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ABSTRACT 
 
Waste chemicals arising from poor municipal solid waste management across countries result 

in negative environmental impacts and health risks. Globally, over 200 infectious and non-

communicable diseases, 600 million patient illnesses and 2 million deaths result from microbial 

and chemical contaminations of food and water. In some developing countries, chemical-related 

diseases (e.g., “itai-itai”, “chloracne” and “yusho”) have been reported. In 2012, 23% of the 

global deaths and 22% of the disabilities were attributed to environmental contaminant related 

risks. In Uganda, ten preventable diseases related to environmental hygiene and food safety 

contributed towards 75% of infant mortality (1997 – 2001). Limited studies on ecological and 

food chain risk assessments of chemical disease burdens, coupled with weak enforcement of 

environmental regulations and lack of effective food safety systems have negatively impacted 

on land and food governance. This has resulted in the co-occurrence of open dumping and urban 

agriculture, including dumpsite farming. In the Mbale municipality, in Uganda, several 

qualitative studies have reported more than 50%  prevalence of sanitation-related diseases. Only 

one quantitative study on five soil and two surface water samples have been carried out at the 

Mbale dumpsite (2007), and no ground water or food crop risk analysis exists. In this thesis, 

the literature review (chapter 2) describes the problems associated with poor waste management 

across countries and identified the critical gaps that present risks to the human population. Also, 

described is an assessment of food chain contamination due to toxic metals from the Mbale 

mixed waste dumpsite (Uganda). Food crops on the Mbale dumpsite were used as bio-monitors 

to assess the presence of aluminium (Al), chromium (Cr), iron (Fe), manganese (Mn), cobalt 

(Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), selenium (Se), cadmium (Cd), mercury 

(Hg) and lead (Pb), and their potential health risks. The first objective of the study was to use 

108 Zea mays and Amaranthus cruentus crop samples to assess if crop locations influenced 

metal uptake across the Mbale dumpsite. The second objective assessed if metal uptake in crops 



  CHAPTER 1 

iv 

and crop parts were influenced by growth period (maturity age) using eighty-one short-term (2 

– 6 months) and long-term (7 - 15, 18 – 72 months) crops from the Mbale dump’s centre and 

hill slope. The third objective assessed if the single and total dietary exposure risks in individual 

crop types, combined individual crop types and mixed diets (meal types) were within acceptable 

levels, using seventy-five short-term crops at the Mbale dump’s centre. The results were 

compared against World Health Organization food safety guidelines, toxicity limits and United 

States Environmental Protection Agency cancer risk categories.  

 
It was observed that some metal (Pb, Cr, Al, Zn, Hg, Ni, Mn, Fe, Cu) concentrations in the food 

crops were above WHO/FAO safe consumption levels and could pose both non-carcinogenic 

and carcinogenic risks. The mean concentrations of some essential elements (Fe, Al, Zn, Mn 

and Cu) were higher than for most toxic elements (Cr, Pb, Ni, Co, Se, As, Cd, and Hg), that 

were only present in trace amounts, except for Al and Se. Metal accumulation in crops depended 

on crop type and part, with leaves accumulating higher metal concentrations compared to any 

other part of the plant, for most metals. Furthermore, Al, Zn, Fe, Cr and Co concentrations in 

crops varied significantly across the dumpsite; and the highest metal accumulation was at the 

dump centre and in crop leaves, with Zn and Cr concentrations higher at the slope. Metal 

concentrations in short-term (2 – 6 months) crops were higher than those in long-term (7 – 15 

and 18 – 72 months) for most metals, with the highest metal accumulation in short-term crops 

at the dump centre and in crop leaves at the slope.  The estimated daily metal intake, non-

carcinogenic and carcinogenic risks were higher in children than adults. The total dietary 

exposure risks in consuming individual crop type or individual combined crop types was higher 

than that in meal types (common mixed diets).  The carcinogenic risks from total metal dietary 

exposure in meal types and crop types were high (10-3 - 10-2) to very high (10-3 - 100) 

respectively. Also, the highest risks were via consumption of leafy crops compared to legumes, 

cereals and fruits. 
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The study concludes with recommendations on the need to create consumer awareness through 

relevant stakeholder collaborations, inclusion and participations; identifies what crops to grow 

and where to grow them on the site and outside the urban setting. It also highlights the 

importance of crop type selection for meal type combinations. Other identified areas are the 

need to use scientific evidence to develop potential policies required in enforcing land and food 

governance, and  future research on exposure assessments to further characterize the risks 

associated with exposure to metal contaminants found in food crops (washed and unwashed) 

grown on the Mbale dumpsite. 

 
Keywords 

waste dumpsite, growth period, toxic metal, non-carcinogenic and carcinogenic risks, 

developing countries. 
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THESIS OVERVIEW AND STRUCTURE 

 

This thesis is divided into seven chapters, presented as four papers and three traditional 

chapters. Chapters one, six and seven are traditional sections, with two, three, four and five, as 

manuscripts. Chapters one and two presents and discusses the general and linking introduction, 

and the literature review paper respectively. Chapter three was published (Awino, et al., 2019). 

Chapters four and five presents data and results of papers in preparation stage. Chapter three 

(3) uses food crops grown on the three sections (zones) of the Mbale dumpsite to assess the 

metal concentration variations across the study site. The aim was to prove if crops can be used 

as bio-monitors to predict contaminated environments. This hypothetical question also 

answered whether spatial variations for metal uptake in crops existed across an urban dumpsite; 

and if the metal concentrations exceeded the World health Organization guidelines. Chapter 

four (4) aims to use short-term and long-term food crops growing on two sections of the Mbale 

dumpsite, to investigate if crop growth period influenced the crop metal concentrations. Metal 

concentrations in short-term crops were compared against that in long-term crops. This question 

also answered if there were variations in metal uptake by different crops, and whether the crops 

were safe for human consumption.  Chapter three (3) findings indicated that the highest metal 

concentrations were found in leafy crops at the dump centre. Therefore, chapter five (5) aims 

to use short-term crops from the dump centre to assess if there were variations in non-

carcinogenic and carcinogenic risks to consumers, from metals ingested in individual crops, 

combined individual crops or multiple crops at a meal (common mixed diets). The single and 

total (cumulative) metal concentrations were assessed against the food safety standard 

guidelines for human consumption. The non-carcinogenic risk measured by single and total 

target hazard quotients was compared against the highest judgemental risk value of 1. The 

carcinogenic risks were compared against the cancer risk categories of TR ≤ 10-6 = very low; 
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10-6 to 10-4  = low; 10-4 to 10-3 = moderate; 10-3 to 10-1 = high; and ≥10-1 = very high (obtained 

from the USEPA integrated risk information systems website, IRIS). Chapter six (6) gives an 

overview on governance framework and policy needs for environmental management and food 

safety regulations (standards) in developing countries, including Uganda. This framework need 

arose from the fact that most developing countries have underdeveloped framework with weak 

enforcement or the existing framework only covers products for exports. The need to review 

literature on regulations also surfaced when most metals with a known potential to cause 

carcinogeneity in humans were found above the World Health Organization (WHO) consumer 

food safety limits. More “warning flags” were raised when the target hazard and risk assessment 

from metals in individual crop types, individual combined crop types and meal types exhibited 

high non-carcinogenic and carcinogenic risks respectively. We noted that recommendations on 

policy and framework development would be of paramount importance towards land and food 

governance, and human health protection. Chapter seven (7) synthesized results, conclusions 

and provided recommendations.  
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CHAPTER 1  GENERAL INTRODUCTION 
 

This thesis presents an overview on how improper or poor waste management has become 

a global problem to the environment and humans. It points out how inappropriate 

strategies and practices applied by different countries have contributed to environmental 

contamination, with a potential health risks to humans in both developing and developed 

countries. An assessment of a case study area in Mbale, Uganda was used to validate the 

fact that waste chemicals could pose risks to humans. 

1.1  Urban Waste Generation and Management as a Global issue 
 

With the flaws associated with poor waste management strategies and practices, 

subsequent  increase in waste generation and contaminations of air, water, soil and food 

chain can extend across national and international borders (Bras et al., 2009; Halfman, 

2009; Hanfman, 2012; Stegmann, 2017; Watson, 2013). Consequently, the entire global 

population is directly or indirectly exposed to health risks through environmental 

contamination and accumulation of contaminants in the food chains, including urban 

agriculture (Kouame et al., 2014; Kumwenda et al., 2014; Motarjemi & Käferstein, 1996; 

Van de Venter, 2000). The above challenges originate from waste generation and 

management across countries (Okot-Okumu, 2012). The annual global waste generation 

has continued to increase over the years, from 0.49, 1.3 and 2.01 billion tonnes in 1997, 

2012 and 2016, to 2.2, 2.59 and 3.4 billion tonnes in 2025, 2030 and 2050 respectively 

(Hoornweg & Bhada-Tata, 2012; Kaza et al., 2018; Manaf, Samah, & Zukki, 2009). In 

2010 alone, developed countries generated almost half (0.7 billion tonnes) of the total 

global waste (1.3 billion tonnes), with developing nations producing the least, 0.6 billion 

tonnes (Hoornweg & Bhada-Tata, 2012). In 2016, the high-income countries generated 

0.683 billion tonnes compared to 0.655, 0.586 and 0.093 billion tonnes produced by lower 
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middle, upper middle, and low-income nations respectively (Kaza et al., 2018). On a 

global scale, waste generation is predicted to increase in both development economies. 

Despite the overall incremental prediction, some developed countries have exhibited a 

decrease in their waste generation – and this explains the prediction that waste generation 

in developing countries will surpass developed nations in the future (Alirol et al., 2011; 

Hoornweg & Bhada-Tata, 2012; Wilson & Ing, 2013).  

 
A review of literature indicates that developed countries despite generating high waste 

volumes face lower impacts and risks compared to developing countries, hence waste 

effects are more attributed to waste handling than waste generation (Kawai & Tasaki, 

2015; Suruchi and Pankaj, 2011). Different waste management strategies and practices 

applied across the disparate development economies account for these varaiations 

(Section 2.3.3.3: Chapter 2). In developed countries, waste management strategies and 

practices are attributed to reliance on technologies, economic tools, and regulatory 

frameworks. Also, a fairly informed population, their inclusion and participation, and 

appropriate environmental research that have improved waste separation and recycling 

(WorldBank, 2012). Nevertheless, the evidently increased waste volumes, impacts and 

risks have been attributed to non-compliance to reuse, reduce and recycle (3Rs) which 

have resulted from average stakeholders’ awareness, partnership and participation 

throughout the waste management process. Other highlighted factors include the country-

specific numerous regulatory frameworks, economic models and tools, that have posed 

obstacles to regional integration with regards to waste management.  

 
In contrast, developing countries experience more impacts and risks despite the reported 

lower waste volumes (Hoornweg & Bhada-Tata, 2012; Kaza et al., 2018). With the 

expected increase in waste generation volumes, developing countries are prone to 
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increased environmental impacts and health risks (Musoke et al., 2016). In developing 

countries, waste management problems can be summarized into application of 

unsustainable strategies and practices (e.g., adopted technologies, waste trading), 

unregulated waste management systems, unreliable data and limited awareness of hazards 

and benefits (section 2.3.1: chapter 2). The above challenges are rooted in economic 

constraints, weak policies and governance and non-inclusive stakeholder participation 

that continue to pose management (planning, monitoring, supervisory) threats. The lack 

of political will in most developing countries lead to high levels of corruption, weak 

enforcement of public policies, poor governance and limited funding needed for research, 

capacity building and to maintain waste management facilities and equipment (Okot-

Okumu & Nyenje, 2011; Rajan et al., 2015). Furthermore, the high unplanned-for 

population and high poverty levels have continuously exacerbated waste management 

issues across developing countries (Patwary, O’Hare, & Sarker, 2011). This consequently 

leads to limited waste sorting, limited waste storage, limited collection, mixed waste 

generation and unregulated waste disposal in open dumping areas (Diaz, 2011; Rizo, 

Merlo, Castillo, & López, 2012). 

 

In line with the above challenges, the waste management process in most developing 

countries, including Uganda, is given a low priority. Accordingly, and due to weak 

frameworks, people use locally made and imported poor quality consumer products 

(Independent, 2019a); most municipalities do not have constructed or engineered landfills 

and no waste disposal guidelines; and open dumping of unsorted municipal waste 

materials in unregulated environment exist. Additionally, the majority of the population 

are un-informed on waste hazards associated with poor waste management, hence are 

exposed through retrieving recyclable materials (and other benefits) to satisfy their needs 
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(Nabulo et al., 2010; Okot-Okumu, 2012). Despite the stated challenges, some 

municipalities in developing countries have good strategies and practices such as 

“informal” scavenging, which have improved solid waste separation and recycling (MDP 

3). Nevertheless, the observed benefits do not outweigh the accrued impacts and risks 

created by unsustainable practices and strategies to the environment and human health.   

 

Mbale municipality in Uganda, like most municipalities in the developing world, face 

waste management challenges. The history of Mbale municipality and its waste dumpsite 

(i.e., Mbale Municipal Council Waste Dumpsite) (Fig. 1.1) stems from colonial rule. 

During the colonial days (1894 – 1962), Mbale was a very clean, vibrant and 

economically strong town in East Africa (Ndejjo et al., 2019; UN-Habitat, 2011). The 

waste management success in Mbale municipality was attributed to the small population 

of mainly the Indians, the Europeans, the English, and very few Africans living within 

Mbale municipality (Ndejjo et al., 2019). This explains the historical differences in waste 

types and waste management systems that existed then and now. The Mbale dumpsite 

was established in 1936 (Ndejjo et al., 2019), and organic waste was its main constituents. 

The central government had adequate resources, making the sole management of the 

dumpsite was very easy. The attainment of independence in 1962 led to subsequent 

political coups and the departure of foreigners, including Asians in 1972 (Ndejjo et al., 

2019; OPEP, 2007; UN-Habitat, 2011). Consequently, an escalation in rural-urban 

migration occurred - a common trend in many developing countries (Okot-Okumu & 

Nyenje, 2011; Parnell & Walawege, 2011). The population then increased from 15,000 

in 1949 to 53987, 96187 and almost 300,000 people in 1991, 2014 and 2019 respectively 

(Filipponi et al., 2015; Lwasa, 2007, 2015; Sabiiti & Katongole, 2016; UBoS, 2014). 
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Figure 1.1. The Study Site- Mbale Municipal Council Waste Dumpsite (MMCWD) 

(Source: Landsat Image from Google Earth (30th September 2016, 9.40pm, Australian Time) 
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Furthermore, the urbanization and industrialization within the Mbale municipality, has caused 

a daily population fluctuation of between 100,000 – 200, 0000 persons (Filipponi et al., 2015; 

Lwasa, 2007; Okot-Okumu & Nyenje, 2011; OPEP, 2007; Parnell & Walawege, 2011; UN-

Habitat, 2011). This drastic increase in the Mbale population has resulted in the break-down of 

previous waste management facilities and an adoption of the current management system 

(Achankeng, 2003; Lutz & Samir, 2010; Vlahov et al., 2007).  

 
Currently, waste management systems in Mbale Municipality are challenged by inadequate 

political will, poor governance, weak institutional capacity, limited funding and inadequate 

human resource, which are critical factors towards appropriate and sustainable decision-

making. In most developing countries, open urban mixed waste dumpsites (e.g., Mbale 

dumspite) will mostly contain waste materials from many sources – human feacal matter, 

agricultural, domestic, cosmetics and beauty products, medical (human, veterinary), industrial, 

elctronics and electrical appliances. Mixed waste streams are not sorted before disposal. In the 

same vein, decentralization has affected decision-making towards waste collection, storage, 

transportation and disposal. Waste content has also  changed from organic to mixed waste 

streams, management is decentralized as opposed to sole management by the previous central 

government (Moreno, 2003; UN-Habitat, 2008), and waste handling facilities are inadequate. 

Waste collection and transportation is partially done by Mbale Municipal Council team, 

contracted private firms, or individuals. Mbale municipality generates 70 tonnes of waste daily. 

Three-quarters of that waste remain uncollected, with only a limited volume disposed off at the 

Mbale municipal dumpsite (Wamokuyu & Wetaya, 2009). With limited sorting and collection, 

mixed waste streams are generated and dumped in unregulated areas (Odai et al., 2008). 

Consequently, the uncollected waste, the dumped waste and limited sanitation facilities cause 

environmental pollution and human health problems (Geresom, 2019; Geresom & Ndungutse, 

2019; Ndejjo et al., 2019; Wamokuyu & Wetaya, 2009), which could extend beyond the Mbale 
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municipality. The Mbale dumpsite is 100 metres uphill of the 260km2 stretch of Namatala 

wetland system – which extends to Lake Kyoga catchment, where three RAMSAR wetland 

sites are located (Fig. 1.2). A RAMSAR site  is a wetland designated to be of inetranainal 

importance under the 1975  RAMSAR convention. 
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                    Figure 1.2. Lake Kyoga Catchment map, where River Namatala discharges (Source: googlemap@ 23th September 2016).  
  The area inside the green rectangle covers river Namatala from its source on Mt. Elgon through Namatala wetlands to Lake Kyoga). 
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When the mixed waste streams break down, a compost/sludge and leachate, containing a 

mixture of microbial agents, synthetic organic and inorganic chemicals (Table 1.1) are created 

(Cabidoche & Lesueur-Jannoyer, 2012; S. Hafeez et al., 2016; Manzetti et al., 2014; Niu et al., 

2005). Synthentic organic chemicals include organochlorine pesticides, pharmaceutically 

active compounds, personal care products, plasticizers (microplastics, pthalates) and many 

more, while  inorganic chemicals are metals (Heudorf, Mersch-Sundermann, & Angerer, 2007; 

Ogundiran & Afolabi, 2008; Paxeus, 2000; Schwarzbauer et al., 2002). 

 

       Table 1.1. Chemical contaminants in waste leachate  
Chemical type Chemical Groups Chemical Analytes per group 

Inorganic Metals 

Antimony, Alluminium, Cd (III) and Cr (VI), 

Selenium, Lead,  Chromium (3 & 6), Mercury, 

Molybdenum) and metalloids (Arsenic (3 & 5) 

 

Organic 

Metals methyl mercury, organic arsenic, methyl tin 

Organochlorine 

Pesticides 

Dieldrin & DDT (banned insecticides), 

Chlordane, Lindane, & methoxychlor, etc. 

Personal Care and 

Household Products 

Polycyclic Musk such as AHTN (Tonalide) & 

HHCB (Galaxolide) 

Pharmaceutically 

Active Compounds 

carbamazepine, ibuprofen, diclofenac, 

triclosan, caffeine, DEET, hormones & 

steroids such as EE2, Beta-E2, E1, E3 

Industrial Chemicals 

phthalates, Phenols such as PCBs, PBDEs, 

Bisphenols: BPA &BPF; Alkyl phenols: ON & 

OP, PFCs: PFOS & PFOA, benzene, PAHs, 

dioxins such as 2,3,7,8 TCDD, PCDF,  1-4 

dioxane, Vinyl Chloride, Styrene, and DIPNs; 

and their derivatives 
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Synthetic organic chemicals and metals are industrially manufactured, and have unique non-

biodegradable and toxic properties (Ozcan, 2016; Tuyet-Hanh et al., 2010). Metals are 

persistent in the environment, and through the food chain, they accumulate in tissues of higher 

trophic organisms (Florence, Philippe, & Magalie, 2015; Jones & de Voogt, 1999; Khan, Malik, 

& Muhammad, 2013; Wu et al., 2014). Some metals can volatize (e.g., Hg, Pb), travel long 

distances and are toxic even at trace concentrations hence could disrupt the hormonal systems, 

causing a range of exposure effects wildlife and humans (Dekant & Colnot, 2013; S. Hafeez et 

al., 2016; Tsutsumi, 2005).   

 
Several studies indicate that metals and other chemical species have the potential to cause 

exposure effects such as mild skin irritation to birth defects, tumors, genetic chnages, blood and 

nerve disorders, endocrine disruption, coma and death. Endocrine disrupting capabilities initiate 

various ecotoxic, neurogenic, teratogenic, mutagenic and carcinogenic health disorders in 

aquatic organisms and body abnormalities in human beings (Ashby et al., 1997; Bahe et al., 

2006; Campbell et al., 2006; Suruchi and Pankaj , 2011; Rahman, Yanful, & Jasim, 2009; 

Sohoni et al., 2001). The effects of endocrine disrupting chemicals on the human body differ 

substantially from poisoning or toxic exposure that can cause cancer, physiological birth 

defects, gene mutation, cell damage, or acute health effects (Ali & Al-Qahtani, 2012; Danaei et 

al., 2005; Kavlock et al., 1996; Lathers, 2002; Olujimi et al., 2010). The chronic effects include 

obesity, reduced fertility, reduced brain power (Alzheimer), thyroid effects, and cancer cases in 

humans and wildlife (Hafeez et al., 2016; Hotchkiss et al., 2008; Kumwenda et al., 2014; 

Mahmood, Malik, Li, & Zhang, 2014). Animals and humans can be exposed to hormonal 

disrupting chemicals via inhalation of dust in the air, or via dermal arbsorption or ingestion of 

contaminated water, soil, and food (Fang & Zhu, 2014; Heudorf et al., 2007; Nisbet & LaGoy, 

1992; Qu et al., 2015; Wu et al., 2010). The environment (air, soils, water) and the food chain 

are the major contaminant pathway routes to humans (Fig. 1.3, Fig. 3.1).   
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These chemicals can volatilized to the atmosphere or leak to nearby soils, where they are taken 

up by crops on the dumpsites (Opaluwa et al., 2012; Suruchi and Pankaj , 2011). Other exposure 

routes include compost (Díaz et al.,  2012), waste sludge and untreated waste water (Amin, 

Hussain, Alamzeb, & Begum, 2013; Balkhair & Ashraf, 2016; Kilelu & Series, 2004; Odukoya 

& Abimbola, 2010). Also, contaminated drinking water and irrigation water sources (Balkhair 

& Ashraf, 2016; Edo et al., 2014; Laniyan, Phillips, & Elesha, 2011; Yabe, Ishizuka, & 

Umemura, 2010) used on commercial farms, could transfer the metals to the food chain. 

Consequently, transfering serious health risks to humans and other organisms within the food 

chain (Agyarko, Darteh, & Berlinger, 2010; Asante-Duah, 2002; Ebong, Akpan, & Mkpenie, 

2008; Kihampa, Mwegoha, & Shemdoe, 2011; Opaluwa et al., 2012; Suruchi and Pankaj , 

2011). 

A review of literature on the differences in municipal solid waste management strategies and 

practices between developed and developing countries identified several management and 

research gaps, and recommended interventions. Poor waste management strategies and 

practices were identified as a global problem, which severely affects waste service delivery in 

developing nations and escalates environmental impacts and health risks (e.g., the Mbale 

scenario) (Kaferstein, 2003; Kouame et al., 2014; Ndejjo et al., 2019; Schneider, 2016). These 

risks not only impact Mbale, Uganda or other developing nations, but extend to the entire world 

through globalization of transport, commodity exchange, e-waste trading, climate change, food 

production and trade (Choffnes et al., 2012; Kiddee, Naidu, & Wong, 2013; Stegmann, 2017; 

WHO, 2015). The Mbale dumpsite scenario is an example of an improper or poor waste 

management system that exists in most developing countries. From the conceptual framework 

(Fig. 1.3 and Fig. 3.1), several receptors are exposed to microbiological and chemical hazards. 

Environmnetal studies on exposure route  assessments (e.g., metals in water or soils or air; 

organics in water, soils, biota etc) are critically needed for interventions.   



  CHAPTER 1 

14 

  



  CHAPTER 1 

15 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Conceptual model of chemical movements across the Mbale municipal dumpsite 
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To choose a research methodology, research gap and experimental design, global literature was 

reviewed to identify studies pursued and reported around dumpsites and landfills (Fig. 1.4). 

Figure 1.4 outlines chemical and microbiological research studies that have been carried out in 

both developed and developing countries including Uganda. These studies were on organic and 

inorganic components of waste dumpsites or landfills, including leachate physio-chemical 

characteristics, and contamination of soils, surface and ground water (Biryabarema, 2001; 

Mbabazi et al., 2010; Nabulo et al., 2010; Twinamatsiko, Mbabazi, & Twinomuhwezi, 2016). 

Other available research across the two disparate development economies were on food chain 

contamination from urban environments, compost, wastewater and aerial deposition, and their 

associated health risks (Pose-Juan et al., 2015). In most developing countries, studies on hazards 

and health risks from metal and other chemical exposures in food crops are very limited.  

Therefore, figure 1.4 was a chemical screening process that enabled identification of research 

gaps around environmental and food safety challenges contributed by mixed dumpsites. Also, 

elaborated were specific chemical contaminants, their properties, exposure risks and pathway 

routes. Figure 1.4 also screened reasons as to why some chemicals and receptors have not been 

fully studied in some countries (research gaps) e.g., lack of analytical facilities, expertise and 

the cost involved between organic and inorganic analysis. From figure 1.4 it was concluded that 

most developed countries have analysed almost all chemicals (organic, inorganic) in all 

receptors (soil, air, water, foodchains), contrary to developing countries. Consequently, the 

screening process identified research gaps in developing countries, that led this study focus 

towards an “ecotoxicological approach”. Accordingly, from a global literature review, a 

research methodology, research gap and experimental design were identified.  
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  Figure 1.4. Identifying research design through chemical screening approach, based on literature review 
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On that note, food safety became the priority research question – as it directly addresses 

sustainable development goals 1, 3, 6, 11, 12, 13, 15 and 17. Access to safe food is an indicator 

of a clean and sustainable environment, and healthy human well-being (Fung et al., 2018; Gang 

et al., 2019). Due to environmental pollution caused by unsustainable waste management, food 

safety is exposed to risks hence the need for  research (scientific) interventions. This guides the 

development of regulatory frameworks needed for decision-making on appropriate land and 

food governance (Fung, Wang, & Menon, 2018; Turcan & Bene, 2017). Without clear data, it 

is difficult to plan effective interventions, hence waste management, environmental pollution 

and urban agriculture will continue to pose more challenges in developing countries. To identify 

such potential gaps for interventions, existing literature must be considered. Therefore, any 

research information around food chain and food safety is of paramount importance.   

 

In selecting between metals and organic chemicals for analysis, the major determinant factors 

were the metals’ wider and elevated occurrence in the environment due to uncontrolled disposal 

of mixed waste streams including electronics, and their potential to cause risks after exposure. 

Other factors were associated to analytical cost and time, and the availability of equipment, 

given that the UC laboratory is only for inorganic analysis. Through chemical screening and 

hazard identification (Fig. 1.4), 13 elements were chosen based on their chemical properties 

(persistence, toxicity, bioaccumulation, toxicity classes) and their known ability to cause harm 

to humans. Through receptor monitoring and pathway analysis (Fig. 1.3), food crops were 

identified as a preferable option to water, air, soils and sediments. Food crops were also easier 

to transport from Uganda to Australia, and cheaper to analyse for metal content. Finally, food 

crops were used as bio-monitors to assess their safety for human consumption, and hazard 

exposure route (growth media), before subsequent detailed exposure route assessment.  
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In this section, gaps around waste management and its impacts on the environment were 

discussed. The subsequent section 1.2 discusses environmental impacts on food chain and 

associated health risks. 

 

1.2  Urban Agriculture and Human Health Risks 
 
Some strategies and practices that are used in waste handling by developed and developing 

countries have affected the environment, food chains/webs and humans. Waste chemicals 

contaminate air, water, soils and other urban agricultural areas, a potential threat to the global 

food trade and public health. Urban agriculture is a cost-effective and easy-to-maintain farming 

practice across many countries in the world (Cruz et al., 2014; Nabulo et al., 2012; Sacristán, 

Recatalá, & Rossel, 2015; Saumel et al., 2012; Szolnoki, Farsang, & Puskas, 2013), and Africa 

at large has relied on this approach (Nabulo et al., 2010; World Bank, 2012). Globally, over 

800 million people are engaged in urban agricultural activities on potential contaminated areas 

(i.e., urban garden soils) (Cortez & Ching, 2014; Okoronkwo, Ano, & Onwuchekwa, 2005; 

Okoronkwo, Igwe, & Onwuchekwa, 2005; Oluyemi et al., 2008), growing food crops especially 

fruits and vegetables (Nabulo et al., 2012; Nabulo, Black, & Young, 2011; Nabulo et al., 2010), 

with unknown health risks. Whereas urban agriculture is a fairly monitored practice in 

developed countries, for most developing and some developed nations, the practice is 

unregulated (Borowczak & Hołtra, 2017; Cortez & Ching, 2014; Hafeez et al., 2016). It could 

be the city centre, along highways, on the outskirts of the municipalities, on active dumpsites, 

or on an inactive landfill or a reclaimed site. Similarly, urban agricultural fields could be 

exposed to untreated wastewater or contaminated compost and irrigation water sources.  This 

worldwide practice exposes billions of consumers to pathogenic and chemical risks from locally 

grown and imported contaminated vegetables and other food crops (Khan et al., 2017; Nawab 

et al., 2018; Shaheen et al., 2016). 
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Foodborne diseases are a widespread and growing public health concern in both developed and 

developing countries (Fung et al., 2018; Kaferstein, 2003; Motarjemi & Käferstein, 1996; 

Musoke et al., 2016). Global food production and trade could bring all countries into a 

biological (King et al., 2017; Lewis-Ivey, LeJeune, & Miller, 2012) and chemical risk loop (Lu 

et al., 2015; Pruss-Ustun et al., 2011). According to the World Health Organization, more than 

200 diseases are experienced by billions of people, and two million deaths occur annually from 

food and water related contaminants (Fontannaz-Aujoulat, Frost, & Schlundt, 2019; Lewis Ivey 

et al., 2012; WHO, 2015; WHO & Consultation, 2003; Zhao et al., 2014). One quarter of the 

total disease burden, with more than 2.97 million annual human deaths, occur in Africa 

(Geresom, 2019; Geresom & Ndungutse, 2019; Ministry of Health, 2004; Yabe et al., 2010).  

 
Food-borne disease incidences are associated with pathogenic and toxic chemicals in 

contaminated crops grown on polluted urban garden soils, or with compost (MDP 4) or 

wastewater irrigation (MDP 5). Unsafe foods have been attributed to many acute and life-long 

diseases ranging from diarrheal diseases to various forms of cancer (Ali & Al-Qahtani, 2012; 

Danaei et al., 2005; Kumwenda et al., 2014; Shaheen et al., 2016). Physical and internal 

disruptions (Chapter 5, Table SI 5.1) in body tissues may be caused by prolonged consumption 

of metal contaminated foods. Physiological disorders and cancerous diseases related to cardio-

vascular toxicity, hepatotoxicity, nephrotoxicity, neurotoxicity and gastrointestinal disorders 

are evident (Ali & Al-Qahtani, 2012; Suruchi and Pankaj , 2011). Food related diseases such as 

“itai-itai”, “chloracne” and “yusho” have also been reported (Rehman et al., 2018; Yu et al., 

2017b). Such disease occurrences could escalate to a food safety emergency, which can 

adversely impact national economies and livelihoods through reduced availability of food for 

national consumption, closure of export markets, and/or the high cost of addressing the effects 

of threat at individual, national and global levels (Kasbekar, 2018; Musoke et al., 2016).  
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The above scenarios could be increased in developing countries, including Uganda due to the 

occurrences of waste dumping and urban agriculture, including on dumpsites. Furthermore,  

institutional and regulatory frameworks on environmental monitoring and risk management are 

underdeveloped or non-existent (Barlow et al., 2015; Kouame et al., 2014; Kumwenda et al., 

2014; Okot-Okumu, 2012; Shaheen et al., 2016). In some instances, public knowledge and 

awareness on waste hazards are limited (Okot-Okumu & Nyenje, 2011) and several 

contaminated environments are unknown due to limited research (Ndejjo et al., 2019).  

Similarly,  consumers ingest fruits and vegetables with unknown and unreported chemical risk 

levels in food crops grown on contaminated soils, and also frameworks on land and food 

governance to regulate food safety is lacking (Khan et al., 2017; Olowoyo et al., 2012). 

Furthermore, unplanned population pressure (especially in Asia and Africa) and its associated 

challenges such as high poverty levels and rapid expansion of peri-urban centres have limited 

availability of land for food production, particularly in urban areas (Chen et al., 2013; Mbabazi 

et al., 2010; Rajan et al., 2015; Twinamatsiko et al., 2016). Consequently, many of the urban 

poor resort to using the organic-rich mixed dumpsites, for domestic and commercial food 

production (Davies et al., 2004; Kutiwa, Boon, & Devuyst, 2010; Nabulo et al., 2012; Odai et 

al., 2008; Sheunesu, 2007).  

 
Contaminated environments including dumpsites transfer significant amounts of toxic and 

persistent metals into the soil environment and to plant parts (Gavrilescu, 2009; Rao et al., 2011; 

Suruchi and Pankaj , 2011). The accumulation of metals by plant parts grown in polluted soils 

have been reported (Garbisu & Alkorta, 2001; Shanker et al., 2005; Yoon et al., 2006). Also, 

unwashed plants may have higher metal concentrations compared to washed plants (Nabulo et 

al., 2012; Nabulo et al., 2010; Okoronkwo et al., 2005). Elements such as Al, Fe, Zn, Mn, Cu, 

Ni, Cr, Pb, Co, Cd, As, Se, Hg could be absorbed from the air, water and soil through roots or 

foliage, and transferred to the food chain (Suruchi and Pankaj , 2011). These substances are 



  CHAPTER 1 

25 

accumulative in plant roots, stems, grains and leaves (Adefila, Onwordi, & Ogunwande, 2010; 

Ali & Al-Qahtani, 2012; Bahemuka & Mubofu, 1999; Opaluwa et al., 2012; Oteef, et al., 2015; 

Shahid et al., 2017). Variations in the rate and amount of metal intake exist, depending on metal 

species, plant species, plant maturity age and plant part” (Ebong et al., 2008; Guerra et al., 2012; 

Nabulo et al., 2010).  

 

As previously discussed, contaminated environments (land, water, air) affect food production, 

food quality, human health and international trade. To achieve and maintain improved 

environmental health and increasing productivity, associated interactions across the landscape, 

including from farm to consumers, should be understood. Data on effects of land degradation 

and drivers of resource use efficiency and productivity (i.e., landscape influence on agricultural 

systems) should be integrated. Global environmental sustainability and responsible production 

and consumption (sustainable development goals 3, 6, 12) must be promoted. In this regard, 

studies are needed to identify contaminated food sources and vulnerable food production areas, 

including associated health risks, for a secure, safe and tradable global foods through regulated 

farming.  

 
In Uganda, the waste and environmental management, public health and food governance are 

under threat for the following reasons. The poor institutional framework have resulted into poor 

institutional linkages. The national environmental and food laws, policies and regulations were 

enacted in 1930’s hence have become outdated, with standards and requirements (e.g., 

unreasonable fines, sentences) unsuitable for the current increasing urbanization, 

industrialization and pollution. There is fragmentation and uncoordinated roles towards 

environmental and public health enforcement by different government ministries, departments 

and agencies. The interference of political actors at difference levels of governance have 

affected the political will. This has led to inadequate institutional support by responsible 



  CHAPTER 1 

26 

government departments - lack of resources to transport staff between field activities and 

enforcement campaigns, rigid regulatory structures and lack of appropriate legal documentation 

(Geresom, 2019). The inadequate technical expertise by the public health and environmental 

law practitioners (e.g., lack of drafted and administration law documents) has affected 

implementation. The national food safety strategic plan and integrated food safety control 

systems are lacking. Also, lacking is national food safety communication strategies to create 

awareness through identifying key messages, target groups and media tools. Regarding 

education and research, the training curriculum for the environmental law and public health 

practitioners are non-inclusive (i.e., not comprehensive enough to provide required training and 

competencies). There is lack of adequately equipped environmental health laboratories/ 

institutes/ centres to advance trainings and research. Without such facilities, studies on 

pollution, toxicology and risk assessments become limited, inhibiting the development of 

environmental and health risk assessment frameworks, hence increased disease burden (Agaba, 

2015; Geresom, 2019; Geresom & Ndungutse, 2019; Turcan & Bene, 2017). The research at 

the Mbale dumpsite (Uganda) contributes towards identifying contaminated environment, food 

safety and associated health risks by providing baseline data needed to guide practice and 

regulations or policies.  

 
In municipalities of most developing countries, including Mbale, policies are unguided due to 

limited research and data (Ndejjo et al., 2019). This has been attributed to scarce funding to 

purchase analytical facilities and lack of internationally recognized standards (Patwary et al., 

2011; Saba Hafeez et al., 2016), to facilitate collaborations for a global cause (Ministry of 

Health, 2004). In Mbale municipality, several disease out-breaks led to several qualitative 

studies on sanitation (Geresom, 2019; Geresom & Ndungutse, 2019; Moreno, 2003; UN-

Habitat, 2008, 2011). Study findings point towards environmental (soil, water) contamination 

from poor waste disposal, inadequate waste management facilities and weak institutions as the 
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causes of infectious diseases (Ndejjo et al., 2019). Consequently, people were advised to 

effectively manage their waste, boil drinking water and wash hands, vegetables and fruits before 

eating to avoid diseases (Geresom, 2019; Geresom & Ndungutse, 2019; Ndejjo et al., 2019; 

Wamokuyu & Wetaya, 2009).  Other environmental related studies in the Mbale municipality 

were wetlands characterization and assessments (Namaalwa et al., 2013; Zsuffa et al., 2013). 

Furthermore, one quantitative environmental impact assessment study was carried out on the 

Mbale dumpsite, with five soil and two surface water samples (OPEP, 2007). The findings were 

high coliform counts in surface water, trace amounts of metals in soils and high pH and high 

sand content. Groundwater monitoring and food crop risk analysis and evaluation were not 

carried out, both on the dumpsite and on Namatala wetland ecosystems (NWE).   

 

The aim of this research was to assess if the uncontrolled Mbale Municipal Council dumpsite 

posed dietary health risks to consumers through metal contaminations in food crops. The study 

seeks to identify and quantify the metal concentrations in food crops and compare them against 

the World Health Organization (WHO) consumer food safety guidelines. Also, the risk levels 

were compared to the United States Environmental Protection Agency (USEPA) toxicity limits 

and cancer risk categories. Food crops on the Mbale dumpsite were used as bio-monitors to 

assess food safety and growth media status - to validate the reported concept of food crop 

contamination with metals present in unsorted municipal waste in urban open dumpsites. The 

study also provided a reference as to whether waste materials in Mbale open dumpsite, could 

be a major cause of non-communicable diseases in Eastern Uganda, or to the population using 

the site for livelihood.   

 
To achieve the above aim, three specific objectives (hypothesis) were tested:  
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(1) To determine how widespread the metal contamination was, across the site. This 

objective tested the hypothesis “does the potential for metal uptake vary in different zones of 

the study site?”, and the sampling strategy used was “same crops, different zones”.  

 

(2) To determine the variation in metal concentrations with growth period. The tested 

hypothesis was “does the length of growing period (i.e., growing duration to maturity) influence 

the metal concentrations in food crops?”, and the sampling strategy used was “same crops, 

different growth periods”.  

 
(3) To determine the risks due to the presence of single and multiple metals in different 

crop types, mixed crop types and meal types. Here, the assessment strategy used involved 

identifying risks due to single metals in crop types, mixed crop types and meal types; and total 

risks due to multiple metals in crop types, mixed crop types and meal types.  

 
To answer the above specific objectives, several crop samples were collected from farms 

located on the Mbale Municipal Council Waste Dumpsite, and along the Namatala riverbank 

(i.e., farms adjacent to the dumpsite) (Fig. 1.5).  
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  Figure 1.5. Crop sampling points on farms located on the Mbale dumpsite and in adjacent areas along the Namatala River 
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Different food crops were collected based on the research questions and strategies detailed in 

objectives one, two and three (chapters three, four, five) respectively. The dumpsite was divided 

into three major zones (dump centre, hillslope, riverbank) (Fig. 3.3) based on topography, depth 

to water level (deep, shallow, flooded, dry), zone status (active, inactive), waste characteristics 

(decomposed, non-decomposed) and site activities (metal scrap mining, waste burning, 

composting, winnowing, farming, residential, industrial) (MDP 1-32). A site reconnaissance 

visit occurred between July and September 2015 (Table 1.2), whereas sample collection (MDP 

9, 10) was carried out from November 2016 till late January 2017; almost similar months to 

that reported in a study from Kilembe mines (Mwesigye et al., 2019). Unlike the reconnaissance 

study that occurred during the rainy season; sample collection was during the eight-month 

drought period. Consequently, the meteorological conditions affected the sampled crop types, 

crop location and the initial designed sampling strategy (GDT 1) across the Mbale dumpsite. 

The initial sample design had been prepared based on crop types and crop locations that existed 

during the reconnaissance stage (GDT 1). But after the long drought, most crop types were non-

existent or scarce (Table 1.2). An overview of seasonal variations on crop dynamics at the 

Mbale dumpsite are presented (Table 1.2). Table 1.2 also provides a detailed information and 

an overview on crop existence and why the initial sampling strategy could not be implemented. 

This table also brought in a new perspective of “climate change”, “crop seasons” and the need 

to consider meteorological factors and seasonal variations in any future research assessments 

at the Mbale dumpsite. 
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Table 1.2. Periodic (seasonal) crop dynamics across the Mbale Municipal Council Waste Dumpsite 

  2006 - February 2007 July - September 2015 November 2016 - January 2017 April - May 2018 (riverbank flooded) 
ZONES 1 2 3 1 2 3 1 2 3 1 2 3 

SUBZONES       Centre 50m off 
Centre S-W W-N SHWT SLWT RBHWT RBLWT N-E E-S S-W W-N SHWT SLWT RBHWT RBLWT N-E E-S S-W W-N SHWT SLWT RBHWT RBLWT 

Crop Types                                                       

Zea mays Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Phaseolus vulgaris  Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes        Yes Yes Yes Yes Yes Yes Yes  

Coffea Arabica Yes Yes Yes   Yes Yes Yes Yes   Yes        Yes        

Saccharum officinarum   Yes       Yes Yes  Yes             Yes Yes 

Carica papaya           Yes Yes    Yes    Yes    Yes    

Musa spp Yes Yes Yes       Yes Yes Yes    Yes  Yes Yes Yes  yes  Yes  Yes Yes 

Cucurbita maxima    Yes        Yes Yes Yes              

Ipomoea batatas    Yes     Yes  Yes Yes  Yes Yes         Yes Yes   

Helianthus annuus                            

Eleusine coracana                            

Sorghum bicolor            Yes Yes      Yes         

Solanum melongena          Yes Yes  Yes    Yes      Yes Yes Yes Yes  

Brassica oleracea var. capitate     Yes Yes Yes      Yes   Yes     Yes       

Solanum lycopersicum     Yes Yes Yes     Yes Yes Yes  Yes Yes    Yes   Yes    

Amaranthus (lividus, hybridus, 
cruentus, dubius)    Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes  

Manihot esculenta          Yes Yes   Yes  Yes  Yes    Yes  Yes  Yes  

Colocasia Xanthosoma sagittifolium          Yes Yes        Yes         

Dioscorea dumetorum.            Yes    Yes    Yes        

Dioscorea alata                Yes            

Vigna unguiculata           Yes Yes Yes Yes Yes Yes   Yes         

Cleome gynandra            Yes  Yes Yes Yes            

Glycine max        Yes Yes   Yes     Yes  Yes         

Arachis hypogaea         Yes  Yes Yes                

Musa acuminata                   Yes       Yes Yes 

Sesamum indicum            Yes                

Bamia (L)            Yes Yes Yes Yes Yes            

Abelmoschus esculentus                   Yes         

Isuffa (L)            Yes Yes Yes Yes Yes Yes           



  CHAPTER 1 

34 

Physalis peruviana            Yes Yes Yes Yes   Yes Yes         

Cymbopogon citratus            Yes    Yes    Yes    Yes    

Brassica oleracea                Yes   Yes         

Bidens pilosa            Yes  Yes Yes Yes Yes           

Citrullus lanatus             Yes Yes Yes             

Commelina benghalensis            Yes  Yes Yes    Yes         

Brassica oleracea var. italica           Yes                 

Solanum tuberosum         Yes  Yes              Yes  Yes 

Oryza sativa          Yes                  

Capsicum annuum                Yes        Yes    
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As briefly discussed, (section 1.1, chapter 1), the extensive and updated literature review on 

“impacts and risks from solid waste management in developed and developing countries” 

identified critical gaps that led to this present study. The descriptive details of the six chapters 

are consecutively presented overleaf. Literature review (chapter two), objective chapters (three, 

four, five), policy needs in developing countries (chapter six) and synthesis of results, 

conclusions and recommendations (chapter seven).  
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CHAPTER 2               LITERATURE REVIEW PAPER 
 

Impacts and risks of solid waste management in developed and developing countries 

 

For submission as:  Florence Barbara Awino, A. Jasmyn J. Lynch, William Maher 

 

Highlights 

o Waste trading and adopted technologies cause impacts and risks in developing countries  

o High generation/incineration/landfill rates show failure to reduce, reuse and recycle 

o Technologies, economic tools and regulations exist with inadequate social awareness 

o Impacts/risks vary due to investment differences in treatment and disposal methods 

o Countries with good waste management strategies and practices are listed. 

