lyche, J.L., Polder, A., 2018. Occurrence 
and levels of persistent organic pollutants (POPs) in farmed and wild marine fish from Tanzania. A 
pilot study. Chemosphere 191, 438 449. doi:10.1016/j.chemosphere.2017.09.121 

Mziray, P., Kimirei, I.A., 2016. Bioaccumulation of heavy metals in marine fishes (Siganus sutor, Lethrinus 
harak, and Rastrelliger kanagurta) from Dar es Salaam Tanzania. Reg. Stud. Mar. Sci. 7, 72 80. 
doi:10.1016/j.rsma.2016.05.014 

National Research Council, 1999. Arsenic in drinking water. National Academy Press, Washington, DC. 

Odukudu, F.B., Ayenimo, J.G., Adekunle, A.S., Yusuff, A.M., Mamba, B.B., 2014. Safety evaluation of 
heavy metals exposure from consumer products. Int. J. Consum. Stud. 38, 25 34. 
doi:10.1111/ijcs.12061 

Pheiffer, W., Wolmarans, N.J., Gerber, R., Yohannes, Y.B., Ikenaka, Y., Ishizuka, M., Smit, N.J., Wepener, 
V., Pieters, R., 2018. Fish consumption from urban impoundments: What are the health risks 
associated with DDTs and other organochlorine pesticides in fish to township residents of a major 
inland city. Sci. Total Environ. 628 629, 517 527. doi:10.1016/j.scitotenv.2018.02.075 

Polder, A., Gabrielsen, G.W., Odland, J.Ø., Savinova, T.N., Tkachev, A., Løken, K.B., Skaare, J.U., 2008. 
Spatial and temporal changes of chlorinated pesticides, PCBs, dioxins (PCDDs/PCDFs) and 
brominated flame retardants in human breast milk from Northern Russia. Sci. Total Environ. 391, 41
54. doi:10.1016/j.scitotenv.2007.10.045 

Polder, A., Müller, M.B., Brynildsrud, O.B., de Boer, J., Hamers, T., Kamstra, J.H., Lie, E., Mdegela, R.H., 
Moberg, H., Nonga, H.E., Sandvik, M., Skaare, J.U., Lyche, J.L., 2016. Dioxins, PCBs, chlorinated 
pesticides and brominated flame retardants in free-range chicken eggs from peri-urban areas in 
Arusha, Tanzania: Levels and implications for human health. Sci. Total Environ. 551 552, 656 667. 
doi:10.1016/j.scitotenv.2016.02.021 

Polder, A., Müller, M.B., Lyche, J.L., Mdegela, R.H., Nonga, H.E., Mabiki, F.P., Mbise, T.J., Skaare, J.U., 
Sandvik, M., Skjerve, E., Lie, E., 2014. Levels and patterns of persistent organic pollutants (POPs) in 
tilapia (Oreochromis sp.) from four different lakes in Tanzania: Geographical differences and 
implications for human health. Sci. Total Environ. 488 489, 252 260. 
doi:10.1016/j.scitotenv.2014.04.085 

Polder, A., Thomsen, C., Lindström, G., Løken, K.B., Skaare, J.U., 2008. Levels and temporal trends of 
chlorinated pesticides, polychlorinated biphenyls and brominated flame retardants in individual 
human breast milk samples from Northern and Southern Norway. Chemosphere 73, 14 23. 
doi:10.1016/j.chemosphere.2008.06.002 

Rotterdam Convention, 2017. Prior informed consent procedure for certain hazardous chemicals and 
pesticides in international trade [WWW Document]. URL 
http://www.pic.int/TheConvention/Overview/TextoftheConvention/tabid/1048/language/en-
US/Default.aspx (accessed 12.1.18). 