 
 

ABSTRACT 

Globalization of transport, food production and commodity exchange has increased 

environmental impacts and health risks. This scenario is mostly severe when commodities such 

as solid waste are exported (through waste trading) to places with lower standards of 

management practices. This practice is worsened by the weak governance on solid waste and 

environmental management, and food production in most developing countries, which exposes 

the global population to risks through trade and tourism. This review compares solid waste 

management strategies and practices in developed and developing countries. Each country’s 

strategy is considered relative to existing evaluation frameworks and practices vis-à-vis the 3Rs 

(reduce, reuse, recycle). Countries with good strategies and practices are highlighted in relation 

to improved interventions. Most countries fare poorly in solid waste management practices 

against the 3Rs. High waste generation, incineration and landfill disposal volumes are the norm, 
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which is an indicator of failure in 3R compliance.  Accordingly, a few exceptional countries 

exhibit zero waste compliance, sending no solid waste to landfills, incinerators or the ocean. 

Compared to developing countries, waste management strategies and practices in developed 

countries rely more on technologies, economic tools, and regulatory frameworks. Also, waste 

separation and recycling are responses to regulations and social pressures that have raised 

awareness, inclusion and participation in developed countries. In contrast, the lower standards 

attached to waste management in developing countries expose people to hazards as they retrieve 

recyclable materials from solid waste to satisfy material needs. Conversely, this “informal” 

practice has improved solid waste separation and recycling in developing countries. Despite 

this improvement, economic constraints, weak policies and governance, and non-inclusive 

stakeholder participation continue to pose management (planning, monitoring, supervisory) 

challenges. Additionally, inappropriate application of strategies and practices (e.g., adopted 

technologies, waste trading), unreliable data and limited awareness of hazards and benefits have 

equally been cited. These challenges are evident in the continuous increase in waste volumes, 

impacts and risks observed in both developing and developed countries; however, only the 

depth varies. Developed and developing countries both need to improve compliance to the 3R 

concept and enhance stakeholders’ awareness, partnership and participation throughout the 

waste management process. In addition, developed countries could support developing nations 

in developing risk assessment frameworks and models suitable for local contexts to manage 

traded wastes, reduce adverse impacts and risks, and enhance global environmental 

sustainability.  

 
Keywords  

Open dumps, solid waste management, strategies and practices, environmental impacts, human 

health risks, developing and developed countries  
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2.1 Introduction 
 

2.1.1 The flaws of global municipal solid waste management: past and present     
 

Countries have increasingly devised strategies and practices to manage their municipal solid 

waste (Guerrero et al., 2013; Zaman and Lehmann, 2011); however, long-term inappropriate 

waste management has resulted in increased waste generation, negative socio-economic and 

environmental impacts, and health risks at local, national and international scales (Abagale et 

al., 2012; Beatriz et al., 2014; Ejaz et al., 2010; Hoornweg and Bhada-Tata, 2012). Increased 

societal waste generation and open dumping across countries can be traced back to 10,000 BC 

(Marshall and Farahbakhsh, 2013; Sarptaş and Erdin, 2015; Wilson and Ing, 2013). This was 

complemented by ocean dumping, stock piling and landfills practices from around 500 BC 

(Hanfman, 2012; Kiddee et al., 2013; Lamb et al., 2014). Even recently, in Greece, UK, USA, 

Italy, Australia, Ireland, Portugal, Israel, New Zealand and many developing countries, 

untreated sewage and unsorted wastes have been dumped or buried in fresh water bodies, 

offshore or in uncontrolled landfills (Bosdogianni, 2007; Saha, 2013; Showers and Chewning, 

1994). These poor waste management strategies and practices have resulted in increased waste 

generation with consequent air, water, soil, and food chain contamination (Bras et al., 2009; 

Halfman, 2009; Hanfman, 2012; Stegmann, 2017; Watson, 2013).  

 
The overall annual global waste generation is periodically increasing across countries. Reports 

indicate that in 1997, 2012 and 2016, the global waste generation rates were 0.49, 1.3 and 2.01 

billion tonnes respectively (Kaza et al., 2018; Manaf et al., 2009). Consequently, this waste 

volumes is predicted to increase to 2.2, 2.59 and 3.4 billion tonnes in 2025, 2030 and 2050 

respectively (Hoornweg & Bhada-Tata, 2012). Similarly, in 2010 and 2016, the high-income 

countries generated 0.598 and 0.683; compared to 0.377 and 0.655, 0.247 and 0.586, and 0.078 
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and 0.093 billion tonnes produced in lower middle, upper middle, and low-income countries 

respectively (Hoornweg and Bhada-Tata, 2012; Kaza et al., 2018). In the same years, the global 

average waste generation rate per capita was 1.2 and 0.74 kg/day, with 2.13 and 1.58 kg/day in 

high income countries compared to 1.16 and 0.69, 0.78 and 0.53, and 0.6 and 0.4 kg/day in 

upper middle, lower middle and low-income countries respectively (Hoornweg and Bhada-

Tata, 2012; Kaza et al., 2018). Predictions for 2025, 2030, and 2050 are that high-income 

countries will generate 0.686, 0.781 and 0.879 compared to 0.36, 0.835 and 1.004 (upper-

middle), 0.956, 0.827 and 1.233 (lower-middle), and 0.213, 0.143, 0.283 (low income) billion 

tonnes respectively. In the same years still, there were predictions that the waste generation per 

capita across countries will be as follows: high-income countries (2.05, 1.71, 1.87 kg/day), 

upper-middle (1.59, 0.83. 0.99 kg/day), lower-middle (1.26, 0.63, 0.79 kg/day) and low income 

(0.86, 0.43, 0.56 kg/day) respectively (Kaza et al., 2018). Therefore, the global waste generation 

is continuously increasing (detailed further in section 2.3.3.1, chapter 2). 

 
To reduce environmental impacts and health risks from the increasing waste generation, 

municipal solid waste management (MSWM) system processes should include separation, 

storage, collection, transportation, treatment (e.g., recycling, incineration, composting) and 

sustainable disposal (Kawai and Tasaki, 2015; Schübeler et al., 1996; Zaman and Lehmann, 

2011). On the contrary, applying improper strategies and practices (e.g., open dumping, open 

burning, landfilling, waste trading) increases environmental pollution and health risks (Egun, 

2017; Hoornweg and Bhada-Tata, 2012). Ten years ago, from the 1.3 billion tonnes of global 

generated waste, over 100 million tonnes were illegally dumped in unregulated areas, 

worldwide (Ejaz et al., 2010; Hanfman, 2012; Kiddee et al., 2013). More recently, it has been 

reported that, of the over 7 billion people on earth, “more than 2 billion people do not have any 

waste collection services, and 3 billion simply dump wastes without any form of control, often 

with open burning, causing a global waste crisis” (Kabera et al., 2019).  Although such MSWM 
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crises have existed in developed countries since the 19th century, the situation has been 

exacerbated in developing nations (Wilson, 2007), with their increasing population, 

urbanization, waste generation, limited resources, cultural and socio-economic disparities, 

economic growth, policies, governance and institutional issues, user exclusion and poor waste 

disposal methods (Marshall and Farahbakhsh, 2013; Okot-Okumu, 2012; Okot-Okumu and 

Nyenje, 2011). Societal health concerns over environmental impacts (e.g., climate change, 

global warming), high morbidity and mortality rates and resource scarcity have resulted in 

increased stakeholder awareness of waste hazards and values, and greater stakeholder 

participation in step-by-step MSWM innovations – but mainly in developed countries (Wilson, 

2007; Zaman and Lehmann, 2011).  

 
Generally, MSWM improvements are evident across nations; nevertheless, developed and 

developing countries equally suffer from past and present waste impacts and risks. Unregulated 

disposal and biodegradation of past and present unsorted solid waste generate harmful organic 

and inorganic chemicals (e.g., metals) in the environment (Agyarko et al., 2010; Cabidoche and 

Lesueur-Jannoyer, 2012; Ebong et al., 2008; Kihampa et al., 2011). Metals in particular are 

environmentally persistent in nature, gets transferred and bio-accumulate in animal tissues 

through the food chain (Jones and de Voogt, 1999; Naidu et al., 2008; Uba et al., 2008; Ukpong 

et al., 2013). Some metals (e.g., Pb, Hg) can vaporise and travel long distances across borders 

(Hafeez et al., 2016; Mahmood and Malik, 2014; Mahmood et al., 2014). These chemicals are 

known to cause toxicity to wildlife and humans even at trace concentrations (Florence et al., 

2015; Hafeez et al., 2016; Wu et al., 2010b). They initiate endocrine disruption: ecotoxic, 

neurogenic and carcinogenic health disorders in aquatic organisms and humans (Khan and Cao, 

2011; Li et al., 2005; Olujimi et al., 2010; Tsutsumi, 2005; Tuyet-Hanh et al., 2010). In humans, 

these toxic chemicals cause birth defects and reduced fertility, obesity, thyroid effects and brain 



Chapter 2 

44 

disorders (Ashby et al., 1997; Danaei et al., 2005; Hotchkiss et al., 2008; Lathers, 2002; Sohoni 

et al., 2001).  

 
Such scenarios might explain the global occurrences of over 200 infectious and carcinogenic 

diseases, with two million annual deaths from harmful food and water contaminants (Geresom 

& Ndungutse., 2019; Independent, 2019a; Kumwenda et al., 2014; Musoke et al., 2016; WHO, 

2015). Unfortunately, developing countries seem to exhibit most air, food- and waste-borne 

disease burdens (Ejaz et al., 2010; Saha, 2013; Wilson and Ing, 2013); with a quarter of the 

total disease burden, and 2.97 million annual human deaths occurring in Africa (Geresom, 2019; 

Geresom & Ndungutse, 2019; Ministry of Health, 2004; Yabe et al., 2010).  Through 

globalization of transport, food production, commodity exchange (Rahman et al., 2014; Saumel 

et al., 2012), climate change and e-waste trading, the entire world is exposed to such waste 

impacts and risks (Amin et al., 2013; Kiddee et al., 2013; Murray and Lopez, 1996; Stegmann, 

2017; WHO, 2015; Yoon et al., 2006). Waste impacts and risks have affected national 

economies and livelihood through reduced food availability, export market closures, and costly 

solutions to address environmental and health threats (Abagale et al., 2012; Marshall and 

Farahbakhsh, 2013; Rahman et al., 2014).  

 

2.1.2  Global action towards sustainable MSWM in developed countries 
 

In offsetting global socio-economic, environmental and public health threats, and achieving the 

current MSWM systems status in developed countries, the European sanitary revolution 

pioneered a program whose step-by-step development journey took 150 years. Through such a 

slow but progressive advancement, developed nations adopted sustainable development 

approaches (Wallis et al., 2010; Zaman and Lehmann, 2011) including the 3R (reduce, reuse, 
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recycle) concept (Fig. 2.1) (Hoornweg and Bhada-Tata, 2012; Ma and Hipel, 2016; Sidique et 

al., 2010; Zaman, 2015).  

 

 

Figure 2.1. Waste Management Hierarchy (modified from Hoornweg and Bhada-Tata, 2012). 
 

The effective adoption and implementation of figure 2.1 are depicted in zero waste or landfill 

deposition (Shekdar, 2009) or 100% recycling and recovery (Zaman and Lehmann, 2011). 

Successful MSWM implementation indicates municipal capacity to handle other complicated 

services and products (Ahmed and Ali, 2004; Wilson and Ing, 2013). Through this concept, 

waste is recognized as a resource (Zaman, 2015) and countries are encouraged to create circular 

economical societies that promotes behavioural change for avoidance, reduce, reuse, recycle, 

repair, recover/redesign, and remanufacture (Kaza et al., 2018; Zaman, 2014b; Zaman and 
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Lehmann, 2011). Municipalities in Australia (e.g., Adelaide, ACT urban centres), USA (e.g., 

San Francisco), Sweden (e.g., Stockholm), Netherlands (e.g., Rotterdam), Austria, Germany, 

Singapore, Belgium and Denmark have adopted zero waste strategies and practices (Kaza et 

al., 2018). Consequently, these countries generate less waste and almost no landfill volumes 

(Fig. 2.2 & Table SI 2.1) (Hoornweg and Bhada-Tata, 2012; Zaman and Lehmann, 2011). 

Figure 2.2 is a visual representation of countries that implemented either the most or least 

preferred 3R concept (Fig. 2.1), worldwide. The different colours give the different waste 

management practices (recycling, composting, incineration, landfilling, open dumping) across 

the six (6) continents. Figure 2.2 also indicates the countries (continents) that are doing better 

than others in terms of waste reduction and environmental exposure. The continents are 

represented from West to East (Europe, North America, South America, Australasia, Asia, 

Africa) by clusters of countries. It is worthy noting that some countries are higher, while others 

are lower in the waste management hierarchy (Fig. 2.1). Most European countries are higher in 

the hierarchy, hence are amongst the best waste managers.  
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 Figure 2.2. Countries exhibiting high and low recycling, composting, incineration, landfilling and open dumping practices  
(extracted from what a waste 2.0, 2018) 
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Across developed countries, waste management system improvements are evident; however, 

there is a further need to reduce generation volumes, eliminate landfills, open dumping and 

incineration practices (Kabera et al., 2019; Omwoma et al., 2017; Rodic et al., 2010; Zaman, 

2015) since “zero city concept” means 100% recycling and recovery (Zaman and Lehmann, 

2011). High waste generation, incineration and landfill disposal volumes in developed countries 

(e.g., Greece, Turkey, USA, Bulgaria, Malta, Romania) and most developing nations are from 

past and present strategies and practices (Rodic et al., 2010; Zaman and Lehmann, 2011). This, 

however, is an indication of failure in 3Rs implementation, resource recovery and conservation, 

and in pollution control by most developed countries (Ezeah et al., 2013; Oteng-Ababio et al., 

2013; Rodic et al., 2010; Zaman, 2014a, 2015). Similarly, developed countries were identified 

for using waste management models that were designed before 2000 (Fauziah et al., 2009; 

Marshall and Farahbakhsh, 2013). These models were divergent across countries, and only 

emphasized environmental and economic issues that arose from waste collection, rather than 

social aspects (Rodic et al., 2010). Such divergent environmental analytical models and systems 

assessment decision-support (EIA) tools posed decision-making and planning challenges 

towards global waste monitoring (Omwoma et al., 2017; Triguero et al., 2016). Furthermore, 

the economic instruments and regulations in individual countries were designed to only solve 

local needs and conditions, and this has created barriers in their integration for global common 

use, due to their excessiveness and complexities (Pires et al., 2011). See section 2.3.1.2.  

 

2.1.3  Global action towards MSWM in developing countries 
 

Divergent and costly models and tools designed from developed countries have been adopted 

and implemented in most developing countries (Wilson and Ing, 2013). Variations in local 

contexts (needs and conditions); however, pose challenges in technologies’ application hence 

the continuous MSWM complexities in developing countries (Marshall and Farahbakhsh, 2013; 
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Schübeler et al., 1996). To provide alternative approaches (Wallis et al., 2010), a 35-member 

collaborative working group (CWG) on urban management investigated and identified waste 

issues for interventions (Guerrero et al., 2013; Schübeler et al., 1996; Wilson and Ing, 2013). 

Identified issues included non-existence of common universal waste management models, 

partial stakeholders’ inclusion, participation, co-ordination and partnerships, limited awareness 

on benefits and hazards, and “WHO (relevant stakeholders)”, “WHAT (physical waste system 

elements)”, and “HOW (strategic objectives and influencing factors)” related concepts 

(Guerrero et al., 2013). Owing to this, in 1980, the CWG initiated the development of a 

conceptual framework for MSWM in low-and middle-income countries. In 1995, during a 

workshop held in Switzerland, a framework was developed which guided the preparation of a 

seminal book on MSWM in the World’s Cities for UN-Habitat, and a proceedings paper 

(Wilson and Ing, 2013). Years later, the Dutch institute, NGO WASTE further developed the 

integrated sustainable waste management (ISWM) framework into the first simplified version, 

that was used as an analytical tool and a development framework (Wilson and Ing, 2013). This 

holistic and comprehensive concept partially answered the “what?”; “who?”, and “how?” 

MSWM issues (Wilson and Ing, 2013).   

 
Currently, the ISWM framework is a methodology and project-specific approach that assesses 

factors responsible for MSWM system successes and failures. Researchers have systematically 

used the framework to generate guidelines and to measure the performance of MSWM in 

developing countries (Kabera et al., 2019). Wilson (2007) analysed MSWM drivers across 

countries and discovered that holistic approaches and integrated methodologies could address 

influential aspects and their linkages in the entire waste system. He then recommended locally 

appropriate waste systems with country-specific contexts and needs that could address the 

current complex waste management challenges in most developing countries. Guerrero et al. 

(2013) identified the key stakeholders in waste management processes, their roles, and 



Chapter 2 

51 

influential factors that would improve or cause systems’ failure (Guerrero et al., 2013). Wilson 

et al. (2013) on the other hand, assessed how the implementation of governance aspects, and 

proactive policies on the physical waste system elements, have over time, improved waste 

management problems in developing countries. Despite the reported improvements,  Wilson 

and Ing (2013) similalrly emphasizes the need for feasible systems that are affordable, involve 

stakeholders, and are suitable for local needs and conditions.  Marshall and Farahbakhsh (2013) 

reviewed the historical waste drivers in Wilson and Ing’s (2013) study, explored challenges, 

and raised environmental and health concerns over system approaches towards ISWM in 

developing countries. Nevertheless, variations between successful waste management drivers 

in developed countries and the current needs across developing nations have been reported; 

therefore, adopting strategies from the former creates more complexities for the latter (Marshall 

and Farahbakhsh, 2013). Finding new approaches that fit the local context for waste problems 

in developing countries is needed (Marshall and Farahbakhsh, 2013).  

 
In a nutshell, the MSWM conceptual framework in developing countries has evolved through 

initiation, development, refinement, integration and linkages, just as it was in developed 

countries. Technically and visually; however, its implementation has not shown adequate 

linkages amongst the sustainability elements (e.g., physical waste system elements, 

stakeholders, and influencing factors) (Marshall and Farahbakhsh, 2013). Furthermore, the 

adopted technologies did not match the local needs and conditions (Wilson, 2007; Wilson and 

Ing, 2013); a scenario that has negatively influenced systems’ effectiveness and long-term 

sustainability (Guerrero et al., 2013; Zaman and Lehmann, 2011). Integrating stakeholders’ 

participation and partnerships would emphasize the importance of equitability, affordability, 

feasibility, efficiency, effectiveness, joint action, and sustainability, thereby contributing to zero 

waste management in developing countries (Guerrero et al., 2013; Van de Klundert et al., 2001; 

Zaman, 2014a). 
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To technically and visually guide the achievement of an inclusive municipal solid waste 

management (MSWM) systems (e.g., with clear linkages to all sustainability elements), a 

modified integrated conceptual framework (Fig. 2.3) (Schübeler et al., 1996; Wilson and Ing, 

2013) was created for this comparative review process. This framework identified how the 

current strategies and practices applied across countries could best be implemented to 

counteract threats and achieve zero waste (Marshall and Farahbakhsh, 2013; Zaman and 

Lehmann, 2011; Zaman, 2014b).  Here, in this review, the current waste management strategies 

and practices across disparate countries were benchmarked against the 3Rs hierarchy and the 

modified ISWM framework. The study aims to identify countries that comply to 3R concept, 

and those with other sustainable practices for global applicability. The review also highlights 

the potential causes of adverse MSWM impacts and risks in developing countries. Furthermore, 

issues that need management intervention measures across developed and developing nations 

and suggests solutions that could inform decisions were identified. Sections 2.3.1 (influencing 

factors), 2.3.2 (stakeholders) and 2.3.3 (physical waste components) presents the findings 

from the review.  
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Figure 2.3. A Modified Conceptual Framework for ISWM process created based on 

WASTE 2015 (Schübeler et al., 1996; Wilson and Ing, 2013). 
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2.2  Materials and Methods 
 

This review was conducted using a systematic analysis of secondary data (peer-reviewed 

articles, grey literature and special reports) from 1993 to 2017.  Journal articles were sourced 

from Scopus, Science Direct, Web of Science, Sci-finder, Google Scholar, SAGE journals, 

ResearchGate, Springer link databases, and the Google search engine. Journals included Waste 

management, Science of the total environment, Waste management and research, Cleaner 

production, Environmental management, Environmental Science, Habitat international, 

Agricultural and food chemistry, Food chemistry, Sustainable chemistry and pharmacy, 

Renewable and sustainable energy, Resource conservation and recycling, and Environmental 

impact assessment. Grey literature and special reports from the World Health Organization, 

United Nations Environment Program, UN-Habitat, and World Bank were reviewed for data 

on waste, economics and health risks or diseases. Literature searches were based on five 

keywords: open dumps, MSWM strategies and practices, environmental impacts, human health 

risks, developing and developed countries.  

 
One hundred and seven peer-reviewed articles and 25 grey literature documents were retrieved 

and reviewed for quantitative and qualitative data. Data from 82 developing and 50 developed 

countries across all the six continents were collected.  Both peer-reviewed articles and grey 

literature were selected based on their relevance and current knowledge towards the question 

“To what extent do MSWM strategies and practices across countries contribute to 

environmental impacts and health risks?” In addition, the perception created by several 

published literature on MSWM challenges in mostly developing countries prompted the need 

for comparison across nations. Furthermore, the quest to assess MSWM applications were 

based on the fact that developed countries design and implement their own local strategies and 

practices, while developing countries adopt and act as “trial” grounds for those models. This 
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practice has been attributed to inappropriate government policies, financial constraints and 

limited technical capacities in developing countries.  

 

2.3 Results and Discussion 
 

2.3.1    Influencing factors 
 

A sustainable MSWM system requires appropriate technical solutions, adequate and strong 

organization capacity, and stakeholders’ co-operation and partnerships, with integrated 

treatment methods to prevent, reduce, recover and dispose generated waste (Shekdar, 2009). 

The system must incorporate good governance, sound institutions, proactive policies, economic 

affordability, environmental efficiency, social acceptability and public participation, where 

citizens can communicate and take part in planning and decision-making processes (Shekdar, 

2009).  It must be market-oriented, with flexibility for continued improvements, and tailored 

towards community needs on a case-to-case basis (Shekdar, 2009). Sustainable systems must 

initiate collective actions, promote transparent decisions and free access to information. The 

system must empower public and private stakeholders’ capacities, incorporate appropriate local 

community perspectives and needs, and encourage networking at local, regional, and national 

levels. In such systems, the influencing factors (e.g., technical, socio-cultural, political, 

environmental, financial, economic, legal, and institutional) must be interlinked and 

implemented in unison (Zaman and Lehmann, 2011). 

 
2.3.1.1 Proactive policies and governance framework 

Governments must strongly enforce MSWM service provisions and/or regulations regardless 

of public affordability or acceptability (Ahmed and Ali, 2004; Wilson and Ing, 2013). The 

general cleanliness of a city or a community depicts existing waste management frameworks 
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and governance (Wilson and Ing, 2013). Good governance must be participatory, consensus-

oriented, accountable, transparent, responsive, effective, efficient, equitable and inclusive, 

while also supporting and respecting the rule of law (human rights). Such governments serve 

all stakeholders irrespective of race, gender, economic status, religion, political ideologies, and 

encourage dialogues on public issues of interest. During decision-making, public information 

flow is transparent, freedom in participation is promoted, and collaboration by all relevant 

stakeholders is encouraged. Good governance minimizes corruption, considers the minority 

views, and hears the voices of the most vulnerable.  The low-income groups participate and 

influence policy and resource allocation, monitor accountability, predictability, and 

transparency; which are essential aspects for equitable, effective and efficient SWM processes 

and systems. Good governance promotes justice for the well-being of its citizens, leaders are 

accountable to the public, and considers historical, cultural, and social complexities while 

handling societal present and future developmental needs. Good governance and policy 

instruments contribute to strong and transparent strategic management structures and 

frameworks, a prerequisite for successful waste management strategies and practices across 

countries (Rodic et al., 2010; Wilson and Ing, 2013).  

 
In most developed countries, laws and regulations (e.g., provision of economic incentives, 

fines, taxes, grants, rebates, container deposit schemes, product stewardship) have dictated 

waste practices, and improved its management as depicted in Table SI 2.1 (Ma and Hipel, 2016; 

Schübeler et al., 1996; Shekdar, 2009).  Greece, USA, UK, Italy, New Zealand and most 

developing countries; however, exhibit policies and governance related MSWM challenges 

(Sidique et al., 2010; Wilson and Ing, 2013).  Inadequate institutional and technical capacities, 

limited infrastructure and structures, weak enforcement and underdeveloped regulatory 

frameworks, pose supervisory and monitoring challenges towards waste handling systems and 

service delivery to developing countries (Ahmed and Ali, 2004; Hoornweg and Bhada-Tata, 
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2012; Kaza et al., 2018; Okot-Okumu and Nyenje, 2011). Public policy research institutions, 

freedom of information flows, judiciary autonomy, auditors general and police academies are 

limited or non-existent in some developed and most developing countries. Striking the right 

balance with policy, governance, and institutional mechanisms in such countries is a challenge.  

 
The power struggle within multi-party-political systems of governance affects structure, 

function, and decision-making between central and local governments (Bosdogianni, 2007; 

Bras et al., 2009). Lack of democratic structures and competent representation of local 

authorities pushes leaders to make decisions based on their party interests, for fear of being 

voted out of office (Aydin, 2017; Blenkharn, 2006; Oteng-Ababio et al., 2013; Sarptaş and 

Erdin, 2015). Waste projects could easily be abandoned by leaders, if any change of governance 

or disagreements occur between political parties, and central or local government, hence no 

long-term leadership commitments. To policy makers and planners, waste is not a priority issue 

and any social and political insurgency, and civil unrest would take precedence over its budget 

resources (Shekdar, 2009; Zaman and Lehmann, 2011). Rampant corruption retards economic 

growth, distorts political systems, weakens administration, and undermines public interests and 

welfare causing prevalent unconfronted challenges (Okot-Okumu and Nyenje, 2011). Such 

controversies have inhibited enforcement and created barriers towards implementation of 

realistic decisions on better service delivery. Nevertheless, Table SI 2.1 shows developed and 

some developing countries that have sustainable strategies and practices, in place. 

 
2.3.1.2 Finance and economic sustainability 

Every effective and sustainable system must offer acceptable and affordable services to both 

the government and the public (Abagale et al., 2012; Schübeler et al., 1996). The systems’ 

sustainability depends on every stakeholders’ willingness to respond to issues and the ability to 

fund the cause (Ezeah et al., 2013; Omwoma et al., 2017). The ability to pay is determined by 
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economic status which further influences waste collection service fees, frequency, nature of 

collection and disposal sites (Ma and Hipel, 2016; Okot-Okumu and Nyenje, 2011; Sidique et 

al., 2010). In developed countries, stakeholders (e.g., governments, users) are willing to 

contribute towards waste service fee payments, whereas in developing nations they are either 

unwilling or cannot afford to pay. This gap has resulted in 100% waste service coverage in 

developed countries, compared to 40 to 80% in developing countries (Moloney and Doolan, 

2016). Furthermore, in developing countries, the central governments provide insufficient 

financial support to local municipalities to manage huge operational and maintenance activities 

(Guerrero et al., 2013; Shekdar, 2009). Inadequate and irregular income sources lead to limited 

financial sustainability (Wilson and Ing, 2013).  

 
For environmental sustainability, most governments acquire unpredictable donor grants and 

loans to establish waste projects and purchase technologies (Okot-Okumu and Nyenje, 2011; 

Rodic et al., 2010; Schübeler et al., 1996; Wilson and Ing, 2013). The costly adopted 

technologies and user inability and reluctance to pay for waste services makes system planning 

unsustainable, thereby contributing to unsuccessful waste projects (Okot-Okumu, 2012; Saha, 

2013; Siyat, 2012).  Service users and providers are rarely consulted during the initial planning 

designs – a situation that has affected cost-benefit analysis for every component within MSWM 

systems (Okot-Okumu and Nyenje, 2011). The practice affects economics around waste 

separation, generation volumes, collection coverage, and limits services to only Central 

Business Districts (CBDs) and high-income areas, thereby increasing impacts and risks 

(Bosdogianni, 2007; Magrinho et al., 2006; Omwoma et al., 2017).  See Table SI 2.1 for a list 

of countries with sustainable strategies and practices, that could be adopted and implemented 

worldwide.  
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Developed countries have designed country-specific economic decision-support models and 

assessment tools to solve individual local problems (Pires et al., 2011). Their complexity and 

excessiveness have posed obstacles during synthesis and analysis to achieve common use in 

monitoring, decision-making and planning across nations (Fauziah et al., 2009; Marshall and 

Farahbakhsh, 2013; Omwoma et al., 2017; Triguero et al., 2016).  Despite the challenges, most 

developing countries have adopted economic waste instruments designed for use in developed 

countries (Ahmed and Ali, 2004; Okot-Okumu and Nyenje, 2011). Such instruments are 

incompatible with the local setting and data, hence have affected the technical ability for local 

innovation in recipient countries (Guerrero et al., 2013; Ma and Hipel, 2016; Oteng-Ababio et 

al., 2013). This coupled with the pressure to serve donor interests hinders MSWM decision-

making process, resulting in increased impacts and risks (Marshall and Farahbakhsh, 2013; 

Omwoma et al., 2017). 

 
2.3.1.3 Technical and institutional aspects 

Technical structure and adequate well-trained human resource are the backbone for 

technological development, regulation implementation, and systems component monitoring 

and supervision (Marshall and Farahbakhsh, 2013; Okot-Okumu and Nyenje, 2011; Zaman, 

2014b). To build expertise in solving local waste problems and citizens’ needs, most developed 

countries have incorporated training and research skills into their education systems and 

curricula (Guerrero et al., 2013; Wilson and Ing, 2013; Zaman and Lehmann, 2011). Initiating 

community-based trainings have also increased access to waste education, basic sanitation and 

hygiene knowledge, and improved organization and active participation in recycling and 

mandatory household waste separation (Ma and Hipel, 2016; Sidique et al., 2010). In 

developing countries, however, the waste personnel have technical and management gaps in 

professional knowledge and leadership capabilities (Saha, 2013) and inadequate management 

plans which affect the human resource and waste system organization (Fauziah et al., 2009; 
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Moloney and Doolan, 2016; Okot-Okumu and Nyenje, 2011). Budgetary gaps and 

inappropriate government policies have hindered the on-the-job capacity to build local technical 

expertise in equipment and technologies (Ahmed and Ali, 2004; Ali et al., 2014; Beatriz et al., 

2014; Schübeler et al., 1996; Widmer et al., 2005). The financial gaps influence the ability to 

purchase analytical facilities and research data availability for decision-making hence more 

challenges (Ma and Hipel, 2016; Oguntoyinbo, 2012; Saha, 2013).  

 

In developing countries, the broad and complex curriculum at lower education levels limit the 

education programs to basic knowledge on sanitation, hygiene and family planning, rather than 

waste management (Geresom, 2019; Guerrero, Maas, & Hogland, 2013; Ndejjo et al., 2019). 

Skills offered to future waste professionals at higher institutions of learning are more theoretical 

than practical (Guerrero et al., 2013; Ma and Hipel, 2016; Ndejjo et al., 2019).  Furthermore, 

the environmental education campaigns are limited, non-inclusive and offer inadequate training 

towards national awareness on waste hazards and benefits (Hafeez et al., 2016; Kouame et al., 

2014; Kumwenda et al., 2014; Patwary et al., 2011; Zhang et al., 2010b). Despite the several 

graduates, limited trainings and lack of required technical capacities and expertise in SWM 

processes affect professionals’ employability within the municipalities (Ejaz et al., 2010; 

Kabera et al., 2019; Okot-Okumu and Nyenje, 2011; Schübeler et al., 1996).  This impairs the 

capacity to develop national strategies needed to mainstream environmental policies for 

sustainable waste management practices (Geresom, 2019; Oguntoyinbo, 2012; Okot-Okumu, 

2012).   

 
Developing a sustainable waste management plan is a complex undertaking in most developing 

countries (Hoornweg and Bhada-Tata, 2012; Rodic et al., 2010). Waste generation and 

composition data covers small jurisdictions, is scattered, and is not comprehensive nor reliable 

for monitoring (Kabera et al., 2019; Shekdar, 2009). This hinders the understanding and 
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identification of gaps and how to incorporate environmental laws (Shekdar, 2009).  Non-

existent toxic waste management frameworks and scarce data on waste hazards have resulted 

in more environmental impacts and health risks (Egun, 2017; Ejaz et al., 2010; Ezeah et al., 

2013; Oteng-Ababio et al., 2013).   

 

2.3.1.4 Infrastructural Aspects 

Adequate and excellent roads, good vehicles and appropriate technologies are prerequisites for 

a sustainable waste management system. Most developed countries have sophisticated facilities 

to support automatic waste separation, collection at kerb-side points and major areas, and at 

treatment and disposal grounds. Well-equipped landfill technology, well-constructed roads, 

material and energy recovery facilities, and mechanical biological treatment systems, reduce 

impacts and risks from waste collection and disposal. In most developing countries; however, 

the deficiencies in infrastructure and equipment affect waste separation, collection, treatment, 

and disposal (Vaccari et al., 2013). The ability to technically plan for the city (Ejaz et al., 2010), 

and purchase waste handling facilities is limited by scarce proactive policies, weak governance 

frameworks, and inadequate budget allocations (Beatriz et al., 2014; Blenkharn, 2006; Guerrero 

et al., 2013; Wilson and Ing, 2013). Access roads to skips are poor, and truck scales and 

weighing scales to estimate waste quantities during collection are limited (Abagale et al., 2012; 

Kabera et al., 2019). Users are not willing or cannot afford to pay for waste services (Marshall 

and Farahbakhsh, 2013). For operation and maintenance, therefore, municipalities rely on low 

remittances from central governments, unreliable donor loans, and taxes from municipal land 

or equipment sale (Okot-Okumu and Nyenje, 2011; Oteng-Ababio et al., 2013). 

 
2.3.1.5 Socio-cultural Aspects 

Personal perceptions, attitudes and behaviours, and public acceptance (e.g., community 

identification and systems ownership) are the basis for informed decisions in sustainable 
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MSWM systems (Henry et al., 2006; Hope and Jones, 2014; Sarptaş and Erdin, 2015; Schübeler 

et al., 1996). Such attributes have influenced waste separation, recycling, willingness to pay for 

services, decision on facility location, local management platform structures, and disposal 

practices, hence determines the system’s success or failure (Ma and Hipel, 2016; Marshall and 

Farahbakhsh, 2013; Oguntoyinbo, 2012; Sidique et al., 2010). In most developed countries, 

despite social awareness campaigns being incorporated into waste management systems, their 

implementation is only partially effective (Rodic et al., 2010). Compliance with mandatory 

household waste separation is mainly influenced by regulations, although social pressure from 

friends and families interested in community recycling for donations (community waste 

management initiative) is evident (Ma and Hipel, 2016; Sidique et al., 2010). Past poor waste 

practices (e.g., backyard waste burning and polluting incinerators) have created negative 

perceptions, leading to “Not in My Backyard, NIMBY” attitude (Guerrero et al., 2013).  

 
In a socio-demographic context where environmental public policy is accepted by stakeholders, 

it is easy to implement awareness campaigns (Bai and Sutanto, 2002; Bai et al., 2012; Ezeah et 

al., 2013; Fauziah et al., 2009; Triguero et al., 2016). To implement and achieve such 

sustainable strategies, stakeholders’ (users, city officials) behavioural change is needed 

(Marshall and Farahbakhsh, 2013; Zaman and Lehmann, 2011). To create strong environmental 

awareness among all stakeholders, continuous public education needs to be implemented 

(Ezeah et al., 2013; Zaman 2014a). To improve knowledge and understanding of MSWM 

requirements, regulations and economic incentives, all relevant stakeholders should actively 

participate in decision-making for systems design and implementation (Marshall and 

Farahbakhsh, 2013; Schübeler et al., 1996; Sidique et al., 2010).   

 
In most developing countries, waste is regarded as a public “nuisance” and a “shameful” social 

problem (Okot-Okumu, 2012). Consequently, its management is left for local governments, 
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with assistance from public health agencies (Marshall and Farahbakhsh, 2013), and the urban 

poor (low social status) (Mamady, 2016; Triguero et al., 2016; Zhang et al., 2010b). The public 

ignorance of waste benefits and hazards, and religious and cultural values, has created socially 

de-motivating perceptions on waste and associated workers (Kaza et al., 2018; Ma and Hipel, 

2016).  Nevertheless, the public’s focus on survival and livelihood has granted the informal 

waste pickers, and recyclers (mostly women, youth and children) (MDP 21, 23, 24) an 

opportunity to manage waste for economic gains (Ezeah et al., 2013; Kaza et al., 2018; 

Oguntoyinbo, 2012). Furthermore, the entire SWM systems is affected due to scarce integration 

between formal and informal stakeholders, incorrect institutional information and structures 

(Okot-Okumu and Nyenje, 2011; Schübeler et al., 1996), and limited recycling programs (Egun, 

2017). Technology, thus, cannot solely provide a solution to economic and social sustainability 

problems of MSWM (Kaza et al., 2018; Marshall and Farahbakhsh, 2013; Wilson and Ing, 

2013).  

 
2.3.1.6 Environmental Aspects 

MSWM offers environmental (savings and energy recovery) and public health (emission 

reduction) benefits, including resource depletion and reduction of environmental risks (Zaman 

and Lehmann, 2011). A resource constrained city or society will not misuse materials but find 

a value in its end-of-life products, through repairing, reusing, and composting (Zaman, 2015). 

As cities grow, waste accumulates in the streets and other environmental compartments, 

causing pollution and acute health risks, a driving force for waste collection (Ejaz et al., 2010; 

Wilson and Ing, 2013). This was the case in the 1970s when health risks in most industrialized 

countries became a public concern in the political sphere and environmental protection drove 

waste policies (Sidique et al., 2010). Various engineering control measures for the reduction of 

adverse environmental effects from waste collection and disposal were developed and applied 

(Bai and Sutanto, 2002). Since then, developed countries have continued to design costly 
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technologies and set up policies to minimize waste quantities for disposal. An example is 

material and resource management that has taken precedence due to growing concerns over 

depletion of natural resources, recycling, waste-to-energy, and zero waste strategies 

(Bosdogianni, 2007; Marshall and Farahbakhsh, 2013; Zaman, 2014b, 2015). 

 

In most developing countries, economic development systems juggle between different drivers 

(Wilson, 2007). Owing to governments’ low priority on environmental protection, inadequate 

pollution control systems exist to handle the vast quantities of uncollected waste, and are, thus, 

disposed of in open spaces (Manaf et al., 2009; Marshall and Farahbakhsh, 2013; Schübeler et 

al., 1996). Stakeholders’ reuse awareness and participation in 3R management campaigns are 

limited (Ma and Hipel, 2016; Sidique et al., 2010). The existing informal waste separation and 

recycling programs are driven by materials’ economic value for livelihood (Wilson and Ing, 

2013). Although there is a push to close and phase out unregulated disposal areas, 

environmental monitoring research to support technology innovation and evaluate the effects 

and risks needs enhancement (Ma and Hipel, 2016; Omwoma et al., 2017; Zaman, 2014b).  

 
2.3.1.7 Technological Transfer 

In most developed countries, waste technologies are designed to suit local needs and conditions 

(Marshall and Farahbakhsh, 2013; Rodic et al., 2010; Wilson and Ing, 2013), a scenario that 

has sustained management strategies and practices (Shekdar, 2009). Sustainable manufacturing 

has enabled the production and use of goods with less environmental effects, and health risks 

(Zaman and Lehmann, 2011; Zaman, 2015). Cleaner technology (industrial initiative) applies 

the principle of avoidance and 3Rs strategy, which uses less raw materials and generates more 

products, thereby reducing industrial waste production (Ion and Gheorghe, 2014; Zaman, 

2014a). Another example is the recent Australian proposal to reduce landfill volumes by making 

100% packaging materials compostable or reusable or recyclable by 2025 (Zaman, 2018). In 
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most developing countries, the lack of data for decision-making and standards development has 

suppressed technological innovation (Oguntoyinbo, 2012; Shekdar, 2009; Widmer et al., 2005). 

The innovation gap and limited strong political and cultural drivers in developing countries 

have created a conducive atmosphere for developed nations to market their new sophisticated 

and expensive technologies, spare parts, and regulatory models and tools, thus, adoption 

(Omwoma et al., 2017). This practice has hindered the development of low-cost technologies, 

and encouraged the use of equipment, designed for a different waste composition (Ojambo, 

2012; Okot-Okumu, 2012; Okot-Okumu and Nyenje, 2011; Oteng-Ababio et al., 2013). The 

technologies were designed to handle inorganic waste in developed countries as opposed to 

organic materials in developing countries, and are, thus, subject to breakage, yet spare parts are 

expensive and unavailable (Wilson and Ing, 2013).  For operation and maintenance, spare parts 

are imported from the donor countries, making the technologies cost-ineffective due to imposed 

economic burdens (Rodic et al., 2010; Schübeler et al., 1996; Zhang et al., 2010b). 

 
Donors always fund the acquisition and building of infrastructure (but not its operation) posing 

operation and maintenance challenges in developing countries. Inadequate local technical skills 

for supervision and monitoring has resulted in hiring expatriates, thereby making the 

technologies unsustainable (Bras et al., 2009; Okot-Okumu, 2012). The weak institutions and 

limited financial capacity to sustain operation and maintenance after donor departure, leads to 

waste project management and systems failures (Blenkharn, 2006; Da Silva et al., 2005; 

Guerrero et al., 2013; Wilson and Ing, 2013). The failure by policymakers to devise the most 

appropriate treatment and disposal strategies for what works across periods and economies have 

created obstacles in predicting the amount and composition of near future wastes 

(Daskalopoulos et al., 1998; Zaman and Lehmann, 2011; Zaman, 2014b). The global pressure 

to handle the green agenda (reducing human impacts on ecosystems and their natural resources) 

at the expense of the brown agenda (focusing on environmental threats to health in poor regions) 
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frustrates MSWM efforts in low-income countries. In such scenarios, global issues take 

precedence over local environmental health problems, hence creating imbalances in funding 

opportunities and affordability within regions.  

 

2.3.2   Stakeholders 
 

The stakeholders in MSWM include:  

• Service providers: public sector (central governments, local governments/municipalities 

and city corporations); private sector (private contracted firms, non-governmental 

organizations: NGOs, informal recyclers, women unions, local waste management platforms, 

private-private partnerships); and public-private-partnerships (public-community); 

• Service enablers (national governments, producer responsibility organizations, 

neighbouring municipalities, external support agencies like donors);  

• Service users (public, industrial and institutional waste generators) (Ezeah et al., 2013). 

In a successful and sustainable MSWM system, stakeholders must be actively included in the 

planning, design and decision-making process (Okot-Okumu and Nyenje, 2011; Schübeler et 

al., 1996).   

 
2.3.2.1 Service providers 

2.3.2.1.1 Public Sector 

The public sector is mandated to regulate and sometimes provide waste services to users in 

close co-operation with all other stakeholders (Okot-Okumu and Nyenje, 2011). To achieve 

this, stakeholders’ roles and responsibilities should be clearly outlined within the waste 

management guidelines (Schübeler et al., 1996). In most developed countries, household waste 

separation practice depicts cooperation between the government and service users (Ma and 

Hipel, 2016; Sidique et al., 2010). This holistic approach indicates stakeholders’ awareness of 
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MSWM benefits and hazards (Marshall and Farahbakhsh, 2013; Moloney and Doolan, 2016; 

Rodic et al., 2010). During the colonial days in most developing countries, waste management 

was centrally controlled, resources were adequate, and facilities were effective and sustainable 

(Beatriz et al., 2014; Blenkharn, 2006; Ndejjo et al., 2019; Oguntoyinbo, 2012). With changes 

in governance, different waste systems collapsed, service delivery became poor, and 

decentralization policies were adopted (Ndejjo et al., 2019; Okot-Okumu & Nyenje, 2011).  

 
In most municipalities, the public sector became both the regulator and service provider 

(Ahmed and Ali, 2004; Schübeler et al., 1996), causing conflicts of interest and laxity during 

supervision (Ezeah et al., 2013; Okot-Okumu and Nyenje, 2011). Urban councils could not 

make operational changes as they worked under limitations and strict laws (Ahmed and Ali, 

2004). They employed a large work force to sweep the streets and clean the drainage systems. 

This coupled with political interference, limited funding and unacceptable manual technologies 

makes the procurement of public sector goods and services expensive and unsustainable (Okot-

Okumu and Nyenje, 2011). The limited stakeholder involvement and inadequate supervision 

(Schübeler et al., 1996) created engagement gaps between the public sector and service users. 

This gap hindered behavioural change, as most waste generators perceive waste management 

as the sole responsibility of the central or municipal government (Okot-Okumu and Nyenje, 

2011). This mentality has reduced productivity and successes in MSWM systems (Afroz et al., 

2011; Wilson and Ing, 2013).  

 
2.3.2.1.2 Private Sector 

The private sector includes formal, informal, profit or non-profit operators and is mainly 

involved in solid waste collection and disposal. Private stakeholders include street waste 

pickers, scavengers, door-to-door waste collectors, itinerant and stationary waste buyers, small-

scale and large-scale recycling industries, community-based organizations: CBOs, NGOs, and 



Chapter 2 

68 

micro-enterprises (Ahmed and Ali, 2004; Ezeah et al., 2013; Oguntoyinbo, 2012). 

Opportunities for the private sector were created by challenges associated with public sector 

service delivery (Okot-Okumu and Nyenje, 2011; Schübeler et al., 1996). Private sector 

services are appropriate, demand-responsive, have wider coverage, and are low-cost (Ahmed 

and Ali, 2004). Across countries, the formal private sector is a modern industrialized enterprise, 

legally registered, and partially or fully financed and contracted by urban authorities (Okot-

Okumu and Nyenje, 2011). In developed countries, private sector operations are formal, 

awareness and demand-driven (Ma and Hipel, 2016; Sidique et al., 2010).  In most developing 

countries, save for NGOs, the private sector is informal (unregistered and unregulated) and are 

not mandated to operate (Abagale et al., 2012; Oguntoyinbo, 2012). Their existence is mainly 

influenced by material reuse and commercial values, based on the local and global markets 

(Egun, 2017; Hoornweg and Bhada-Tata, 2012; Moloney and Doolan, 2016). 

 
In developing countries, the informal stakeholder inclusion into the formal waste management 

system is a challenge (Oguntoyinbo, 2012). It is hindered by repressive public policy and 

negative public perception, unhygienic operational methods, lack of organization and evidence 

to support their activities, and low quantity and quality of recyclable materials (Ezeah et al., 

2013). Owing to their informal operations (Okot-Okumu and Oosterveer, 2010), urban councils 

have no legal mandate to supervise and enforce regulations and operational procedures (Oteng-

Ababio et al., 2013; Sarptaş and Erdin, 2015; Sidique et al., 2010). The informal private 

stakeholders are vast, have wider scope of activities and operational areas which pose a 

management and supervisory challenge to the public sector (Ezeah et al., 2013; Kabera et al., 

2019). Inadequate supervision, limited competition and accountability (transparency) has 

caused corruption and unsatisfactory waste service delivery (Wilson and Ing, 2013). Any effect 

to the systems’ operational efficiency and performance leads to uncollected or scattered waste, 

hence more adverse impacts and health risks (Ejaz et al., 2010).  Nevertheless, active “informal” 
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stakeholder platforms, groups or unions with varying degrees of autonomy and political voices 

have been formed and integrated into the formal waste management systems, in some countries 

(Table SI 2.1) (Hoornweg and Bhada-Tata, 2012; Kaza et al., 2018; Oguntoyinbo, 2012). 

Likewise, the formal private sectors (e.g., NGOs, CBOs) have improved waste collection, 

recycling and disposal (Table SI 2.1) (Ma and Hipel, 2016). They serve more than half of the 

urban poor population and have immensely improved awareness (Okot-Okumu, 2012; Oteng-

Ababio et al., 2013).  

 
2.3.2.1.3 Public-private partnerships 

Public-private partnerships (PPP) is a collaboration between the public and private sectors to 

provide a service on a planned project for a well-defined period, with the private sector bearing 

the significant risk and management responsibility, and remuneration linked to performance 

(Khanom, 2010). PPP is an alternative to full privatization, with private companies and the 

public sector assuming co-ownership and co-responsibilities for service delivery. PPP enables 

the private sector to access finance, knowledge on technologies, enhance managerial efficiency, 

and foster entrepreneurship spirit (Schübeler et al., 1996). The strategies take social 

responsibility, environmental awareness for local knowledge and generates job opportunities 

for the public sector (Ezeah et al., 2013; Zaman, 2015). PPP success and sustainability depends 

on individual participants, co-operating to capitalize on each other’s strengths (Oguntoyinbo, 

2012; Okot-Okumu and Nyenje, 2011), and creating an enabling environment to foster trust 

and working relationships (Ahmed and Ali, 2004). In industrialized countries, PPP has 

increased efficiency, effectiveness, and maximised general participation in service provision, 

thereby decreasing waste impacts and risks (Schübeler et al., 1996).  

 
In developing countries, most public and private organizations involved in waste management 

have parallel, isolated and non-complementary working relationships, without partnerships 
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(Oguntoyinbo, 2012). Social coordination and collaborations to create awareness of the positive 

effects of partnerships are inadequate (Ezeah et al., 2013; Schübeler et al., 1996). Partnerships 

between vulnerable groups and the public sector have been hindered due to “fear of 

exploitation”, a scenario created by weak regulatory frameworks, inadequate strategies, and 

limited capacity to monitor transparency, accountability and corruption (Okot-Okumu and 

Nyenje, 2011). Existing service providers have varying objectives and guidelines which affect 

roles and responsibilities (Ahmed and Ali, 2004; Ma and Hipel, 2016), cause work duplication, 

and waste time and resources during waste service delivery (Oteng-Ababio et al., 2013; 

Schübeler et al., 1996).  In Ghana, poor political will, corruption, weak enforcement, inadequate 

finance, and the absence of monitoring mechanisms have led to partnership failure (Ma and 

Hipel, 2016).  In Kigali (Rwanda), the modern sanitary landfill and composting facility at 

Nduba disposal ground failed to take off due to governance, awareness and unresolved 

stakeholders related issues (Kabera et al., 2019). In Bamako (Mali) and Jam Chakro (Pakistan), 

the unresolved financial problems in transport and operations led to failure in the management 

of a sanitary landfill (Wilson and Ing, 2013).  

 
The adopted PPP strategy and the donors’ economic pressure (Marshall and Farahbakhsh, 2013) 

could also have increased waste impacts and risks in most developing countries (Beatriz et al., 

2014; Bras et al., 2009; Sarptaş and Erdin, 2015). Nevertheless, successful PPP with carefully 

constructed designs and a balanced approach for vertical integration have increased service 

efficiency, optimized resource utilization, and minimized risks (Ahmed and Ali, 2004; Kaza et 

al., 2018). Partnerships have also reduced corruption, resisted political interferences and 

improved waste service delivery (Schübeler et al., 1996). Partnerships have also provided the 

public sector with opportunities to offset and save finances, expand the workforce, and meet 

public waste demands (Ezeah et al., 2013). In Uganda, PPP has partially fought corruption 

through implementing a sector-wide approach; and enabled the adoption of decentralization 
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policies that empowered urban authorities to hire private service providers through contracts 

(Okot-Okumu and Nyenje, 2011). PPP application in Kigali (Rwanda) has improved waste 

collection services and coverage (Kabera et al., 2019).   

 

2.3.2.2  Service Enablers 

Service enablers (governments, donors) either provide, regulate or finance waste management 

activities (Schübeler et al., 1996). In developed countries, policy frameworks, implementation 

strategies, and strong governance have provided service enablers with conducive environments 

to perform appropriate roles (Schübeler et al., 1996).  In most developing countries; however, 

the inadequate political will, affects waste management funding and enforcement (Naidu et al., 

2008; Okot-Okumu and Nyenje, 2011). Other challenges include: the ‘many strings’ attached 

to donor funding, the adoption of specific economic development concepts (e.g., PPP, 

decentralization policy), inappropriate technologies, and cost-ineffective expatriates and 

equipment used (Omwoma et al., 2017; Rodic et al., 2010; Wilson and Ing, 2013).  

 
2.3.2.3 Waste Users  

In societies with adequate awareness of waste benefits and hazards, the communities will easily 

identify with the services offered, participate and take ownership of systems and facilities 

(Schübeler et al., 1996).  For developed countries, emphasis on waste education and regulations 

have sustainably improved user inclusion and active participation in household waste separation 

and recycling (Ezeah et al., 2013; Ma and Hipel, 2016; Sidique et al., 2010). In contrast, most 

developing countries have inadequate user awareness, inclusion, and active participation 

(Schübeler et al., 1996) – a situation that has solely left waste management to local governments 

and the low-social class private sector (Ma and Hipel, 2016; Mamady, 2016; Triguero et al., 

2016; Zhang et al., 2010b). Nevertheless, Malaysia, Nepal, Tanzania, Rwanda and other 

countries have established long-term plans for community inclusion within the waste 
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management systems (Table SI 2.1) (Kabera et al., 2019; Kaza et al., 2018; Okot-Okumu and 

Nyenje, 2011).   

 

2.3.3 Physical Waste Systems Elements 
2.3.3.1 Waste Generation and Separation  

Inadequate handling of intermediary treatment processes could limit waste separation and 

recycling but contribute to high waste generation (Hoornweg and Bhada-Tata, 2012). Despite 

the sophistication in developed countries, USA generated 0.088, 0.222, 0.254 and 0.624 billion 

tonnes of waste in 1960, 2005, 2007 and 2010 respectively (Hoornweg and Bhada-Tata, 2012; 

Sidique et al., 2010; Zhang et al., 2010b). Conversely, China generated 0.0313, 0.113, 0.212, 

0.521 billion tonnes in 1980, 1998, 2006, 2010 respectively (Hoornweg and Bhada-Tata, 2012; 

Zhang et al., 2010b). When compared with current and predicted waste generation per capita in 

individual developed and developing countries (Fig. 2.4), the continuous waste increment is 

evident (Kawai and Tasaki, 2015; Kaza et al., 2018). Figure 2.4 is a visual representation of 

countries with their waste generation patterns between 2010 and the predicted 2025. The 

different colours represent the waste generation patterns in different years, across the six (6) 

continents. The continents are represented from West to East (North America, South America, 

Europe, Australasia, Asia, Africa) by clusters of countries. Also, represented is the average 

global waste generation rate.  The waste generation patterns across countries are far above the 

average global rate. Remarkably, the waste generation trend across countries is increasing, with 

more production expected in coming years (see Fig. 2.4).  

 



Chapter 2 

73 

 

 

 Figure 2.4. Current and predicted waste generation per capita in developed and developing countries  
(extracted from Hoornweg and Bhada-Tata, 2012; Kawai and Tasaki, 2015; Kaza et al., 2018) 
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This is in conformity with the predicted global waste generation increase from 1.3 billion tonnes 

(2010) to 2.2 billion tonnes (2025) and 3.4 billion tonnes (2050) (Kawai and Tasaki, 2015; Kaza 

et al., 2018; Ma and Hipel, 2016). It is worth noting that despite the general waste generation 

increase across countries, developing countries are predicted to surpass developed nations, if 

proper MSWM strategies and practices are not adhered to (Hoornweg and Bhada-Tata, 2012; 

Wilson and Ing, 2013). 

 
Waste generation is influenced by composition (Wilson and Ing, 2013; Zaman, 2014a), 

industrialization, urbanization, population/family size, education level, public habits, 

household attitudes, age groups, local climate, consumption behaviour, culture, land size, 

household location (rural or urban), economic status, and monthly income (Ezeah et al., 2013; 

Schübeler et al., 1996; Sidique et al., 2010; Zaman and Lehmann, 2011; Zaman, 2015). The 

higher the economic status, the greater the disposable income and consumption, and the higher 

the waste production (Abagale et al., 2012; Ma and Hipel, 2016; Rodic et al., 2010; Zaman, 

2014b). Similarly, industrialization without management structures cause rural-urban 

migration, population increase, slum development, and increased waste generation in 

developing countries (Adepoju, 2000, 2004, 2007; Okot-Okumu and Nyenje, 2011; Saha, 2013; 

Shekdar, 2009). In contrast, developed countries have tried to reduce waste generation through 

enhanced awareness for separation and increased equipment and machinery for recycling 

(Ezeah et al., 2013; Schübeler et al., 1996). Besides, practitioners’ knowledge of new 

technologies, user willingness to pay for waste services, public habits, gender, peer influence, 

increased coverage, and regulations on collection and landfill fees, and landfill material bans 

could reduce waste generation (Guerrero et al., 2013; Sidique et al., 2010; Wilson and Ing, 

2013).  
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During separation, waste is divided into reusable, recyclable, compostable and incinerable 

materials, thereby reducing generation, collection, treatment or disposal volumes (Abagale et 

al., 2012; Oguntoyinbo, 2012). This practice promotes zero waste strategies as it reduces 

leachate-forming materials in landfills, minimizes landfill tax, material bans, and greenhouse 

gas (GHG) emissions (Egun, 2017; Ma and Hipel, 2016; Moloney and Doolan, 2016; Zaman, 

2014a, 2015). Waste separation also guides city planners and policymakers on waste quantity 

and composition which could be used to determine appropriate and sustainable future MSWM 

strategies (e.g., choosing treatment, or operation and maintenance technologies) (Fauziah et al., 

2009; Wilson and Ing, 2013). In most developed countries, waste separation at household and 

kerb-side centres is a formal and mandatory manual practice while at materials recovery 

facilities or mechanical biological treatment systems, the process is automated (Abagale et al., 

2012; Bergeron, 2016; Ezeah et al., 2013; Shekdar, 2009). In a bid to change personal attitudes 

and perspectives from a throw-away to a more environmentally friendly society, regulations 

and social influence have pushed the communities towards waste separation (Bai and Sutanto, 

2002; Zaman and Lehmann, 2011).  

 
Despite waste management improvements, most developed and developing countries have 

exhibited non-compliance to the 3R (reduce, reuse, recycle) concept (Rodic et al., 2010; Zaman, 

2015). Their high waste generation, incineration, and landfill disposal volumes (Wilson and 

Ing, 2013; Guerrero et al., 2013) is an indication of low separation, hence they are ranked least 

on the sustainable MSWM hierarchy (Fig. 2.1) (Hoornweg and Bhada-Tata, 2012). Although 

waste separation in developing countries is of interest to some users, the practice is not publicly 

mandatory (Abagale et al., 2012; Okot-Okumu and Nyenje, 2011). The practice has no 

guidelines and is not included within the MSWM structure; thus, its implementation cannot be 

enforced by government (Beatriz et al., 2014; Diaz, 2011; Liyala, 2011; Zhang et al., 2010b). 

Furthermore, the financial constraints limit governments potential to enforce waste separation, 
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but rather to remove the waste nuisance from the public eye (Egun, 2017; Oguntoyinbo, 2012). 

This coupled with manual strategies at collection and transit points, waste type, climate, and 

distances and frequency to recycling bins have impacted on waste separation practice (Okot-

Okumu, 2012; Oteng-Ababio et al., 2013; Sidique et al., 2010). Despite the informal sector 

taking up the waste separation role, the poor quality of recyclable materials, low demand 

(Wilson and Ing, 2013), limited markets, and price fluctuations from middle men on local and 

global markets have frustrated their efforts leading to low separation and recycling outputs 

(Okot-Okumu and Nyenje, 2011). For instance, in China, 3.3 to 5.6 million people are involved 

in informal recycling (Kaza et al., 2018).  

 
Monitoring waste separation practices and individual generation volumes from high-rise 

apartments that use single communal collection skips is a challenge across countries 

(Blenkharn, 2006; Henry et al., 2006; Mato and Kaseva, 1999; Zaman, 2014a). Also, the 

adopted waste vehicles were designed to compact inorganic waste within cool climates 

(Schübeler et al., 1996) and cannot cope with high organic waste in most developing countries 

(Bai and Sutanto, 2002; Gourmelon, 2015; Ma and Hipel, 2016; Thompson et al., 2009a). This 

could increase waste generation and management costs and pose greater impacts and risks for 

most developing countries (Ahmed and Ali, 2004; Ejaz et al., 2010; Okot-Okumu, 2012; 

WorldBank, 2012). 

 
2.3.3.2 Waste Collection, Storage, and Transfer 

Disparate local conditions and needs make waste collection an expensive waste management 

component (Okot-Okumu and Nyenje, 2011; Zaman and Lehmann, 2011; Zaman, 2015). To 

use appropriate collection technologies (manual or automated vehicles) and bins or containers 

waste composition must be determined (e.g., type, number, capacity, location) (Wilson and Ing, 

2013; Zaman, 2014a; Zhang et al., 2010a; Zhang et al., 2010b). Also, waste collection systems 



Chapter 2 

78 

must consider household and neighbourhood containers, primary and secondary collection 

vehicles and equipment, and organized waste workers with safety garments (Schübeler et al., 

1996).  Waste bins or containers must have three to six standard colour codes (Hoornweg and 

Bhada-Tata, 2012; Kabera et al., 2019; Kaza et al., 2018) and be located at major collection 

centres like community kerb side collection points, recycling centres and final disposal sites 

(Abagale et al., 2012). Transfer stations (e.g., number, capacity, distribution) must facilitate the 

local community setting (e.g., collection schedules) while achieving efficient transfer 

operations and minimum transport distances and costs (Ma and Hipel, 2016; Sidique et al., 

2010). The cost-analysis for vehicle selection should consider transfer ease, haul volume, 

operation costs and maintenance requirements (Okot-Okumu and Nyenje, 2011).  

 
In most developed countries, waste collection services are government regulated and controlled 

(Bai and Sutanto, 2002). This has supported timely budget allocation to intermediary waste 

processes, mechanization, and reduced handling during collection, storage, transfer and 

disposal (Hoornweg and Bhada-Tata, 2012; Wilson et al., 2006). Collaborative interaction 

amongst stakeholders has enabled confidence and trust building, and improved accountability 

and transparency; all of which are prerequisites for sustainable MSWM (Ezeah et al., 2013; 

Okot-Okumu and Nyenje, 2011). A waste collection fee charge occurs after dialogue with users, 

calculations are based on incurred costs (i.e., per household or on generated volume) and are 

allocated on either property tax or as a levy (e.g., in San Francisco) (Kaza et al., 2018; Ma and 

Hipel, 2016).  For privately contracted and licensed operators, the municipalities or responsible 

departments decide on their waste user collection fees, designated collection areas, and monitor 

service levels (Bai and Sutanto, 2002). The contractors’ commitment reduced corruption and 

political influence, and improved waste collection coverage, efficiencies and service provision 

levels (Ahmed and Ali, 2004; Ma and Hipel, 2016). Countries with sustainable strategies and 

practices are presented in Table SI 2.1. For high-income and former socialist countries (e.g., 
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China), the citizens have 100% coverage, and they receive waste services irrespective of their 

social status (Bai and Sutanto, 2002). Accordingly, not all municipalities or states in some 

developed countries have effective MSWM systems. In some rural Australian states, there are 

inadequate MSWM systems, while on the outskirts of the national capital city, Canberra, only 

two instead of three – six standard coded collection and storage bins are provided. Waste in 

such communities are mixed (e.g., glass, batteries, electronics, hazardous waste), thereby 

causing challenges to waste collection and increasing landfill volumes, environmental impacts 

and health risks (Zaman and Lehmann, 2011; Zaman, 2015). 

 
The inability to purchase appropriate equipment and enough infrastructure (Guerrero et al., 

2013) and limited service coverage exist in municipalities (Ejaz et al., 2010; Ezeah et al., 2013). 

This has affected the management of over 80% of organic waste (Hoornweg and Bhada-Tata, 

2012; Okot-Okumu and Nyenje, 2011; Zhang et al., 2010b), thereby increasing impacts and 

risks in developing countries (Moloney and Doolan, 2016; Wilson and Ing, 2013). The adopted 

costly and inappropriate treatment technologies (Saha, 2013; Schübeler et al., 1996), 

inaccessible roads, inadequate technical and managerial capacities, and longer distances to 

disposal points have impacted on the efficiency, affordability and sustainability of waste 

collection systems (Oguntoyinbo, 2012; Wilson and Ing, 2013). Few storage facilities and 

uncovered collection and transportation vehicles also cause waste mixing (Blenkharn, 2006; 

Da-Silva et al., 2005; Saha, 2013; Zaman, 2015). Technological breakdowns, unavailable spare 

parts, and non-functional vehicle fleets results in time wastage and illegal waste dumping 

(Egun, 2017; Wilson and Ing, 2013).   

 
Exclusion of relevant stakeholders when initially designing systems (Rodic et al., 2010) affects 

performance and sustainability (Ma and Hipel, 2016; Schübeler et al., 1996). This also affects 

information flow, regulation of waste collection fees, and service delivery and coverage, since 
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user needs and time preferences are not always met (Ezeah et al., 2013; Okot-Okumu and 

Nyenje, 2011). Limited user inclusion has also affected service fee payments, leading to 30 - 

60% collection coverage (Kabera et al., 2019) and less than 50% served population (Ejaz et al., 

2010; Hoornweg and Bhada-Tata, 2012).  In India, Ethiopia (Addis Ababa) and South America 

(Managua) waste collection challenges were attributed to fragmentation in various solid waste 

functions, limited central co-ordination, poor governance and financial resources’ deficiency 

(Marshall and Farahbakhsh, 2013). In Uganda, Tanzania (Moshi), and Mauritius (Cure pipe), 

the urban poor communities cannot afford to pay for the waste collection fees and have resorted 

to low-cost informal sector, backyard burning and open disposal in non-designated areas (Ejaz 

et al., 2010; Ma and Hipel, 2016; Oteng-Ababio et al., 2013). Despite these challenges, several 

municipal authorities in some developing countries have partnered with privately licensed 

contractors to offer waste collection services (Ezeah et al., 2013; Oguntoyinbo, 2012). Urban 

council authorities operate around fixed communal bins according to set schedules and 

locations (Saha, 2013), while private companies offer door-to-door waste collection services, 

especially to high-income households (Table SI 2.1) (Abagale et al., 2012; Kabera et al., 2019; 

Okot-Okumu and Nyenje, 2011). Mozambique (Maputo) and Rwanda (Kigali) are case 

examples where waste collection coverage rates stands at 88% and 82 % respectively (Kabera 

et al., 2019).  

 
2.3.3.3 Treatment technologies and disposal methods  

Waste treatment technologies are based on mechanical, biological (aerobic composting and 

anaerobic digestion), thermal (incineration, pyrolysis, and gasification) processes, and 

recycling (Wilson and Ing, 2013).  Waste disposal methods are open burning, open dumping 

(sea, ocean, land), controlled and sanitary landfills and waste trading (Kaza et al., 2018; Wilson 

and Ing, 2013).  The treatment technologies and disposal methods are selected strategies based 

on waste form, composition and quantity, and local needs and conditions (Marshall and 
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Farahbakhsh, 2013).  Treatment technologies reduce waste volume and prevents environmental 

pollution by transforming waste into a more convenient form for disposal; while waste disposal 

removes, destroys, or stores damaged, used or unwanted waste components (Wilson and Ing, 

2013). The waste volumes, treatment technologies and disposal methods across countries are 

presented (Table 2.1). Furthermore, in 2016, the global implementation status of the different 

MSWM practices were assessed. High-income, upper-middle, lower-middle- and low-income 

countries managed waste as follows: recycling (29, 4, 6, 3.7%), composting (6, 2, 10, 0.3%), 

incineration (22, 10, 0, 0%), landfills (39, 54, 18, 3%) and open dumps (2, 30, 66. 93%) 

respectively (Kaza et al., 2018).  

 
Table 2.1. Waste Volumes by treatment and disposal methods, across development groups. 

MSW Treatment & 

Disposal Methods 

High income 

(million 

tonnes) 

Upper Middle 

(million 

tonnes) 

Lower Middle 

(million 

tonnes) 

Low Income 

(million tonnes) 

Dumps 0.05 44 27 0.47 

Landfills 250 80 6.1 2.2 

Compost 66 1.3 1.2 0.05 

Recycled 129 1.9 2.9 0.02 

Incineration 122 0.18 0.12 0.05 

Other 21 8.4 18 0.97 

    

Extracted from Hoornweg and Bhada-Tata (2012). 
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2.3.3.3.1 Recycling 

Recycling is one of the 3Rs waste management strategy which incorporates used materials into 

new products, reduces landfill volumes, consumption of fresh raw materials, energy usage and 

greenhouse gas (GHG) emissions, hence decreased impacts and risks (Egun, 2017; Saha, 2013; 

Sidique et al., 2010). Recyclable materials include glass, paper, metals, plastics, textiles, 

electronics, aluminium (e.g., cell phones and computers) and concrete aggregates collected 

from demolition sites (Ezeah et al., 2013; Guerrero et al., 2013). As discussed in section 2.3.1.5, 

stakeholders’ awareness and involvement will influence the success or failure of the entire 

MSWM systems. This includes access to recycling depot, material quality and quantity, stable 

recyclable material supply, equipment and infrastructure efficiency, availability of regulations, 

and waste collection and separation methods (Bergeron, 2016; Egun, 2017; Ezeah et al., 2013; 

Oguntoyinbo, 2012; Zaman, 2014a).  

 
In some developed countries, the formal adoption of 3R concept has seen 27 EU countries 

achieving 42% recycling volumes (Marshall and Farahbakhsh, 2013; Wilson and Ing, 2013). 

Sweden, Germany, Austria, Netherlands (Rotterdam), Singapore, USA (San Francisco), 

Canada (Vancouver), and Australia (Adelaide) and others have achieved higher recycling rates 

and almost zero landfills (Fig. 2.2) (Bosdogianni, 2007; Halfman, 2009; Hoornweg & Bhada-

Tata, 2012; Showers & Chewning, 1994; Stegmann, 2017; Zaman, 2015) (Details in Table SI 

2.1).  Despite adopting a zero-waste policy (Egun, 2017), most developed countries still have 

low recycling and high landfill disposal rates (Zaman and Lehmann, 2011), which if not 

effectively handled would result in greater impacts and risks (Bergeron, 2016; Sidique et al., 

2010). In 2010, landfilling and recycling volumes were: Australia (70%, 30%), Israel (90%, 

10%), New Zealand (85%, 15%), Ireland (66%, 34%), USA (54%, 34%) and Greece (92%, 8%) 

respectively (Hoornweg and Bhada-Tata, 2012; Showers and Chewning, 1994). In Australia, 

30 – 52% of general waste and 60 – 70% of newsprints are recycled, while 70% of total waste 
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were landfilled (Moloney and Doolan, 2016; Smith et al., 2012). Recycling improvements 

were; however, recorded in 2016 with individual countries reported (Fig. 2.2) (Kaza et al. 

2018).  

 
In contrast, recycling in most developing countries is not government-regulated but market-

driven towards private sector interests (Egun, 2017; Oguntoyinbo, 2012). The informal 

recyclers are partially included in the formal waste management structures and public education 

campaigns emphasize environmental sanitation rather than material recovery (Beatriz et al., 

2014; Moloney and Doolan, 2016; Wilson and Ing, 2013). Inadequate training limits the 

technical and managerial skills required for waste resource recovery technologies and impacts 

on the capacity to cooperate (Ndejjo et al., 2019) and access pool resources from government 

loans (Ezeah et al., 2013). Governments offer no incentives, material price fluctuates and the 

non-compliance to quality and quantity requirements on the local and global markets have 

demotivated the actors, thus, reducing the potential to achieve high recycling rates (Aydin, 

2017; Guerrero et al., 2013; Sarptaş and Erdin, 2015). Consequently, recycling rates are 20 - 

30% across most developing countries; 20 – 50% in China, Pakistan, and Philippines, 80% in 

Cairo (Wilson and Ing, 2013; Wilson et al., 2006), 30% in Nairobi (Kabera et al., 2019) and 

others in figure 2.2 (Kaza et al., 2018).  

 
2.3.3.3.2 Composting 

During waste separation, the composition determines whether waste is for reusing, recycling, 

composting or incinerating. In most developed countries, composting is limited due to the 

inorganic nature of waste composition. Besides, inadequate colour coded bins or containers 

lead to the generation of mixed waste streams, that are unusable on organic farms (Zaman and 

Lehmann, 2011; Zaman, 2018). Composting; however, is practiced in Austria (45%), Italy 

(33%), Portugal (08%), Switzerland (18%), Sweden (10%), USA (08%), UK (07%), and 
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Norway (14%) (Hoornweg and Bhada-Tata, 2012). In most developing countries, despite the 

generated 60–80% organic materials, composting is rarely practised (Okot-Okumu and Nyenje, 

2011; Zhang et al., 2010b). The limited awareness of benefits, high rate of contamination from 

mixed waste streams (Zaman, 2018), poor quality compost, inadequate market, and unreliable 

expertise have limited the practice to small communities, well-to-do homes, and farms that use 

it for animal feed, agricultural manure, and domestic biogas production (Okot-Okumu and 

Nyenje, 2011; Wilson and Ing, 2013). Figure 2.2 and Table SI 2.1 summarizes countries 

implementing composting as a waste reduction strategy. 

       
2.3.3.3.3 Incineration 

Incineration is not a 3R concept, although it is a thermal waste reduction strategy mostly 

practised in developed countries (Zaman, 2015). Despite the practice getting rid of hazardous 

and non-hazardous wastes, reducing landfill-banned materials, and landfill volumes and taxes, 

it also generates greenhouse gases and requires landfills to dispose of fly/bottom ash 

(Rigamonti, 2004). Several countries; however, have benefited through this practice. Sweden 

produces electricity, steam and heat to warm up houses during winter, thus, saving on energy 

generating costs (Zaman and Lehmann, 2011). To reduce treatment costs and avoid landfill tax, 

Norway, Italy, Ireland, and UK send over 800,000 tonnes of their waste to Sweden for 

incineration treatment (Stegmann, 2017; Watson, 2013). Incineration has enabled Singapore 

(an island with limited land space) to effectively treat its waste, generate electricity and recover 

metal scrap through pollution control systems (Bai and Sutanto, 2002).  

 
In developing countries, incineration is an economically unaffordable practice which was 

introduced to treat hospital waste during the colonial days (Okot-Okumu and Nyenje, 2011). 

Being an old and expensive technology, the stack monitoring systems for pollution controls are 

non-existent, hence creating impacts and risks (Bras et al., 2009; Oteng-Ababio et al., 2013). 
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The high organic waste moisture content and high percentage of inert materials limits the 

application of incineration as a waste reduction strategy (Moloney and Doolan, 2016; Zhang et 

al., 2010a; Zhang et al., 2010b). For the industries and hospitals with new incineration facilities, 

they are driven by subsidies from Organisation for Economic Co-operation and Development 

(OECD) countries on behalf of the equipment suppliers, hence creating more challenges for 

developing countries. Figure 2.2 and Table SI 2.1 presents lists of countries that use incineration 

as waste management strategies.  

 
2.3.3.3.4 Open burning 

Like incineration, open burning is a thermal waste reduction practice commonly used around 

the world (Okot-Okumu and Nyenje, 2011). Open burning under low temperature is an 

environmentally harmful practice because it contributes to severe air pollution (Wilson and Ing, 

2013). The process has no pollution control devices, thus, releases contaminants such as 

hexachlorobenzene, dioxins, carbon monoxide, particulate matter, volatile organic compounds, 

and ash to the environment (Abagale et al., 2012). Unfortunately, this is a common practice by 

most local authorities internationally, due to the low-cost and limited land space needed.  

  
2.3.3.3.5 Open dumping and landfilling 

Open dumping has been practised across developed and developing countries for centuries 

(Halfman, 2009; Kaza et al., 2018). Open dumps are in wastelands, valleys, wetlands or near 

water bodies, hence cause environmental pollution (Okot-Okumu, 2012).  The environmental 

impacts and health risks led to the partial phasing out or an upgrade of open dumps to controlled 

dumps and sanitary landfills, with leachate and gas control systems (Beatriz et al., 2014; Kaza 

et al., 2018; Okot-Okumu and Nyenje, 2011). Likewise, landfilling is a less preferred waste 

reduction strategy within the 3Rs hierarchy (Zaman and Lehmann, 2011; Zaman, 2014b, 2015). 

Landfills (e.g., type, age, design) determine the extent to which leachate leaks, greenhouse 
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gases are emitted, and the nature of impacts and risks. Some landfills have liners, leak detection, 

leachate and gas collection and treatment systems (Abagale et al., 2012). Despite advancement 

in MSWM, open dumping and the use of landfills is commonly practised across countries (Kaza 

et al., 2018; Saumel et al., 2012). USA, Australia, Greece and Western Europe have practised 

open dumping, ocean dumping and landfills since before 1970, resulting in contaminated sites, 

environmental impacts and human risks (Bosdogianni, 2007; Sidique et al., 2010; Wilson and 

Ing, 2013). The associated impacts and risks, and the need to adopt 3Rs strategies, have led to 

practices that eliminate landfills across developed countries (Table SI 2.1).  

 
In most developing countries, open dumps (with no proper liners, fence, leachate and gas 

collection systems, soil covers) and controlled dumps are used (Bosdogianni, 2007; Guerrero 

et al., 2013; Manaf et al., 2009; Wilson and Ing, 2013; Zhang et al., 2010b). More than 

3,000,000 potentially contaminated sites exist globally (Naidu et al., 2008), with 2095 active 

open dumps in Turkey and in other countries (Kaza et al., 2018). The unsorted wastes in open 

dumps pose a great risk to municipal waste workers, the environment and the public (Beatriz et 

al., 2014; Hanfman, 2012; Lamb et al., 2014; Stegmann, 2017). Despite the landfill impacts and 

risks, when a municipality acquires a modern landfill in its early stages of MSWM, it is a step 

ahead towards achieving improved waste strategies and practices (Aydin, 2017; Oguntoyinbo, 

2012; Sarptaş and Erdin, 2015; Zaman and Lehmann, 2011). In East African municipalities, 

only Kampala (Uganda) has an engineered disposal site (Kabera et al., 2019). In Morocco, 

waste disposal in landfill has increased from 10%, 32%, 53% and 80% in 2008, 2012, 2016 and 

2018 respectively (Kaza et al., 2018). Details about other countries are in figure 2.2.  

 
2.3.3.3.6 Waste trading  

Waste trading is a global and illegal dumping practice, that involves the export and import of 

waste across countries (Zaman, 2014a). Most developed and some developing countries (e.g., 
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China) practice waste trading as a management strategy to treat or dispose waste in order to 

avoid paying landfill tax, recycling charges, or landfill material ban (Ezeah et al., 2013; 

Hanfman, 2012; Lamb et al., 2014; Sidique et al., 2010; Stegmann, 2017; Vidal, 2013). Waste 

materials are either transported to other states or regions or other countries for treatment or 

donated as a technical/charity aid or low- cost commercial goods and products (Hanfman, 2012; 

Vidal, 2013). In the USA, leachate and other waste materials is shipped from urban centres to 

rural locations for dilution, treatment and final disposal (Bosdogianni, 2007). Similarly, in 

Australia, the ABC’s 4 Corners (2017) reported that mixed waste is transported from New 

South Wales to South East Queensland for illegal disposal.  

 
On the international scale, Europe, Australia, Japan and USA have traded their e-waste products 

into Latin America and China (Ezeah et al., 2013; Hanfman, 2012; Ongondo et al., 2011; Vidal, 

2013). Australia exports four million tonnes of recyclable materials, of which 1.3 million tonnes 

previously went to China, until the 2018 China’s recyclable “ban”. The ‘ban’ set restrictions on 

“maximum contamination threshold” and limited the number of import permits for 24 

contaminant solid waste streams in order to protect the Chinese environment and public health. 

Conversely, USA, Europe, Russia, Japan, Italy, and China export waste to West and East Africa 

(Hanfman, 2012; Kiddee et al., 2013; Vidal, 2013; Widmer et al., 2005). These practices could 

be likened to illegal open and ocean dumping and waste burial of 242 million tonnes, which 

contribute 10 – 20% and 22 – 43 % of global plastic waste in landfills and oceans respectively 

(Beatriz et al., 2014; Bosdogianni, 2007; Gourmelon, 2015; Kaza et al., 2018). Waste trading 

increases environmental impacts and health risks in recipient countries (Halfman, 2009; 

Showers and Chewning, 1994). Most recipient countries have no comprehensive chemical 

waste management framework (Schübeler et al., 1996; Widmer et al., 2005; Zaman, 2014b; 

Zaman, 2018; Zhang et al., 2010b). They also import new and used poor-quality consumer 

products (Nnorom and Osibanjo, 2008; Teuten et al., 2009; Thompson et al., 2009b; Zaman, 
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2015). Consequently, over 100 million tons of waste have been illegally dumped in unregulated 

areas, worldwide (Ejaz et al., 2010; Hanfman, 2012; Kiddee et al., 2013).   

 
Whereas most developed countries have policies and frameworks on toxic products and 

materials’ disposal, most developing nations lack e-waste management and disposal guidelines 

(Bai and Sutanto, 2002; Ejaz et al., 2010; Widmer et al., 2005). The importation and acceptance 

of poor quality new and used consumer products affirms to the inadequacy of policies and weak 

enforcement (Independent, 2019a; Kiddee et al., 2013; Nnorom & Osibanjo, 2008; Ongondo, 

Williams, & Cherrett, 2011). Therefore, there are no clear management mechanisms for large 

stock piles of e-wastes in storage by consumers, no formal e-waste recyclers and managers, and 

no comprehensive data with respect to hazardous waste disposal, hence the expected 

environmental impacts and health risks in the urban community (Aydin, 2017; Ezeah et al., 

2013; Kiddee et al., 2013; Widmer et al., 2005). Nevertheless, Kenya and Rwanda are 

exceptions. Kenya has developed formal guidelines for the informal sector (Blaser and Schluep, 

2012; Wasswa and Schluep, 2008); while Rwanda has very strong proactive MSWM policies 

(Kabera et al., 2019).  It is evident that the past and current impacts and risks from poor MSWM 

strategies and practices need to be tackled to protect the global environment and optimal health 

(Bosdogianni, 2007; Bras et al., 2009; Hanfman, 2012; Showers and Chewning, 1994; 

Stegmann, 2017). 
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2.4 The major findings of the study 
 

2.4.1   Compliance with 3Rs hierarchy 
 

Municipalities in Australia (e.g., Adelaide, Canberra), New Zealand, USA (e.g., Del Norte 

county, San Francisco, California), Sweden (e.g., Stockholm), Denmark (e.g., Copenhagen), 

Singapore, Austria, Germany, Netherlands (e.g., Rotterdam) and Canada (e.g., Vancouver) 

have almost attained zero-waste cities’ status (100% recycling and resource recovery rate) by 

successfully implementing the 3Rs (reduce, reuse, recycle) concept (Hoornweg and Bhada-

Tata, 2012; Kaza et al., 2018; Zaman and Lehmann, 2011). This success has been attributed to 

response to regulations (taxes, fines, incentives, grants, rebates, container deposit schemes, 

product stewardship), social pressure awareness (communities, peers, friends) and stakeholder 

inclusion and participation (Ma and Hipel, 2016; Sidique et al., 2010). 

 
In contrast, most developed and developing countries have high waste generation, incineration, 

and landfill disposal volumes, an indication of failure to reduce, reuse and recycle (Hoornweg 

and Bhada-Tata, 2012; Kaza et al., 2018). Generally, non-compliance with 3Rs waste 

management strategy could be attributed to high dependence on technologies, economic tools, 

and regulatory frameworks by many industrialized countries, rather than social awareness of 

benefits and hazards, which could reduce resource consumption. In developed countries, 

increased awareness is through waste education, research, and on-the-job training (destined for 

local needs). In most developing countries, awareness creation is through theoretical and 

sanitation-based education which has led to inadequate technical capacity to monitor and 

supervise 3Rs. The success of any waste separation program and informal stakeholders’ 

inclusion in the formal MSWM process has been attached to the economic benefits of retrieved 
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recyclable materials as the driving force, rather than protecting the environment and human 

health, thus, mixed waste streams.  

 

2.4.2  Countries with sustainable waste management strategies and practices  
 

Despite some developed countries successfully achieving zero-waste cities’ status and zero 

landfills, several other nations have implemented sustainable strategies and practices that 

partially conform to the 3Rs model.  The developed countries of Japan, Switzerland, Canada, 

the UK, Australia, Ireland, Norway, Italy, Austria, the USA (San Francisco), Russia, Turkey, 

Greece, Israel, France, Finland, Portugal, Denmark, and Germany have implemented several 

strategies to reduce landfill capacity as presented in Table SI 2.1. Likewise, in developing 

countries, several sustainable strategies and practices are being implemented to reduce waste 

generation, collection and disposal. Such countries include China (Kunming, Shanghai), India, 

Nepal (Ghorahi), Bangladesh (Dhaka), India (Bengaluru, Delhi, Dhaka, Madras, Maharashtra, 

Mumbai, Pune), Philippines (Manilla, Quezon City), Malaysia, Vietnam, Sri Lanka, Korea, 

China (Taiwan); Brazil (Belo, Horizonte), Columbia, Argentina, Peru, Buenos Aires, Nicaragua 

(Managua), Mexico, and other major cities of Latin America; some communities in Kenya 

(Dandora, Nairobi), Uganda, Tanzania (Dar es Salaam, Moshi), Rwanda (Kigali), Zambia 

(Lusaka), Egypt (Cairo), Nigeria (Lagos), South Africa, Mali (Bamako), Ghana (Kumasi), 

Senegal, Morocco, Mozambique (Maputo), Burkina Faso, and Tunisia as presented in Table SI 

2.1. 
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2.5 Conclusions and recommendations 
 

2.5.1  Conclusions 
 

Compliance with the reduce, reuse and recycle framework occurs in some developed countries, 

with developing nations commonly practising a reuse strategy. Some developing countries have 

also successfully achieved other applicable sustainable waste management strategies and 

practices. Generally, most developed and developing countries experience MSWM challenges 

and exhibit poor implementation of 3Rs, as seen in their high waste generation, incineration 

and landfill volumes. On a global scale, waste management challenges have occurred across 

countries for centuries, but the degrees of impacts and health risks vary due to differences in 

investment treatment and disposal methods. In both developed and developing countries, waste 

management systems mainly operate within urban centres, with very limited services in rural 

environments.  Waste management systems across countries are reported to have improved. 