Saria, J.A.M., 2016. Assessment of health risks associated with concentrations of heavy metals in fish from 
the coast of Tanzania. J. Multidiscip. Eng. Sci. Stud. 2, 7. doi:doi.org/10.4314/ejesm.v10i4.12 

Shi, J., Li, Y., Liang, H., Zheng, G.J., Wu, Y., Liu, W., 2013. OCPs and PCBs in marine edible fish and 
human health risk assessment in the Eastern Guangdong, China. Arch. Environ. Contam. Toxicol. 64, 
632 642. doi:10.1007/s00244-012-9862-4 

Stockholm Convention, 2018. Listing of POPs in the Stockholm Convention [WWW Document]. URL 
http://chm.pops.int/TheConvention/ThePOPs/AllPOPs/tabid/2509/Default.aspx (accessed 7.12.18). 



16 
 

Sun, R., Luo, X., Li, Q.X., Wang, T., Zheng, X., Peng, P., Mai, B., 2018a. Legacy and emerging 
organohalogenated contaminants in wild edible aquatic organisms: Implications for bioaccumulation 
and human exposure. Sci. Total Environ. 616 617, 38 45. doi:10.1016/j.scitotenv.2017.10.296 

Sun, R., Luo, X., Zheng, X., Cao, K., Peng, P., Li, Q.X., Mai, B., 2018b. Hexabromocyclododecanes 
(HBCDs) in fish: Evidence of recent HBCD input into the coastal environment. Mar. Pollut. Bull. 
126, 357 362. doi:10.1016/j.marpolbul.2017.11.040 

UNECE, 1979. Convention on long-range transboundary air pollution. Geneva, Switzerland. 

agricultural service gain report. 

USEPA, 2009. Persistent organic pollutants: A global issue, a global response [WWW Document]. URL 
https://www.epa.gov/international-cooperation/persistent-organic-pollutants-global-issue-global-
response (accessed 11.30.18). 

USEPA, 2007. Non-carcinogen tolerable daily intake (TDI) values from USEPA [WWW Document]. URL 
http://www.popstoolkit.com/tools/HHRA/TDI_USEPA.aspx (accessed 12.1.18). 

USEPA, 2005. Environmental Protection Agency. Guidelines for carcinogen risk assessment, R. 
doi:10.1080/10408440600977677 

USEPA, 1986. Guidelines for the health risk assessment of chemical mixtures. Washington, DC. 
doi:10.1042/BC20090127 

VKM, 2006. A comprehensive assessment of fish and other seafood in the Norwegian diet. Oslo, Norway. 

Walker, C.H., Sibly, R.M., Hopkin, S.P., Peakall, D.B., 2012. Principles of ecotoxicology, Fourth. ed. CRC 
Press, New York. 

Wania, F., Mackay, D., 1993. Global fractionation and cold condensation of low volatility organochlorine 
compounds in polar regions. R. Swedish Acad. Sci. Glob. 22, 10 18. 

WHO/JECFA, 2018. Evaluations of the Joint FAO/WHO Expert Committee on Food Additives (JECFA) 
[WWW Document]. URL http://apps.who.int/food-additives-contaminants-jecfa-
database/search.aspx (accessed 12.1.18). 

WHO, 2018. Arsenic [WWW Document]. URL http://www.who.int/news-room/fact-sheets/detail/arsenic 
(accessed 11.29.18). 

WHO, 2010. Persistent organic pollutants: impact on child health. Anim. Genet. 39, 67. 

Yohannes, Y.B., Ikenaka, Y., Saengtienchai, A., Watanabe, K.P., Nakayama, S.M.M., Ishizuka, M., 2014. 
Concentrations and human health risk assessment of organochlorine pesticides in edible fish species 
from a Rift Valley lake-Lake Ziway, Ethiopia. Ecotoxicol. Environ. Saf. 106, 95 101. 
doi:10.1016/j.ecoenv.2014.04.014 

Zhang, B., Zhao, B., Yu, M., Zhang, J., 2017. Emission inventory and environmental distribution of 
decabromodiphenyl ether in China. Sci. Total Environ. 599 600, 1073 1081. 
doi:10.1016/j.scitotenv.2017.05.060 