Despite this, substantial economic constraints, weak policies and governance, partial 

stakeholder inclusion and participation, adopted technologies, waste trading and limited 

awareness of hazards and benefits continue to pose planning, supervisory, monitoring and 

management challenges. Waste generation and management costs in most developing countries 

are predicted to double by 2025 (triple by 2050) and are therefore, likely to cause even greater 

environmental impacts and health risks than at present. 

 

2.5.2  Recommended waste issues for management interventions  
 

Illegal open dumping, landfilling, stockpiling and incineration practices are commonly 

practised by both developed and developing countries. Social awareness of benefits and hazards 

is also a challenge across countries. Recycling and resource recovery rates are still low, while 
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policies that exist across countries are evidently weak in enforcement. Stakeholders’ 

behavioural change and their inclusion during design and implementation is needed to reduce 

the increasing environmental impacts and health risks that affect all countries. Waste generators 

should all be held accountable for their actions. Therefore, a global collaborative action is 

urgently needed to combat the past and present MSWM challenges for optimal health across 

nations. Waste issues for improved management interventions and proposed strategies to reduce 

environmental impacts and health risks across countries are outlined in Table SI 2.2. 
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 Table SI 2.1. Some developed and developing countries with sustainable waste management strategies and practices, which could inform better decisions elsewhere 
Waste 

Aspects 
Good strategies & practices Developed Countries References Developing 

Countries 
References 

 

 

 

 

 

 

 

 

 

 

Policies & 

governance 

Invested in waste education, research, physical infrastructure, and litter 
prevention campaigns to increase information accessibility, awareness, 
active community engagement and participation, and industrial initiatives. 

Sweden 

 

Austria, France, Portugal, 
Germany, Belgium, 

Netherlands, Denmark, 
UK 

Mamady, 2016; 
Wilson and Ing, 2013; 

Zaman, 2014a 

 

Zaka et al., 2018 

    

 

Extended producer responsibilities 

Sweden, Japan, 
Switzerland, Canada, 
UK, Netherlands and 
Germany (Europe) 

Egun, 2017; Kaza et al., 
2018; Kiddee et al., 

2013; Stegmann, 2017 

China, India, 
Columbia, 

Russia, Brazil, 
and Turkey 

Aydin, 2017; Kiddee et al., 2013; Sarptaş and 
Erdin, 2015; Widmer et al., 2005; Zaman, 2015 

Have guaranteed fixed budget, regulate and implement guidelines     

Landfill levies and material bans which reduces landfill volumes Australia, UK, Ireland, 
Norway and Italy  

Guerrero et al., 2013; 
Ma and Hipel, 2016; 
Moloney and Doolan, 
2016; Watson, 2013; 
Zhang et al., 2010b  

    

Robust public policy implemented by determined political leadership, 
strong public-private partnerships, resident education, and financial 
incentives for waste reduction. 

 

Implemented mandatory recycling and composting for both residents and 
businesses 

 

Banned the sale of plastic water bottles 

 

 

 

 

San Francisco, USA 

 

 

 

 

 

Kaza et al.., 2018 

  

 

 

Australia (Adelaide, 
Canberra), New 

Zealand, USA (Del 
Norte country, San 

Francisco, California) 

 

Kaza et al., 2018; 
Zaman, 2015 
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Zero-waste policies such as container deposit schemes in Australia 
(Adelaide), Denmark and UK 

 
 

Sweden, Singapore, 
Austria, Germany, and 
Netherlands 

Bai and Sutanto, 2002; 
Bai et al., 2012; Egun, 

2017; Moloney and 
Doolan, 2016; Watson, 

2013; Zhang et al., 
2010a; Zhang et al., 

2010b 

  

  

  

  
Pay-as-you-throw (polluter pays) policy Sweden, Singapore, 

Austria, Germany, and 
Netherlands 

Decentralization policy mandates urban councils to make by-laws and 
engage private sectors through contracts 

     

Uganda 

 

Okot-Okumu and Nyenje, 2011 

Very strong proactive policies, governance ad zero tolerance to corruption 

 

“A national plastic bag ban was strictly enforced using border patrol 
guards to prevent illegal imports and multiple penalties for offenders, 
including fines, jail time, and public shaming” 

  Rwanda Kabera et al., 2019 

 

 

 

 

 

 

 

Kaza et al., 2018 

“Making environmental sustainability a national priority by adopting 
national strategy for sustainable development” 

   

Morocco 

“12-year National strategy that provides guidance on topics from landfill 
construction to organization of waste pickers and outlines the roles of all 
stakeholders, including central governments, municipalities, businesses, 
waste pickers, residents, and nongovernmental organizations” 

   

 

Mozambique 

“Kenya’s National Solid Waste Management Strategy in 2014 in response 
to citizen complaints of poor waste management, outlining collective 
action mechanisms to systematically improve waste management” 

   

Kenya 

Public-private partnerships   Kigali (Rwanda) Kabera et al., 2019 

 

 

Finance & 
economics 

Users are willing to pay for waste management services     Some 
communities in 
Kenya, Uganda, 

Tanzania 
 

Ahmed and Ali, 2004; Okot-Okumu and Nyenje, 
2011 

Government cover 100% waste service fees, and then incorporate it into 
utilities bills 

 
  Brazil (Belo)  

 

Wilson and Ing, 2013 
Urban poor households are not charged service fees      Tanzania 

(Moshi) and 
Nepal 
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Households pay affordable fees depending on their ability to pay while the 
poorest get waste collection service for free. 95% fee collection rates are 
achieved. 

   

Kigali (Rwanda) 

 

Kabera et al., 2019 

 

 

 

 

 

 

 

 

 

 

Service 
providers 
(Private 
informal 
sector) 

Brazil registered and incorporated the informal sector into the national 
waste management structure, and established a plastic and aluminium 
recycling plant, making Brazil the global producer of aluminium cans  

    Brazil Beatriz et al., 2014; Ezeah et al., 2013 

The informal sector has provided more than 30% of waste collection 
coverage  

    Zambia 
(Lusaka) 

Ma and Hipel, 2016 

SWM system was privatized; an informal sector group, Zabbaleen was 
organized and is involved in waste collection, recycling, and treatment, 
with 50% collection and separation across Cairo  

         Egypt (Cairo) Ezeah et al., 2013 

200,000 active waste pickers  

16, 000 active waste pickers  

  Beijing, China 

Ho Chi Minh 
City, Vietnam 

 

Kaza et al., 2018 

Waste services are formalized and registered 

 

Waste pickers must register at a disposal facility to collect waste 

  Baruni disposal facility at Papua New Guinea          Kaza et al., 2018 

 

At Port Vila, the Capital of Vanuatu                         Kaza et al., 2018 

Urban councils have formally engaged the private informal sector in waste 
collection and disposal through contracts  

    Uganda Okot-Okumu and Nyenje, 2011 

Informal waste pickers were integrated into the formal systems     Peru Oguntoyinbo, 2012 

Informal waste pickers remove recyclable materials from community 
kerbside bins.  

    Buenos Aires 

Informal waste collectors are registered, licensed, and integrated into 
cooperatives, where they are access generated waste in selected areas 

    India (Pune) and 
major cities of 
Latin America 

Scrap dealers are formally recognised and can legally operate     Nigeria (Lagos) 

 

 

 

 

 

Local advocacy NGOs work with authorities to build on existing informal 
activities in their cities 

    Bangladesh 
(Dhaka) and 
India (Delhi) 

Ezeah et al., 2013; Ma and Hipel, 2016; Wilson and 
Ing, 2013 

The NGO EXNORA created a waste collection program, where low-
income neighbourhoods and residents pay little for the service  

    India (Madras) Ezeah et al., 2013 

COOPAMARE, a community organization collects and sells around 100 
tonnes of recyclable materials every month  

    Brazil 



Chapter 2 

108 

Service 
provider

s 
(Private 
formal 
sector) 

CBOs, cooperatives and associations are established or supported by 
NGOs to engage in recycling projects for livelihood  

    South Africa 

 

 

 

 

 

 

 

Waste 
Users 

Waste Users formed 'platforms' from where they get involved in 
communication and consultation during strategic planning, siting of 
facilities and in organization of day-to-day waste services 

     Mali (Bamako), 
Brazil (Belo, 
Horizonte), 

India 
(Bengaluru) and 

Philippines 
(Quezon City) 

Beatriz et al., 2014; Ezeah et al., 2013; Widmer et 
al., 2005; Wilson and Ing, 2013 

Direct, active, and strong social link between users and waste managers to 
assess the performance of private waste service providers was established 

    Malaysia Guerrero et al., 2013 

Municipalities formed committees with all stakeholders, headed by local 
personnel, to regularly monitor and contribute to sound management of 
local landfills 

    Nepal Wilson and Ing, 2013; Wilson et al., 2006 

The 2000 decentralization policy was used to form a stakeholders’ 
platform that enhanced communication and participatory approach towards 
planning and operations of solid waste services  

    Tanzania 
(Moshi) 

 

 

 

 

 

 

 

 

 

 

Waste collection has been privatized, 350 contractors licensed, and the 
road network improved 

Singapore Bai and Sutanto, 2002     

A fleet of large capacity trucks and appropriate waste collection systems 
(i.e., manual for individual households or centralized refuse chute system 
for joint up-rising apartment containers) has also been introduced  

    

Uniform distribution of household garbage and kerb-side collection bins, 
weekly collection, recycling and waste apps such as Act smart Schools, 
(online)  

Australia (Canberra) https://www.actsmart.act
.gov.au/what-can-i-
do/schools/actsmart-
schools, accessed on 
15th June 2018.  

    

Municipal government supports door-to-door waste collection services in 
high rise apartments; and rudimentary services in poor suburbs 

    China Ezeah et al., 2013; Ma and Hipel, 2016; 
Oguntoyinbo, 2012 

Waste collection services offered three times a day, and is attributed to 
people culture and habits 

    China 
(Shanghai) 

Ma and Hipel, 2016 

http://www.actsmart.act.gov.au/what-can-i-do/schools/actsmart-schools
http://www.actsmart.act.gov.au/what-can-i-do/schools/actsmart-schools
http://www.actsmart.act.gov.au/what-can-i-do/schools/actsmart-schools
https://www.actsmart.act.gov.au/what-can-i-do/schools/actsmart-schools
https://www.actsmart.act.gov.au/what-can-i-do/schools/actsmart-schools
https://www.actsmart.act.gov.au/what-can-i-do/schools/actsmart-schools
https://www.actsmart.act.gov.au/what-can-i-do/schools/actsmart-schools
https://www.actsmart.act.gov.au/what-can-i-do/schools/actsmart-schools
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Waste 
Collection, 
Storage & 
Transfer 

Some governments have regulated and devised innovative waste fee 
collection systems (e.g., including the fee in water or electricity bills 

    
 

 

Schübeler et al., 1996 

Different local stakeholders have effectively managed their waste streams 
with or without donor funding  

    Brazil, Nepal, 
Malaysia, 

Zambia, China 
and Tanzania  

Beatriz et al., 2014; Hoornweg and Bhada-Tata, 
2012; Zhang et al., 2010b 

High waste collection coverage is achieved. Maputo uses extensive donor 
funding, while Kigali uses its own local resources 

  Maputo 
(Mozambique) 

and Kigali 
(Rwanda) 

 

Kabera et al., 2019 

Charge low collection fees, but non-payers are not punished.   

Motivating community involvement through popular “musical” garbage 
trucks has increased recycling rate to 55% 

    China and India  

 

Taiwan, China 

Wilson and Ing, 2013 

 

Kaza et al., 2018 

Informal sector cooperatives and NGOs, which provide primary collection 
services, and ensure access to better quality materials for recycling  

    Delhi (India) 
and Belo 
(Brazil)  

Ezeah et al., 2013; Wilson and Ing, 2013 

Provide 100% waste collection coverage including slum areas; and kept 
the fees low to enable all users to pay; have a payment rate of 40–50%; 
and recover some fees from central government allocations, franchise fees, 
property taxes from the sale of municipal land and equipment 

    China 
(Kunming), 

India 
(Bengaluru), 
Nicaragua 

(Managua), 
Zambia 

(Lusaka), Brazil 
(Belo, 

Horizonte) and 
Philippines 
(Quezon)  

 

 

 

 

 

 

Wilson and Ing, 2013 

Without external funding Nepal has well-functioning waste systems and 
charges no fees on household services.  

    Nepal (Ghorahi) 

Over 120 small transfer stations spread across the cities, with automated 
primary collection technology, and secondary collection by compaction 
lorries  

    Vietnam, Egypt 
and China 
(Kunming)  

Residents sort recyclable items into specific containers, or outside garbage 
bins and are transported by trucks or business entities to transfer stations  

      Okot-Okumu and Nyenje, 2011; Zhang et al., 2010b 
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Turkey uses containers and a community bin system, plus compaction 
vehicles in waste collection, and has increased service coverage from 71% 
in 1994 to 83% in 2012, in 2894 out of 2950 municipalities  

    Turkey  

Bai and Sutanto, 2002 

Waste collection system was privatized, and a fee-based performance 
collection system introduced 

    Ghana (Kumasi) 

Rwanda (Kigali) 

Oteng-Ababio et al., 2013 

Kabera et al., 2019 

Malaysia supervises contractors through government, the public, and 
continuous mass media environmental campaigns  

    Malaysia Ezeah et al., 2013; Fauziah et al., 2009; Guerrero et 
al., 2013 

Created community-based micro-and-small enterprises that provide 
primary waste collection services  

 
  Mali (Bamako), 

Zambia 
(Lusaka), Kenya 
(Nairobi), and 

Tanzania (Dar es 
Salaam)  

 

 

Wilson and Ing, 2013 

 

Kabera et al., 2019 The cultural cleanliness of a community has led to an initiative to protect 
their street sanitation  

 

Cultural cleanliness and zero tolerance to corruption have improved city 
sanitation hence 88% waste collection coverage 

    Tanzania 
(Moshi) 

 

Rwanda (Kigali)                

 

Recycling 

Invested in formal and mandatory recyclable material collection services 
and high-technology sorting and processing facilities to achieve high 
recycling  

Sweden, Germany, 
Austria, Netherlands 

(Rotterdam), Singapore, 
USA (San Francisco), 
Canada (Vancouver), 

and Australia (Adelaide)  

Bosdogianni, 2007; 
Ezeah et al., 2013; 

Halfman, 2009; Kaza et 
al., 2018; Hoornweg and 

Bhada-Tata, 2012; 
Showers and Chewning, 
1994; Stegmann, 2017; 

Zaman, 2015 

    

Singapore established a waste minimization department to develop, 
promote and directly implement a free waste audit program on a nation-
wide basis  

Singapore Zhang et al., 2010a     

The waste department also worked closely with the business community 
on customer material and product packaging, and green labelling schemes 
(i.e., labelling products to indicate how much recycled materials are 
therein) to minimize waste 

Bai and Sutanto, 2002     

Brazil adopted the 3R concept, and have registered and incorporated the 
informal sector into the formal waste structure, provided the required 
technologies for the recovery process, regulated recycling prices, provided 

 
   

Brazil 
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incentives, and considered green procurement for environmentally 
sustainable consumption 

Beatriz et al., 2014; Bras et al., 2009; Zhang et al., 
2010b 

In 2013, China created a recycling ministry with resource management as 
an economic activity, transitioned its economy from communist to market-
based, and opened its borders to international trade.  

 

However, in 2018, the Chinese government took a priority stand to raise 
standards and protect the environment, promote more recycling, establish 
linkages between the circular use of resources and materials in industrial 
production and in everyday life, and put a recycling “ban” to international 
trade to reduce the amount of contaminated materials entering China. 

    China Ezeah et al., 2013; Guerrero et al., 2013 

 

 

https://www.abc.net.au/news/2017-12-10/china-
ban-on-foreign-rubbish-leaves-recycling-industry-

in-a-mess/9243184 
 

 

 

 

 

 

Compost
ing 

Automated materials recovery facilities or mechanical biological treatment 
systems to extract the resource value of the organic waste.   

Sweden and Australia 
(Adelaide)  

Hoornweg and Bhada-
Tata, 2012 

    

The EU funded large composting (e.g., Carbon-Development Mechanisms, 
CDM) pilot projects in some countries to assess their feasibility and 
applicability for compost generation 

    Uganda, China 
(Kunming) and 
Brazil (Belo) 

 Wilson and Ing, 2013 

Resource and nutrient value recovered and is either sold as raw organic 
and/or partly decomposed wastes to grain and vegetable farmers 

    Mali 

 

 

Incinerat
ion 

Banned incineration practices by way of its Clean Air Act 1999, and 
adopted the 3R concept 

    Philippines 
(Manilla) 

Marshall and Farahbakhsh, 2013; Wilson and Ing, 
2013 

Banned the manufacture, sale and use of plastic bags      Bangladesh and 
India 

(Maharashtra) 

            

 

 

 

 

Landfill use in the UK has reduced from 80% in 2001 to 49% in 2010, and 
43% in 2013; and the number of active landfills from 1700 in 2002 to 725 
in 2012  

UK Watson, 2013     

Landfill use in Italy has reduced from 72.4% in 2000 to 67% in 2001, 
51.9% in 2004, and 48% in 2010; with the number of active landfills from 
657 to 401; and increased its recycling from 12% in 2001 to 23% in 2010  

Italy Rigamonti, 2004; 
Watson, 2013 

    

https://www.abc.net.au/news/2017-12-10/china-ban-on-foreign-rubbish-leaves-recycling-industry-in-a-mess/9243184
https://www.abc.net.au/news/2017-12-10/china-ban-on-foreign-rubbish-leaves-recycling-industry-in-a-mess/9243184
https://www.abc.net.au/news/2017-12-10/china-ban-on-foreign-rubbish-leaves-recycling-industry-in-a-mess/9243184
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Open 
dumping 

and 
landfills 

With 70% landfill rate, Australia now uses Phyto-capping technology for 
landfill remediation, that is, place a barrier over filled landfill to reduce 
greenhouse gas emissions and water percolation into the waste  

Australia Moloney and Doolan, 
2016; Smith et al., 2012 

    

Adopted 3Rs and are reducing landfill and illegal dump use through post 
closure strategies, and private sector involvement in waste management 
systems  

USA and Greece Bosdogianni, 2007; 
Wilson and Ing, 2013 

    

Singapore uses landfill to treat incinerated waste, treats leachate before 
disposal, and replants mangrove trees, and captures methane  

Singapore Bai and Sutanto, 2002     

Constructed engineered landfills, and used mixed traditional and modern 
waste approaches in waste collection and regulation of informal activities  

    Zambia 
(Lusaka), Kenya 

(Dandora), 
Nicaragua 

(Managua) and 
India (Dhaka) 

Wilson and Ing, 2013 

Nepal use a genuine participatory approach to construct and operate a 
modern landfill without foreign aid  

    Nepal 

 Strong protest from the citizens led to the closure of existing dumpsites     India (Mumbai 
and Delhi) 

Brazil deactivate unregulated dumping sites and landfills      Brazil Beatriz et al., 2014; Wilson and Ing, 2013 
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  Table SI 2.2. Waste issues for improved management interventions to reduce environmental impacts and health risks across countries. 

Waste Aspects Developed 

Countries 

Developing 

Countries 

Developed and developing countries Recommendations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proactive policies and 

governance 

  Limited proactive 

government policies 

(e.g., political will to 

fund), weak 

governance 

framework and 

enforcement 

  Proactive policies, and good governance 

frameworks are needed to enforce national laws 

into practice  

   

The adoption of 

costly and unavailable 

strategies (PPP, 

decentralization 

policies, economic 

model & tools), spare 

parts, expatriates, and 

physical infrastructure 

(roads, vehicles, 

coded bins) have 

hinderance the 

  Before establishing or upgrading a waste 

management system, a cost-benefit analysis for on 

previous working conditions, stakeholders’ 

affordability and acceptability towards effectiveness 

and sustainability must be carried out. Every country 

needs to design and implement its low-cost (easy to 

operate & maintain) waste management 

technologies, frameworks, and guidelines 

appropriate to local needs and conditions, as this will 

improve practices, efficiency, and coverage.  
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development of low-

cost technologies and 

standards suitable for 

local needs and 

conditions 

  The political 

interferences, lack of 

democratic structures 

and long-term 

commitments, 

rampant corruption, 

inadequate 

accountability and 

transparency have 

created barriers to 

realistic decision-

making towards 

environmental 

protection and 

pollution control 

systems  

    

  Waste trading from 

developed and 

developing countries 

        There is a need to 

assess the life cycle for all 

consumer products and 
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is due to 

underdeveloped toxic 

waste management 

and risk assessment 

frameworks, lack of 

clear disposal 

guidelines, and scarce 

comprehensive data 

on hazards and 

benefits affects 

supervision and 

monitoring 

understand the chemical 

safety towards humans to 

develop adequate legal 

frameworks and guidelines 

such as chemical waste 

management framework 

for medical, industrial and 

e-waste in developing 

countries 

   Urban council do not 

have legal mandate to 

supervise and enforce 

regulations on 

informal 

stakeholders’ 

activities because the 

latter is rarely 

integrated into the 

formal SWM systems, 

are vast with wider 

   Mandatory integration of 

informal sector into the 

formal waste management 

structures through 

registered associations, 

cooperatives, or private 

partnerships (community 

environmental groups and 

properly licensed micro-

enterprises), for easy 

enforcement, reduce 

operational conflicts, 
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scope of activities and 

operational areas.  

empower with technical, 

and management skills, 

access to funds.  

   Non-compliance to 

3Rs exist in most 

developing countries 

due lack of 

government 

regulation and 

guidelines, no 

incentives, negative 

public perception, 

unhygienic 

operational methods, 

limited recycling 

programs, price 

fluctuations, limited 

markets, lack of 

organization and 

evidence to support 

their activities.  

   Industries involved in 

product design and reuse 

should be provided with 

incentives and 

infrastructure, while those 

with bad practices be fined 

or taxed for violating 

enacted laws (producer 

responsibilities). 

Recyclable waste drop-off 

and buy back centres 

should be increased. 

 

“Development of a strong 

domestic market for 

recyclable materials” 

 

Waste trading is a 

common disposal 

The use of imported 

and locally made poor 

quality consumer 

 

 

 

Extended producer 

responsibility tools should 

be applied to ensure 
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strategy practiced by 

developed countries 

products is in 

developing nations.  

Europe, Japan and China are moving towards circular economy.  product stewardship and 

protection to the 

environment.  

 

Incorporating a circular 

economy would facilitate 

impact and risk monitoring 

& save global food market. 

    Policymakers across nations have failed to predict the amount and composition of near future wastes due 

to their failure to devise the most appropriate treatment and disposal strategy for what works across 

periods and economies 

 Developing countries need 

to invest in treatment 

technologies than waste 

collection and disposal. 

Need to eliminate open 

dumping and increase 

recycling 

 

 

 

 

 

Stakeholders 

   Limited 

stakeholders’ 

involvement in initial 

design, planning and 

implementation 

(entire waste system) 

   All relevant stakeholders 

need to form interactive 

partnerships and participate 

in decision-making process 

right from the design 

through implementation of 

waste management system.  

This will enhance training, 

technical and managerial 
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skills and expertise, and 

awareness, thereby 

reducing corruption, 

inefficiency, adverse 

effects and risks. 

  The public sector and 

service users have 

engagement gaps 

which hindered 

behavioural change 

and reduced 

productivity and 

successes in SWM 

systems 

  Enhance stakeholder 

awareness and 

participation through 

media, trade unions, 

corporate organizations in 

nation-wide public 

education strategy for 

avoidance and 3Rs  

   The few PPP have 

parallel, isolated, and 

non-complementary 

working relationships 

with varying 

objectives, guidelines, 

roles and 

responsibilities. This 

has affected their 

coordination and 
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collaborations to 

create awareness, 

duplicated work, and 

wasted time and 

resources 

 

 

 

 

 

 

 

Finance and economics 

   Inadequate budget 

resources from 

government 

    

  Limited user 

affordability and 

unwillingness to pay 

for waste services 

   Improve on pricing 

mechanisms (e.g., 

attaching waste charge to 

rent price or property tax, 

add to product charge or 

utility bills, tied to quantity 

of waste disposed, or give 

incentives to users who 

separate recyclable waste 

to pay lower fee for 

disposal).  

  The prerequisite to 

serve donor interests 

(e.g., green agenda at 

the expense of brown 

agenda) can cause 
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pressure to meet 

global environmental 

standards, thereby 

influencing and 

creating unequal 

funding opportunities 

within regions and 

frustrating SWM 

efforts in developing 

countries 

Developed nations 

have few, divergent 

and complex issues 

(e.g., excessive 

management models 

and assessment tools) 

that have posed 

obstacles during 

integration to achieve 

common use in 

monitoring, decision-

making and planning 

across developed 
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nations (e.g., in 

Australian states) 

 

 

 

 

 

 

 

 

 

 

Institutions & 

infrastructure 

  The broad and 

complex curriculum 

at lower education 

levels offer limited 

knowledge on waste 

management but 

rather on sanitation, 

hygiene and family 

planning 

    

   The theoretical 

education offered at 

higher institutions of 

learning, limited on-

job training, and 

inadequate 

environmental non-

inclusive campaigns 

causes employability 

gaps in technical 

knowledge, 

managerial and 

leadership capacities 
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that affects system 

supervision and 

monitoring  

   Inadequate storage 

and collection 

facilities (e.g., 

encoded bins and 

containers) results 

into mixed waste 

streams which affects 

separation practices 

and individual 

generation 

monitoring. 

Many local councils within Australia faces high contamination rate and lack of separate bins for organic 

waste management. 

Countries need to 

implement waste 

separation against the 

provided standard colour 

coded waste collection 

containers and bins, to 

reduce mixed waste 

generation, landfill 

volumes, and impacts and 

risks  

  Inadequate analytical 

facilities, unreliable 

monitoring data on 

waste generation and 

composition and 

limited environmental 

monitoring research 

to support technology 

innovation and 

evaluate the effects 

   Scientific evidence is 

needed to enact policies 

related to environmental 

protection and public 

health for example 

substantive investments in 

research and affordable 

innovation is needed.  



Chapter 2 

123 

and risks (affects 

planning and 

management) 

Higher economic 

status which 

increases disposal 

income and 

consumption 

Industrialization 

without management 

structures causes 

rural-urban migration, 

population increase, 

slum development, 

and increased 

generation and 

management costs 

greater waste production  Manuals need to be 

developed with details of 

countries with good 

strategies and practices, as 

a model to strengthen the 

implementation capacities 

of other countries.  

 

 

 

 

Environmental impacts and 

health risks 

     Open dumping, landfills, ocean dumping, and open burning have been common disposal practice in 

developed and developing countries since before 1970, resulting in air, water, land, and food chain 

contamination, global warming and climate change.  

 To identify research gaps 

on pollution extent and be 

able to increase monitoring 

on chemical exposure from 

past and current waste 

contaminated sites, a 

comprehensive and reliable 

global contaminant data 

need to be updated.  

       Food and water contaminants contribute to global occurrences of 200 diseases and two million death per 

year, with 60% occurring in developing countries. This leads to food bans and recalls, closure of export 

Waste impacts and risks 

are trans-border, 

collaborations for global 
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markets, reduced food availability and consumption, and increased management costs to address threat, 

hence monetary losses. 

sustainable solutions is 

needed.   Incorporating a 

circular economy would 

facilitate impact and risk 

monitoring & save global 

food market.  
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[This is the  peer reviewed version of the following article:
 Awino, F.B., Maher, W.A., Krikowa, F. and Lynch, A.J.J. (2020), Occurrence of Trace 
Metals in Food Crops Grown on the Mbale Dumpsite, Uganda, and Human Health Risks. 
Integr Environ Assess Manag, 16: 362-377, which has been published in final form at 
https://doi.org/10.1002/ieam.4237. 

This article may be used for non-commercial purposes in accordance with Wiley Terms 
and Conditions for Use of Self-Archived Versions.]
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CHAPTER 3 OBJECTIVE 1 

Published as:   Awino, F. B., Maher, W. A., Krikowa, F., & J Lynch, A. J. (2019). 

Occurrence of trace metals in food crops grown on the Mbale dumpsite, Uganda and 

human health risks. Integr Environ Assess Manag. 

https://setac.onlinelibrary.wiley.com/doi/abs/10.1002/ieam.4237. 

Highlights 

o Amaranthus cruentus and Zea mays crops were used as bio-monitors to assess

food crop contamination on the Mbale dumpsite. Measured mean concentrations were 

higher for Fe, Al, Zn, Mn and Cu whereas Pb, Cr, Co, Cd, As, Hg, Se and Ni occurred in 

trace amounts. 

o These two crops were used also to individually assess if metal uptake varied

between the three zones of the Mbale dumpsite. Significant variations for Al, Zn, Fe, Cr, 

and Co concentrations in individual crops were identified across the dumpsite. 

o Metal accumulation in food crops depended on crop type and crop parts.

o The highest metal accumulation was at the dump centre and in crop leaves.

o Pb, Cr, Al, and Zn in most crop parts were above the recommended WHO/FAO

food safety limits 

o Leafy crops accumulated more metals than other crops and crop parts.



Chapter 3 

130 

ABSTRACT 

Food crops can be used as bio-monitors to assess potential food safety hazards to public 

health from contaminated agricultural environments. Globally, over 800 million people 

grow fruits, vegetables and grains on urban garden soils with unknown health risks. This 

worldwide practice has exposed consumers to pathogenic and carcinogenic risks from 

locally grown and imported contaminated foodstuffs such as Amaranthus cruentus and 

Zea mays - traditional and widely consumed crops across the globe. This study used Zea 

mays and Amaranthus cruentus crops to investigate the occurrence and spatial variations 

of aluminium (Al), chromium (Cr), iron (Fe), manganese (Mn), cobalt (Co), nickel (Ni), 

copper (Cu), zinc (Zn), arsenic (As), selenium (Se), cadmium (Cd), mercury (Hg), and 

lead (Pb) concentrations across the Mbale dumpsite, Uganda. Mean concentrations for 

Fe, Al, Zn, Mn and Cu were high in both crops whereas Pb, Cr, Co, Cd, As, Hg, Se and 

Ni occurred in trace amounts. Using the two crop types as bio-monitors, significant 

variations for Al, Zn, Fe, Cr, and Co concentrations in individual crops were identified 

across the three dumpsite zones. The Al, Zn, Fe, Cr, and Co concentration and uptake 

variations were specific for crop types, crop parts and location. The highest overall 

accumulation of metals was at the dump centre and in crop leaves. Except for Pb 

concentrations in Zea mays seeds, Cr, Pb, Zn and Al in other crop parts (Zea mays leaves, 

Amaranthus cruentus leaves, Amaranthus cruentus flowers) were above World Health 

Organization/Food and Agricultural Organization (WHO/FAO) consumer food safety 

limits. Therefore, Zea mays and Amaranthus cruentus consumption could pose health 

risks to consumers. Further exposure and pathway assessments to establish contaminant 

sources, and regulations limiting the farming of leafy crops on the Mbale dump centre are 

recommended to reduce potential health risks from metals in crops. 

 
Keywords  
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Metals, waste dumpsite, health risk, Amaranthus cruentus, Zea mays, Uganda 

 
Capsule 

Leaves of crops cultivated on dumpsites in developing countries can accumulate metals 

above food safety limits. We therefore, recommend increased health assessment and 

potential regulations towards dumpsite farming by municipal authorities to reduce 

exposure and protect consumer health.  
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Graphic Abstract 
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3.1 Introduction  
 

Both developed and developing countries generate and manage large volumes of waste 

(Guerrero et al., 2013; Marshall and Farahbakhsh, 2013; Rajan et al., 2015). The waste 

management strategies and practices across these countries, however, determine the 

associated degree of impacts and risks (Hoornweg and Bhada-Tata, 2012). A review of 

literature on waste management strategies and practices across different countries 

indicated variations in applications, environmental impacts and health risks (chapter 2).  

In most developed countries, the reductions of waste related impacts and risks, are based 

upon “average” well-structured waste management policies, public awareness, funding 

and technical and research capabilities (Okot-Okumu, 2012; WorldBank, 2012). For most 

developing countries, however, significant gaps in waste management are evident (Okot-

Okumu and Nyenje, 2011). Poor proactive policies, weak governance (Nabulo et al., 

2011; Saumel et al., 2012; Yabe et al., 2010), lack of waste management and risk 

assessment frameworks, un-informed populations, and inadequate resources and facilities 

(Okot-Okumu and Nyenje, 2011; Oluyemi et al., 2008), all pose challenges and threats to 

developing countries. Consequently, limited waste sorting, mixed waste generation and 

unregulated open waste dumping are common practices in most developing countries 

(Gorbunov et al., 2003; Nabulo et al., 2011; Olowoyo et al., 2012; Ukpong et al., 2013).  

 
Open dumping is not only a common and cheap waste disposal strategy practised across 

many countries (Ali et al., 2014), but such sites also frequently contain waste materials 

from mixed sources. Materials in open dumps can include food waste, stationery, 

batteries, oils, inks, plastics, electronics and electrical appliances, industrial waste, beauty 

products, expired veterinary and human medicines (Nabulo et al., 2012; Ukpong et al., 

2013). When organic materials biodegrade, the mixed waste materials break down into 



Chapter 3 

136 

organic-rich soils (compost) and leachate with microbial communities including potential 

pathogens (Geresom, 2019; Geresom & Ndungutse, 2019; Ndejjo et al., 2019), organic 

(e.g., pharmaceutical and personal care products (PPCPs), organochlorine pesticides, 

industrial chemicals from plasticizers and inorganic (metals) chemical mixtures (Nabulo 

et al., 2011; Nabulo et al., 2010). This contaminated leachate can move offsite, impacting 

the natural environment (air, soils, surface and ground water) and the food chain (Lu et 

al., 2015; Nabulo et al., 2012). Figure 3.1 illustrates a conceptual model of impact 

pathways from mixed waste dumpsites to human and ecological endpoints. Whereas 

several contact effects and pathway routes relevant to food crops and human exposure are 

evident (e.g., in and on plants, atmospheric deposition, water, soils), this study will only 

consider the “food chain to human” pathway route.  
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       Figure 3.1. Conceptual model for an urban municipal waste dumpsite inputs, pathways & its environmental effects. Red dashed lines are the focus of this paper. 
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Of global interest and human health concerns are the following research findings. Food 

crops and drinking water contamination (Schwarzenbach et al., 2010) are the main 

microbiological and chemical exposure routes for humans (Hadayat et al., 2018; Liu et 

al., 2012; Lu et al., 2015). Contaminated foods and drinking water cause over 200 diseases 

to millions of people globally (Kaferstein, 2003; MacLaurin et al., 2000; Motarjemi and 

Käferstein, 1996; Schwarzenbach et al., 2010); with two million microbiologically related 

deaths of children every year (Dharni and Sharma, 2008). Annual food-borne diseases are 

also reported in one third of the population in developed countries. A combination of 

microbiological causes and chemical hazards (such as metals) could create even more 

severe problems in regions or across borders (Geresom & Ndungutse, 2019; Musoke et 

al., 2016; Ndejjo et al., 2019). Most metals are naturally occurring, nevertheless, they 

maybe mined, transformed and utilised in industrial processes, from where they are 

concentrated in waste dumpsites, upon disposal (Ukpong et al., 2013). Metal are known 

to be non-biodegradable and thus, persistent in the environment (King et al., 2017; Naidu 

et al., 2008).  Metals accumulated in plant tissues (roots, stems, seeds, leaves) (Oluyemi 

et al., 2008) can be transferred from plants  to animals or animals to animals via the food 

chain or food web (Nabulo et al., 2012; Nabulo et al., 2011; Pivić et al., 2013). Although 

many metals are essential nutrients at trace levels (Nordløkken et al., 2015), at higher 

(although often still very low) concentrations, they cause several hormonal disruptions 

and diseases to humans, herbivores, and other organisms (Adefila et al., 2010; El-Kady 

and Abdel-Wahhab, 2018; Satarug et al., 2017).  

 
Other studies have reported the common occurrence of urban agricultural practices in 

many municipalities across the world (Cruz et al., 2014; Nabulo et al., 2012). On a global 

scale, over 800 million people are reported to grow crops (Rahman et al., 2014; Saumel 

et al., 2012) on potentially contaminated areas (Cortez and Ching, 2014; King et al., 2017; 
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Okoronkwo et al., 2005; Oluyemi et al., 2008). Also, of concern are the elevated metal 

concentrations and human health risks reported in crops grown on contaminated urban 

garden soils (including open dumpsites) (Cruz et al., 2014; Nabulo et al., 2010; Nabulo 

et al., 2012; Saumel et al., 2012). As can be seen in Figure 3.1, metal exposure routes to 

crops are contaminated irrigation water sources (Nabulo et al., 2010), untreated 

wastewater (leachate) used in crop irrigation, use of sewage sludge, metal-saturated dump 

topsoils (Alghobar and Suresha, 2017; Cruz et al., 2014; Olowoyo et al., 2012), and dump 

compost (manure) to commercial farms (Cruz et al., 2014). Other exposure routes are 

aerial deposition from onsite and nearby activities - biodegradation, waste burning, 

industries and vehicular emissions (Pivić et al., 2013).   

 
In developing countries (including Uganda), the common co-occurrence of open waste 

dumping and urban agriculture poses severe risks (Ali et al., 2014; Nabulo et al., 2011; 

Nabulo et al., 2010; Ukpong et al., 2013). Many urban poor populations cultivate open 

dumpsites to grow short-term crops (e.g., fruits and vegetables) for domestic consumption 

and commercial purposes, thereby meeting their demand for income, diet and food 

security (Cortez and Ching, 2014; Olowoyo et al., 2012; Twinamatsiko et al., 2016; Yabe 

et al., 2010). Dumpsites offer unregulated, easily accessible (Saumel et al., 2012; Ukpong 

et al., 2013), organic-rich fertile land (Oluyemi et al., 2008), with high (50–90%) organic 

content (Okoronkwo et al., 2005), that is amenable to urban agriculture (Nabulo et al., 

2012; Yabe et al., 2010). However, these practices could expose the global food 

production, trade and consumers to biological (King et al., 2017; Lewis Ivey et al., 2012) 

and chemical food-borne health risks (Lu et al., 2015; Segura-Muñoz et al., 2006; 

Warming et al., 2015).  
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To increase food supply and reduce the impacts of food-borne diseases and economic 

consequences (including food segregation) in developed and developing countries, there 

is a need to work in partnerships to develop and harmonize regulations through science 

(Dharni and Sharma, 2008). Unfortunately, in most developing countries (including 

Uganda), research funding and analytical facilities for sound science and equitable law 

are scarce (Fung et al., 2018; Ministry of Agriculture & Ministry of Health, 2005; 

Ministry of Health, 2004; Turcan & Bene, 2017). Regulatory and risk assessment 

frameworks to create awareness, monitor crops and guide decision-making on food and 

land governance are also lacking. Yet all are prerequisites for global food safety and trade 

according to international food regulations (Dharni and Sharma, 2008). Food crop 

research, therefore, is required to identify vulnerable food production areas, to generate 

baseline data to regulate farming on contaminated environments, and to inform 

development and enhancement of regulatory mechanisms to protect consumer health. 

 
The work described in this paper seeks to contribute towards the United Nations 

Sustainable Development Goals 2, 3, 6, 10 - 15 and 17. Nutritious and secure food supply 

is a global sustainable development requirement for optimal human health. In Mbale 

municipality, urban agriculture occurs on a potentially contaminated area - the Mbale 

Municipal Council Waste Dumpsite (MMCWD), and along the Namatala riverbank, 

which forms part of the Namatala wetland eco-system. Mbale dumpsite is located 100m 

above, and gently sloping towards, the Namatala wetland system. The 260 km2 Namatala 

wetland system catchment area extends into the Lake Kyoga catchment area, and supports 

about 1.3 million people (Cools et al., 2013; Johnston et al., 2013; Namaalwa et al., 2013; 

Zsuffa, 2008; Zsuffa et al., 2014).  It is not known if waste dump chemicals leach into the 

surrounding environment, and if they may be affecting human population in the 
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catchment and the three internationally significant (RAMSAR) wetlands in the Lake 

Kyoga catchment area (chapter 1: Fig 1.2). 

 

Ten qualitative studies on municipal waste management and their relationship to the 

rampant outbreaks of communicable diseases around Mbale municipality have been 

undertaken (UN-Habitat, 2011). They report the presence of uncontrolled dumping of 

waste and chemicals which has caused negative consequences for environmental and 

human health. They also reported poor sanitation, poor waste disposal, inadequate waste 

management facilities, illegal developments in the swampy areas, and weak institutional 

capacity to articulate environmental issues, which has led to a high rate of soil and water 

pollution. A preliminary assessment of the impact of a proposed Mbale dumpsite 

composting plant on the biophysical and socio-economic environment (OPEP, 2007) 

observed that degradation of the Namatala wetland system has occurred (Namaalwa et 

al., 2013). Only five surface water and two soil samples from the Mbale dumpsite, 

however, were quantitatively analysed in the previous study. Findings indicated high 

faecal coliform counts (water), trace metal content, high organic matter, high sand and 

high pH (soils) (OPEP, 2007). Thus, detailed analysis of the Mbale dumpsite soils, 

surface and ground water, and food contamination needs to be undertaken.  This study 

focuses on the potential human health risks of crops growing on the Mbale municipal 

dumpsite. Metal concentrations, spatial variations and potential human health risks of two 

food crops, Zea mays and Amaranthus cruentus, grown in three locations across the 

dumpsite, were assessed.  
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3.2 Materials and Methods 
 

3.2.1 Study site 

The study was conducted at the Mbale dumpsite in Mbale municipality, Eastern Uganda 

(34010’30.0” and 1004’50.0”) (Fig. 3.2).   
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 Figure 3.2. Location map for Mbale Dumpsite (Uganda) with sampled points for the entire project 
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Mbale is Uganda’s 4th largest city, covering 24 km2 (UBoS, 2014), and with a waste 

dumpsite area of 4.05 ha. Temperatures within Mbale range from 15oC to 28oC, with the 

highest temperatures around December and April. Mbale has two dry and two rainy 

seasons. The long rainy and drier seasons occur from August to September/November, 

and from June to July, while the short rainy and drier periods are from December to 

February, and March to April respectively. The municipality experiences relief rainfall, 

averaging 1250- and 1750- mm p.a., which supports farming activities (Namaalwa et al., 

2013; Zsuffa et al., 2013). Local soils are very fertile due to alluvial deposits that come 

from erosion of volcanic massifs around Mt Elgon and other surrounding highlands 

(Ollier and Harrop, 1959). The Mbale dumpsite soils are high in organic matter. In this 

study, we topographically (also water depth, and site characteristics) sub-divided the 

dumpsite into three zones: the dump centre, slope, and riverbank (Fig. 3.3). 
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  Figure 3.3. Zea mays and Amaranthus cruentus sample points in the three dumpsite zones 

  



Chapter 3 

150 

 
 



Chapter 3 

151 

Mbale dumpsite is a mixed waste (DMP1), open dumping ground (section 1.1: Fig. 1.3). 

The dump centre had active and inactive dumping areas that have affected the dump soil 

characteristics. Freshly dumped, and partially biodegradable, materials represented fresh 

organic compost soils, while completely bio-degraded materials were on very old 

compost soils. Previous site assessment indicated high organic waste content (70 – 87%) 

and sandy soils with a high percolation rate within the dump centre (Kyambadde et al., 

2006; Okot-Okumu and Nyenje, 2011; OPEP, 2007; UN-Habitat, 2008, 2011).  In the 

current study, soil pH ranged across the dumpsite from 6.4-8.7 for the dump centre, 8 for 

the slope (low water table), 7.4-7.9 for the slope (high water table), and 6.9 for the 

riverbank. Lower pH was exhibited at the dump centre towards the slope, (inactive/old 

dump area), where waste burning and metal-scrap mining occur. Sandy and clayey soils 

were evident around high-water and low-water table areas respectively. Water seepage 

from low-water table areas during the dry season indicated a high-water retention capacity 

of the clay soils. Alkalinity was highest at the dump centre (and compost), lower at the 

slope, and lowest at the riverbank, which was slightly acidic.  

 
3.2.2 Study design 

At the Mbale dumpsite, water, soils, air, food crop samples, and organic and inorganic 

contaminants were potential candidates for this analysis. However, due to time and 

financial constraints that were deemed to influence sample number, sample preparation, 

treatment, transportation and analysis, only food crops and commonly monitored metals 

were considered. The primary purpose of the study was to use Zea mays and Amaranthus 

cruentus crops as bio-monitors to assess crop safety and spatial metal concentration 

across the Mbale dumpsite. To achieve this objective, the two crops needed to be located 

or available (Ogundele et al., 2014) across the three dumpsite zones. It was a bonus that 

these two crops are commonly and widely consumed. To guide the study design, metal 
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risk screening was carried out and used to create a hazard map. Most metals were selected 

based on either their persistence in the environment or potential to bio-accumulate within 

the food chain, or volatize and travel long distances, or their toxicity to organisms at 

concentrations above the standard recommended limits. The selected metals for analysis 

included both essential (Fe, Se, Cu, Zn, Ni, Mn, Co) and non-essential elements (Pb, Cr, 

Hg, As, Cd, Al) (Ali and Al-Qahtani, 2012; Suruchi and Pankaj , 2011). 

 
The three dumpsite zones were subdivided to enable replication of samples. The sub-

divisions in the dump centre were North–East (N-E), East–South (E-S), South–West (S-

W) and West–North (W-N). The slope and riverbank zones were subdivided based on 

landform (hilly and low areas), closeness to the river, and depth to water table: slope with 

high water table (SHWT) and low water table (SLWT), and riverbank with high-water 

table (RBHWT) and low water table (RBLWT). Water seeped from the SLWT area 

during the rainy season, while the RBLWT area flooded in the extreme dry season (DP 

17, 18). Zea mays and Amaranthus cruentus plants were randomly selected and sampled, 

from the seven sub-zones during the dry season. Five of each were sampled from all sites; 

except S-W (3 Amaranthus cruentus plants) and riverbank (2 Amaranthus cruentus 

plants) subzones, where few species were growing. To achieve consistent sample 

numbers at the riverbank, the crop samples at the low-water and high-water table 

subzones were combined. This was not the case at the slope, as the existing samples were 

adequate for both the low and high-water table sub-zones. Plant samples were subdivided 

into edible (exposure) parts: Zea mays seeds and leaves, and Amaranthus leaves and 

flowers, based on the allocated sample codes (Table 3.1). 
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 Table 3.1. Sample  numbers (n = 108) across the Mbale Municipal Council Waste Dumpsite 
Sampling strategy to answer research questions at Mbale Dumpsite, Uganda 

Crop Type Scientific Names 

Major Zone DUMP CENTRE SLOPES 

RIVERBANK 
Sampled crops 

across the 
study site 

Sub-zone 
1N - E E - S S - W W - N SHWT SLWT 

Growth Period 

Maize 
(seeds) 

Zea mays 2-6 months 4 5 3 5 5 5 5 33  

 
Maize 

(leaves) 
Zea mays 2-6 months 4 3 2 5 5 5 6 30  

 
Red dodo 
(leaves) 

Amaranthus 
cruentus 2-6 months 5 4 5 4 3 5 2 28 

 
Red dodo 
(flower) 

Amaranthus 
cruentus 2-6 months 4 2 2 4 2 2 1 17 

 
Crop sample 
No. per sub- 

zone 

  17 14 12 18 15 17 14 108 

 

 

 

  

  

 
1 North – East (N-E), East – South (E-S), South – West (S-W), West – North (W-N), Slope high water table (SHWT), Slope low water table (SLWT) 
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3.2.3 Sample collection and preparation 

In this study, the Australian biosecurity requirements, sample volumes and available 

transportation and treatment options, determined the choice of sample preparation 

techniques used.  For each sub-zone, mature Zea mays (seeds, leaves) and Amaranthus 

(leaves, flowers) crop samples (Table 3.1) were collected simultaneously with soil 

samples. During fieldwork, Zea mays cobs were removed from husks, leafy crops were 

plucked, and seed crops and flowers were carried in shells without washing, to limit 

exposure to external contamination, and as part of sample preparation procedures. Each 

sample was packed in polyethene bags or paper envelopes for transportation, and 

preparatory processing at the Kawanda National Agricultural Research Centre, Uganda. 

At the laboratory, plant samples were separated into different edible parts. Leafy crops 

(Amaranthus and Zea mays leaves) were washed with tap water, followed by de-ionised 

water to remove any accumulated dust particles, and packaged. Zea mays seeds and 

Amaranthus flowers were packaged for oven drying, without washing. Zea mays seeds is 

never washed, as the pod husks shield it from external contaminants, while separating 

Amaranthus flowers is time-consuming, and washing leads to the loss of its seeds. In 

some developing nations (e.g., Asian and Latin American countries), Amaranthus seeds 

are used in baking and in cereals, hence separation of seeds from other plant parts is 

always a requirement. In our study scenario, most of our plant samples had mature 

flowers, hence were separated from leaves and individually analysed. However, pertinent 

and common to most Ugandan families is that immature Amaranthus flowers are 

consumed without separation from the leaves. All plant samples were oven-dried at 60oC-

80oC for 24-48 hr, finely ground using a porcelain mortar and pestle and sieved with a 

plastic sieve mesh of 0.2 mm pore size (Alghobar and Suresha, 2017). The fine powder 
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was placed in sterile 50 mL polypropylene tubes with high density polyethylene screw 

caps and stored at room temperature prior to shipment to Australia.  

 

3.3 Sample and Certified Reference Materials (crm) Analysis 
 

3.3.1 Dump soil pH analysis 

In this study, soil and crop samples were collected concurrently. At every crop location, 

three soil samples were retrieved at depths of 0-10, 10-20 and 20-30 cms. Due to time 

and financial constraints, detailed soil analysis was not carried out. However, soil analysis 

was based on pH, as an influencing factor towards metal bioavailability and uptake in 

crops. Ten 5 g soil samples collected during fieldwork were each weighed into 50 mL 

centrifuge tubes, and 10 mL of de-ionised water was added. Each suspension was placed 

on an auto shaker for 1 min, to achieve uniformity, then transferred to an automatic 

mixture for 30 min. The samples were individually levelled within the weighing scale and 

centrifuged at 3500 rpm for 10 min. This process separated the solid and liquid phases. 

For pH testing, the liquid phase was manually decanted into a 30 mL test tube. For 

accuracy, the pH meter was calibrated with buffer solutions of pH 4, 7, and 10, prior to 

sample testing.   

 
3.3.2 Metal analysis in Zea mays (n = 63) and Amaranthus (n = 45) crop parts 

Approximately 0.1 g of each plant sample was measured into separate 10 mL plastic 

centrifuge tubes. One mL of concentrated nitric acid was added, and the sample was left 

in a fume cupboard for 24 hr (Alghobar and Suresha, 2017; UC laboratory method). The 

mixture was heated in a shaker water bath at 90 – 950C for 3 hr, with the caps loosely 

closed. One mL of 30% v/v refrigerated hydrogen peroxide was added and solution re-

heated at 90-950C for 60 min. The solution was cooled overnight and made up to 10 mL, 
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with deionised water.  Four samples of CRM No 1515 apple leaves from National Institute 

of Standards and Technology, USA, and four blanks were treated in a similar way.  

Following digestion, the digests were diluted in the ratio of 1 in 10 v/v, using deionized 

water spiked with internal standards (Li6, Sc, Y, RH, In, TB, Ho) for Induced Coupled 

Plasma Mass Spectrometry (ICP-MS) analysis.  

 
3.3.3 Statistical analysis 

SPSS 23 was used to calculate frequencies, percentage distributions, mean ranks, median, 

standard deviations, variance, and correlation coefficient and significantly statistical 

differences. Normality on 108 crop samples was tested with numerical (Skewedness, 

kurtosis, Shapiro-Wilk tests/sigma, z-score) and visual (normal Q-Q plots, box plots and 

histograms) statistical factors. Samples with more than 50% compliance to the seven 

factors were considered normal for parametric tests, and the rest for non-parametric tests. 

One-way ANOVA and T-tests (parametric), were followed by post-hoc tests to identify 

crop types, crop parts, and zones with statistically significant differences in metal 

concentration. Mann-Whitney and Kruskal Wallis (non-parametric) tests were followed 

by paired comparisons for mean rank metal concentration differences. Mean ranks of 

metal concentrations in each crop type, crop part or zone were assessed. Data (analytical 

or processed) were presented as mean + standard deviations, where applicable. 

 
3.3.4 Assessment against international food standards 

Fe, Se, Cu, Zn, Ni, Mn, Pb, Cr, Hg, As, Cd, Al and Co concentrations in crops were 

compared against international consumer food safety standard limits (Table 3.2). Codex 

Alimentarius of World Health Organization/Food and Agricultural Organization 

(WHO/FAO) were used (where applicable) (WHO, 2002, 2015; WHO and Consultation, 

2003). For metals (Zn, Ni, Mn, Cu, Fe, As, Se, Co, Al) without WHO/FAO established 
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limits, Food standards Australian/New Zealand (FSANZ), Chinese food guidelines, and 

European Food Safety Authority, EFSA were applied (Table 3.2).  

 

3.4 Results and Discussion 
 

3.4.1 Metal concentrations in Zea mays and Amaranthus cruentus crops 

Mean metal concentrations measured in all crop parts (n = 108) and their corresponding 

standard limits are presented in Table 3.2. The mean concentrations of some essential 

elements (Fe, Al, Zn, Mn and Cu) were higher than for most toxic elements (Cr, Pb, Ni, 

Co, Se, As, Cd, and Hg), that were only present in trace amounts, except for Al and Se. 

The highest metal concentrations, for most metals, were measured in Amaranthus flowers 

and this could be due to translocation from roots to leaves to flowers, aerial deposition 

from within and around the dumpsite, the long drought or lack of sample washing.  

 
The mean metal concentrations in Zea mays and Amaranthus cruentus crops from the 

Mbale dumpsite were compared with that in other studies from different countries as 

presented in Supplementary Information (Table SI 3.1).  The following were the basis for 

the comparison. Across countries, urban agriculture is a global health concern through 

food chain contamination. An overview on the global database for pollution extent, 

provides more clarity towards food safety and the vulnerable food production areas. This 

is important for secure, safe and tradable global foods through regulated farming. With 

few related studies in Uganda, comparing the metal concentrations in similar crop types 

across other countries was necessary. Also, the general knowledge on metal uptake 

(concentration) from the different growth media (dumpsites, compost, wastewater) is 

good for comparative decision-making towards achieving sustainable development goals 

3, 12 and 15. Finally, African countries, with inappropriate risk management frameworks 
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are recipients of poor quality waste materials from some Asian and developed nations. 

Analysing their crop safety studies gives an informed view on the environmental status 

and potential risks between the exporter and the importer (recipient) countries.   
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Table 3.2. Metal concentrations (mean + SD2, mgkg-1, n = 108, on dry weight basis) in crop parts at the Mbale Municipal Council Waste Dumpsite and consumer safety standard limits from different organizations 

 

 

Metals 

(mg/kg) 

Metal concentrations (mean + SD) in crop parts  Different standards and their acceptable food safety limits 

Zea mays 

leaves 

Zea mays 
seeds 

Amaranthus 
cruentus leaves 

Amaranthus 
cruentus 
flower 

Indian 
Legislation/ 
PFA (1954) 

Chinese 
Legislation 
(1994) 

WHO/FAO 
(1993, 2011) 

Codex 
Alimentarius 

(2001) 

FSANZ Bowen et al (1979) EFSA: 
2011/2012 

Al3 245 + 86 13 + 5 263 + 137 285 + 179        

Cr 1.5 + 0.4 0.07 + 0.03 0.56 + 0.32 0.94 + 0.34   0.2mg/kg fw4   

 
1 mg/kg 
(Muchuweti et 
al., 2006) 

Fe 267 + 57 13 + 4 494 + 547 315 + 151      
 

 

Mn 42 + 18 6 + 2 53 + 27 39 + 20      
 

 

Co 0.08 + 0.03 0.05 + 0.00 0.2 + 0.1 0.14 + 0.1      
 

 

Ni 1.2 + 0.3 0.2 + 0.1 2 + 1 1.4 + 0.3   0.01 - 5 mg/kg   
 

2 mg/kg 

Cu 9 + 3 3 + 1 7 + 1 7 + 2   15 mg/kg 40mg/kg 
20 mg/kg for leaves; 10 
mg/kg in fresh weights of 
foodstuffs (Sacristan, 2015) 

 

20 mg/kg 

Zn 85 + 68 32 + 9 75 + 57 51 + 11  20 mg/kg 
Nil (Rahman, 
2014; Olowoyo 
2012) 

60 mg/kg 0.01 

1-400 mg/kg normal 
range in plants; 39 - 
710 mg/kg in 
vegetables on 
polluted soils 

50 mg/kg 

As 0.06 + 0.01 0.05 + 0.00 0.06 + 0.03 0.05 + 0.00     
0.01(total) & 
0.005(inorganic) 

 

 

Se 0.21 0.17 0.054 + 0.02 0.1 + 0.2    0.1mg/kg 0.01 
 

 

Cd 0.05 + 0.00 0.05 + 0.00 0.06 + 0.04 0.05 + 0.00   0.2 mg/kg fw 0.1mg/kg 0.005 
 

0.2mg/kg 

 
2 Standard deviations (SD) 
3 Aluminium (Al), chromium (Cr), iron (Fe), manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), selenium (Se), cadmium (Cd), mercury (Hg), lead (Pb) 
4 Milligrams per kilogram of fresh weight (mg/kg fw) 
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Hg 0.05 + 0.00 0.05 + 0.00 0.05 + 0.00 0.05 + 0.00     
0.002 (total) & 0.0005 
(organic) 

 
0.05 mg/kg 
(Muchuweti, 
2006) 

Pb 0.5 + 0.2 0.05 + 0.01 0.8 + 0.6 0.7 + 0.6 2.5 mg/kg in 
plants 0.2 mg/kg 

0.3mgkg fw (& 
10 mg/kg for 
medicinal 
plants) 

0.3mg/kg 0.1 mg/kg (Rahman, 2014) 

 

0.3 mg/kg5 

 
5 World Health Organization/Food and Agricultural Organization (WHO/FAO), European Food Safety Authority (EFSA), Food Standards Australia New Zealand (FSANZ), Standard Deviation (SD), Supplementary Information (SI) 
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3.4.1.1 Cadmium, Arsenic and Mercury 

In the Mbale dumpsite study, all mean metal concentrations that were below the 

equipment’s detectable limits were assigned 0.05 mg/kg, and no statistical analysis was 

conducted on such data, hence the presented 0.05 + 0.00.  The mean concentrations of 

Cd, Hg and As in Zea mays and Amaranthus crop parts were similar across the Mbale 

dumpsite (Table 3.2). The measured mean concentrations for Cd, Hg and As in the two 

crops were 0.05 + 0.00 to 0.06 + 0.04 mg/kg; 0.05 + 0.00 mg/kg and 0.05 + 0.00 to 0.06 

+ 0.03 mg/kg respectively. In this study, the Cd concentrations were lower than the Codex 

and WHO/FAO food standard limits of 0.1 - 0.2 mg/kg (Azi et al., 2018; Choi, 2011; 

Nabulo et al., 2010). Hg concentrations were above the limit of 0.001 mg/kg (WHO/FAO) 

(Azi et al., 2018) but within 0.05 mg/kg (Muchuweti et al., 2006) and 0.5 mg/kg (EFSA) 

for solid foods (Choi, 2011). As concentrations (0.05 mg/kg) were lower than the 

WHO/FAO food limit value of 0.1 mg/kg (Azi et al., 2018), but higher than the 0.005 

mg/kg for FSANZ (Rahman et al., 2014).  In the same way, Cd and Hg concentrations 

measured in Zea mays leaves and seeds were similar to Cd concentrations in crops from 

Manilla (Cortez and Ching, 2014) and Hg concentrations in crops from Zimbabwe 

(Muchuweti et al., 2006) (Table SI 3.1). Zea mays seeds from Nigeria, however, exhibited 

higher Cd concentrations (Oluyemi et al., 2008) compared to the Mbale dumpsite study.  

 
Several factors could have contributed to the metal concentration variations in crops 

reported in previous studies, for example, agricultural practices such as mixed cropping 

or monoculture (Liu et al.. 2012), growing conditions (Nabulo et al., 2010; Cruz et al., 

2014), past industrial activities (Dziubanek et al., 2017), environmental factors (Olowoyo 

et al., 2012; Szolnoki et al., 2013; Ukpong et al., 2013; Satarug et al., 2017), properties 

of deposited materials (Pivic´ et al., 2013), metal origin and properties (Adefila et al., 

2010; 
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El‐Kady and Abdel‐Wahhab, 2018), soil‐to‐plant transference (Ukpong et al., 2013; 

Dziubanek et al., 2017), physicochemical soil characteristics and processes (Huang et al., 

2014), and other soil additivies (Oluyemi et al., 2008; Nabulo et al., 2010).  

 

In the present study, however, the low Cd, As and Hg concentrations in crops could be 

attributed to high refuse soil pH (6.4 to 8.7), high organic matter and the reported low soil 

metal concentrations in Mbale (OPEP, 2007) and other African soils (Oluyemi et al., 

2008; Yabe et al., 2010). Cd bioavailability, mobility and uptake is increased by low soil 

pH. The high pH and high organic matter content of the Mbale dumpsite soils (OPEP, 

2007) could have reduced Cd mobility, thereby decreasing its bioavailability for plant 

uptake (Cruz et al., 2014; Dziubanek et al., 2017; Olowoyo et al., 2012). A comparison 

of findings from the Mbale dumpsite (Cd in Amaranthus cruentus = 0.05 mg/kg at pH = 

6.4-8.7) with that from Gulu dumpsite, another site in Uganda (Cd in Amaranthus 

hybridus = 0.82 mg/kg at pH = 6.3-6.4) supports this nortion (Twinamatsiko et al., 2016). 

Furthermore, high Zn concentrations are reported to inhibit Cd uptake in plants (Cortez 

and Ching, 2014; Fargašová, 2011). Therefore, the high Zn concentrations in Zea mays 

and Amaranthus leaves might have also contributed to low Cd uptake by crops at the 

Mbale dumpsite. Similarly, high pH could have inhibited As dissolution and decreased 

its bioavailability to roots as reported in other studies (Cruz et al., 2014; Marin et al., 

1993). Furthermore, the high organic matter, the presence of other chemical substances 

and washing could have limited As and Hg accumulation in crops (El-Kady and Abdel-

Wahhab, 2018; Huang et al., 2014; Ukpong et al., 2013).  

 
3.4.1.2 Lead  

Mean Pb concentrations in crop parts ranged from 0.05 + 0.00 mg/kg (Zea mays seeds) 

to 0.8 + 0.6 mg/kg (Amaranthus leaves) (Table 3.2). Except for Pb concentrations in Zea 
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mays seeds, the other crop parts exhibited levels above WHO/FAO and EFSA food 

standards of 0.3 mg/kg (Azi et al., 2018; Nabulo et al., 2010) and 0.1 mg/kg (Azi et al., 

2018; Choi, 2011; Rahman et al., 2014) respectively. In other studies, higher Pb 

concentrations have been reported in Zea mays seeds (Oluyemi et al., 2008), roots (Cortez 

and Ching, 2014) and other crop parts (Muchuweti et al., 2006) (Table SI 3.1). The red 

Amaranthus from Bangladesh (Rahman et al., 2014) and Zea mays leaves from the 

Philippines (Cortez and Ching, 2014), however, contained Pb concentrations similar to 

those in the Mbale dumpsite crops. Soil Pb concentration, soil characteristics, 

environmental factors (Nabulo et al., 2012; Pivić et al., 2013; Saumel et al., 2012), mixed 

cropping or monoculture planting patterns (Liu et al., 2012), crop types, and the crop part 

(Adefila et al., 2010; Cruz et al., 2014; Twinamatsiko et al., 2016) were reported to have 

influenced Pb accumulation in crops. Other studies pointed out sample washing and 

introduction of unleaded gasoline (Saumel et al., 2012) as potential factors that influence 

Pb emissions, exposure and uptake (Nabulo et al., 2012; Nabulo et al., 2010). In this 

study; however, the measured Pb concentrations were higher in leaves and flowers than 

any other parts, which could be attributed to aerial deposition from existing contaminant 

sources: Mbale - Tirinyi highway, the nearby composting plant, open waste burning, 

cotton, soap, coffee and Elgon wheat millers’ industries, refuel stations (Ukpong et al., 

2013), and the active railway line traversing the study site. The low Pb concentrations in 

Zea mays seeds relative to leaves and other crop parts (flowers, leaves) may confirm that 

Pb accumulation in crops is mainly from aerial deposition rather than by root absorption 

(Nabulo et al., 2012).  

 
3.4.1.3 Zinc  

Mean Zn concentrations in crop parts ranged from 32 + 9 mg/kg (Zea mays seeds) to 85 

+ 68 mg/kg (Zea mays leaves) (Table 3.2). The measured Zn concentrations are within 
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the normal range for plants (1 - 400 mg/kg) and for vegetables grown on contaminated 

soils (39 – 710 mg/kg) (Cortez and Ching, 2014; Twinamatsiko et al., 2016). Despite 

having no established WHO/FAO Zn threshold for safe consumption of vegetables and 

food crops, Zn concentrations should not exceed 200 mg/kg in agricultural products and 

150 mg/kg as dietary intake (Olowoyo et al., 2012; Rahman et al., 2014). In this study, 

however, the measured Zn concentrations in all crop parts were above the Chinese and 

Codex guidelines of 20 and 60 mg/kg for crop leaves (Adefila et al., 2010) respectively. 

Other studies (Table SI 3.1) have reported similar Zn concentrations in food crops 

(Muchuweti et al., 2006; Rahman et al., 2014), and attributed their findings to soil pH, 

organic matter and soil moisture content, microbial activity, plant species, plant age, and 

other climatic factors (Ebong et al., 2008; Fargašová, 2011; Pivić et al., 2013; Suruchi 

and Pankaj , 2011).  For the Mbale dumpsite crops, the higher Zn concentrations in crop 

leaves could again be due to aerial deposition from vehicular emissions, soil pH, plant 

growth period, age, leaf nature (smooth, rough, hairy) and surface area (wide or narrow). 

The low soil pH in the North-West dump centre location would have increased refuse soil 

Zn bioavailability and uptake in crops.  

  
3.4.1.4 Copper  

The measured mean Cu concentrations in crop parts at the Mbale dumpsite ranged from 

2.5 + 0.9 mg/kg (Zea mays seeds) to 9.0 + 3.3 mg/kg (Zea mays leaves) (Table 3.2). The 

results were lower than the WHO/FAO limits of 15 mg/kg (Olowoyo et al., 2012), 

FSANZ with 10 mg/kg, EFSA with 20 mg/kg, Codex with 40 mg/kg (Sacristan et al., 

2015) and Chinese guidelines of 20 mg/kg in leaves or 10 mg/kg in fresh food (Liu et al., 

2012). Our study results, however, differed greatly from those reported in Zea mays seeds 

from Zimbabwe (Muchuweti et al., 2006), on a Nigerian dumpsite (Oluyemi et al., 2008), 

in Chinese corn (Wang et al., 2014) and in Bangladesh leafy vegetables (Rahman et al., 
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2014) (Table SI 3.1). Findings from these previous studies were attributed to the influence 

of soil Cu concentrations, soil characteristics (pH, organic matter content, microbial 

activity, CEC, and soil moisture content), soil additives (Sacristán et al., 2015; Szolnoki 

et al., 2013), crop species, crop part, and other environmental and climatic factors (Liu et 

al., 2012). Additionally, low soil organic matter, acidic conditions (Sacristán et al., 2015), 

and increased soil Cu concentrations (Szolnoki et al., 2013) were reported to improve Cu 

mobility and availability to plants. For the Mbale dumpsite, the reported high soil organic 

matter, low metal content and the high soil pH (OPEP, 2007), could have influenced Cu 

bioavailability and uptake by Zea mays and Amaranthus crops. 

 
3.4.1.5 Aluminium 

Mean Al concentrations measured in crop parts ranged from 13+ 5 mg/kg (Zea mays 

seeds) to 263+ 137 mg/kg (Amaranthus leaves) (Table 3.2). The measured Al 

concentrations in Mbale dumpsite crops were higher than the reported standard 

concentrations of 2 to 3 mg/kg in plants (Poschenrieder et al., 2008; Rout et al., 2001; 

Singh et al., 2017). Higher Al concentrations are normally expected in acidic 

environments where the trivalent cationic Al ions are dominant (Poschenrieder et al., 

2008). Al absorption in plants is primarily through the root system, with a small fraction 

involving adsorption and translocation to leaves (Singh et al., 2017). Soil pH, the presence 

of clay minerals, organic matter, presence of other soil cations, anions, and total salt, and 

plant species influences Al solubility, exchangeability, and toxicity.  

 
In our results, Zea mays and Amaranthus crops accumulated high Al concentrations, 

despite the alkaline dumpsite soils. Dumpsites contain about 80% organic waste, in the 

form of paper and food deposits. These contribute to the presence of the natural mineral 

kaolinite (Al2Si2O5(OH)4) and aluminosilicate fibres (Al2O3·2SiO2·2H2O) – a fine white 
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powder used as fillers in papers, rubbers, and paints. Aluminum is also contained in 

cosmetics, antiperspirants, pharmaceuticals (antacids and buffered aspirin), packaging 

materials, abrasives, explosives, and water treatment application wastes. Furthermore, 

Mbale dumpsite is in an urban and industrial area – a setting where high levels of 

aluminum are reported and expected (Anonim, 2008). Therefore, the controversially high 

Al concentrations in Mbale crops could be due to its  potential to dissolve in both acidic 

and very alkaline waters. Also, aluminum is known to change form or get attached onto 

particles and be deposited on the ground as dust or in rain. Therefore, both root absorption 

and aerial deposition could have influenced the high aluminum concentrations found in 

the Mbale dumpsite crops.  

 
3.4.1.6 Iron  

Mean Fe concentrations measured in crop parts ranged from 13+ 4 mg/kg (for Zea mays 

seeds) to 494 + 547 mg/kg (for Amaranthus leaves) (Table 3.2).  Fe is an essential element 

needed by all plants during photosynthesis, chloroplast development and chlorophyll 

biosynthesis (Poschenrieder et al., 2008). In plants, excessive Fe uptake becomes toxic 

and disrupts the plant cellular homeostasis (Onyango et al., 2019).  In humans, Fe is an 

essential component of proteins involved in oxygen transport from the lungs to the tissues. 

Also, Fe is essential for the regulation of cell growth and differentiation, a catalyst and 

carrier for haemoglobin. High Fe concentrations could cause rapid increase in pulse rate 

and coagulation of blood in blood vessels, hypertension and drowsiness. The 

recommended upper, allowable and safe Fe concentration limits in human diet are 40 – 

45 mg/kg, 20 – 100 mg/kg and 0.7 mg/kg respectively. Therefore, Fe accumulation at 

extremely high concentrations in crops could pose a risk – a case measured at the Mbale 

dumpsite. Except at the Nigerian dumpsite (Musa and Ifatimehin, 2013), previous studies 

have reported high iron concentration in most urban gardern crops, which was attributed 
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to translocation from soils containing limonitic murram (pH = 6.1-6.6) and lateritic metals 

(Olowoyo et al., 2012; Ukpong et al., 2013) (Table SI 3.1). Other studies attributed the 

high Fe concentration to the morphological (shoot length, root length, number of lateral 

roots), physiological (photosynthesis rate, stomatal conductance, transpiration rate, 

fluorescence, relative water content and cell membrane stability) and biochemical (tissue 

Fe, chlorophyll pigments, soluble sugars, protein and starch) traits of the different plant 

types (Onyango et al., 2019). At the Mbale study site, similar factors could apply, in 

addition to high transpiration rate, short-term maturity age of crops and shallow roots that 

influences Fe uptake from the metal-saturated topsoils.  

 
3.4.1.7 Manganese  

Mean Mn concentrations measured in crop parts ranged from 6 + 2 mg/kg (Zea mays 

seeds) to 53 + 27 mg/kg (Amaranthus leaves) (Table 3.2). Manganese is an essential 

micronutrient, necessary for good health in plants, animals and man. In plants, a 

concentration of 2.5 mg/kg (1 mg/l) can alter the activities of plant enzymes and 

hormones, and also interfere with the absorption, translocation, and utilization of other 

mineral elements such as Ca, Mg, Fe, and P (El‐Jaoual & Cox, 1998). In humans, Mn 

supports the formation of connective tissues and bone, growth, carbohydrate and lipid 

metabolism, embryonic development of the inner ear, and reproductive functions. The 

recommended dietary intake and safe limits are 2 – 11mg/day and 0.14 mg/kg (Nuapia et 

al., 2018; Ross et al., 2011b). In this Mbale dumpsite study, the measured Mn 

concentrations in all crop parts (except Zea mays seeds) were higher than the safe limit 

and the reported values from previous studies (Table SI 3.1). Excessive exposure to Mn 

is associated with adverse health effects including cramps, tumours, dullness, weak 

bones, headaches, hallucinations, insomnia, magnetic pneumonia, renal degeneration and 

neurotoxicity.  
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Manganese sources are fireworks, dry-cell batteries, fertilizers, paints, medical imaging 

agents, cosmetics and in disposed manganese-based products. Manganese is also used in 

steel production to improve hardness, manufacture stiffness and strength in carbon steel, 

stainless steel, high ring temperature steel, tool steel, welding, cast iron and superalloys. 

Manganese is environmentally persistent; however, it can change its form and become 

attached to particles. In sunlight, Mn containing gasoline additive may quickly degrade 

in the environment releasing manganese. Manganese is a normal constituent of air, soil, 

water, and food.  Manganese chemical state and soil type determines how fast it moves 

through the soil, and how much it is retained. In water, most of the Mn tends to attach to 

particles in the water or settle into the sediment. However, its major exposure routes are 

foods and nutritional supplements. Higher intake of Mn is associated with grains, beans, 

nuts and heavy tea drinkers. In air, Mn concentrations are low, with sources coming from 

industries using or manufacturing products containing Mn, mining activities, and 

automobile exhaust. In this study, no pathway and exposure assessments were carried out, 

however, sample washing, soil pH and aerial deposition could have facilitated Mn 

accumulation for uptake (Olowoyo et al., 2012). 

 
3.4.1.8 Chromium  

Mean Cr concentrations in crop parts ranged from 0.07 + 0.03 mg/kg (Zea mays seeds) 

to 1.5 + 0.4 mg/kg (Zea mays leaves) (Table 3.2). Except for Zea mays seeds, the 

measured Cr concentrations in other crop parts were higher than the 0.2 mg/kg for 

WHO/FAO food safety standards for vegetables (Nabulo et al., 2010). The Cr 

concentrations measured in most crop parts were below the recommended levels of 1.3 

mg/kg for plants (Azi et al., 2018), and 1.0 mg/kg for cereals and vegetables (Choi, 2011). 

In other studies (Table SI 3.1), the Cr concentrations in Zea mays leaves (Muchuweti et 
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al., 2006), Amaranthus leaves (Olowoyo et al., 2012), and leafy vegetables (Rahman et 

al., 2014) were higher than those measured at Mbale dumpsite.  

 
Chromium occurs as Cr (0), Cr (III) and Cr (VI). While Cr (VI) is toxic, Cr (III) is needed 

for human health in trace amounts. Chromium is widely used in consumer products 

(wood, leather tanning, stainless steel cookware), and the manufacturing processes 

(electroplating, textiles, chromium-based products). Chromium exposure has been 

reported to occur from burning (natural gas, oil, coal, waste), tannery and textile 

wastewater sludge, chemical fertilizer and pesticide wastes (El-Kady and Abdel-Wahhab, 

2018; Rahman et al., 2014). Urban air contains higher levels of chromium than rural air, 

with the highest potential exposure occurring around metallurgy and tanning industry’s 

infrastructure. Cr is rarely detected in surface and groundwater, or soil samples. However, 

food consumption is the main exposure route, with Cr (III) occurring naturally in fruits, 

vegetables, nuts, beverages and meats. Similar exposure routes could apply at the Mbale 

dumpsite. The dumpsite is located within Mbale industrial area, and along the Namatala 

River (MDP 6, 15), thus, there are high chances of exposure to industrial waste and 

effluent from upstream industries. Leaf nature and surface area (wider, hairy, rough), 

sample washing, soil Cr concentration and soil pH (Nabulo et al., 2012; OPEP, 2007) 

could have also influenced the uptake of Cr in crops at the dumpsite. 

 
3.4.1.9 Nickel  

Mean Ni concentrations in crop parts ranged from 0.7 + 0.1 mg/kg (Zea mays seeds) to 2 

+ 1 mg/kg (Amaranthus leaves) (Table 3.2). The measured Ni concentrations were within 

the WHO/FAO and EFSA food safety standards of 0.01–5 mg/kg and 2.0mg/kg 

respectively (Ukpong et al., 2013). Ni concentrations in Mbale dumpsite crops were 

similar to the reported values (Table SI 3.1) except for leafy and other vegetables from 
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China (Wang et al., 2014) and Amaranthus spinosus leaves from a South African 

dumpsite (Olowoyo et al., 2012). In the environment, Nickel comes from batteries, colour 

ceramics, catalysts, stainless steel, jewellery, industrial effluents, volcanic activities, oil 

and coal burning power plants, trash incinerators, nickel alloys (with Cu, Fe, Cr, Zn), 

mining, and industrial processes. Also, high nickel concentrations from processing 

activities are released to the atmosphere, and then return to earth as dust particles or in 

rain. Nickel also strongly attaches to particles containing manganese and iron in soils or 

sediments. This affirms reports indicating that when root surfaces and soil particles are 

coated with insoluble iron (III) compounds, they bind Ni and make it inaccessible for 

plant uptake (Olowoyo et al., 2012; Ukpong et al., 2013). The high Fe concentrations in 

Zea mays and Amaranthus crops at the Mbale dumpsite could have reduced Ni 

concentrations in crops (Nabulo et al., 2012; Nabulo et al., 2010). Furthermore, nickel 

compounds are easily soluble in water. Under acidic conditions, nickel is more mobile in 

soil and might seep into groundwater. Despite food being the major exposure route of 

nickel to humans, its level in the environment is low – with very sensitive methods needed 

to detect nickel in most environmental samples. All the above factors in combination 

with, high soil pH and sample washing could explain the measured nickel concentrations 

in the Mbale dumpsite crops.  

 
3.4.1.10 Cobalt  

Mean Co concentrations in Mbale dumpsite crop parts ranged 0.05 + 0.00 mg/kg (Zea 

mays seeds) to 0.1 + 0.1 mg/kg (Amaranthus leaves) (Table 3.2). No likely threats to 

human health from Co exposure have been reported (Rahman et al., 2014). There is also 

limited literature on established WHO/FAO Co threshold concentration. Despite that, 

plants can accumulate very small amounts of cobalt from the soil to edible parts (fruit, 

grain, and seeds). While animals that eat these plants will accumulate cobalt, this element 
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is not known to biomagnify up the food chain. Of importance is the biochemically 

essential cobalt compound, vitamin B12 or cyanocobalamin, which should be contained 

in adequate quantities within foodstuffs, as it is good for animal and human health. Cobalt 

within the environment occurs in small amounts, and the sources are coal-fired power 

plants and incinerators, vehicular exhaust, industrial activities, ore deposits, colorants in 

glass, ceramics, paints, catalysts, and paint driers. In water and air, cobalt enters through 

agricultural additives, windblown dust, sea water spray, volcanic ash, forest fire, run-off 

and leaching processes. Cobalt is known to be persistent in the environment, and strongly 

attaches to soil particles, thereby travelling less distance into the ground. However, under 

very acidic conditions, cobalt is mobile and can easily penetrate the soil. Despite the study 

location (industrial area, highways), sample washing, and the high soil pH could have 

influenced cobalt concentrations in crops at the Mbale dumpsite.  

 
3.4.1.11 Selenium  

Mean Se concentrations in crop parts ranged from 0.06 + 0.02 mg/kg (Amaranthus leaves) 

to 0.2 + 0.1 mg/kg (Zea mays leaves and seeds) (Table 3.2). The measured Se 

concentrations were higher than the reported range of 0.01 - 0.05 mg/kg in vegetables 

(Slekovec and Goessler, 2015). Crops with less than 0.1mg/kg Se cause selenium 

deficiency in animals and humans because much of the required dietary intake is from 

food. In humans and animals, selenium is a trace nutrient that functions as a cofactor for 

glutathione peroxidases and certain thioredoxin reductase (Slekovec and Goessler, 2015). 

Selenium is also a component of the amino acids, selenocysteine and selenomethionine. 

Selenium is persistent in the environment but can change forms. Organic Se species (e.g., 

selenomethionine) are more bioavailable than the inorganic forms. The bioavailability 

and toxicity are determined by its chemical form rather than total Se concentration 

(Fargašová, 2011). Selenium chemical form (selenate or selenite), plant species and soil 
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properties determine its accumulation in agricultural plants. In addition, the plant Se 

concentration decreases with increasing clay content, organic matter, iron oxide, sulphate 

ion and low soil pH. Our study findings were influenced by high soil pH, high Fe content, 

high clay and organic matter, and aerial depositions from volcanic eruptions, weathering, 

waste burning, and other waste materials (plastics, paint, anti-dandruff shampoo products, 

glass). The low and high Se concentrations exhibited by Amaranthus leaves and Zea mays 

seeds respectively could, however, be due to Se tolerance in cereals compared to 

leguminous plants (Slekovec and Goessler, 2015).  

 
3.4.2 Spatial metal variations in Zea mays and Amaranthus cruentus crops  

Mean metal concentration variations in Zea mays and Amaranthus crop parts (n = 108) 

across each of the three dumpsite zones are presented. See Supplementary Information 

(Table SI 3.2) for full dataset. Paired comparison and post hoc tests showed significant 

spatial metal concentration variations in crops at the Mbale dumpsite (Table 3.3).  

 

Crops at the dump centre (DC) accumulated higher metal concentrations compared to 

those at the slope (S) and riverbank (RB). Pb concentrations in crop parts did not 

significantly vary across the study site but were, however, higher than the WHO/FAO 

safety limits.  The higher metal concentrations in crops at the dump centre were attributed 

to active open waste dumping and biodegradation of waste materials that increase the 

topsoil metal concentrations and their availability for uptake by short-term, shallow 

rooted crops and crop leaves (Oluyemi et al., 2008). “Organic matter plays an important 

role in soil structure, water retention, cationic exchange, and the formation of complexes” 

(Okoronkwo et al., 2005; Oluyemi et al., 2008). The high levels of organic matter content 

(> 80%) at the Mbale dump centre could have increased the metal retention capacity of 

the alkaline sandy-silt-clay soils (OPEP, 2007). 
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Table 3.3. Variations in metal concentrations of individual crop parts (n = 108) across the Mbale dumpsite zones 

Crop Type Crop Part Metals Zones Metal concentrations per zone Metal concentration differences 
across Zones 

Zonal residual metal pollution 
level (%) 

Amaranthus cruentus Leaves 

6Al 7DC > S 16.3 > 8.2 8.1 50  

Co DC 8> S 16 > 9 7 43  

Fe DC > S 17 > 7 10 57 
  

Zn S > DC 120 > 52 68 57  

Zea mays Seeds 

Al DC > RB 23 > 10 13 58 

 
 

Al 

 
DC > S 

 
23 > 11 

 
12 

 
52 

Cr S > DC 23 > 14 9 37 

Fe DC > RB 14 > 9 5 33  

 
6 Aluminium (Al), cobalt (Co), iron (Fe), zinc (Zn), chromium (Cr) 
7 Dump centre (DC), slope (S), riverbank (RB) 
8 Greater than (>) 
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Zea mays 

 
Leaves 

 
Zn 

 
S > RB 

 
21 > 5 

 
16 

 
76 
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Olowoyo (2012) reported increased metal concentrations in urban garden soils and crops 

during the dry season (Olowoyo et al., 2012). This was attributed to limited soil water- a 

consequence of extreme continuous transpiration and evaporation, reduced run-off, 

dilution and leaching processes, hence metal saturation at the dump centre, with eventual 

accumulation in crops and leaves (Oluyemi et al., 2008). Crop sampling at Mbale 

dumpsite was carried out during an extreme drought, spanning 6 months (July 2016 to 

March 2017). Furthermore, most reports indicate high metal concentrations in roadside 

crops are due to aerial deposition of vehicular emissions and other particulate matter 

(Pivić et al., 2013; Saumel et al., 2012; Szolnoki et al., 2013), although Adefila et al. 

(2010) observed higher metal accumulation in crops, with inrease in distance from 

pollutant sources.  The dump centre is located near Tirinyi-Mbale highway, a composting 

plant, rice winnowing ground, industries (coffee, rice, cotton and Elgon wheat millers’ 

Ltd), refuelling stations, and a railway line. This may explain the higher metal 

concentrations in crops located at the Mbale dump centre compared to the slope and 

riverbank sampling sites. 

At the dump slope, significantly higher Zn concentrations were found in Amaranthus and 

Zea mays leaves, and Cr in Zea mays seeds, compared to the dump centre. Although 

higher Zn, Pb, and Cr concentrations have been reported in urban garden soils and crops 

(Pivić et al., 2013), the higher concentrations in crops growing at the Mbale dump slope, 

is worth noting. In previous studies, metal sources were indicated as burnt expired 

chemical fertilizers and pesticides, medical wastes, textile dyes, wood preservatives, 

electroplates, leather tanning, and other households and industrial wastes (Rahman et al., 

2014). Mbale dumpsite is a mixed waste disposal ground (MDP 1), with medical wastes 

(MDP 2), industrial wastes, beautification product wastes, electronics, plastics from 

packaging products, and other waste materials. During the dry season, open waste 
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burning, and metal mining occur at the Mbale dump slope. Burning medical and other 

waste has been reported to oxidise metals, increase their surface exposure, and lower soil 

pH, thereby increasing metal uptake in plants (Ukpong et al., 2013). In our study, the 

crops grew and were sampled during a long period of drought. The soil pH during this 

period, and at the slope area was 6.4, in sections where burning and metal mining 

occurred. During the dry season, aerial deposition of fly ash, organic fumes, and other 

particulate matter was also pronounced. Wind blows particulate matter from sources 

(open burning, winnowing activities, and industrial activities) at the dump centre and 

other high areas, towards the gently sloping areas. During the dry season, limited crop 

washing from the rain occurs with persistence of particulate matter on plant leaves 

(Oluyemi et al., 2008). Both Zea mays and Amaranthus cruentus crops were sampled at 

maturity. It can, therefore, be hypothesized that plant age and leaf properties (rough, 

hairy, larger surface area) (Fargašová, 2011) could facilitate enhanced aerial deposition 

(Olowoyo et al., 2012), increasing Zn concentrations in Zea mays leaves. The low soil pH 

could have facilitated increases in soil Zn and Cr concentrations at the dump slope and 

enhanced shallow root absorption and translocation to Amaranthus leaves and Zea mays 

seeds respectively (Cortez and Ching, 2014; Olowoyo et al., 2012). Amaranthus, a short-

term leafy crop could accumulate deposited metals on its leaves and translocate them into 

the plant system through foliar absorption (El-Kady and Abdel-Wahhab, 2018; Nabulo et 

al., 2010; Rahman et al., 2014), thus, resulting in greater metal accumulation at the slope.  