 

  



17 
 

FIGURES AND TABLES 

  



18 
 

  



19 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0

20

40

60

80

100

%
 c

o
n

tr
ib

u
ti

o
n

DDTsHCHsCHLs25PCBs11PBDEs

HCB
A

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0

20

40

60

80

100

%
 c

o
n

tr
ib

u
ti

o
n

tetra-PCBpenta-PCBhexa-PCB

hepta-PCBocta-PCBnona-PCBdeca-PCB

B

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0

20

40

60

80

100

%
 c

o
n

tr
ib

u
ti

o
n

BDE-28

BDE-47BDE-99BDE-100BDE-153BDE-154

BDE-183BDE-206BDE-207BDE-208BDE-209

C

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0

20

40

60

80

100

%
 c

o
n

tr
ib

u
ti

o
n

AsCdHgPbD

 

Fig 1: Pattern of POPs in individual tilapia muscle tissue for A) POP groups as percent contribution to the 
sum POPs B) PCB homologues percent contribution to the sum PCBs C) PBDE percent contribution to 
the sum of PBDEs D) Toxic heavy metals percent contribution to the sum of toxic heavy metals 

 

Figure 2: Median and 95th Estimated weekly intake (EWI) of dioxin like PCBs, DL-PCB-105, 118, 156, 
157 in pgTEQ/kg bw-week for the average and high fish consumer. The red lines represent the current 
and previous maximum tolerable weekly intake (TWI) for DL-PCBs.  
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Table 1: Concentrations (ng/g wet weight) of organochlorine pesticides (OCP), polychlorinated biphenyls 
(PCBs), brominated flame retardants (BRFs) in muscle tissue of imported tilapia in Tanzania, number of 
samples, percent detection > LOD, percentiles and range (min to max) 