 
Crops at the riverbank had the lowest metal concentrations when compared to the dump 

centre and slope. On the riverbank, only Zea mays crops and no Amaranthus exited; thus, 

there were few samples from the riverbank for comparative analysis. With no rain for 

over 6 months, leaching and surface run-off was reduced from the dump centre (Adefila 

et al., 2010), there is less upstream river flood waters (combined with industrial effluents), 
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and less eroded soil materials from the highlands (Oluyemi et al., 2008; Twinamatsiko et 

al., 2016; Ukpong et al., 2013). Such occurrences could have lowered accumulation of 

metals and metal concentrations in the riverbank crops.  

 

Zonal residual pollution level is the percentage fraction of the differences in metal 

concentrations across the two compared zones and the metal concentration for the zone 

with the highest metal concentrations. When comparing two zones, the percentages 

presented in Table 3.2 gives an overview on the differences between the highly 

contaminated zone and the less contaminated zone.  

 
3.4.3  Do metal concentrations in the two crops exceed WHO/FAO food safety 
standards? 
 
Apart from assessing the spatial metal concentrations of Zea mays and Amaranthus 

cruentus crops in different zones of the Mbale dumpsite, the primary objective of this 

study was to use the crops as bio-monitors to identify their safety for human consumption. 

This was because Amaranthus cruentus is utilised in several ways as leafy vegetable, 

canned or ground into powder. Their seeds are extracted for oil, eaten as cereals or used 

as porridge or in baked products. Zea mays leaves are consumed as vegetables, animal 

feeds and food cover while cooking; whereas the seeds are ground into powder for meals, 

corn-starch and corn syrup. Notably, Pb, Al and Zn concentrations (Amaranthus leaves 

and flowers), Al and Cr (Zea mays seeds) and Zn (Zea mays leaves) were above 

WHO/FAO consumer food safety standards.  
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3.5 Conclusions and Recommendations 

 

Nutritious and secure food supply is a basic human right for physical wellbeing and 

increased economic benefits (Dharni & Sharma, 2008; Fung et al., 2018; Ministry of 

Agriculture & Ministry of Health, 2005). Therefore, food safety is an essential 

requirement for food security, optimal human health and economic sustainable 

development worldwide. Ongoing urban agriculture on potentially metal-contaminated 

sites exposes consumers to food related chemical risks. Our study on the Mbale dumpsite 

used the commonly consumed Zea mays and Amaranthus cruentus crops as bio-monitors 

to individually assess possible food chain contamination. Spatial variations in crop metal 

concentrations were observed across the Mbale dumpsite. Crops at the dump centre 

accumulated at higher concentrations, for most metals when compared to those at the 

slope and riverbank. Pb concentrations in crop leaves and flowers did not significantly 

vary across the study site. Metal accumulation in the two crops depended on crop part, 

the metal species analysed, and location within the dumpsite. Pb, Cr, Al, and Zn 

concentrations in Zea mays and Amaranthus crops on Mbale dumpsite and the 

neighbouring Namatala riverbank were above the WHO/FAO consumer food safety 

guidelines and may pose a health risk to humans and other herbivores.  We are aware that 

heavy metal content of soils is a critical measurement for assessing the risks of refuse 

dumpsites to ensure environmental sustainability (Obasi et al., 2013). However, using 

metal concentration in crops is a more useful way to assess potential risk because only 

the bioavailable fraction of metals can be taken up by plants and then transferred through 

the food chains or food web to cause harmful effects. This bio-monitring method is a 

timely and cost-effective way to acquire spatial stressor variation and knowledge on a 

contaminated site, and also to identify potential risks for human consumption. If needed, 

detailed soil analysis can then be carried out to separate the specific contaminant 
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pathways from the several multiple contaminat sources. It should be noted that 

bioavailability is highly influenced by soil and plant-related factors.  

 
Metals can be essential (e.g., Fe, Se, Cu, Zn, Ni, Co, Mn) or non-essential (e.g., Pb, Cr, 

Hg, As, Cd, Al) elements (Nordløkken et al., 2015). Despite being essential at trace levels, 

some elements, at concentrations above standards, are reported to cause toxicity to plants, 

humans and animals (El-Kady and Abdel-Wahhab, 2018; Nabulo et al., 2012; Satarug et 

al., 2017). The awareness that urban garden crops and leaves accumulate metals and pose 

potential risk to humans, animals, and other organisms has been reported worldwide 

(Cruz et al., 2014; Nabulo et al., 2010; Nabulo et al., 2012; Saumel et al., 2012). 

Furthermore, people who farm on dumpsites are mostly low-income earners, with limited 

resources to acquire land outside the unregulated contaminated areas (Nabulo et al., 2011; 

Nabulo et al., 2006;  Olowoyo et al., 2012; Ukpong et al., 2013). Therefore, these sites 

become their sole source of food for subsistence and for commercial purposes. Scarcity 

of options, and the active nature of most dumpsites, influences decisions on crop types to 

be grown, hence the common and major presence of short-term crops (vegetables, fruits, 

cereals).  

 
Three issues are of concern: (1) For the Mbale scenario, municipal workers and 

vulnerable people (children, mostly women, the sick, and the elderly) have been officially 

permitted to use the dumpsite; (2) In Uganda and worldwide,  dump compost and waste 

water could be used on agricultural farms and for crop irrigation (Alghobar and Suresha, 

2017; Nabulo et al., 2011) respectively; (3) Food crops at local and international food 

markets are potential exposure routes to the general population, irrespective of location, 

race, gender, religion or economic status (Dharni and Sharma, 2008). Therefore, the 

Mbale baseline study creates awareness, informs local traders and management, and 
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contributes to the United Nations Sustainable Development Goals (1-6; 10-12; 13, 15, 

17). We, thus, recommend that future studies undertake pathway and exposure analysis 

(including bioconcentration and translocation factors) from soils, air, water and crops to 

humans, accessing their foods from the Mbale, and other dumpsites. Regular crop 

monitoring during the dry and rainy seasons should be undertaken to establish the 

relationship between metal accumulation in crops and seasonal variation for local food 

safety assurance. If a site is contaminated, then it is important to choose appropriate crop 

types to manage risks. The cultivation of leafy crops should be limited to reduce exposure 

and guide the management and regulation of toxic metal contaminated sites.   
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Table SI 3.1. Mean metal concentrations (mg/kg) in Zea mays, Amaranthus and other vegetable crops from previous studies 

 
9 aluminium (Al), chromium (Cr), iron (Fe), manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), selenium (Se), cadmium (Cd), mercury (Hg), lead (Pb) 
10 Milligrams per kilogram (mg/kg) 

Location & growth 

media 

Crop Type Crop 

Part 

9Al Cr Fe Mn Co Ni Cu Zn As Se Cd Hg Pb 

 

Reference 

 

   10(mg/kg dry mass)  

 

Manilla dumpsite 

(Philippines) 

 

Zea mays 

roots           0.089  4.81  

(Cortez and Ching, 2014) leaves       1.0 3.8   0.084  0.6 

seeds       0.9 3.1   0.081  0.7 

Zimbabwe 

(wastewater, sludge) 

Zea mays leaves  4    2.8 180 155   1.8 0.04 3  

(Muchuweti et al., 2006) seeds  1    2.2 130 10   1.4 0.02 2.5 

Nigerian dumpsite Zea mays seeds   24    13.01 19.23 4.15  1.75  65 (Oluyemi et al., 2008) 

China Chinese corn seeds       64-1960        

(Wang et al., 2014) 

Gulu dumpsite Amaranthus 

hybridus 

leaves           0.82   (Twinamatsiko et al., 2016) 

South African 

dumpsite 

Amaranthus 

spinosus 

leaves  6.74 79 21.94  5.69 6.15 30     1.98 (Olowoyo et al., 2012) 

Bangladesh red Amaranthus leaves        140     0.874 (Rahman et al., 2014) 

Nigerian dumpsite Amaranthus 

caudatus 

leaves 0.22-0.3  7.1    0.58 5.37     0.25-0.31  

(Musa and Ifatimehin, 

2013) 

Australia  

leafy vegetables 

leaves  0.24  27.1           

(Rahman et al., 2014) Bangladesh leaves  1.12&28  29.3  2.47 17.3       
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China leafy vegetables leaves      40-670        (Wang et al., 2014) 

China  

vegetables 

      0.7-1689         

(Rahman et al., 2014) Bangladesh       1.9        

Australia       1.8 8       
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Table SI 3.2. Metal concentration (mean + SD, mg/kg, n = 108, on dry weight basis) variations in crop parts at each of the three Mbale dumpsite zones 

Crop Type Zone Al Cr Fe Mn Co Ni Cu Zn As Se Cd Hg Pb 

Zeamays seed 

Dump 16 + 5.1 0.06 + 0.0 14.1 + 3.1 6 + 2.8 0.05 + 0.0 0.2 + 0.2 2.7 + 1.0 31.1 + 7.2 0.05 0.05 0.05 0.05 0.05 + 0.0 

Slopes 11 + 0.5 0.09 + 0.1 13.0 + 4.5 4.3 + 1.1 0.05 + 0.0 0.2 + 0.1 2.2 + 0.8 35.4 + 11.6 0.05 0.05 0.05 0.05 0.05 + 0.0 

River Bank 10.4 + 0.3 0.06 + 0.0 9.4 + 2.7 6.0 + 1.5 0.05 + 0.0 0.12 + 0.0 2.4 + 0.6 25.2 + 5.0 0.05 0.87 0.05 0.05 0.1 + 0.0 

Zeamays 
leaves 

Dump 231 + 70.3 1.6 + 0.3 253 + 49 48 + 22 0.1 + 0.0 1.2 + 0.3 8.0 + 2.7 79 + 78 0.05 0.05 0.05 0.05 0.5 + 0.2 

Slopes 259 + 109 1.5 + 0.4 282 + 67.3 35 + 12 0.1 + 0.1 1.3 + 0.3 10.4 + 4.2 117 + 44 0.08 0.05 0.05 0.05 0.4 + 0.2 

River Bank 259 + 85 1.3 + 0.4 275 + 54 35 + 10 0.1 + 0.0 1.3 + 0.3 8.7 + 1.3 21.3 + 15.8 0.05 1.15 0.05 0.05 0.3 + 0.2 

Amaranthus 
cruentus Leaf 

Dump 311 + 145 0.6  + 0.3 637 + 635 58 + 31 0.2 + 0.1 2.0 + 0.5 7.0 + 1.4 51.6 + 9.8 0.05 0.1 + 0.0 0.05 0.05 0.9 + 0.7 

Slopes 173 + 54 0.7 + 0.4 223 + 59 43 + 15 0.1 + 0.0 2.1 + 0.5 8 + 1 120 + 80 0.1 + 0.0 0.05 0.1 + 0.1 0.05 0.6 + 0.4 

Dump 315 + 195 1.0 + 0.4 341+ 163 41 + 22 0.2 + 0.1 1.4 + 0.4 6.9 + 1.7 50 + 11 0.05 0.05 0.05 0.05 0.7 + 0.5 
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Amaranthus 
cruentus 
flower 

Slopes 195 + 81 0.9 + 0.3 236 + 71 32 + 9 0.1 + 0.0 1.4 + 0.2 7.3 + 1.5 56 + 12 0.05 0.3 + 0.4 0.05 0.05 0.8 + 0.9 
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CHAPTER 4  OBJECTIVE 2 
 
 

Variation of metal concentrations in crops grown on an urban waste dumpsite: effect of 
growth period. 

 

For submission as:  Florence Barbara Awino, William Maher, A. Jasmyn J. Lynch 

 

Highlights 

o Most metal concentrations in crops decreased with increased crop growth periods  

o Short-term growth period crops exhibited higher Pb, Co, Zn, and Cu concentrations than 

long-term growth period crops.  

o Leaves accumulated higher metal concentrations than any other crop part  

o The highest metal concentrations were in short-term growth period crops at the dump 

centre and crop leaves at the slope. 

o Hg, Pb, Ni, Cr, Mn, Al, Zn, Fe in short-term crops and leaves were higher than the 

WHO/FAO consumer food safety limits and could pose non-carcinogenc and carcinogenic 

risks to consumers. 

 

ABSTRACT 

Most of the population in developing countries, live below the poverty line and sometimes 

resort to dumpsite farming. As a result, high accumulation of essential and toxic elements in 

crop types and crop parts above permissible levels could expose consumers to health risks. 

Studies that guide cultivation advisories can reduce consumers’ exposure to unsafe metal 

concentrations from food crops grown on dumpsites, such as at Mbale, Uganda. This study used 

short-term and long-term crops, and crop parts, growing on the Mbale dump’s centre and hill 

slope to investigate if metal uptake in crops is influence by growth period. A range of metals 
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were found in crop plants from the site. Iron (Fe), aluminium (Al), zinc (Zn), manganese (Mn) 

and copper (Cu) are essential, but were found at concentrations of potential concern; with lead 

(Pb), chromium (Cr) selenium (Se), arsenic (As), mercury (Hg), cobalt (Co), nickel (Ni), and 

cadmium (Cd) present at trace levels. Several of these metals (Hg, Pb, Ni, Cr, Mn, Al, Zn, Fe, 

Cu) occurred in concentrations above WHO/FAO food safety standards. The concentrations of 

some metals (Pb, Co, Zn, Fe, Cu) were lower in older than in younger crop plants (i.e., 

concentrations decreased with increased crop growth periods in the order: 2–6 > 7–15 > 18–72 

months. In addition, metal concentrations were higher in the leaves than in other parts of crop 

plants (i.e., flowers, seeds, tubers, stem, fruits). Most short-term crops were leafy in nature and 

may contain higher levels of metals because of aerial deposition of windborne particles. Short-

term crops also tend to have shallow roots and higher transpiration rates that support greater 

metal uptake and accumulation from saturated topsoils. Leaves are also food production sites 

for plants, hence their faster growth and higher metal uptake. This study shows the importance 

of evaluating crop growth period as part of human health risk assessments. The findings indicate 

that public awareness should be increased around the risks associated with farming on 

dumpsites and consumption of crops based on seeds, fruits, stems, tuber that are likely to have 

lower metal content than leafy crops. Also, sites other than dumpsites would be preferable for 

growing leafy crops due to the risk of incorporating metals at concentrations unsafe for human 

consumption.  

 

Keywords  

Growth period, crop part, accumulation, human health risk, urban waste dump  
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Capsule  

Short-term crops and long-term crop parts (leaves) accumulated metals (Hg, Pb, Ni, Cr, Mn, 

Al, Zn, Fe, Cu) in excess of WHO/FAO food safety standards. A study of variations of metal 

accumulation suggests that safer cultivation practices could be effective at reducing metal 

exposure to safer levels without jeopardizing food supply to the people who depend on crops 

grown on the dumpsite.  
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4.1 Introduction 
 

Toxic metal presence in plants is an agricultural production hazard to food quality, animal 

and human health (Adefila et al., 2010; Ali et al., 2014; Anikwe, 2002; Fargašová, 2011; 

Suruchi and Pankaj, 2011). Several pathways (dust, soils, wastewater, compost) could 

account for metal intake in humans (Amusan et al., 2005; Balkhair and Ashraf, 2016; 

Szolnoki et al., 2013; Yabe et al., 2010). Food crops and drinking water contamination; 

however, are the major widely known exposure routes to humans worldwide (Lion and 

Olowoyo, 2013; Lu et al., 2015; Maher et al., 2018; Nabulo et al., 2011; Warming et al., 

2015). Several studies have reported higher metal concentrations in most urban soils and 

crops than in those from rural environments (Nabulo et al., 2006; Okoronkwo et al., 

2005b). Also reported was the use of urban garden soils to mainly cultivate short-term 

crops: vegetables, fruits and cereals for domestic and commercial purposes (Adefila et 

al., 2010; Ebong et al., 2008; Nabulo et al., 2010; Saumel et al., 2012). Furthermore, urban 

garden soils and leafy crops are commonly reported to be enriched in zinc, lead, iron, 

copper, cobalt and chromium (Lu et al., 2015; Nabulo et al., 2006; Szolnoki et al., 2013). 

It is also been reported that crop metal uptake depends on the specific metal species, metal 

source, local soil conditions, soil metal concentrations, and crop types and parts (Saumel 

et al., 2012; Szolnoki et al., 2013). Humans need to consume more vegetables and fruits 

for good health benefits: vitamins, minerals, fibre and essential elements; however, there 

is a need to be vigilant over the risks associated with ingesting toxic chemicals from food 

crops (Ali and Al-Qahtani, 2012; Chary et al., 2008; Otitoju et al., 2012; Radwan and 

Salama, 2006). 

 
The World Health Organization (WHO) recommends an average daily dietary vegetable 

intake of 200g (children < 6 years) - 400g (adults) and 1 – 2 fruit a day to prevent diseases 
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associated with dietary deficiencies (Fung et al., 2018; Hadayat et al., 2018; Mehmood et 

al., 2018; Saumel et al., 2012; WHO and Consultation, 2003). Nevertheless there is a 

conflict in dietary leafy vegetable intake between deficiency-based needs for essential 

metals (Suruchi and Pankaj , 2011) and consumer health concerns over toxic metal uptake 

in food crops (Ali and Al-Qahtani, 2012; El-Kady and Abdel-Wahhab, 2018; Nabulo et 

al., 2012; Otitoju et al., 2012). Metals in plant tissues are transferred to animal tissues via 

the the food chain or food web (Khan et al., 2017; Mehmood et al., 2018) and they get 

deposited into blood, milk, flesh and other parts (Musa and Ifatimehin, 2013) causing 

hormonal disruption, abnormalities and diseases (El-Kady and Abdel-Wahhab, 2018; 

Huang et al., 2014). Crop safety studies are needed therefore, especially to protect 

vulnerable sectors of the population (elderly, children, pregnant and lactating women) 

from food chain metal contamination and its associated risks (Fung et al., 2018; Lu et al., 

2015; Odai et al., 2008; Otitoju et al., 2012).  

 
The present study provides an assessment of whether metals in locally grown food crops 

can pose risks to humans (i.e., exceed safety limits) and if growth period (i.e., how long 

the crops have been in the soils) and location on potential contaminated areas influence 

metal uptake by crops. It extends our previous findings that metal concentration varied 

spatially for two crops at the Mbale dumpsite, Uganda (Awino et al., 2019, chapter 3). In 

this study, we focus on crops with different growth periods, growing on the same area 

(dump centre, hill slope) of the Mbale dumpsite, to assess their metal uptake. Short-term 

and long-term crops and crop parts will be used to study whether growth period influences 

metal uptake, and if metal concentrations are within international consumer food safety 

limits for consumption. 
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4.2 Materials and Methods 

4.2.1  Study Site  

The study was conducted at the Mbale dumpsite in Mbale municipality, Eastern Uganda 

(34010’30.0” and 1004’50.0”). Mbale is Uganda’s 4th largest city, covering 24km2 (UBoS, 

2014), and with a waste dumpsite area of 4.05 ha. More detailed description about the 

Mbale dumpsite was presented in our previous study (Awino et al., 2019) – chapter 3. 

Previous work showed significantly elevated accumulations for most metals (Al, Zn, Fe, 

Cr, Co) in crops at the dump centre, with zinc and chromium in crops at the slope. Based 

on these earlier findings, crops for growth period analysis were collected from both the 

dump centre and hill slope (Fig. 4.1). Crop assessments at the dump centre and hill slope 

were individually carried out by the described zonal location (i.e., no sample mixing from 

either zones).  
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  Figure 4.1. Location map for Uganda, and Mbale Municipal Council Waste Dumpsite 
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4.2.2 Study design 

Mbale dumpsite exhibited disparate site characteristics (topography, site activities, nature 

and age of waste). To ease sampling and acquire replicate samples, the dumpsite was 

zoned into three major areas: dump centre, slope and riverbank, based on site topography. 

The dump centre was further sub-divided as North–East (N-E), East–South (E-S), South–

West (S-W) and West–North (W-N). The slope and the riverbank were also sub-divided 

as slope with high water table (SHWT), low water table (SLWT), and riverbank with 

high-water table (RBHWT), and low water table (RBLWT) respectively. While our 

manuscript (Chapter 3) assessed two crops across the three major zones, the current study 

considered nine crop types located at the dump centre and hill slope. The nine crops were 

divided into three major growth periods: short-term (2 - 6), mid-term (7 – 15) and long-

term (18 – 72 months) and used as bio-monitors to assess food chain contamination from 

metal intake. (Assumption: From real-world experience, it is hard to demarcate the age 

boundaries between 7 – 15 months crops and 18 – 72 months crops. Furthermore, the 18 

– 72 months crops were very limited at the Mbale study site. Also, for easier 

understanding and clarity to the public/consumers, using “short-term” and long-term” 

was more inclusive and made more sense to all stakeholders. Therefore, this study 

interchangeably used two categories: “short-term’ and “long-term” crops. Thus, grouping 

7 – 15 and 18 – 72 months as long-term crops. Nevertheless, the two respective crop 

categories were separately analysed).  

 
The failure to implement the initial project strategy (GDT 1), due to changes in 

meteorological conditions and crop scarcity led to the random sampling of only few 

available crops, to enable study continuation. While matching the sampled crops to the 

research questions, some locations were found to exhibit very limited crop types, hence 

the sample numbers (Table 4.1). It should be noted that while plant size and 
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meteorological  factors were not part of this study design, they have  been identified to 

influence metal uptake  in plants, hence the need  for their incorporation in future research 

at the Mbale dumpsite. 
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Table 4.1. Sampled short-term and long-term crop parts (n = 81 ) across the Mbale Dumpsite Centre and Hill Slope 

Sampling Strategy to answer research questions: Mbale, Uganda 

  
Major Zone DUMP CENTRE SLOPES 

Sampled crops across the dump centre and 
slope   

Sub-zone 

N-E E-S SW W-N SHWT SLWT 
Crop Type Scientific Names Growth Period 

Maize (seeds) Zea mays 2 - 6 months 2 2 1 1 3 3 12 

          

Maize (leaves)  2 - 6 months 2 2 1 1 3 3 12 

red dodo (leaves) Amaranthus cruentus 2 - 6 months 2 1 1 2 3 3 12 

red dodo (flower)  2 - 6 months 2 1 1 2 1 2 9 

bananas (fruits) 
 

Musa spp 
7 - 15 months 3    3  6 

bananas (leaves)  7 - 15 months 3    3  6 

Cassava (green leaves + green 
stalk): roots 

 7 - 15 months     1  1 

Cassava (green leaves + green 
stalk): leaves 

Manihot esculenta 7 - 15 months     1  1 

cassava (green leaves + red stalk): 
roots 

 7 - 15 months   2  2 1 5 

cassava (green leaves + red stalk): 
leaves 

 7 - 15 months   2  2 1 5 

balugu (roots)  7 - 15 months 1    1  2 

balugu (leaves) Colocasia xanthosoma sagittifolium mafafa 7 - 15 months 1    1  2 

pawpaw (fruits)  18 - 72 months 1    1  2 

pawpaw (seeds) Carica papaya 18 - 72 months 1      1 

pawpaw (leaves)  18 - 72 months 1    1  2 

Sugarcane Saccharum officinarum 18 - 72 months 1      1 

Koobe Dioscorea alata 18 - 72 months      1 1 
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Coffee Coffee arabica 18 - 72 months 1      1 

Sample No. per sub-zone   21 6 8 6 26 14 81 
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Previous study findings (chapter 3) had also indicated elevated metal concentrations at 

the dump centre and slopes. Therefore, in this study, we decided to combine all crop 

samples from sub-zones in order to create composite samples for each of these two major 

zones (dump centre, hill slope). Figure 4.2 presents the combined samples that made up 

the new sampling design strategy. Crop sampling occurred from November 2016 to 

January 2017. Sampled crops included: short-term growth period crops that grew during 

the dry season; and the long-term growth period crops that grew during the dry and rainy 

periods. Short-term growth period crops included Zea mays and Amaranthus cruentus, 

while the long-term crops were Manihot esculenta, Colocasia xanthosoma sagittifolium 

mafafa, Dioscorea alata, Musa ssp, Carica papaya, Coffea arabica, and Saccharum 

officinarum. Consequently, 41 and 40 crop samples were collected from the dump centre 

and hill slope respectively. 
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Figure 4.2. Crop sampling points at the Mbale Municipal Council Waste Dump Centre and Hill Slope 
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4.2.3 Sample collection and preparation  

 
In the field, Zea mays corn was removed from husks, leafy and fruity vegetables were plucked, 

tubers were packed without washing or peeling, and seed crops and flowered vegetables were 

collected with their shells. Mature leafy vegetables, Saccharum stem, tubers, fruits, seeds, and 

flowers were harvested. Samples from crop types that were randomly selected from a location 

were collected, and coded. Similar crop types from similar sub-zones were bulked to obtain 

composite samples for final analysis – because the strategy was based on crops on major zones.  

The samples were packaged in either polyethene bags or paper envelopes and transported to the 

preparatory laboratory for further processing. Upon arrival at the laboratory, the samples were 

separated into different edible parts. Leaves from Amaranthus cruentus, Zea mays, Musa spp, 

Manihot esculenta, Colocasia xanthosoma sagittifolium mafafa and Carica papaya were 

washed with tap water, followed by double de-ionised water, and packaged. In the same way, 

tuber samples (Manihot esculenta, Colocasia xanthosoma sagittifolium mafafa) and fruits 

(Carica papaya, Dioscorea alata and Musa spp) were peeled using a ceramic knife, their pulp 

washed using tap water, followed by double de-ionised water to remove any dust, and placed 

in sterile paper bags. Since Zea mays and Coffea arabica seeds were covered in pods, packaging 

for oven drying was done without washing. As elaborated in our previous study, Amaranthus 

cruentus flowers were not washed but packaged and oven-dried with other prepared samples at 

60 – 80 oC for 24 to 48 hr (Mwesigye et al., 2019; Ogundele et al., 2014). All the dried samples 

were finely ground using a porcelain mortar and pestle and sieved using a plastic sieve mesh of 

0.2 mm pore size. The fine powder was placed in clean sterile 50 mL plastic polypropylene 

tubes with high density polyethylene screw caps and stored at room temperature prior to 

shipment to Australia for analysis.  
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4.3 Sample and Certified Reference Material (CRM) Analysis 

4.3.1 Metal analysis in short-term and long-term crops and crop parts 

The concentrations of iron (Fe), aluminium (Al), zinc (Zn), manganese (Mn) and copper (Cu), 

lead (Pb), chromium (Cr) selenium (Se), arsenic (As), mercury (Hg), cobalt (Co), nickel (Ni), 

and cadmium (Cd) were determined using closed tube and hot water bath digestion method 

(Alghobar and Suresha, 2017; UC laboratory method). This method was the most appropriate 

as it offered cost-effective, high recovery and time-bound solutions to the large volumes of 

samples collected. Approximately 0.1g of sample was measured into separate 10 mL plastic 

centrifuge tubes. One mL of concentrated nitric acid was added, and the sample was left in a 

fume cupboard for 24 hr. The mixture was heated in a shaker water bath at 90 – 950 C for 3 hr, 

with the caps loosely closed. One mL of 30% v/v refrigerated hydrogen peroxide was added 

and the solution was re-heated at 90-950C for 60 min. The solution was cooled overnight and 

made up to 10 mL, with deionised water. Four samples of CRM No 1515 apple leaves from the 

National Institute of Standards and Technology, USA, and four blanks were analysed in a 

similar way.  Following digestion, the digests were diluted in the ratio of 1 in 10 v/v, using 

deionized water spiked with internal standards (Li6, Sc, Y, RH, In, TB, Ho) for inductively 

coupled plasma mass spectrometry (ICP-MS) analysis.  

 
4.3.2 Data processing 

Crop scarcity existed at the Mbale dumpsite due to long and extreme drought (> 6months). 

Consequently, crop availability and sampling design across the dumpsite, especially at the 

dump centre and hill slope were affected. Some sections of the dumpsite had fewer samples 

than the others. To cater for the disparity, seven different strategies were utilized to process the 

data. Data for crops and crop parts with different growth periods were processed either as a 

combined or individual data. In individual crop data, each crop type in 2 – 6 months was 

compared against another crop type in either 7 – 15 or 18 – 72 months categories respectively. 
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While in a combined crop dataset, all crops with growth periods of  2 – 6 months were grouped 

together and compared against other grouped crops in either 7 – 15 or 18 – 72 months 

categories. 

 

In the crop part analysis, two growth periods (short-term and long-term) were used. Short-term 

and long-term crop parts represented less than 6 months and greater than 6 months respectively. 

In the Mbale study, all considered crops and crop parts were assumed to be ever-green plants 

(i.e., have green leaves throughout the year). Unlike deciduous plants, that shed off their leaves 

with seasons, the leaves and roots on ever-green plants grow along with the plant, hence take a 

longer time on a plant (i.e., begin and end the plant lifecycle). In this study, metal content in 

plant roots and stems were not analysed, but rather in leaves. However, when it comes to crop 

parts, they were grouped according to the length of the period the parts took on the plant while 

still alive. Common knowledge and literature indicates that leaves took more time on the plant 

compared to other parts like stem, tuber, seeds, fruits and flowers (that come in the later stages 

of plant development). So, the analysis compared leaves (long-term) to other crop parts (short-

term) as presented in seven strategies (Table 4.2). The analysis were separately applied onto 

the crop and crop part data from the dump centre and slope area to determine the variations in 

metal uptake by short-term or long-term growth period crops and crop parts. In comparison, 

leaves of short-term  (2 - 6 months) crops like Zea mays and Amaranthus  were compared 

against those of long-term (7 - 15 and 18 - 72 months) respectively (Table 4.2).  
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   Table 4.2. Seven strategies for data processing in crops and crop parts at Mbale dump centre and hill slope 
 

 

Strategies Crop location Growth period Crops Crop parts 

 

1 

Dump centre 

or slope 

Crops combined into 3 growth 
periods 

2 - 6 months (Zea mays and Amaranthus cruentus); 7 -15 months (Manihot esculenta, Musa ssp, Colocasia 
xanthosoma sagittifolium mafafa), and 18 -72 months (dump centre: Carica papaya, Saccharum officinarum, 

Coffea arabica; slope: Dioscorea alata and Carica papaya). 

 

All crops and parts 

 

2 

Dump centre 

or slope 

Crops combined into 2 growth 
periods 

Less than 6 months (Zea mays, Amaranthus cruentus) and greater than 6 months (dump centre: Carica 
papaya, Manihot esculenta, Colocasia xanthosoma sagittifolium mafafa, Musa ssp, Saccharum officinarum, 

Coffea arabica; Slope: Carica papaya, Manihot esculenta, Colocasia xanthosoma sagittifolium mafafa, 
Musa ssp and Dioscorea alata) 

 

All crops and parts 

 

3 

Dump centre 

or slope 

Only similar crops across the two 
zones combined into 2 growth 

periods 

Less than 6 months (Zea mays, Amaranthus cruentus) and greater than 6 months (Carica papaya, Manihot 
esculenta, Colocasia xanthosoma sagittifolium mafafa, and Musa ssp). 

All similar crops and 
parts across the two 

zones 

 

4 

Dump centre 

or slope 

 

Leaves combined into 2 growth 
periods 

2 - 6 months (Zea mays, Amaranthus cruentus) compared against 7-15 months (Musa ssp, Manihot 
esculenta, and Colocasia xanthosoma sagittifolium mafafa). 

Combined all crop leaves 

 

5 

Dump centre 

or slope 

 

Leaves combinedinto 2 growth 
periods 

Less than 6 months (Zea mays, Amaranthus cruentus) compared against greater than 6 months (Musa ssp, 
Manihot esculenta, Colocasia xanthosoma sagittifolium mafafa and Carica papaya). 

Combined similar crop 
leaves 

 

6 

 

Dump centre 

or slope 

 

Crops parts combined into 2 growth 
periods (short-term and long-term) 

Short-term crop parts (Zea mays seeds, Amaranthus cruentus flower, Musa spp fruit, Carica papaya fruit, 
tuber, Saccharum officinarum stem, Colocasia xanthosoma sagittifolium mafafa tuber, Coffea arabica seeds, 
Manihot esculenta tuber) compared against……. long-term crop parts (all leaves of Zea mays, Amaranthus 

cruentus, Musa spp, Carica papaya, Manihot esculenta, Colocasia xanthosoma sagittifolium mafafa 

 

Combined crop parts 

 

  

Dump centre 

Or Slope 

Individual leaves compared 
separately within the 2 growth 

periods 

2 - 6 months (Zea mays) compared against 7-15 months (Musa ssp). Individual crop leaves 

 Individual leaves compared 
separately within the 2 growth 

periods 

2 - 6 months (Amaranthus cruentus) compared against 7 - 15 months (Musa ssp). 

 

Individual crop leaves 

7  

Slope 

Individual leaves compared 
separately within the 2 growth 

periods 

2 - 6 months (Amaranthus cruentus) compared against 7-15 months (Manihot). 

 

Individual crop leaves 

 Individual leaves compared 
separately within the 2 growth 

periods 

2 - 6 months (Zea mays) compared against 7-15 months (Manihot). 

 

Individual crop leaves 
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4.3.3 Statistical Analysis 

Our main aim in this study was to use the available nine crop species to assess if metal 

uptake in crops statistically and significantly differed with their growth periods at either 

the Mbale dump centre or the hill slope. Using the three growth periods, either crops or 

crop parts were combined or individually assessed for metal accumulation. SPSS 23 was 

used to calculate frequencies, percentage distributions, mean ranks, median, standard 

deviations, variance, and correlation coefficient and significantly statistical differences. 

Normality on 81 crop samples was tested with numerical (Skewedness, kurtosis, Shapiro-

Wilk tests/sigma, z-score) and visual (normal Q-Q plots, box plots and histograms) 

statistical factors. Samples with more than 50% compliance to the seven factors were 

considered normal for parametric tests, and the rest for non-parametric tests. Comparisons 

that qualified for parametric tests were performed by One-way ANOVA and t-tests. 

Comparisons for non-parametric tests were analysed by Kruskal-Wallis and Mann-

Whitney tests. The level of significance was set at 0.05. 

 
Datasets under the seven strategies qualified for either parametric or non-parametric (or 

both), statistical tests. Strategy one (all combined crops under three growth periods): non-

parametric (Mann-Whitney and Kruskal Wallis) tests were used, followed by paired 

comparisons for mean rank metal concentration differences. The actual metal 

concentration differences were calculated from the mean ranks of each considered crop, 

crop part or growth period. In strategy two (all crops at either dump centre or slope, 

combined into two growth period); strategy three (only similar crops that existed at both 

dump centre and slope were combined under two growth periods); strategy four (leaves 

of all crops across the dump centre and slope were combined under two growth periods); 

strategy five (only leaves of similar crops that existed at both dump centre and slope, were 

combined under two growth periods); strategy six (short-term vs long-term part); and 



Chapter 4 

224 
 
 

strategy seven (individual crop parts at both the dump centre and slope were combined 

into two growth periods) the same procedures were applied. Strategies three to seven, t-

tests were used for parametric tests followed by post hoc tests to identify crop types, crop 

parts and growth periods with statistically significant metal concentration differences; 

while Mann-Whitney for non-parametric was followed by paired comparisons for mean 

rank metal concentration differences. Mean ranks of metal concentrations in each crop 

type, crop part and crop growth period were assessed. Data (analytical or processed) were 

presented as mean + standard deviations, where applicable. 

 
4.3.4 Assessment against international food standards 

Concentrations of most metals (Cu, Zn, Ni, Mn, Pb, Cr, Hg, As, Cd) in crops or crop parts 

were compared against international consumer food safety standard limits (Table SI 4.3). 

Codex Alimentarius of World Health Organization/Food and Agricultural Organization 

(WHO/FAO) was used (where applicable) (WHO, 2002, 2015; WHO and Consultation, 

2003). For those metals (Fe, Se, Co, Al) without WHO/FAO established limits, Food 

standards Australian/New Zealand (FSANZ), Chinese food guidelines, and European 

Food Safety Authority (EFSA) were applied (Table SI 4.3).  
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4.4 Results and Discussion 

4.4.1 Metal concentrations measured in short-term and long-term crops and crop 
parts 
 
Except for Al, Fe, Zn, Mn and Cu are known essential elements needed for biological 

processes. In crops and crop parts at the Mbale dump centre and hill slope, however, these 

essential elements exhibited elevated metal concentrations higher than the WHO/FAO 

consumer safety limits. Similarly, apart from Se, Ni, Cr, Pb, Co, As, Cd and Hg are non-

essential elements known to be toxic to animal and human health even at low 

concentrations. In this study, despite measuring toxic metal concentrations in trace 

amounts, Hg, Pb, Ni and Cr were above the WHO/FAO food safety guidelines. Crops 

with short-term growth periods (2 - 6-month) exhibited higher mean metal concentrations 

than crops with either mid-term (7 – 15 months) or longer-term (18 – 72-month) growth 

periods. Long-term crop parts (leaves) contained higher metal concentrations than short-

term parts (flowers, tuber, fruits, seeds, stem). Higher mean metal concentrations were 

reported in Amaranthus flowers than in the leaves. For fear to lose the seeds contained 

within the flowers, the flower samples were not washed during the preparation stage. 

Therefore, the lack of washing could have contributed to the elevated surface aerial 

deposition of particulate matter containing metal species from contaminant sources 

located within and around the dumpsite (industries, vehicles, railways, burning). The 

measured mean metal concentrations in crops and crop parts are presented in 

Supplementary Information (Table SI 4.1) and (Table SI 4.2) respectively. Also, metal 

concentrations in short-term and long-term crop parts from Mbale were compared with 

those from other previous studies (Table SI 4.3).
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4.4.1.1. Trace metal concentrations measured in crops and crop parts 

The concentrations of Co, As, Se, Cd and Hg in crops and crop parts were presented as 

combined results because they were almost the same across the dump centre and hill slope 

(Table SI 4.1) and (Table SI 4.2) respectively. The range for mean metal concentrations 

in combined crops at dump centre and slope were Co (0.05 to 0.1 + 0.1mg/kg), As (0.05 

to 0.07 + 0.04 mg/kg), Se (0.05 to 0.06 + 0.02 mg/kg), Cd (0.05 to 0.06 + 0.04 mg/kg), 

and Hg (0.05 mg/kg) (Table SI 4.1). In combined crop parts, the range for mean metal 

concentrations were Co (0.05 to 0.1 + 0.2 mg/kg), As (0.05 to 0.07 + 0.04 mg/kg), Se 

(0.05 to 0.06 + 0.02 mg/kg), Cd (0.05 to 0.06 + 0.04 mg/kg) and Hg (0.05 mg/kg) (Table 

SI 4.2). The mean metal range in individual crops and leaves at both the dump centre and 

hill slope were Co (0.05 to 0.2 + 0.1 mg/kg), As (0.05 to 0.08 + 0.06 mg/kg), Se (0.05 to 

0.06 + 0.04 mg/kg), Hg (0.05 to 0.07 + 0.06 mg/kg), and Hg (0.05 mg/kg) (Table SI 4.1, 

Table SI 4.2). As and Cd concentrations were below the WHO/FAO consumer food safety 

limits of 0.1 mg/kg (Azi et al., 2018) and 0.2 - 0.3 mg/kg (Lu et al., 2015; Nabulo et al., 

2006) respectively. Mercury concentrations measured in Mbale dumpsite crops were 

slightly above the WHO/FAO food safety standards range of 0.001mg/kg (Azi et al., 

2018) to 0.03 mg/kg (Ali and Al-Qahtani, 2012). The selenium concentrations measured 

in most crop parts at the Mbale dumpsite were within the normal range in vegetables 

(0.01– 0.05 mg/kg) (Slekovec and Goessler, 2015). No established WHO/FAO threshold 

concentrations was found for Co. 

 
4.4.1.1.1 Lead 

In both zones, the range for mean Pb concentrations was 0.4 + 0.3 to 0.5 + 0.5 mg/kg (2 

– 6 months), 0.08 + 0.08 to 0.1 + 0.1 mg/kg (7 – 15 months) and 0.05 + 0.01 to 0.2 + 0.2 

mg/kg (18 – 72 months) (Table SI 4.1). In combined crop parts, the mean Pb 

concentrations ranged from 0.4 + 0.3 to 0.4 + 0.4 mg/kg (leaves), 0.5 + 0.2 to 1.1 + 0.8 
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mg/kg (flowers), 0.05 mg/kg (seeds), 0.05 mg/kg (fruits), 0.05 mg/kg (tuber), and 0.05 

mg/kg (stem) (Table SI 4.2). In individual crops, the mean Pb concentrations ranged from 

0.54 + 0.22 to 0.8 + 0.6 mg/kg (Amaranthus), (0.23 + 0.24 to 0.27 + 0.26 mg/kg (Zea 

mays), 0.05 mg/kg (Musa spp), 0.06 + 0.01 to 0.14 + 0.13 mg/kg (Manihot), 0.26 + 0.29 

to 0.27 + 0.26 mg/kg (Mafafa), 0.04 + 0.02 to 0.22 + 0.24 mg/kg (Papaya), 0.05 mg/kg 

(Dioscorea, Saccharum, and Coffea) (Table SI 4.1). The range for mean Pb 

concentrations in crop leaves were 0.6 + 0.2 to 0.64 + 0.47 (Amaranthus), 0.4 + 0.2 to 0.5 

+ 0.2 mg/kg (Zea mays), 0.05 mg/kg (Musa spp), 0.06 + 0.01 to 0.2 + 0.1 mg/kg 

(Manihot), 0.03 to 0.5 mg/kg (Mafafa), 0.03 to 0.4 mg.kg (Papaya) (Table SI 4.2). Except 

for Amaranthus flowers, leaves (Amaranthus, Zea mays, Mafafa, Papaya), and 2 – 6 

months crops, the Pb concentrations in other crops and crop parts were below the 

WHO/FAO food safety limit of 0.3 mg/kg (Azi et al., 2018; Nabulo et al., 2010; Rahmdel 

et al., 2018).  WHO safe limit for Pb is 2mg/kg (Ali and Al-Qahtani, 2012). 

 
4.4.1.1.2 Nickel 

In both zones, the mean Ni concentrations in combined crops ranged from 1.2 + 0.7 to 

1.3 + 0.9 mg/kg (2 – 6 months), 1.3 + 0.9 to 2.6 + 3.2 mg/kg (7 – 15 months) and 0.9 + 

0.5 to 1.3 + 1.1 mg/kg (18 – 72 months) (Table SI 4.1). In combined parts, the ranges 

were 1.8 + 0.9 to 2.0 + 0.6 mg/kg (leaves), 0.2 + 0.1 to 0.3 + 0.4 mg/kg (seeds), 1.4 + 0.3 

mg/kg (flowers), 0.5 + 0.3 to 3.7 + 5.5 mg/kg (fruits), 0.5 + 0.1 to 1.1 + 0.2 mg/kg (tuber), 

and 0.6 mg/kg (stem) (Table SI 4.2). In individual crops, the range for mean Ni 

concentrations were 1.6 + 0.5 to 1.9 + 0.7 (Amaranthus), 0.7 + 0.6 to 0.8 + 0.7 mg/kg 

(Zea mays), 1.3 + 1.0 to 3.1 + 4.3 mg/kg (Musa spp), 1.2 + 0.8 to 2.6 + 1.7 (Manihot), 

0.95 + 0.12 to  1.5 + 1.5 mg/kg (Mafafa), 1.2 + 0.6 to 1.8 + 1.0 mg/kg (Papaya), 0.61 

mg/kg (Saccharum), 0.5 mg/kg (Coffea), and 0.32 mg/kg (Dioscorea) (Table SI 4.1). 

Crop leaves accumulated Ni concentrations in the range of 2.1 + 0.6 to 2.2 + 0.6 mg/kg 
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(Amaranthus), 1.3 + 0.3 to 1.4 + 0.3 mg/kg (Zea mays), 1.5 + 0.3 to 2.2 + 0.5 mg/kg 

(Musa spp), 2.0 + 0.3 to 4.1 + 0.5 mg/kg (Manihot), 2.5 to 10.4 mg/kg (Mafafa) and 1.72 

to 2.5 mg/kg (Papaya) (Table SI 4.2). Except for Mafafa leaves (10.4 mg/kg), all the 

analysed crop and crop part samples had nickel concentrations within the WHO/FAO 

consumer food safety range of 0.01–5 mg/kg (Ukpong et al., 2013). The nickel 

concentrations in fruits, Papaya leaves, 7-15 (Mafafa, Manihot, Musa spp) and 

Amaranthus were greater than the EFSA food safety guidelines of 2.0 mg/kg.  

 
4.4.1.1.3 Chromium 

In both zones, the combined crops contained Cr concentrations in the range of 0.8 + 0.7 

mg/kg (2 – 6 months), 0.84 + 0.6 to 0.9 + 0.4 mg/kg (7 – 15 months) and 0.7 + 0.2 to 0.93 

+ 0.5 mg/kg (18 – 72 months) (Table SI 4.1). For the combined crop parts, Cr 

concentrations were measured in the range 1.1 + 0.8 to 1.2 + 0.6 mg/kg (leaves), 0.08 + 

0.03 to 0.2 + 0.3 mg/kg (seeds), 0.9 + 0.4 to 1.0 + 0.2 mg/kg (flowers), 0.6 + 0.3 to 0.7 + 

0.3 mg/kg (fruits), 0.4 + 0.1 to 0.6 + 0.3 mg/kg (tuber), and 1.0 mg/kg (stem) (Table SI 

4.2). However, in the individual crops, the Cr concentration range were 0.7 + 0.4 to 0.74 

+ 0.35 mg/kg (Amaranthus), 0.85 + 0.82 to 0.91 + 0.92 mg/kg (Zea mays), 0.9 + 0.4 to 

1.2 + 0.9 mg/kg (Musa spp), 0.62 + 0.2 to 0.75 + 0.39 mg/kg (Manihot), 0.6 + 0.4 to 0.82 

+ 0.14 mg/kg (Mafafa), 0.71 + 0.23 to 1.2 + 0.2 mg/kg (Papaya), 0.95 mg/kg 

(Saccharum), 0.57 mg/kg (Coffea) and 0.38 mg/kg (Dioscorea) (Table SI 4.1). Crop 

leaves contained Cr concentrations in the range 0.5 + 0.3 to 0.6 + 0.4 mg/kg 

(Amaranthus), 1.6 + 0.2 to 1.8 + 0.3 mg/kg (Zea mays), 1.2 + 0.4 to 1.9 + 0.6 mg/kg 

(Musa spp), 0.8 + 0.1 to 1.09 + 0.02 mg/kg (Manihot), 0.72 to 0.9 mg/kg (Mafafa) and 

1.0 – 1.4 mg/kg (Papaya) (Table SI 4.2). Except in seeds (0.08 – 0.2 mg/kg), all the other 

crops and crop parts had measured chromium concentrations above the WHO/FAO limit 

of 0.2 mg/kg (Nabulo et al., 2010).  
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4.4.1.2 Major metal concentrations measured in crops and crop parts 

The overall metal concentrations in grouped crops and crop parts were higher at the dump 

centre than the slope, in the order: Fe > Al > Zn > Mn > Cu. In contrary, the following 

metal concentrations in grouped crops and crop parts were higher at the slope than the 

dump centre. Zn > Ni > Pb > As > Cd (2 - 6 months), Zn > Pb (7 - 15 months), Fe > Al > 

Ni > Cr > Pb (18 – 72 months), Zn > Cu > Ni > Cr > As > Cd (leaves), Zn > Cu (flowers), 

and Fe > Zn > Mn > Cu (fruits). As for individual crops and crop parts, metal 

accumulation were ordered as Zn > Cu > Ni > Cr > Pb >As > Cd (Amaranthus), Fe > Al 

> Ni > As (Zea mays), Fe > Al > Mn > Zn > Cu > Ni > Cr (Musa spp), Zn > Cu (Manihot), 

Fe > Al > Mn > Ni > Cr > Pb (Mafafa), and Fe > Al > Mn > Zn > Ni > Cr > Pb (Papaya). 

Similalry, Zn concentration was higher in Manihot (slope), and in seeds and tuber (dum 

centre & slope), with Al concentrations higher in fruits (dump centre & slope), and Mn 

in Musa spp (dump centre). This is in line with previous studies that have reported 

enrichment of these metals in urban garden soils and crops (Szolnoki et al., 2013) (Table 

SI 4.3).  

 
4.4.1.2.1 Iron 

The mean Fe concentrations range for combined crops from the dump centre and the hill 

slope were 186 + 125 to 268 + 221 mg/kg (2 – 6 months), 132 + 130 to 134 + 143 mg/kg 

(7 – 15 months) and 91 + 92 to  218 + 314 mg/kg (18 – 72 months) (Table SI 4.1). 

Combined crop parts exhibited 268 + 96 to 318 + 190 mg/kg (leaves), 267 + 41 to 330 + 

147 mg/kg (flowers), 12 + 4 to 29 + 27 mg/kg (seeds), 17 + 10 to 21 + 16 mg/kg (fruits), 

16 + 18 to  41 + 44 mg/kg (tuber) and 34 mg/kg (stem) (Table SI 4.1). The mean range 

for Fe concentrations in individual crops were 238 + 64 to 410 + 209 mg/kg 

(Amaranthus), 125 + 119 to 147 + 147 mg/kg (Zea mays), 84 + 77 to 107 + 107 mg/kg 

(Musa spp), 139 + 147 to 205 + 227 mg/kg (Manihot), 145 + 76 to 180 + 189 mg/kg 
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(Mafafa), 120 + 115 to 312 + 379 mg/kg (Papaya), 58 mg/kg (Coffea), 34.2 mg/kg 

(Saccharum), and 28 mg/kg (Dioscorea) (Table SI 4.1). Crop leaves contained Fe 

concentrations in the range of 223 + 73 to 490 + 243 mg/kg (Amaranthus), 236 + 44 to 

283 + 57 mg/kg (Zea mays), 152 + 18 to 204 + 20 mg/kg (Musa spp), 270 + 70 to 394 + 

109 mg/kg (Manihot), 199 to 313 mg/kg (Mafafa) and 250 – 580 mg/kg (Papaya) (Table 

SI 4.2). Iron has no WHO/FAO established threshold concentrations, however, most of 

the measured results were above the recommended Fe concentrations in plants: 20 – 100 

mg/kg (Ebong et al., 2008). 

 
4.4.1.2.2 Aluminium 

In both zones, the mean Al concentrations in combined crops ranged from 158 + 111 to 

198 + 158 mg/kg (2 – 6 months), 105 + 92 to 108 + 111 mg/kg (7 – 15 months), and 54 

+ 62 to 167 + 247 mg/kg (18 – 72 months) (Table SI 4.1). However, in combined crop 

parts, Al concentrations ranged from 216 + 79 to 229 + 95 mg/kg (leaves), 230 + 49 to 

272 + 206 mg/kg (flowers), 11 + 1 to 19 + 10 mg/kg (seeds), 22 + 7 to 23 + 7 mg/kg 

(fruits), 16 + 3 to 21 + 5 mg/kg (tuber), and 32 mg/kg (stem) (Table SI 4.2). In individual 

crops, Al concentrations range were 190 + 84, to 289 + 157 mg/kg (Amaranthus), 107 + 

98 to 134 + 133 mg/kg (Zea mays), 92 + 74 to 106 + 94 mg/kg (Musa spp), 98 + 89 to 

160 + 171 mg/kg (Manihot), 54 + 40 to 131 + 162 mg/kg (Mafafa), 66 + 84 to 242 + 297 

mg/kg (Papaya), 41.1 mg/kg (Coffea), 32 mg/kg (Saccharum) and 15.78 mg/kg 

(Dioscorea) (Table SI 4.1). The mean Al concentrations in crop leaves ranged from 169 

+ 63 to 306 + 105 mg/kg (Amaranthus), 199 + 33 to 257 + 58 mg/kg (Zea mays), 158 + 

23 to 191 + 21 mg/kg (Musa spp), 180 + 20 to 303 + 78 mg/kg (Manihot), 82 to 246 

mg/kg (Mafafa), and 16 to 452 mg/kg (Papaya) (Table SI 4.2). Although Al has no 

established WHO/FAO threshold values, the measured concentrations in Mbale crops 
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were higher than the concentrations of 2 to 3 mg/kg normally found in plants 

(Poschenrieder et al., 2008). 

 
4.4.1.2.3 Manganese 

At the dump centre and hill slope, the mean Mn concentrations in combined crops ranged 

from 28 + 20 to 39 + 32 mg/kg (2 – 6 months), 47 + 68 to 70 + 83 mg/kg (7 – 15 months), 

and 19 + 27 to 22 + 23 mg/kg (18 – 72 months) (Table SI 4.1). The mean for manganese 

concentrations in combined crop parts ranges from 56 + 53 to 79 + 59 mg/kg (leaves), 28 

+ 3 to 41 + 29 mg/kg (flowers), 3.9 + 1.3 to 13 + 18 mg/kg (seeds), 3 + 2 to 6 + 2 mg/kg 

(fruits), 3.6 + 6.2 to 11 + 44 mg/kg (tuber), and 2.8 mg/kg (stem) (Table SI 4.2). Individual 

crops exhibited Mn concentrations in the ranges of 40 + 16 to 48 + 33 mg/kg 

(Amaranthus), 19 + 18 to 29 + 29 mg/kg (Zea mays), 83 + 102 to 87 + 99 mg/kg (Musa 

spp), 20 + 23 to 71 + 79 mg/kg (Manihot), 30 + 5 to 33 + 25 mg/kg (Mafafa), 28 + 32 to 

33 + 25 mg/kg (Papaya), 11.3 mg/kg (Coffea), 28 mg/kg (Saccharum), and 2.2 mg/kg 

(Dioscorea) (Table SI 4.1). The mean Mn concentrations in crop leaves ranged from 46 

+ 17 to 56 + 37 mg/kg (Amaranthus), 34 + 14 to 53 + 22 mg/kg (Zea mays), 162 + 79 to 

168 + 71 mg/kg (Musa spp), 39 + 16 to 139 + 15 mg/kg (Manihot), 34 to 51 mg/kg 

(Mafafa), and 37 to 50 mg/kg (Papaya) (Table SI 4.2). The Mn concentration permissible 

limits by WHO/FAO is 5.5 mg/kg (Tiimub and Afua, 2013). Mn safe limit permitted for 

food is 2-9mg/day for adults (Ali and Al-Qahtani, 2012). Except in Coffea seeds, 

Dioscorea fruits, Saccharum stem and some tubers, the Mn concentrations measured in 

most crop parts at the Mbale dumpsite were above the permissible and safe limits, hence 

could pose risks to consumers.  
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4.4.1.2.4 Zinc 

In both zones, the mean Zn concentrations in combined crops ranged from 59 + 58 to 80 

+ 60 mg/kg (2 – 6 months), 38 + 51 to 92 + 115 mg/kg (7 – 15 months), and 24 + 9 to 32 

+ 41 mg/kg (18 – 72 months) (Table SI 4.1). In combined crop parts, the mean Zn 

concentrations was in the range of 64 + 68 to 120 + 97 mg/kg (leaves), 49 + 4 to 61 + 7 

mg/kg (flowers), 34 + 11 to 40 + 29 mg/kg (seeds), 6 + 3 to 14 + 5 mg/kg (fruits), 53 + 

72 to 58 + 88 mg/kg (tuber), and 16 mg/kg (stem) (Table SI 4.2). Zinc concentrations in 

individual crops ranged from 51 + 7 to 100 + 74 mg/kg (Amaranthus), 65 + 44 to 67 + 89 

mg/kg (Zea mays), 8 + 4.3 to 14.4 + 5.2 mg/kg (Musa spp), 38 + 36 to 143 + 138 mg/kg 

(Manihot), 125 + 79 to 131 + 41mg/kg (Mafafa), 27 + 11 to 46 + 52 mg/kg (Papaya), 

18.02 mg/kg (Dioscorea), 15.6 mg/kg (Saccharum) and 7 mg/kg (Coffea) (Table SI 4.1). 

The mean Zn concentrations in crop leaves ranged from 53 + 9 to 119 + 87 mg/kg 

(Amaranthus), 96 + 43 to 100 + 112 mg/kg (Zea mays), 12 + 1 to 19 + 3 mg/kg (Musa 

spp), 69 + 5 to 263 + 73 mg/kg (Manihot), 69 to 101 mg/kg (Mafafa), and 24 to 35 mg/kg 

(Papaya) (Table SI 4.2). WHO/FAO has no established Zn threshold values for 

vegetables. Zinc limits by Codex is 60 mg/kg (Adefila et al., 2010). Safe zinc level 

permitted for food is 5mg/kg (Ali and Al-Qahtani, 2012). The measured zinc 

concentrations is within the normal range for plants (1 - 400 mg/kg), and for vegetables 

grown on Zn contaminated soils (39 – 710 mg/kg) (Cortez and Ching, 2014; 

Twinamatsiko et al., 2016). Despite that, zinc concentrations in all crop parts were above 

the safe limit, except for Coffea seeds, fruits (Dioscorea, Papaya), tubers (Manihot), 

Saccharum stem, Musa spp, and 18 - 72 months crops that exhibited concentrations that 

were below the Codex limits.  
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4.4.1.2.5 Copper 

At the dump centre and hill slope, the mean Cu concentrations in combined crops were 

in the range of 6.1 + 2.9 mg/kg (2 – 6 months), 5.6 + 3.7 to 7.5 + 8.7 mg/kg (7 – 15 

months), 4.3 + 1.6 to 7.7 + 7.1 mg/kg (18 – 72 months) (Table SI 4.1). In combined crop 

parts, the mean Cu concentrations ranged from 7.3 + 3.2 to 7.4 + 2.5 mg/kg (leaves), 2.2 

+ 0.9 to 6 + 6 mg/kg (seeds), 7 + 2 to 7.5 + 1.8 mg/kg (flowers), 3 + 1 to 4.9 + 1.4 mg/kg 

(fruits), 2.7 + 3.4 to 13 + 17 mg/kg (tuber), and 1 mg/kg (stem) (Table SI 4.2). In 

individual crops, however, the mean Cu concentrations ranged from 6.6 + 1.2 to 7.5 + 1.1 

mg/kg (Amaranthus), 5 + 3 to 5.6 + 4.0 mg/kg (Zea mays), 4.1 + 0.9 to 5.3 + 0.8 mg/kg 

(Musa spp), 4.1 + 3.2 to 4.3 + 1.9 mg/kg (Manihot), 12.3 + 5 to 25 + 12 mg/kg (Mafafa), 

3.5 + 1.4 to 6.3 + 4.5 mg/kg (Papaya), 1.04 mg/kg (Saccharum), 18.33 mg/kg (Coffea) 

and 5.73 mg/kg (Dioscorea) (Table SI 4.1). But in the individual crop leaves, the mean 

Cu concentrations ranged from 7 + 1 to 7.5 + 0.9 mg/kg (Amaranthus), 7.8 + 1.4 to 9 + 4 

mg/kg (Zea mays), 5 + 1 mg/kg (Musa spp), 6 + 1 to 7.0 + 1.3 mg/kg (Manihot), 16.1 

mg/kg (Mafafa) and 4.5 to 6.1 mg/kg (Papaya) (Table SI 4.2). The normal copper 

concentration range in an unpolluted soil is 6 – 25 mg/kg (Segura-Muñoz et al., 2006) 

while in plants is 3 – 15 mg/kg (Okoronkwo et al., 2005a; Pivić et al., 2013). The 

WHO/FAO consumer food safety limits for copper is 15 mg/kg (Olowoyo et al., 2012). 

Therefore, the measured copper concentrations in all crop parts were below the acceptable 

consumer guidelines except in Mafafa (16.1 - 25 mg/kg) and Coffea (18.33 mg/kg). 
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Summary of findings 

The growth period assessment in crop parts at the Mbale dumpsite indicated the 

following:  

 
In this study Co, As, Se, Cd and Hg concentrations were lower in crops and crop parts 

compared to those reported from contaminated environments in other parts of the world.  

The variations exhibited between measured and reported results are consistent with the 

hypothesis that metal uptake in crops is influenced by environmental factors, crop types, 

crop parts, and soil properties (pH, organic matter, clay content) and other human 

activities (Cruz et al., 2014; Pivić et al., 2013). Cadmium in soils is highly bioavailable 

to vegetables and grains (maize, wheat, rice). In acidic environments, however, Cd 

adsorption is lower (Suruchi and Pankaj , 2011) while its absorption is greater (e.g., at pH 

= 6, Cd uptake by plants is 1 mg/kg (Nabulo et al., 2006) while in the Mbale study, the 

Cd concentrations were measured as 0.05 mg/kg at pH = 7 – 9). Therefore, soluble Cd 

concentrations in crops increases with decreasing pH, Cd soil concentrations, and other 

soil factors (organic matter, micronutrient levels e.g., Zn content in soil, and clay content) 

(Suruchi and Pankaj , 2011). The bioavailability and toxicity of metals in soils are 

significantly influenced by pH conditions.  Soil pH is one of the most important factors 

that influence the transfer of Cd and Pb from soil to plants, and the higher pH values have 

been found to reduce the bioavailability and toxicity of Cd and Pb. Lowering pH 

significantly influences Cd uptake in plants (Wang et al., 2006). This is consistent with 

the low Cd concentrations measured in the Mbale dumpsite crops, and that previously 

reported in the alkaline soils at the same dumpsite (OPEP, 2007). Therefore, because of 

the high alkalinity at the Mbale dumpsite, Cd uptake was inhibited. 
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Lead and Cd concentrations on leaves and flowers are associated with industrial and 

motor vehicle emissions. Studies by Rahmdel et al (2018) and Nabulo et al (2006) 

reported elevated Pb and Cd concentrations in leafy vegetables, with the intensity 

increasing linearly with traffic density and proximity to the roadways. Similarly, the 

measured Pb concentrations in Amaranthus leaves, flowers, and other leaves at the Mbale 

dumpsite were higher than those in seeds, fruits, stem and tubers, at the same location. 

Despite washing the leaves, elevated metal concentrations were measured, and this could 

be attributed to the hairy and rough nature of some leaves (Zea mays) can prevent 

thorough washing and complete elimination of particulate materials; and the surface 

aerial deposition and foliar absorption through the leaf surfaces.  

 
Chromium concentrations in Musa spp leaves and Papaya leaves were higher than those 

measured in Saccharum stem, Dioscorea fruits and seeds at the Mbale dumpsite. 

Saccharum is known for high tolerance to Cr and Cd, hence the metals are mainly retained 

in roots, with a small fraction translocating to other parts (Segura-Muñoz et al., 2006). 

Despite having limited information on the exposure routes, Cr is known to be associated 

with particulate matter from industrial and vehicular emissions (Ebong et al., 2008). 

Mbale dumpsite is located within an industrial area, next to a railway line and Mbale – 

Tirinyi highway and contains mixed waste materials. The burnt medical wastes, and the 

oxidised and exposed metals from burning (MDP 16) and metal mining (MDP 22) at the 

dumpsite could have also lowered the soil pH and increased Cr uptake in the crops.  

 
The highest and lowest measured metal concentrations in the different crop types and 

parts were as follows: Ni concentrations in Mafafa leaves, Manihot leaves, Musa spp 

leaves and fruits were higher than in Dioscorea fruits and seeds; Fe concentrations in 

Papaya leaves, Amaranthus leaves, Manihot leaves, and flowers were higher than in 
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Dioscorea fruits and seeds; Al concentrations in Papaya leaves, Amaranthus leaves, 

Mafafa leaves, Zea mays leaves, and flowers were higher than in Dioscorea fruits and 

seeds; Zn concentrations in Manihot and Mafafa leaves were higher than in fruits and 

Coffea seeds; Mn concentrations in Musa spp leaves were higher than in stem and 

Dioscorea fruits; and Cu concentrations in Mafafa leaves, flowers and leaves were higher 

than in seeds and Saccharum stem. Most of these measured metal concentrations were 

higher than the WHO/FAO consumer food safety guidelines. 

 
The previous study findings on spatial metal distribution across the Mbale dumpsite gave 

an overview of a potential exposure pathway route, coupled with aerial deposition. 

Nevertheless, other exposure route (water, soil) assessments need to be carried at the 

Mbale dumpsite to completely established specific pathways. Inspite of that, the Al 

concentrations measured in crops grown at the Mbale dumpsite were higher than those 

reported in vegetables from Congo and South Africa (Nuapia et al., 2018) (Table SI 4.3). 

Also, the Zinc concentrations reported in the South African vegetables are consistent with 

those measured in crops at the Mbale dumpsite. Both Nuapia et al (2018) and Nabulo et 

al (2006) attributed Zn sources to industrial, and wear and tear from vehicular emissions. 

Similarly, the elevated Mn concentrations in leafy crops are associated with heavy traffic 

(motor vehicle emissions) and major industrial activities (Ali and Al-Qahtani, 2012). Cu, 

Mn and Zn are highly soluble in water, bio transferable and highly available to plants at 

low soil pH (Segura-Muñoz et al., 2006). Cu and Zn in the environment have been 

reported to come from uncontrollable burnt tyres illegally dumped on rubbish bins or 

dumping grounds (Ogundele et al., 2014). Also, Cu in plants could come from foliar 

absorption from Cu-based agrochemicals, soils treated with Cu-bearing pesticides, and 

accumulation from copper polluted sites, especially near industrial areas (Segura-Muñoz 

et al., 2006). A range of site and environmental factors (nearby industries and highways, 
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metal mining, waste burning, winnowing, inter-cropping, high soil pH, sample washing) 

could have influenced the Mn, Cu and Zn concentrations in crops at the Mbale dumpsite.  

 

The absolute metal concentration measured in fruits, seeds and stems were lower than in 

leaves and flowers, for most metals. Nabulo et al (2006) reported similar results from a 

study carried out at another site, in Uganda. The varied metal uptake in crops from those 

studies in Uganda and across the world, were attributed to the influence due to metal 

species, crop types and crop parts (Suruchi and Pankaj, 2011). Accordingly, several 

variations in metal concentrations measured at the Mbale dumpsite and reported in crops 

from previous studies (Table SI 4.3) occured. A study on a Nigerian dumpsite, where the 

pH was 7.51, reported higher Cd, Pb and Cr concentrations far above the WHO/FAO 

safety limits, compared to that measured at the Mbale dumpsite, where the pH range was 

6.4 to 9.0.  In Saudi Arabia, Ali and Al-Qahtani (2012) reported Fe concentrations in leafy 

vegetables (543.2 mg/kg) that was similar to those measured in Mbale crops. In the same 

study, Hg concentrations in leafy crops were in the same range (0.01 – 0.048 mg/kg) (Ali 

and Al-Qahtani, 2012) as those measured in Mbale crops (0.05 mg/kg). Otitoju et al. 

(2012) carried out a study on Nigerian dumpsite and reported lower Hg and Cd 

concentrations (0.001 – 0.005 mg/kg) than that measured in Mbale dumpsite crops (Table 

SI 4.3). Despite the observed variations between measured and reported metal 

concentrations in crops and crop parts; Hg, Pb, Ni, Cr, Mn and Zn concentrations in some 

crop parts, especially leaves and flowers were higher than the WHO/FAO safety limits. 

The higher Pb, Zn and Cu concentrations measured in leaves and flowers could have been 

influenced by surface aerial deposition (Lu et al., 2015; Nabulo et al., 2012; Nabulo et 

al., 2006).  
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4.4.2 Metal concentration variations with crop growth period at the Mbale dumpsite.  

In this section, the influence of crop growth period on metal accumulation in different 

crop types was assessed. Significant statistical differences in metal concentrations were 

observed between short-term and long-term crops.  

 

Pb, Co, Zn, Fe and Cu concentrations in short-term (2 – 6 months) crops were higher than 

in mid-term (7 – 15 months) or long-term (18 – 72 months), with the order presented as 

2 – 6 months > 7 – 15 months > 18 – 72 months. When metal concentrations in similar 

crops growing at either the dump centre or hill slope were compared, Zn, Pb and Co 

concentrations in short-term crops varied at both zones. However, only Fe concentrations 

significantly varied at the dump centre (i.e., dump centre = Pb, Fe, Zn, Co; slope = Pb, 

Zn, Co). Furthermore, when combined short-term crops were compared against combined 

long-term crops growing at either the dump centre or hill slope, the 2 – 6 months leafy 

crops exhibited higher Pb and Co concentrations than was estimated in long-term crops. 

Similarly, the Pb and Co concentrations were greater at dump centre than the slope, and 

higher than WHO/FAO consumer limits.  Full results on statistical comparison of metal 

variations with crop growth periods were presented under three strategies. 3-growth 

periods, presented on the graphical abstract (page 166) and Table SI 4.4. Furthermore, all 

crops presented under 2-growth period as in Figure 4.3 a (page 195). Also, all similar 

crops discussed under 2-growth period as in Figure 4.3 b (page 196). 
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Figure 4.3a. Variations for metal concentrations in all crops combined under two growth periods at Mbale dump centre and hill slope, Uganda. 
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Figure 4.3a. Variations for metal concentration in similar crops combined under two growth periods at the Mbale dump centre and hill slope, Uganda. 
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The Mbale dumpsite results were consistent with findings from other studies that reported 

elevated concentrations of Zn, Cu, Fe, Pb, Cd and Cr in leafy crops grown on urban soils 

(Nabulo et al., 2012; Nabulo et al., 2006; Pivić et al., 2013; Saumel et al., 2012; Ukpong 

et al., 2013). In previous studies, metal accumulation was attributed to the shallow roots 

of leafy crops that easily take up metals from the highly saturated topsoils compared to 

the deep-rooted crops (Cortez and Ching, 2014; Olowoyo et al., 2012; Ukpong et al., 

2013) (Table SI 4.3). Other reports on leafy crops attributed the elevated metal 

concentrations to their potential to modify the soil physio-chemical properties and 

influence the bioavailability of some metals (e.g., Zn, Cu, Pb, Cd, and Fe) (Olowoyo et 

al., 2012; Ukpong et al., 2013) (Table SI 4.3). The behaviours of metals in soils are very 

complex, which involve adsorption-desorption, complexation-dissociation, oxidation-

reduction, ion exchange, and carrier transport role (Mühlbachová, Simon, & Pechová, 

2005). The former two reactions mainly affect metal activity in soil, while oxidation-

reduction can also change metal valence. These chemical mechanisms can work together 

and affect one another, which formed a complex interaction system controlling metal 

fates. Leafy crops are also reported to accumulate elevated metal concentrations due to 

aerial deposition (Nabulo et al., 2012), crop growth during extreme dry season (Olowoyo 

et al., 2012; Oluyemi et al., 2008; Segura-Muñoz et al., 2006), high transpiration rate to 

sustain food production, growth and moisture content (Madejon et al., 2011; Mahmood 

and Malik, 2014), double metal access points (roots, foliar) or metabolic differences 

between crop species (Mwesigye et al., 2019; Sacristán et al., 2015; Saumel et al., 2012) 

(Table SI 4.3). Although all of these could be true, specific metal species, metal source, 

local soil conditions, soil metal concentrations, crop types and parts are known to 

influence most metal uptake in plants (Saumel et al., 2012; Szolnoki et al., 2013).  
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In the Mbale dumpsite study, the metal concentrations within soils or in roots were not 

analysed, hence could not assess transfer or bioconcentration factors (i.e., soils to crops) 

or translocation factors (i.e., roots to shoots) to ascertain exposure pathways. Based on 

previous soil analyses at the Mbale dumpsite, high soil pH, high organic matter, high sand 

and clay content, and low metal content were reported (OPEP, 2007). In the current study, 

the pH of dump soils and compost were also analysed, and results indicate that both 

categories exhibit high alkalinity. As reported in previous studies, increased metal uptake 

depends on crop type, crop part, increased soil metal content and low soil pH (Wang et 

al., 2006). With the high pH at the current study site, several metals would be adsorbed 

onto the soils and their availability inhibited for plant uptake from the soils. Also, the 

higher metal concentrations in leafy crops and flowers and the lower metal content in 

seeds, fruits and stems, gives an indication of external metal exposure pathways (i.e., 

surface aerial deposition), rather than root absorption (Lu et al., 2015; Nabulo et al., 2012; 

Nabulo et al., 2006).  Therefore, despite washing, the following potential pathways could 

still account for the elevated metal concentrations in short-term crops grown on the Mbale 

dumpsite. The measured accumulated metals in leafy crops are correlated to mainly 

industrial and motor vehicular emissions origin. The experimental site was located within 

an industrial establishment, close to industries, factories, highways, railway line, burning 

and metal mining areas, winnowing grounds, and refuelling stations. Crop sampling was 

during a long drought span (> 6 months). The sampled short-term crops could have 

experienced limited washing away of particulate matter from their leaves, hence severe 

occurrence of foliar absorption (Pivić et al., 2013; Ukpong et al., 2013).  In contrast, most 

long-term growth period crops were located on old dump soils, where repeated mixed 

crop farming have occurred for decades, and this could have reduced the organic matter 

and metal availability (Ukpong et al., 2013). Also, dilution effect increases with biomass 



Chapter 4 

245 
 

in mature long-term crops hence no concomitant increase in trace element uptake (Sheetal 

et al., 2016).  Results further showed that the crops at the dump centre exhibited higher 

Pb, Co, Zn, and Fe concentrations than those at the slope; with no significant Fe 

concentration variations in crops at the slope. The former could be attributed to foliar 

metal exposure from the various activities taking place at and near the dump centre (i.e., 

waste burning, metal-scrap mining and vehicular emissions) (Zaman and Lehmann, 

2011). However, the later could be explained from growth and sampling that occurred 

during extreme dry season, limiting leaching and weathering from the dump centre 

towards the slope. Findings indicate that leafy short-term crops growing at the Mbale 

dumpsite contains higher metal concentrations than the long-term crops show the 

importance of evaluating crop duration as part of the human health risk assessments.  

 
4.4.3 Metal concentration variations with crop part growth period at Mbale dumpsite 

This section assesses how crop part growth period influences metal accumulation in 

different crop parts. There was significant statistical variations in metal concentrations 

between combined short-term and long-term crop parts. Metal concentrations were 

significantly higher in leaves than in other crop parts (flowers, seeds, tubers, stem, fruits). 

Metal concentrations measured in leaves were in the order Mn > Ni > Fe > Al > Cr > Cu 

> Zn > Pb for leaves at the slope; and Mn > Al > Fe > Cr > Ni > Cu > Pb > Co for those 

at the dump centre. In combined crop parts, the highest metal concentrations were 

exhibited in leaves at the slope than at the dump centre. Furthermore, combined short-

term crop parts growing at either the dump centre or hill slope were compared against 

combined long-term crop parts at each of the location. Findings indicated that leaves of 

short-term crops exhibited higher Pb and Co concentrations than was estimated in leaves 

of long-term crops. On the contrary leaves of long-term crops contained higher Mn 

concentrations than those of short-term crops.  
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Statistical comparisons of Amaranthus leaves against Musa spp leaves growing at both 

the dump centre and hill slope indicated that Zn, Fe and Cu concentrations were higher 

in Amaranthus leaves than in Musa spp leaves growing at the dump centre. Zn and Cu 

concentrations in Amaranthus leaves were higher than in Musa spp leaves growing at the 

slope. Mn and Cr concentrations in Musa spp leaves were higher than in Amaranthus 

leaves growing at both the dump centre and the slope. Similarly, when Zea mays leaves 

and Musa spp leaves were compared, findings indicated that Fe and Cu in Zea mays leaves 

were higher than in Musa spp leaves growing at the dump centre. Fe, Cu, Zn and Al in 

Zea mays leaves were higher than in Musa spp leaves growing at the slope. Mn 

concentrations in Musa spp leaves were higher than in Zea mays leaves growing at the 

dump centre and Mn and Ni concentrations in Musa spp leaves were higher than in Zea 

mays leaves growing at the slope. In general, Pb, Co, Zn, Cu and Fe concentrations were 

higher in short-term crops at the dump centre and in long-term crop parts (leaves) at the 

slope; and most of these metals were higher than WHO/FAO consumer limits.  Detailed 

results on metal concentration variations with crop part growth periods were presented 

under four strategies. Two strategies were for combined crop parts and the other two were 

for individual crop parts as presented. All leaves combined under two-growth periods are 

detailed in Figure 4.4. Figure 4.5 presents all leaves combined and compared against other 

crop parts. Leaves of similar crops combined under two growth periods, and leaves of 

individual short-term and long-term crops compared are presented in Table SI 4.5.  
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Figure 4.4. Variations of metal concentrations in crop leaves combined under two growth periods and growing on the Mbale dump centre and hill slope, Uganda. 
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Figure 4.5. Variations of metal concentrations in long-term (leaves) and short-term crop parts combined under two growth periods at Mbale dumpsite 
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Crop part analysis from previous studies reported higher metal concentrations in leaves 

than any other crop part, for most metals (Khan et al., 2009; Rahman et al., 2014; 

Sacristán et al., 2015). Also reported were theoretical facts that some crop types have the 

potential to restrict Cd, Zn and Pb to only leaves (Oluyemi et al., 2008). This is consistent 

with findings that metal accumulation depend on plant characteristics: crop type, crop 

part; metal characteristics: metal origin, and metal species; and environmental factors 

(Adefila et al., 2010; Rahman et al., 2014; Ukpong et al., 2013). In the current study, the 

high metal accumulation in leaves compared to other parts could be attributed to foliar 

absorption from atmospheric deposition and the longer leaf growth period (Pivić et al., 

2013; Ukpong et al., 2013). Also, the highest metal concentrations in leaves at the slope 

could be because of aerial deposition from the pollutant sources around the dump centre 

and the slope (e.g., burning, mining, winnowing). Crops located next to the riverbank 

(e.g., Papaya) exhibited higher metal concentrations which could be attributed to repeated 

weathering, leaching and metal covering by river flood waters, hence creating exposure 

to deep-rooted crops. 

 

4.4.4  Comparison of metal concentrations in crops and crop parts with WHO/FAO 
food safety limits 
 

In the quest to ascertain if food crops and crop parts were fit for human consumption, the 

metal concentrations were compared against the WHO/FAO consumer food safety limits. 

The analysed metals were found to be above the WHO/FAO consumer food safety 

guidelines and could pose risks to consumers. Hg in all crop parts were higher than the 

limits (0.03 mg/kg). Pb concentrations in 2 – 6 months crops, Amaranthus leaves and 

flowers and leaves of Zea mays, Mafafa and Papaya, Pb were higher than the standard 

(0.3 mg/kg). Nickel concentrations in Mafafa leaves was higher than the WHO/FAO 
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range in plants (0.01 – 5 mg/kg). However, Ni concentrations were higher than the 

European Food Standards Agency (2.0 mg/kg) for 7-15 months (Mafafa, Manihot, Musa 

spp), Amaranthus leaves, fruits and Papaya) leaves,. In all crop parts, (except the seeds), 

Cr concentrations were higher than the limits (0.2 mg/kg). Except in Coffea seeds, 

Dioscorea fruits, Saccharum stem and some tubers, Mn in all other crop parts are above 

the WHO/FAO standard limit (5.5 mg/kg) and safe limits (2 – 9 mg/kg). In all crop parts, 

Cu concentrations were below the limit (15 mg/kg) except in Mafafa leaves and Coffea 

seeds. Despite having no WHO/FAO established threshold concentrations, Zn measured 

in all crop parts were within the normal range in plants (1 – 400 mg/kg) and in crops 

grown in contaminated environments (39 – 710 mg/kg). Nevertheless, Zn concentrations 

in most crop parts were above the Codex limits (60 mg/kg), except Coffea seeds, fruits 

(Papaya, Dioscorea), tubers (Manihot), Saccharum stem, Musa spp and 18 – 72 months 

crops. Also, in all crop parts, Al concentrations were above the normal concentrations 

found in plants (2 – 3 mg/kg). In all crop parts, Fe concentrations were above the normal 

range found in plants (20 – 100 mg/kg) except in seeds, Dioscorea fruits, Saccharum stem 

and tuber.   

 
4.5 Summary and Conclusions 

Crop leaves, including some vegetables are used as food cover during cooking, animal 

feeds, cereals (seeds), food colours, and medicines (Olowoyo et al., 2012). The Mbale 

dumpsite study showed that nine commonly consumed crops are effective bio-monitors 

to assess metal uptake with growth period, and to investigate possible food chain 

contamination. Significant metal concentration variations were observed when paired 

comparisons and postdoc tests were performed on crop type and crop part (located at the 

dump centre and hill slope) against their growth period. Short-term crops accumulated 

higher metal concentrations, for most metal species (Fe, Zn, Pb, Co, Cu) when compared 
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to the long-term crops: 2 – 6 > 7 – 15 > 18 – 72 months. Long-term crop parts (leaves) 

accumulated higher metal (Mn, Ni, Fe, Al, Cr, Cu, Zn, Pb, Co) concentrations compared 

to short-term crop parts (seeds, flowers, stem, fruits, tubers). Pb, Co, Zn, Cu and Fe 

concentrations were mainly found in short-term crop leaves. The highest metal 

concentrations in leaves were at the slope, in the order: Mn > Ni > Fe > Al > Cr > Cu > 

Zn > Pb while that at the dump centre was Mn > Al > Fe > Cr > Ni > Cu > Pb > Co.  

 

A comparison on metal concentrations in leaves of individual crop parts grown at the 

dump centre and slope are presented. At the dump centre and slope, Musa spp leaves 

contained Mn and Cr,  and Mn, Cr and Ni concentrations respectively. Also, Zea mays 

contained Al, Cr and Zn concentrations at the dump centre, while Cr and Zn were 

observed in Musa spp leaves at the slope. In the nine crops, metal accumulation depended 

on crop part, the metal species analysed, growth period, and in some cases the location 

across the dumpsite. However, the Hg, Pb, Ni, Cr, Mn, Al, Zn, Fe concentrations in crops 

and crop parts were above the WHO/FAO consumer food safety guidelines. Therefore, 

short-term crops and long-term crop parts may pose health risks to consumers (e.g., 

humans and other herbivores).   