  N>LOD %>LOD Min 25th  50th  75th  95th  Max 

Weight   260 310 336 360 396 396 

Length   23.3 24.7 25.4 26 26.8 26.8 

Lipid%   0.24 0.34 0.81 1.25 2.24 2.24 

HCB 19/19 100 0.004 0.01 0.03 0.04 0.18 0.18 

α-HCH 17/19 89.5 <LOD 0.003 0.01 0.01 0.04 0.04 

β-HCH 13/19 68.4 <LOD <LOD 0.01 0.02 0.18 0.18 

γ-HCH 12/19 63.2 <LOD <LOD 0.003 0.006 0.028 0.028 

∑HCHs 17/19 89.5 <LOD 0.01 0.02 0.04 0.24 0.24 

p,p'-DDE 19/19 100 0.04 0.12 0.37 0.66 5.99 5.99 

p,p'-DDT 14/19 73.7 0.0001 0.0001 0.02 0.05 0.09 0.09 

∑DDTs   0.05 0.13 0.38 0.81 6.36 6.36 

p,p'-DDE/p,p'-DDT   2.85 13.4 23.5 492.6 1930 1930 

trans-nonachlor 12/19 63.2 <LOD <LOD 0.002 0.01 0.02 0.02 

cis-nonachlor 13/19 68.4 <LOD <LOD 0.001 0.005 0.01 0.01 

∑CHLs   <LOD <LOD 0.01 0.02 0.05 0.05 

Mirex 18/19 94.7 <LOD 0.01 0.02 0.04 0.07 0.07 

PCB-101 7/19 36.8 <LOD     0.031 

PCB-105 19/19 100 0.001 0.001 0.003 0.01 0.02 0.02 

PCB-114 5/19 26.3 <LOD     0.002 

PCB-118 19/19 100 0.002 0.004 0.01 0.03 0.04 0.04 

PCB-138 19/19 100 <LOD 0.003 0.01 0.04 0.05 0.05 

PCB-153 17/19 89.5 0.003 0.006 0.01 0.04 0.05 0.06 

PCB-156 12/19 63.2 <LOD <LOD 0.002 0.005 0.01 0.01 

PCB-157 10/19 52.6 <LOD <LOD 0.001 0.002 0.003 0.003 

PCB-180 19/19 100 0.002 0.002 0.01 0.02 0.03 0.03 

PCB-189 5/19 26.3 <LOD     0.001 

PCB-209 18/19 94.7 <LOD 0.00 0.01 0.02 0.05 0.05 

∑NDL-ID4PCBs   0.005 0.01 0.04 0.12 0.16 0.16 

∑DL-4PCBs   0.003 0.01 0.01 0.05 0.07 0.07 

∑25PCBs   0.01 0.03 0.08 0.33 0.50 0.50 

BDE-47 19/19 100 0.003 0.01 0.02 0.05 0.09 0.09 

BDE-99 5/19 26.3 <LOD     0.002 

BDE-100 19/19 100 0.001 0.004 0.01 0.02 0.03 0.03 

BDE-153 13/19 68.4 <LOD <LOD 0.003 0.01 0.02 0.02 

BDE-154 19/19 100 0.002 0.01 0.01 0.04 0.10 0.10 

BDE-183 9/19 47.4 <LOD     0.005 

BDE-209 19/19 100 0.004 0.02 0.04 0.09 0.12 0.12 

∑7PBDEs   0.03 0.05 0.10 0.23 0.31 0.31 

∑11PBDEs   0.01 0.02 0.03 0.12 0.25 0.25 

HBCDD 19/19 100 0.02 0.05 0.33 0.69 1.39 1.39 
∑DDTs: p,p'-DDE, o,p'-DDD, p,p'-DDD, p,p'-DDT 
∑HCHs: α-HCH, β-HCH, γ-HCH 
∑CHLs: trans-chlordan, cis-chlordan, trans-nonachlor, cis-nonachlor 
∑25PCBs: PCB-66, -74, -87, -99, -101, -105, -110, -114, -118, -128, -137, -138, -141, -149, -151, -153, -156, -157, -170, -183, -180, -189, -194, -206, 
-209  
∑DL-4PCBs: PCB-118, -105, -156, -157 
∑NDL-ID4PCBs: PCB-101, -153, -138, -180 
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∑11PBDEs: BDE-28, -47, -99, -100, -153, -154, -183, -206, -207, -208 and -209 
∑7PBDEs: BDE-28, E-47, -100, -99, -154, E-153, -183 
 

Table 2: Concentrations of heavy metals (mg/kg wet weight) in muscle tissue of imported tilapia in 
Tanzania with number of samples, percentiles and range (min to max) 

N=19 mean min 25th  50th  75th  95th  max 
Weight 100 330 260 310 336 390 396 

Pb 0.02 <LOD 0.001 0.003 0.012 0.14 0.14 
Hg 0.02 0.002 0.016 0.017 0.021 0.051 0.051 
Cd 0.001 <LOD 0.0004 0.0005 0.0008 0.0038 0.0038 
As 0.07 0.021 0.042 0.061 0.077 0.22 0.22 
Al 0.63 0.25 0.37 0.58 0.81 1.5 1.5 
Se 0.41 0.28 0.36 0.41 0.47 0.54 0.54 
Fe 2.18 0.75 1.6 2 2.3 4.8 4.8 
Co 0.01 0.0028 0.009 0.01 0.016 0.029 0.029 
Ni 0.01 <LOD 0.01 0.01 0.01 0.012 0.012 
Cu 0.13 0.076 0.11 0.13 0.15 0.24 0.24 
Zn 3.72 2.6 2.9 3.3 3.8 7.5 7.5 
V 0.01 0.001 0.0016 0.003 0.0082 0.093 0.093 
Cr 0.02 0.003 0.004 0.0081 0.012 0.067 0.067 
Li 0.00 0.001 0.002 0.003 0.0034 0.0079 0.0079 
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Table 3: Total hazard quotient (THQ) for (A) POPs and (B) heavy metals, Hazard Index and the % 
contribution of individual metal to Hazard index  

A) 

  Average consumer High consumer   
  Median 95th  Median 95th  %Contribution* 
p,p'-DDE 4.29E-04 7.03E-03 6.67E-04 1.09E-02 59.11 
p,p'-DDD 9.83E-04 2.97E-03 1.53E-03 4.61E-03 24.93 
p,p'-DDT 2.05E-05 1.10E-04 3.18E-05 1.71E-04 0.92 
HCB 1.30E-05 8.08E-05 2.02E-05 1.26E-04 0.68 
γ-HCH 3.96E-06 3.34E-05 6.16E-06 5.20E-05 0.28 
α-HCH 3.88E-07 1.97E-06 6.03E-07 3.07E-06 0.02 
Mirex 4.26E-05 1.25E-04 6.63E-05 1.94E-04 1.05 
PCB-105 1.85E-04 3.01E-04 2.89E-04 4.69E-04 2.53 
PCB-114 1.43E-05 2.89E-05 2.23E-05 4.49E-05 0.24 
PCB-118 4.23E-04 6.63E-04 6.58E-04 1.03E-03 5.58 
PCB-156 6.88E-05 1.05E-04 1.07E-04 1.64E-04 0.89 
PCB-157 3.44E-05 5.27E-05 5.35E-05 8.21E-05 0.44 
PCB-189 1.40E-05 1.51E-05 2.18E-05 2.35E-05 0.13 
BDE-47 5.49E-05 3.30E-04 8.55E-05 5.13E-04 2.77 
BDE-99 1.76E-06 7.61E-06 2.74E-06 1.18E-05 0.06 
BDE-153 5.92E-06 3.25E-05 9.22E-06 5.05E-05 0.27 
BDE-209 1.99E-06 5.90E-06 3.10E-06 9.18E-06 0.05 
HBCDD 5.80E-07 2.44E-06 9.03E-07 3.80E-06 0.02 
HBB 8.80E-08 2.19E-06 1.37E-07 3.42E-06 0.02 
Hazard index 2.30E-03 1.19E-02 3.58E-03 1.85E-02   

*% percent contribution to Hazard Index calculated for 95th percentile of the high consumers; significant percent contribution to 
the hazard index are presented in bold and italic 
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B) 

  Avg consumer High consumer  
HM median 95th  median 95th  %Contribution* 
Pb 0.0003 0.0141 0.0004 0.0219 2.90 
Hg 0.0374 0.1122 0.0582 0.1747 23.15 
Cd 0.0002 0.0013 0.0003 0.0021 0.28 
As 0.0716 0.2582 0.1114 0.4019 53.25 
Al 0.0002 0.0005 0.0003 0.0008 0.11 
Se 0.0289 0.0380 0.0449 0.0592 7.84 
Fe 0.0010 0.0024 0.0016 0.0038 0.50 
Co 0.0117 0.0340 0.0183 0.0530 7.02 
Ni 0.0002 0.0002 0.0003 0.0003 0.04 
Cu 0.0011 0.0021 0.0018 0.0033 0.44 
Zn 0.0039 0.0088 0.0060 0.0137 1.82 
V 0.0001 0.0036 0.0002 0.0057 0.75 
Cr 0.0010 0.0079 0.0015 0.0122 1.62 
Li 0.0005 0.0014 0.0008 0.0022 0.29 
Hazard Index 0.1581 0.4849 0.2460 0.7547  

*% percent contribution to Hazard Index calculated for 95th percentile of the high consumers; significant percent contribution to 
the hazard index are presented in bold and italic 
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Table S1: Lipid percentage, weight and length of the fish and concentrations in ng/g lw of organochlorine 
pesticides (OCP), polychlorinated biphenyl (PCBs) and brominated flame retardants (BRFs) in the 
muscles of imported tilapia presented in median and range (min-max) 

  Min Median  Max 

Weight 260 336 396 

Length 23.3 25.4 26.8 

Lipid% 0.24 0.81 2.24 

HCB 1.05 2.61 8.20 

α-HCH <LOD 1.14 5.38 

β-HCH <LOD 1.48 19.9 

γ-HCH <LOD 0.29 6.81 

∑HCHs <LOD 2.78 25.7 

p,p’-DDE 3.50 41.8 269 

p,p’-DDT <LOD 2.08 7.87 

∑DDTs 4.73 52.5 285 

p,p’-DDE/p,p’-DDT 2.85 23.5 1930 

trans-nonachlor <LOD 0.43 1.48 

cis-nonachlor <LOD 0.31 0.89 

∑CHLs <LOD 0.86 2.85 

Mirex <LOD 2.50 14.9 

PCB-101 <LOD <LOD 4.16 

PCB-105 0.08 0.86 1.97 

PCB-114 <LOD <LOD 0.24 

PCB-118 0.25 1.96 4.82 

PCB-138 <LOD 2.14 6.09 

PCB-153 0.28 2.38 6.67 

PCB-156 <LOD 0.16 0.77 

PCB-157 <LOD 0.06 0.41 

PCB-180 0.21 1.18 4.14 

PCB-189 <LOD <LOD 0.12 

PCB-209 <LOD 1.98 6.25 

∑NDL-ID4PCBs 0.51 6.24 20.05 

∑DL-4PCBs 0.33 3.21 7.93 

∑25PCBs 0.99 15.53 58.2 

BDE-47 0.35 3.84 10.5 

BDE-99 <LOD <LOD 0.17 

BDE-100 0.07 1.33 2.92 

BDE-153 <LOD 0.38 3.63 

BDE-154 0.26 1.86 8.90 

BDE-183 <LOD <LOD 1.14 

BDE-209 0.41 6.76 24.4 

∑7PBDEs 0.69 9.18 25.8 

∑11PBDEs 1.91 19.0 54.5 

HBCDD 2.01 32.8 223 
∑DDTs: p,p'-DDE, o,p'-DDD, p,p'-DDD, p,p'-DDT 
∑HCHs: α-HCH, β-HCH, γ-HCH 
∑CHLs: trans-chlordan, cis-chlordan, trans-nonachlor, cis-nonachlor 
∑25PCBs: PCB-66, -74, -87, -99, -101, -105, -110, -114, -118, -128, -137, -138, -141, -149, -151, -153, -156, -157, -170, -183, -180, -189, -194, -206, 
-209 
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∑DL-4PCBs: PCB-118, -105, -156, -157 
∑NDL-ID4PCBs: PCB-101, -153, -138, -180 
∑11PBDEs: BDE-28, -47, -99, -100, -153, -154, -183, -206, -207, -208 and -209 
∑7PBDEs: BDE-28, -47, -100, -99, -154, -153, -183 
Table S2: Correlation between dominant A) POPs and B) Heavy metals  

A 

 Lipid HCB β-HCH γ-HCH p,p’-
DDE p,p’-DDT trans-

nonachlor Mirex PCB-153 PCB-
138 BDE-47 BDE-

209 

HCB 0.23 1           

β-HCH 0.55* 0.54* 1          

γ-HCH -0.07 0.28 0.37 1         

p,p’-DDE 0.12 0.33 -0.07 -0.11 1        

p,p’-DDT 0.51* 0.68* 0.53* 0.41 0.51* 1       

trans-
nonachlor 0.06 0.82*** 0.4 0.34 0.36 0.62* 1      

Mirex -0.25 0.60* 0.17 0.34 0.46* 0.43 0.68* 1     

PCB-153 -0.41 0.38 -0.15 0.15 0.45 0.24 0.72** 0.61* 1    

PCB-138 -0.26 0.41 -0.12 0.09 0.49* 0.29 0.74** 0.64* 0.97*** 1   

BDE-47 -0.17 0.68* 0.3 0.38 0.36 0.52* 0.85*** 0.90*** 0.70** 0.70** 1  

BDE-209 -0.43 0.18 -0.15 -0.11 -0.16 -0.09 0.15 0.37 0.16 0.09 0.28 1 

HBCDD -0.06 0.67* 0.22 0.52* 0.2 0.53* 0.71** 0.68* 0.49* 0.51* 0.76** 0.21 

*<0.05, *<0.001, ***<0.00001 

B 

 Pb Hg Cd As Al Se Zn Cu Ni Co Fe Cr V 

Hg 0.07 1            

Cd 0.20 0.06 1           

As 0.08 0.004 -0.23 1          

Al 0.68* -0.16 0.20 -0.15 1         

Se 0.01 0.45 0.52* -0.21 0.02 1        

Zn 0.73** -0.17 -0.06 0.27 0.59* -0.25 1       

Cu 0.25 -0.23 -0.05 0.46* 0.05 -0.26 0.27 1      

Ni 0.18 0.26 0.09 -0.39 -0.08 0.38 -0.18 -0.11 1     

Co 0.25 -0.23 0.22 -0.54* 0.40 -0.01 0.11 -0.15 0.06 1    

Fe 0.01 -0.04 0.18 -0.07 0.19 -0.20 0.22 -0.01 -0.04 0.28 1   

Cr 0.43 0.21 -0.001 -0.19 0.13 0.21 0.43 0.12 0.41 0.17 0.02 1  

V 0.65* 0.23 0.26 -0.22 0.49* -0.01 0.51* 0.01 0.10 0.16 0.33 0.45 1 

Li 0.06 -0.10 -0.05 -0.22 0.07 -0.14 0.02 -0.25 -0.13 0.45 0.20 0.04 0.19 

*<0.05, *<0.001 
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Table S3: Maximum acceptable levels (MRLs) and Maximum Limits (MLs) in mg/kg ww in eddible tissue 
of fish recommended By EU for POPs and WHO/FAO for heavy metals  
 

Contaminant EU WHO/FAO 
DDT 100 - 
HCB 100 - 

Mirex 100 - 
γ-HCH 100 - 

CHL 100 - 
PCBs 75 - 

   
Pb - 0.3 
Cd - 0.1 
Hg - 0.5 
Fe - 43 
Zn - 30 
Cu  - 30 

 

Table S4: (A) Estimated weekly intake (EWI) for POPs in 1) ng/kg body weight (bw)/week; 2) pgTEQ/kg 
bw/week and (B) EWI for heavy metals (mg/kg bw/week) and estimated monthly intake for Cadmium 
((EMI) mg/kg bw/month) 

A) 

  Average consumer High consumer     
  Median 95th  Median 95th      

1. ng/kg bw-week       USEPA (2018) FAO/WHO (2005) 
DDTs 0.04 0.23 0.07 0.36 3500 70000 
HCB 0.07 0.45 0.11 0.70 5600  
γHCH 0.01 0.07 0.01 0.11 2100  
Mirex 0.06 0.17 0.09 0.27 1400  
HBB 0 0.03 0 0.05 14000  
2. pgTEQ/kg bw-week     EC (2001) EFSA (2018) 
PCB-105 0.25 1.47 0.39 2.30 14 2 
PCB-118 0.60 3.24 0.94 5.05 14 2 
PCB-156 0.14 0.52 0.22 0.80 14 2 
PCB-157 0.1 0.3 0.2 0.4 14 2 
sum-TEQs 1.1 5.5 1.7 8.5 14 2 

*TWI set by EC in 2001, **TWI set by EFSA in 2018, EWIs above safe levels are presented in bold and italic. 
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B) 

  Avg consumer High consumer   
  median 95th    median 95th   TWI/TMI**  
Pb 6.90E-06 3.45E-04 1.07E-05 5.37E-04 0.025 JECFA, 2018 
Hg 4.19E-05 1.26E-04 6.52E-05 1.96E-04 0.004 JECFA, 2011 
Cd* 5.28E-06 4.01E-05 8.22E-06 6.25E-05 0.025 JECFA, 2013 
As 1.50E-04 5.42E-04 2.34E-04 8.44E-04 0.015 JECFA, 1988 
Al 1.43E-03 3.70E-03 2.22E-03 5.75E-03 2 JECFA, 2011 
Se 1.01E-03 1.33E-03 1.57E-03 2.07E-03 0.035 USEPA, 2007 
Fe 4.93E-03 1.18E-02 7.67E-03 1.84E-02 5.6 JECFA, 1983 
Co 2.47E-05 7.15E-05 3.84E-05 1.11E-04 0.21 Finley et al 2012 
Ni 2.47E-05 2.96E-05 3.84E-05 4.60E-05 0.035 USEPA, 2007 
Cu 3.20E-04 5.92E-04 4.99E-04 9.21E-04 3.5 JECFA, 1982 
Zn 8.13E-03 1.85E-02 1.27E-02 2.88E-02 2.1 JECFA, 1982 
V 7.40E-06 2.29E-04 1.15E-05 3.57E-04 0.007 USEPA, 2007 
Cr 2.00E-05 1.65E-04 3.11E-05 2.57E-04 2.1 EFSA,2014 
Li 7.40E-06 1.95E-05 1.15E-05 3.03E-05 14 USEPA, 2007 

*calculated for Estimated Monthly Intake (EMI) (30 days), **Tolerable Monthly Intake (TMI) for Cd 

 

 

Figure S1: Heavy metals profile in individual tilapia muscle tissue showing percent contribution to total 
metal burden, based on metal concentrations in mg/kg wet weight  
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Figure S2: Concentrations of dominant POPs in ng/g wet weight in individual tilapia muscle tissue.  

 

S3. Material and methods 

S3.1 Risk assessment of health 

Risk assessment of health from consumption of POPs and heavy metals was assessed by comparing the 
detected concentration of contaminants in sampled imported tilapia with the maximum residue limits 
(MRLs) and maximum limits (MLs) set by the European Union (EU), joint Food and Agricultural 
Organization and World Health Organization (FAO/WHO and European Commission (EC). Furthermore, 
anticipated heavy metals contamination burden and long-term effect was estimated by using Estimated 
Daily Intake (EDI), Target Hazard Quotient (THQ) and Hazard Index (HI) as adopted from (USEPA, 1989). 
These were calculated for all the analysed metals in the present study. EDI entails the amount of heavy 
metals concentration ingested by an adult person due to consumption of contaminated fish muscles per day. 
THQ as a ratio of amount of chemical ingested over a period of time to the reference dose (RFD) of each 
metal entails the non-carcinogenic risk to human being from individual mental through consumption of 
fish. THQ<1 assumes the level of exposure of individual metal below which it is unlikely to experience 
adverse. The HI is the sum of all the THQ from individual metal. EDI, THQ and HI were calculated using 
equations below; 

��� � �� � �	

��  
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Where, MC is the metal concentration in fish muscles (mg/kg ww), IRd is the daily average fish 
consumption by an adult person (24.66 g/day) (MALF., 2016) and BW is an average body weight for an 
adult individual (70 kg). FAO, 2018, assumes 38.36 g/day for the high consumer in East Africa. 

 


�� � �� � �� � ��	 � �
	�� ��3� � 
3 � ���� 

 

Where, EF is the 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 (x g/day); C is the 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). 

 

�� �� 
���
�

�� 
 

Where, HI is the hazard index and THQi is the THQ of the individual metal and n is the number of metals 
analysed in the study. 
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