 
The accumulation of Pb, Cu, Zn, Fe, Co, As, and Al concentrations in short-term crops 

and leaves were reported by several other studies (Nabulo et al., 2012; Pivić et al., 2013; 

Saumel et al., 2012). In both previous and current studies, the measured hazards in the 

different crop parts indicate health risks towards consumers. We, therefore, recommend 

that municipal council authorities need to create awareness, as a strategy towards 

enforcing land and food governance (Dispatch, 2019; Independent, 2019a). Urban 

farmers should be advised to grow and consume safer crops (seeds, fruits, stems, tuber) 

rather than leafy crops. Farming on the safer sections of the dumpsite, or alternative areas 
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outside the urban setting should be encouraged for leafy crops; and urban agriculture, 

including dumpsite farming should be avoided (if possible), especially if contamination 

of soils is likely to have occurred. 
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Table SI 4.1. Metal concentrations (mean + SD, mg/kg, n = 8) in short-term and long-term growth period crops at the dump centre and hill slope 

Zones Crop Type Growth Period Al Cr Fe Mn Co Ni Cu Zn As Se Cd Hg Pb 

Dump Centre all crops 

2 - 6 months 198 + 158 0.8 + 0.7 268 + 221 39 + 32 0.1 + 0.1 1.2 + 0.7 6.1 + 2.9 59 + 58 0.05 0.06 + 0.02 0.05 0.05 0.4 + 0.3 

7 - 15 months 108 + 111 0.9 + 0.4 134 + 143 70 + 83 0.06 + 0.04 2.6 + 3.2 7.5 + 8.7 38 + 51 0.05 0.05 0.05 0.05 0.08 + 0.08 

18 - 72 months 54 + 62 0.7 + 0.2 91 + 92 22 + 23 Nil 0.9 + 0.5 7.7 + 7.1 32 + 41 0.05 0.05 0.05 0.05 0.05 + 0.01 

Slope all crops 

2 - 6 months 158 + 111 0.8 + 0.7 186 + 125 28 + 20 0.08 + 0.04 1.3 + 0.9 6.1 + 2.7 80 + 60 0.07 + 0.04 0.05 0.06 + 0.04 0.05 0.5 + 0.5 

7 - 15 months 105 + 92 0.84 + 0.6 132 + 130 47 + 68 0.05 1.3 + 0.9 5.6 + 3.7 92 + 115 0.05 0.05 0.05 0.05 0.1 + 0.1 

18 - 72 months 167 + 247 0.93 + 0.5 218 + 314 19 + 27 0.05 1.3 + 1.1 4.3 + 1.6 24 + 9 0.05 0.05 0.05 0.05 0.2 + 0.2 

Dump Centre 

Zea mays 2 - 6 months 107 + 98 0.91 + 0.92 125 + 119 29 + 29 0.07 + 0.02 0.7 + 0.6 5.6 + 4.0 67 + 89 0.05 0.05 0.05 0.05 0.27 + 0.26 

Amaaranthus 2 - 6 months 289 + 157 0.7 + 0.4 410 + 209 48 + 33 0.15 + 0.13 1.6 + 0.5 6.6 + 1.2 51 + 7 0.05 0.06 + 0.03 0.05 0.05 0.54 + 0.22 

Musa spp 7 - 15 months 92 + 74 0.9 + 0.4 84 + 77 83 + 102 0.05 3.1 + 4.3 4.1 + 0.9 8.0 + 4.3 0.05 0.05 0.05 0.05 0.05 

Manihot 7 - 15 months 160 + 171 0.75 + 0.39 205 + 227 71 + 79 0.08 + 0.06 2.6 + 1.7 4.3 + 1.9 38 + 36 0.05 0.05 0.05 0.05 0.14 + 0.13 

Mafafa 7 - 15 months 54 + 40 0.82 + 0.14 145 + 76 30 + 5.3 0.05 0.95 + 0.12 25 + 12 131 + 41 0.05 0.05 0.05 0.05 0.27 + 0.26 

Papaya 18 - 72 months 66 + 84 0.71 + 0.23 120 + 115 33 + 25 0.05 1.2 + 0.6 6.3 + 4.5 46 + 52 0.05 0.05 0.05 0.05 0.04 + 0.02 

Saccharum 18 - 72 months 32.00 0.95 34.20 2.80 0.05 0.61 1.04 15.60 0.05 0.05 0.05 0.05 0.05 

Coffea arabica 18 - 72 months 41.10 0.57 58.00 11.30 0.05 0.50 18.33 7.00 0.05 0.05 0.05 0.05 0.05 

Slope 
Zea mays 2 - 6 months 134 + 133 0.85 + 0.82 147 + 147 19 + 18 0.06 + 0.02 0.8 + 0.7 5.0 + 3.0 65 + 44 0.07 + 0.04 0.05 0.05 0.05 0.23 + 0.24 

Amaaranthus 2 - 6 months 190 + 84 0.74 + 0.35 238 + 64 40 + 16 0.09 + 0.04 1.9 + 0.7 7.5 + 1.1 100 + 74 0.07 + 0.05 0.05 0.07 + 0.06 0.05 0.8 + 0.6 
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Musa spp 7 - 15 months 106 + 94 1.2 + 0.9 107 + 107 87 + 99 0.05 1.3 + 1.0 5.3 + 0.8 14.4 + 5.2 0.05 0.05 0.05 0.05 0.05 

Manihot 7 - 15 months 98 + 89 0.62 + 0.2 139 + 147 20 + 23 0.05 1.2 + 0.8 4.1 + 3.2 143 + 138 0.05 0.05 0.05 0.05 0.06 + 0.01 

Mafafa 7 - 15 months 131 + 162 0.6 + 0.4 180 + 189 33 + 25 0.05 1.5 + 1.5 12.3 + 5.0 125 + 79 0.05 0.05 0.05 0.05 0.26 + 0.29 

Papaya 18 - 72 months 242 + 297 1.2 + 0.2 312 + 379 28 + 32 0.05 1.8 + 1.0 3.5 + 1.4 27 + 11 0.05 0.05 0.05 0.05 0.22 + 0.24 

Dioscorea alata 18 - 72 months 15.78 0.38 28.00 2.20 0.05 0.32 5.73 18.02 0.05 0.05 0.05 0.05 0.05 
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Table SI 4.2. Metal concentrations (mean + SD, mg/kg, n = 81) in short-term and long-term crop parts at the dump centre and hill slope 
 

Zones Crop parts Growth Period Al Cr Fe Mn Co Ni Cu Zn As Se Cd Hg Pb 

Dump 
Centre 

Leaves long-term 229 + 95 1.1 + 0.8 318 + 190 79 + 59 0.1 + 0.1 1.8 + 0.9 7.3 + 3.2 64 + 68 0.05 0.06 + 0.02 0.05 0.05 0.4 + 0.3 
seeds short-term 19 + 10 0.2 + 0.3 29 + 27 13 + 18 0.05 0.3 + 0.4 5.6 + 6 40 + 29 0.05 0.05 0.05 0.05 0.05 
flower short-term 272 + 206 0.9 + 0.4 330 + 147 41 + 29 0.1 + 0.2 1.4 + 0.3 6.6 + 1.4 49 + 4 0.05 0.05 0.05 0.05 0.5 + 0.2 
fruit short-term 23 + 7 0.7 + 0.3 17 + 10 3 + 2 0.05 3.7 + 5.5 3.1 + 0.6 5.7 + 3.1 0.05 0.05 0.05 0.05 0.05 
tuber short-term 21 + 5 0.6 + 0.3 41 + 44 11 + 44 0.05 1.1 + 0.2 13 + 17 58 + 88 0.05 0.05 0.05 0.05 0.05 
stem short-term 32 1 34 2.8 0.05 0.6 1 16 0.05 0.05 0.05 0.05 0.05 

Slope 

Leaves long-term 216 + 79 1.2 + 0.6 268 + 96 56 + 53 0.07 + 0.03 2.0 + 0.6 7.4 + 2.5 120 + 97 0.07 + 0.04 0.05 0.06 + 0.04 0.05 0.4 + 0.4 
seeds short-term 11.0 + 0.5 0.08 + 0.03 12 + 4 3.9 + 1.3 0.05 0.2 + 0.1 2.2 + 0.9 34 + 11 0.05 0.05 0.05 0.05 0.05 
flower short-term 230 + 49 1.0 + 0.2 267 + 41 28 + 3 0.1 + 0.03 1.4 + 0.3 7.5 + 1.8 61 + 7 0.05 0.05 0.05 0.05 1.1 + 0.8 
fruit short-term 22 + 7 0.6 + 0.3 21 + 16 6 + 2 0.05 0.5 + 0.3 4.9 + 1.4 14 + 5 0.05 0.05 0.05 0.05 0.05 
tuber short-term 16 + 3 0.4 + 0.1 16 + 18 3.6 + 6.2 0.05 0.5 + 0.1 2.7 + 3.4 53 + 72 0.05 0.05 0.05 0.05 0.05 

Zones Crops Crop parts Al Cr Fe Mn Co Ni Cu Zn As Se Cd Hg Pb 

Dump 
Centre 

Zea mays seeds 15.3 + 3.3 0.06 + 0.02 14.5 + 3.2 6 + 2 0.05 0.12 + 0.04 2.6 + 0.6 34 + 8 0.05 0.05 0.05 0.05 0.05 
Papaya seeds 18.2 0.62 83.2 55.8 0.05 1.2 11.3 105.3 0.05 0.05 0.05 0.05 0.05 
Coffea 
arabica seeds 41.1 0.6 57.6 11.3 0.05 0.45 18.33 6.79 0.05 0.05 0.05 0.05 0.05 

Musa spp fruit 25 + 7 0.7 + 0.4 14 + 8 2.1 + 0.4 0.05 4.8 + 6.2 3.3 + 0.6 4.2 + 0.6 0.05 0.05 0.05 0.05 0.05 
Papaya fruit 17.3 0.6 28.4 6.2 0.05 0.62 2.5 10.3 0.05 0.05 0.05 0.05 0.05 
Manihot tuber 18 + 2 0.41 + 0.04 15.1 + 1.1 2.5 + 0.6 0.05 1.2 + 0.1 2.7 + 0.4 6.5 + 1.5 0.05 0.05 0.05 0.05 0.05 
Mafafa tuber 26.11 0.92 91.4 26.5 0.05 0.9 33 159.4 0.05 0.05 0.05 0.05 0.05 

Amaranthus leaves 306 + 105 0.5 + 0.3 490 + 243 56 + 37 0.2 + 0.1 2.1 + 0.6 7 + 1 53 + 9 0.05 0.06 + 0.04 0.05 0.05 0.6 + 0.2 
Zea mays leaves 199 + 33 1.8 + 0.3 236 + 44 53 + 22 0.08 + 0.03 1.3 + 0.3 8.7 + 3.5 100 + 112 0.05 0.05 0.05 0.05 0.5 + 0.2 
Musa spp leaves 158 + 23 1.2 + 0.4 152 + 18 162 + 79 0.05 1.5 + 0.3 4.9 + 0.2 11.9 + 1.2 0.05 0.05 0.05 0.05 0.05 
Manihot leaves 303 + 78 1.09 + 0.02 394 + 109 139 + 15 0.11 + 0.09 4.1 + 0.5 5.9 + 0.7 69 + 5 0.05 0.05 0.05 0.05 0.2 + 0.1 
Mafafa leaves 82 0.72 199 34 0.05 1.04 16.1 101 0.05 0.05 0.05 0.05 0.03 
Papaya leaves 163 1 250 37 0.05 1.72 5.1 24 0.05 0.05 0.05 0.05 0.03 

Amaranthus flower 272 + 206 0.86 + 0.42 330 + 148 41 + 29 0.14 + 0.17 1.4 + 0.3 6.6 + 1.4 49.3 + 4.3 0.05 0.05 0.05 0.05 0.5 + 0.2 
Saccharum stem 32 1 34.2 2.8 0.05 0.6 1.1 15.6 0.05 0.05 0.05 0.05 0.05 

Slope 

Zea mays seeds 11 + 0.5 0.08 + 0.03 11 + 4 3.9 + 1.3 0.05 0.2 + 0.1 2.2 + 0.9 34 + 11 0.05 0.05 0.05 0.05 0.05 
Musa spp fruit 20 + 5 0.5 + 0.1 10 + 1 6.5 + 1.2 0.05 0.4 + 0.1 5.5 + 0.7 10 + 1 0.05 0.05 0.05 0.05 0.05 
Papaya fruit 32.2 1.1 45 5.7 0.05 1.1 2.6 20 0.05 0.05 0.05 0.05 0.05 

Dioscorea 
alata fruit 16 0.4 28 2.3 0.05 0.32 5.73 18 0.05 0.05 0.05 0.05 0.05 

Manihot tuber 16 + 3 0.5 + 0.1 8 + 6 0.9 + 0.3 0.05 0.5 + 0.1 1.2 + 0.5 21 + 7 0.05 0.05 0.05 0.05 0.05 
Mafafa tuber 17 0.3 46 15 0.05 0.5 9 181 0.05 0.05 0.05 0.05 0.05 

Amaranthus leaves 169 + 63 0.6 + 0.4 223 + 73 46 + 17 0.09 + 0.05 2.2 + 0.6 7.5 + 0.9 119 + 87 0.08 + 0.05 0.05 0.08 + 0.08 0.05 0.64 + 0.47 
Zea mays leaves 257 + 58 1.6 + 0.2 283 + 57 34 + 14 0.08 + 0.03 1.4 + 0.3 7.8 + 1.4 96 + 43 0.08 + 0.06 0.05 0.05 0.05 0.4 + 0.2 
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Musa spp leaves 191 + 21 1.9 + 0.6 204 + 20 168 + 71 0.05 2.2 + 0.5 5 + 1 19 + 3 0.05 0.05 0.05 0.05 0.05 
Manihot leaves 180 + 20 0.8 + 0.1 270 + 70 39 + 16 0.05 2.0 + 0.3 7.0 + 1.3 263 + 73 0.05 0.05 0.05 0.05 0.06 + 0.01 
Mafafa leaves 246 0.9 313 51 0.05 2.5 16 69 0.05 0.05 0.05 0.05 0.5 
Papaya leaves 452 1.4 580 50 0.05 2.5 4.5 35 0.05 0.05 0.05 0.05 0.4 

Amaranthus flower 230 + 49 1.0 + 0.2 267 + 41 28 + 3 0.10 + 0.03 1.4 + 0.3 7.4 + 1.8 61 + 7 0.05 0.05 0.05 0.05 1.1 + 0.9 



Chapter 4 

267 
 

Table SI 4.3. Metal concentrations (mg/kg, dry mass) in short-term and long-term crop parts from previous studies 
 

Location Crop type Crop part Al Cr Fe Mn Co Ni Cu Zn As Se Cd Hg Pb Ref. 
Gulu dumpsite Saccharum stem 4      15 64   1    

(Twinamatsiko et al., 
2016) 

Musa spp fruit       15 120   0.21  5.34 

Nigeria dumpsite Mafafa leaves  5 73 50 ND 8 14 69 4.34  9  39  
(Oluyemi et al., 2008) Mafafa tuber  ND 176 15 ND ND 25 113 8.3  6  50 

Nigeria dumpsite Musa spp tuber       0.1- 0.3 11-43       
(Ogundele et al., 2014) papaya fruit       0.1- 0.3 11-43      

Nigeria dumpsite  
Manihot 

leaves   82 68 ND 40  45 8.3  1.4  133  
(Oluyemi et al., 2008) tuber   169 13 3 ND  36.14 4.2  14  88 

Nigeria dumpsite  
Manihot 

leaves      25     4.1  112  
(Okoronkwo et al., 

2005b) 
tuber      25     4.1  77 

Zimbabwe saccharum stem  3    3.4 140 110   1.5 0.06 3 (Muchuweti et al., 
2006) 

 
Nigeria dumpsite 

 
Papaya 

roots   172   4.1 15 17   3.1  19  
(Ebong et al., 2008) stem   150   3.1 11.2 13   3  7.2 

leaves   183   3.8 13.1 18   3  7.1 
Denmark urban 

gardens 
Vegetables tubers + 

leaves 
 < 0.09 - 

038 
   < 0.23 – 

0.62 
1.8 – 8.7 10 - 86 0.002 – 0.21  0.03 -0.25  0.05 – 1.56 (Warming et al., 2015) 

Nigerian 
dumpsite 

Colcasia tissue  0.5 41 - 54   0.2 – 0.6     0.05 – 0.4  2 - 23 (Ukpong et al., 2013) 

Brazil dumpsite Saccharum stem  60 + 46  466 + 234   127 + 68 170 + 62   0.2 + 0.1 0.03 + 0.01 7 + 3  
 

(Segura-Muñoz et al., 
2006) 

 
Nigerian 
dumpsite 

(pH = 5.9) 

Colcasia 
Xanthosoma 

Corm/tuber   150  10  9 14   0.5  3 
leaves   212  9  4 9   1.2  14 

 
Papaya 

fruit   169  0.6  6 5   0.4  10 
leaves   71  3  8 6   2.0  17 

Nigeria dumpsite 
(pH = 7.51) 

Papaya 
Amaranthus 

hybridus 

Leaves 
Leaves 

 17.52±0.02 
 

15.35 + 
0.03 

 

137.93±0.18 
 

107.8 + 0.10 

8.44±0.02 
 

5.22 + 
0.01 

 
 
 
 

4.55±0.04 
 

3.51 + 0.50 

24.51±0.14 
 

14.76 + 
0.004 

32.27±0.03 
 

29.70 + 
0.02 

  61.82±0.12 
 

19.55 + 0.03 

 14.39±0.05 
 

8.84 + 0.02 

 
(Obasi et al., 2013) 

WHO-FAO   2/3 0.2 20 -100 in 
plants 

5.5 
(2-9) 

 0.01 - 5 15 
(3-15) 

60 
39-710 
(1-400) 

0.005/0.1 0.01  to 
0.05 

0.1/0.2/0.3 0.03/0.05 0.1/0.3 (Ali and Al-Qahtani, 
2012; Azi et al., 2018; 

Nabulo et al., 2010; 
Olowoyo et al., 2012; 

Tiimub and Afua, 
2013) 
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Table SI 4.4.  Metal concentration variations (mg/kg) with growth period in combined crop types (n = 8 and 9) at the Mbale dumpsite 
 

Growth Period (months) Strategy Crops Metal Species Period Comparison 

Dump centre 
metal 

concentration 
variation 

Slope metal 
concentration variation 

2 - 6 Vs 7 - 15 Zea mays, 
Amaranthus, 

Manihot, Musa spp, 
Papaya, Coffea 

arabica, Saccharum 
officinarum, 
Colocasia 

xanthosoma 
sagittifolium mafafa, 

Dioscorea alata 

Pb 2 - 6 > 7 - 15 14.08 12.11 

2 - 6 Vs 7 - 15 Co 2 - 6 > 7 - 15 7.94 10.48 

2 - 6 Vs 18 - 72 Pb 2 - 6 > 18 - 72 17.45 Not Available 

< 6 Vs > 6 

Zea mays, 
Amaranthus, manihot, 

Musa spp, Papaya, 
Coffea arabica, 

Saccharum 
officinarum, 
Colocasia 

xanthosoma 
sagittifolium mafafa, 

Dioscorea alata 

Fe Less 6 > greater 6 8.14 Not Available 

< 6 Vs > 6 Zn Less 6 > greater 6 8.95 7.67 

< 6 Vs > 6 Co Less 6 > greater 6 9.65 10.48 

< 6 Vs > 6 Pb Less 6 > greater 6 15.07 11.68 

< 6 Vs > 6 Zea mays, 
Amaranthus, 

Manihot, Musa spp, 
Papaya, Colocasia 

xanthosoma 
sagittifolium mafafa 

Pb Less 6 > greater 6 14.3 11.25 

< 6 Vs > 6 Co Less 6 > greater 6 8.99 Not Available 
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< 6 Vs > 6 Fe Less 6 > greater 6 7.48 Not Available 
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Table SI 4.5. Metal concentration variations (mg/kg, n = 81) with growth period in combined and individual crop parts at the dump centre and hill slope 

Zones Crop parts metals 2 - 6 months 7 - 15 months less than 6 months greater than 6 months 

Dump 
Centre 

Leaves 

Pb 12.33 3.83   

Mn 7.50 13.50   

Pb 
  

12.33 4.29 

Co 
  

12.00 6.57 

Amaranthus Vs 
Musa spp 

Cu 6.70 4.90   

Zn 52.20 11.90   

Fe 6.50 2.00   

Cr 3.67 7.67   

Mn 3.67 7.67   

Zea mays Vs 
Musa spp 

Fe 6.50 2.00   

Cu 8.70 4.90   

Mn 53.00 165.00   

Leaves: long-
term part Vs 

short-term parts 

Mn   13.00 30.26 

Al   14.18 28.89 

Fe   14.41 28.63 

Cr   15.41 27.47 

Ni   15.50 27.37 

Cu   16.64 26.05 

Pb   17.00 25.63 

Co   17.27 25.32 

  Pb   14.75 6.00 

Slope 

Leaves Pb 14.08 5.12   

 Cr 3.50 8.00   

Amaranthus Vs 
Musa spp 

Mn 3.50 8.00   

Cu 6.33 2.33   

Zn 6.50 2.00   

 Fe 6.33 2.33   

Zea mays Vs 
Musa spp 

Ni 3.67 7.67   

Cu 6.50 2.00   

Zn 6.50 2.00   

Mn 34.00 168.00   

Al 257.00 191.00   

Leaves: long-
term part Vs 

short-term parts 

Mn   10.58 29.48 

Al   12.05 28.14 

Fe   11.84 28.33 

Cr   13.11 27.19 

Ni   10.63 29.43 
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Cu   13.47 26.86 

Pb   14.37 26.05 

Zn   13.84 26.52 
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CHAPTER 5   OBJECTIVE 3 

5.1 Metal occurrences and their exposure risks to consumers 
 

Environmental contamination exposes humans to both sanitation and chemical risks across 

countries. Water and food are cited as the major exposure routes to humans; and several 

illnesses attributed to that effect have been reported across developed and developing countries, 

raising a global public health issue of concern. Whereas communicable diseases were a major 

prior concern in developed countries, the current shift in research focus to diseases derived from 

affluence indicates an era of eradication – no more threats (Ndejjo et al., 2019). Currently, 

developed countries study diseases such as cancer, genetical disorders, cardio-vascular 

diseases, drug and alcohol abuse, and those from sustainability) (Marshall & Farahbakhsh, 

2013). Sustainability related incidences are related to health conditions coming from chemicals 

in the environment and the food chain –where consumers get exposed to known and unknown 

risks (Musoke et al., 2016).  

 

Developing countries are the current perpetrators, experiencing severe health concerns due to 

combined effects from communicable diseases, diseases of affluence and those from chemical 

risks (Musoke et al., 2016; Ndejjo et al., 2019; Radwan & Salama, 2006; WHO, 2015). One 

contributory factor to these risks, in developing countries is the co-existence of open waste 

dumping and dumpsite farming – which exposes the population to microbiological agents and 

numerous chemicals. The unfortunate scenario is that local governments in most developing 

countries perceive dumpsite farming as a good strategy to reduce open waste dumpsite 

maintenance costs, irrespective of the associated potential risks from organic and inorganic 

(metals) components (Nabulo et al., 2012; Sipter, R�zsa, Gruiz, Tátrai, & Morvai, 2008). 

Dumpsites contain essential (Cu, Fe, Zn, Co, Se, Cu, Mn) and non-essential (As, Pb, Cr, Cd, 

Hg, Al) metals. However, even essential metals when consumed above the standard levels, 
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could pose risks to consumers (El-Kady & Abdel-Wahhab, 2018; Tóth et al., 2016). Millions 

of tons of metals have been produced since stone age, but because they are non-biodegradable, 

they contaminate the food chain through bioaccumulation and bio-concentration (El-Kady & 

Abdel-Wahhab, 2018).  

 
Consequently, short-term exposure to Cd, Pb, As, Cr, Zn and Cu results in acute toxicity and 

elevated long-term exposure causes chronic diseases. The evident physiological disorders and 

cancerous diseases are ralted to hepatotoxicity, nephrotoxicity, cadio-vascular toxicity, 

neurotoxicity and gastrointestinal disorders. Also, Alzheimer, Arthritis diabetes, fatigue and 

memory loss, and other related diseases occur (Ali & Al-Qahtani, 2012; Dosunmu et al., 2007; 

El-Kady & Abdel-Wahhab, 2018; Mahmood & Malik, 2014; Otitoju et al., 2012). Hazard 

analysis and health risk assessment guides the identification and quantification of risks. Risk 

assessment provides weight-of-evidence (risk levels) upon which risk communication bases on 

to give support or make decisions for risk management. 

 
5.2 Hazard Analysis and Risk Assessment 

Hazard is the potential of a stressor to cause harm, while risk is the likelihood of harm to occur 

and the amount of harm caused. Hazard and risks are managed or evaluated through risk 

assessment, which involves: problem formulation (hazard & receptor identification) based on 

specific-site properties; hazard analysis (characterization & exposure assessment) based on 

known chemical properties; concentration factor and known ability to cause harm due to 

exposure and risk levels; and risk characterization, based on the international agency for 

research on Cancer (IARC). Hazards are classified into known carcinogenic classes and cancer 

action sites as follows: 1/A (enough evidence for carcinogenicity in humans e.g., Al, Ni, Cr 

(mutagenic), Cd, As); 2A/B (strong but limited evidence for carcinogenicity in humans e.g., 

inorganic Pb) (Fan, Zhu, Li, He, & Huang, 2017); 2B/C (possible carcinogen to humans e.g., 
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methyl Hg); and 3D (insufficient evidence e.g., Cu, Mn, Zn, Co, Se, Fe) (Shaheen et al., 2016). 

This process detects and quantifies the amount of hazard exposure in a receptor (laboratory 

analysis). Risk treatment compares the measured hazard quantity against the bench-mark levels 

to estimate risk. Any hazard exposure quantity above standard is subjected to risk level 

estimates using simple methodologies (hazard quotient, health risk index), which can result into 

acceptable or unacceptable risk levels (<1, =1, or >1) (Barlow et al., 2015).  

 
Risk assessment is a valuable tool to build knowledge, understand and estimate the quantity of 

chemicals in environmental resources (water, soil, air) for various purposes. With the identified 

hazards and risks, policymakers could make informed environmental management decisions on 

control strategies. In situations like the Mbale dumpsite, where limited knowledge exists on the 

hazards or risks (to illness), site-specific stressors are determined. This is through 

environmental risk assessments, to establish if the stressors pose risks to ecological and other 

environmental receptors. Environmental risk assessment involves ecological and human health 

risk assessments. Environmental risk assessment is of two types and can be performed on a 

small-scale (manufacturing plant), field-scale (pesticide on crops), or at regional level (river 

catchment or bay). The types include (1) retrospective - predicts adverse effects from exposure 

after it has occurred; (2) prospective - used to predict adverse effects based on estimated 

exposure (regulating chemicals before they are permitted for use). In ecological risk assessment, 

the likelihood and magnitude of adverse effects caused to organisms (animals, plants, or 

microbes), due to exposure is evaluated. Ecological effects could be assessed in single cells, 

individual, population, ecosystems or landscapes. In health risk assessment, the following are 

evaluated. The health risk that, a known or suspected chemical (metals) may have on individuals 

and the population, or the likelihood and severity of other non-cancer adverse effects 

(consequence) after exposure to chemicals (metals) (Barlow et al., 2015). 
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To proceed with risk assessment, there is need to evaluate the hazard potential (metal properties, 

toxicity: dose-response), estimate the hazard exposure (amount, frequency), and risk level 

(consequence) above the standard permissible levels (Barlow et al., 2015). The metal properties 

are persistence (biodegradation) factor, bio-accumulation factor, ability to vaporize and travel 

long distances across borders, solubility in water and risk impact to disease due to toxicity factor 

(Ogundele et al., 2014; Suruchi and Pankaj , 2011). Several techniques exist for evaluating risk 

assessments: health quotient (HQ), health risk index (HRI), daily dietary index (DDI), target 

hazard quotient (carcinogenic and non-carcinogenic effects), hazard index, disease and 

carcinogenic risk factors, the morbidity status, the enrichment factor, the degree of 

contamination, the uptake/transfer factor, statistics, geo-statistics and GIS modelling (Balkhair 

& Ashraf, 2016; Khan et al., 2013; Khan et al., 2009; Uriah & Shehu, 2014). The techniques 

can be applied to the following different hazard exposure routes: inhalation of dust, dermal 

exposure, consumption of contaminated drinking water, direct ingestion of soils and 

consumption of food plants grown on contaminated soils (Chary, Kamala, & Raj, 2008; Sipter 

et al., 2008). To calculate regulatory risk (e.g., Mbale dumpsite case), scientific risk from 

current available information need to be evaluated, while maximum consumption is estimated 

as though the hazard in the contaminated food is consumed daily for a person’s entire lifetime 

(Fung et al., 2018).  
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5.3 Do crops grown on the Mbale dumpsite pose unacceptable metal risks to  
consumers? 
 

For submission as:  Florence Barbara Awino, William Maher, A. Jasmyn J. Lynch 

 

Highlights 

o Metal concentrations were higher in leaves compared to other crop parts 

o The total dietary exposure risks in consuming one crop type or individual combined   

crop types was higher than in common mixed diets (meal types), except in fruit mixtures, with 

low metal intake 

o Non-carcinogenic risks for most metals, from dietary exposure in crop types and meal 

types were higher for children than for adults  

o Leafy vegetables exhibited the highest non-carcinogenic and carcinogenic risks 

compared to legumes, cereals and fruits 

o Carcinogenic risks for most metals in crop types and meal types were high (10-3 - 10-2) 

 

ABSTRACT 

High dietary intake of metals above the recommended food safety standards (oral reference 

doses) could pose health concerns. This study assesses if the total risks from metals in individual 

and multiple crops are acceptable in relation to food safety guidelines, and cancer risk 

categories. The metal concentrations in individual crop parts and multiple crops were assessed 

against World Health Organization/Food and Agricultural Organization (WHO/FAO) food 

safety limits for human consumption. The study found that the mean concentrations of some 

essential elements (Fe, Al, Zn, Mn and Cu) were higher than for most toxic elements (Cr, Pb, 

Ni, Co, Se, As, Cd, and Hg), that were only present in trace amounts, except for Al and Se. 

Metal concentrations were also highest in leaves than any other crop parts, for most metals. 

Further, the estimated daily metal intake, non-carcinogenic and carcinogenic risks were higher 

in children than adults. Individual crops and individual combined crops posed higher non-

carcinogenic and carcinogenic risks than meal types (common mixed diets), except for fruits, 
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and fruit-meals. While crop leaves and leafy vegetables posed the highest risks compared to 

legumes, cereals and fruits. We recommend that regulatory frameworks be developed or 

existing policies on land and food governance be enforced, to reduce consumers’ exposure to 

unsafe metal concentrations from consumption of food crops grown on the dumpsite to protect 

consumer health.  

 
Keywords  

Total risk, meal type, health risk, food safety, dumpsite crops, Uganda  

 
Capsule  

Consumption of leafy vegetables cultivated on metal contaminated dumpsites expose 

consumers to unacceptable non-carcinogenic and carcinogenic risks. The risks are higher in 

children than adults, and in individual crops and individual combined crops than in meal types. 

Individual crop selection is very important in daily meal combinations.
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5.3.1  `Introduction 

Access to safe food is essential for healthy wellbeing (Fung et al., 2018; Gang et al., 2019). 

Unfortunately, there have been numerous food safety-related incidents reported across the 

world that limits the right to safe foods (Dharni and Sharma, 2008; MacLaurin et al., 2000). 

Globalization of food production, trade and tourism increases the hazard exposures of 

consumers to global food-related risks (Choffnes et al., 2012; Musoke et al., 2016). Scientific 

studies are needed to develop regulations and protocols to inform, enforce and eliminate unsafe 

foods (Fung et al., 2018). Funding environmental research projects or equipping laboratory 

centres in developing countries would improve upon the knowledge and skills needed to 

regularly monitor crop safety, identify vulnerable food production areas and assess risks from 

food crops planted on contaminated areas. Previous studies have shown that metal accumulation 

in crops, especially leafy crops, occur at higher concentrations than crops grown in 

uncontaminated environments (Liu et al., 2012; Nabulo et al., 2006; Okoronkwo et al., 2005). 

However, leafy crops could be consumed in isolation or in combination with other crops (i.e., 

a mixture of different leafy crops together or leafy crop-cereals, etc.). Consumption of such 

crop mixtures could pose unacceptable risks because of the total (combined) effect of metal 

intake in the multiple crop types.  

 
Essential metals (Zn, Fe, Cu, Mn, Co, Se) play important biological (dietary) roles in plants and 

animals including humans (Ali and Al-Qahtani, 2012; Suruchi and Pankaj , 2011; Shaheen et 

al., 2016). Agricultural products may contain essential elements necessary for dietary needs 

(Suruchi and Pankaj , 2011), but in some situations, may be above permissible health limits and 

in concentrations that are toxic to human health. Similarly, crop plants may contain non-

essential (Pb, As, Cr, Cd, Hg, Ni, Al) elements (Radwan and Salama, 2006; Shaheen et al., 

2016) that may pose risks to consumers (priority hazardous elements) (Khan et al., 2017), even 

in trace amounts. In countries without food safety regulations, marketing of such agricultural 



Chapter 5 

284 
 

produce (e.g., vegetables) may pose unacceptable risks from metals to consumers (Suruchi and 

Pankaj , 2011).  

 
Vegetable consumption is a major pathway for metal incorporation into the food chain (Nawab 

et al., 2018; Rehman et al., 2018; Sipter et al., 2008). Consumption of contaminated vegetables 

constitute an important route for animal and human dietary exposure (Khan et al., 2009b). Most 

metals tend to accumulate in leafy and root vegetables than in other storage organs (Ali and Al-

Qahtani, 2012; Hadayat et al., 2018; Mehmood et al., 2018; Nabulo et al., 2006). Also, urban 

garden soils (including dumpsites) and leafy crops commonly contain zinc, lead, iron, copper, 

cobalt, cadmium and chromium enrichments (Lu et al., 2015; Nabulo et al., 2006; Pivić et al., 

2013; Saumel et al., 2012; Szolnoki et al., 2013). Of concern are the elevated metal 

concentrations, and the estimated health risks in leafy crops grown within urban environments 

(Cruz et al., 2014; Nabulo et al., 2012; Nabulo et al., 2010; Saumel et al., 2012; Sipter et al., 

2008). The long-term exposure to essential and non-essential metals, at concentrations above 

permissible limits raises consumer health concerns (Ali and Al-Qahtani, 2012; Muchuweti et 

al., 2006; Nabulo et al., 2012; Oluyemi et al., 2008; Otitoju et al., 2012). In humans, nickel is 

linked to haematological effects, respiratory disorder, lung cancer, dermatitis, cardiovascular 

system, immune system and kidney damage (Ukpong et al., 2013). Pb and Cd are the most toxic 

and most abundant metals in food items (Khan et al., 2009b). Pb and Cd are carcinogenic, 

mutagenic and teratogenic, with known risk potential towards cardiovascular, kidney, nervous 

and bone diseases (Shaheen et al., 2016). Metal dietary deficiencies and toxicity could account 

for the World Health Organization (WHO, 2010) reported 600 million food borne diseases and 

420.000 deaths to children, pregnant mothers, and the elderly (Fung et al., 2018; Kasbekar, 

2018).   
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Another continuous consumer challenge is the metal exposure from urban agriculture (Nabulo 

et al., 2012; Saumel et al., 2012; Warming et al., 2015). As described in several studies, urban 

agriculture (including on dumpsites) supports over 800 million people, who use potentially 

contaminated areas to grow crops for domestic and commercial purposes (Adefemi and 

Awokunmi, 2013; Cortez and Ching, 2014; Oluyemi et al., 2008). To increase productivity 

(Chary et al., 2008) and meet the livelihood demands for income, diet and food security, crops 

could be exposed to contaminated irrigation water sources (Nabulo et al., 2010), untreated 

wastewater (leachate) (Likuku and Obuseng, 2015), sewage sludge, metal saturated dump 

topsoils (Alghobar and Suresha, 2017; Cruz et al., 2014; Olowoyo et al., 2012), contaminated 

river sediments (Rehman et al., 2017), and dump compost or manure used in commercial farms 

(Cruz et al., 2014; Lion and Olowoyo, 2013a). Furthermore, crop location within the urban 

environmental setting, exposes them to aerial deposition of particulate matter from 

biodegradation, waste burning, industries and vehicular emissions (Gang et al., 2019; Pivić et 

al., 2013; Rehman et al., 2017). Irrespective of the pathway, all the above practices are 

interrelated and could expose local and global consumers to metal risks. Literature indicates 

that, the above practices could bring consumers to biological (King et al., 2017; Lewis Ivey et 

al., 2012) and chemical food-borne health risks, through global food production and trade (Lu 

et al., 2015; Segura-Muñoz et al., 2006; Warming et al., 2015). Of concern, though, is the lack 

of scientific data (Fung et al., 2018), and equitable law (regulatory and risk assessment 

frameworks) to guide decision-making on land and food governance in most developing 

countries, including Uganda.  

 
To address dietary and toxicity food-related challenges, metals in diets and food chain supply 

are monitored through metal screening to determine hazard and risk assessments. Metal 

monitoring is part of chemical risk assessment where chemical properties and their measured 

concentrations are used to determine the likelihood of unacceptable risks. Human health risk 
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assessment aims to assess risks from long-term exposure and mitigate those, that are deemed 

unacceptable. The decision on acceptable risk levels is based on exposure estimates (Khan et 

al., 2017). To manage risks from past and present occurrences, the concentration at which each 

metal will pose a risk is established (dose-response relationship) (Naidu et al., 2008). Human 

health risks from metals in leafy crops have been reported worldwide (Mehmood et al., 2018; 

Rahmdel et al., 2018; Saumel et al., 2012; Shaheen et al., 2016). Few studies have been 

undertaken in Uganda (Nabulo et al., 2012), with only single metals or limited crop types being 

analysed, and no data exists for total metal risks from multiple crop consumption or an 

appropriate risk framework for urban farmers. Additionally, no comprehensive health risk 

assessment of metals exists for crops or meal types harvested from the Mbale municipal waste 

dumpsite. This paper focusses on 13 commonly consumed short-term crops, growing at the 

dump centre, to assess their total risks from metal concentrations to consumers. The aims are 

to (1) assess if the metal concentrations in individual crops and estimated total metal 

concentrations in meal types are within the safe limits of WHO/FAO food safety standards for 

human consumption (2) calculate the single and total metal risks posed to Mbale dumpsite 

consumers (adults and children) through eating individual and multiple crops in each of the 12 

meal types; and (3) determine if the human health risks are acceptable or if not, provide 

recommendations on mitigating unacceptable risk. 
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5.3.2 Materials and Methods 

5.3.2.1 Study Site Description 

The study was conducted at the Mbale dumpsite in Mbale municipality, Eastern Uganda 

(34010’30.0” and 1004’50.0”). Mbale is Uganda’s 4th largest city, covering 24km2 (UBoS, 

2014), and with a waste dumpsite area of 4.05 ha. For the entire project objectives, the dumpsite 

was topographically divided into three major zones: the dump centre, slope, and riverbank. The 

three dumpsite zones were also subdivided, with the dump centre divided into North–East (N-

E), East–South (E-S), South–West (S-W) and West–North (W-N). The slope and riverbank 

were sub-divided into slope with high water table (SHWT) and low water table (SLWT), and 

riverbank with high-water table (RBHWT), and low water table (RBLWT) respectively. More 

detailed Mbale dumpsite description was presented in the previous two studies (Awino et al., 

2019”: IEAM-2019-143-OA-R2). The findings of previous two studies were the basis for this 

current study. The study focusses on short-term growth period crops at the Mbale dump centre 

(Fig. 5.1).  
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 Figure 5.1. Location map for sampling points on the Mbale Dump Centre 
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5.3.2.2 Study design 

Seventy-five short-term (2 – 6 months) food crop samples (Table 5.1) were sampled from the 

dump centre. These included Zea mays, Amaranthus spp (A. cruentus, A. hybridus, A. dubius), 

Arachis hypogaea, Gynandropsis gynandra, Physallis peruvian, Cucurbita maxima, Solanum 

lycopersicum, Cocorhrous olitorous, Vigna unguiculate, Citrullus lanatus and Brassica 

oleracea var. capitata.  

 

Table 5.1. Sampled short-term crops across the Mbale Municipal Council Dumpsite Centre 

 

Crop Type Scientific Names 
No. of crops sampled 

across the dump centre 

maize (seeds) Zea mays 6 

red dodo (leaves) Amaranthus cruentus 6 

green dodo (leaves) Amaranthus hybridus 6 

ground nuts (seeds) Arachis hypogaea 6 

nyamujogo (leaves) Amaranthus dubius 6 

spider plant (leaves) Gynandropsis gynandra 6 

ntuntunu: gooseberry fruit Physallis peruvian 6 

pumpkin (white stripped leaves) Cucurbita maxima 6 

big tomatoes (fruit) Solanum lycopersicum 6 

bamia (leaves) Cocorhrous olitorous 3 

ejobyo (leaves) Vigna unguiculata 5 

melon (fruits) Citrullus lanatus 7 

cabbage (leaves) Brassica oleracea var. capitata 6 

Total No. of samples  75 
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5.3.2.3 Sample collection and preparation  

In this study, 13 crops, with different edible crop parts were considered (Table 5.1). The crops 

were harvested at maturity, packaged in either polyethene bags or paper envelopes, and 

transported to the preparatory laboratory for further processing. Upon arrival at the laboratory, 

the plant samples were separated into different edible parts. Leafy vegetables: Brassica 

oleracea var. capitata, Vigna unguiculata, Amaranthus (A. cruentus, A. hybridus, A. cruentas, 

A. dubius), Cucurbita maxima, Cocorhrous olitorous and Gynandropsis gynandra were washed 

with tap water, followed by de-ionised water, and packaged. Fruit samples (Citrullus lanatus, 

Physallis peruvian, Solanum lycopersicum) were washed using tap water to remove any dust, 

then washed with double de-ionised water, peeled using a ceramic knife, and the pulp placed in 

sterile paper bags. The seed crops of Arachis hypogaea had its shells opened, and seeds 

packaged for oven drying (without washing). All plant samples were oven-dried at 60oC-80oC 

for 24-48 hr, finely ground using a porcelain mortar and pestle and sieved with a plastic sieve 

mesh of 0.2 mm pore size (Alghobar and Suresha, 2017; Ogundele et al., 2014). The fine 

powder was placed in sterile 50 mL polypropylene tubes with high density polyethylene screw 

caps and stored at room temperature prior to shipment to Australia.  

 
5.3.3 Sample Analysis 

5.3.3.1 Metal analysis in crops grown on Mbale Dumpsite Centre  

Approximately 0.1g of each plant sample was measured into separate 10 mL plastic centrifuge 

tubes. One mL of concentrated nitric acid was added, and the sample was left in a fume 

cupboard for 24 hr (lab method). The mixture was heated in a shaker water bath at 90 – 950C 

for 3 hr, with the caps loosely closed. One mL of 30% v/v hydrogen peroxide was added and 

solution re-heated at 90-950C for 60 min. The solution was cooled overnight and made up to 

10ml, with deionised water.  National Institute of Standards and Technology, USA, CRM No 

1515 and four blanks were analysed in a similar way. Following digestion, the digests were 
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diluted in the ratio of 1 in 10 v/v, using deionized water spiked with internal standards (Li, Sc, 

Y, RH, In, TB, Ho) for Induced Coupled Plasma Mass Spectrometry (ICP-MS) analysis (Maher 

et al., 2001).  

 
5.3.3.2 Total risk analysis 

Three strategies were used in evaluating the total risks from food crops grown at the Mbale 

dumpsite. The strategies were classified as: 

1) Category 1 (meal type) – a common urban practice where a family prepares or an 

individual eats proportions of different crop types (common mixed diets e.g., Vigna 

unguiculata leaves, Cocorhrous olitorous leaves, Arachis hypogaea seeds) at each of 

the three meals, a day. Add up (the proportions of crop A in the meal multiplied by the 

mean metal concentration in crop A and do the same for crop B and crop C);  

2) Category 2, is a scenario associated to famine-or-poverty stricken settings, where a 

family prepares or an individual consumes one crop type, three times a day (e.g., Zea 

mays in the morning, afternoon or evening); and  

3) Category 3 – a family prepares or an individual eats different crop types at different 

meal times in a day (e.g., Zea mays porridge in the morning; Amaranthus cruentus 

leaves in the afternoon; and Arachis hypogaea seeds, in the evening) (Mwesigye et al., 

2019). In all the three categories, risks due to single and multiple metal exposure were 

assessed.  

 

For clarity and simplicity, the following assumptions were made: in category 1 and 2, the 

individual eats once in a day; in category 3, individual eats three times a day; meal type/mixed 

diet, individual crop types and individual combined crop types will be used interchangeably 

with category 1, category 2 and category 3 respectively. 
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In the category 1 (meal type/mixed diet) study, we assumed based on knowledge and experience 

of one of the authors (a Ugandan citizen), and from another Ugandan study (Mwesigye et al., 

2019), that typical families consume more than one crop type at a meal. Vegetables or salads 

are usually consumed in combination with other crop types. During food preparation (or 

consumption), different crop types were mixed in estimated proportions (volumes or masses) 

to form a meal type/mixed diet. These proportions are typically based on applicable usage by 

average Ugandan families. Based on these assumptions, 12 common crop type recipes were 

selected. Out of the selection, two to five crop type combinations were created, with each 

combination representing a meal type/mixed diets. This resulted in 12 meal types/mixed diets 

(Table 5.2) for category 1.  
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 Table 5.2. Common crop type recipes, percentage volumes in diets (meal) and diet type combinations 
 

Crop type and part No. of samples percentage volume in meal Meal type/mixed diets 

Vigna unguiculata leaves 5 40  

1 Cocorhrous olitorous leaves 3 10 

Arachis hypogaea seeds 6 50 

Zea mays seeds 6 50  

2 Amaranthus cruentus leaves 6 20 

Arachis hypogaea seeds 6 30 

Zea mays seeds 6 50  

3 Amaranthus hybridus leaves 6 40 

Solanum lycopersicum fruits 6 10 

Cucurbita maxima leaves 6 40  

4 Arachis hypogaea seeds 6 60 

Citrullus lanatus fruits 7 70  

5 Physalis peruviana fruits 6 30 

Brassica oleracea var. capitata leaves 6 20  

6 
Zea mays seeds 6 50 

Arachis hypogaea seeds 6 30 

Gynandropsis gynandra leaves 6 25  

7 
Arachis hypogaea seeds 6 50 

Amaranthus dubius leaves 6 25 

Zea mays 6 50  

 

8 
Arachis hypogaea seeds 6 30 

Vigna unguiculata leaves 5 15 

Cocorhrous olitorous leaves 3 05 

Amaranthus hybridus leaves 6 40  

9 
Arachis hypogaea seeds 6 50 

Solanum lycopersicum fruits 6 10 

Zea mays seeds 6 50  

 

10 
Gynandropsis gynandra leaves 6 10 

Arachis hypogaea seeds 6 30 

Amaranthus dubius leaves 6 10 

Arachis hypogaea seeds 6 60  
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Amaranthus dubius leaves 6 40 11 

Zea mays seeds 6 40  

 

12 
Arachis hypogaea seeds 6 30 

Solanum lycopersicum fruits 6 03 

Brassica oleracea var. capitata leaves 6 20 

Citrullus lanatus fruits 7 07 
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The estimated amount of metals consumed within a meal type was calculated by estimating the 

percentage volume proportions for each crop type, multiplied by the measured mean metal 

concentration within the same crop type (Table SI 5.2). This procedure was repeated for each 

crop type that made up the meal combinations.  

 

To acquire total metal concentration in meal types, single metal concentration of each metal in 

each crop type was summed up. For simplicity in calculations and in the interest to only acquire 

information on an average status of the site, standard deviations were excluded from the mean 

metal concentrations. The volume proportions (Table 5.2) used in the calculations were 

assumptions based on typical practice and common knowledge during meal preparations in 

Ugandan families, and in the absence of real food proportion values.  

 

In summary, the total single mean metal concentrations in each meal type (1 to 12) were 

calculated as: sum (fractions of crop A in meal * mean single metal concentration in crop A 

plus fractions of crop B in meal * mean single metal concentration in crop B). For example total 

single metal in meal 1 would be meal 1 (0.5* mean Al concentration in Arachis hypogaea 

seeds) + (0.1* mean Al concentration in Cocorhrous olitorous leaves) + (0.4*mean Al 

concentration in Vigna unguiculata leaves). The same formula was repeated for Al 

concentrations in meals 2 – 12, using the percentage proportions for each crop type and meal 

combinations (Table 5.2). This multiplication procedure was also followed for the mean Cr, Fe, 

Mn, Co, Ni, Cu, Zn, As, Se, Cd, Hg, and Pb concentrations (Table SI 5.2) in meal types 1 to 

12. The calculated total metal concentrations in each meal type was used in estimating total 

hazard exposure and total health risk assessment. 

 
In the same vein, the mean metal concentrations (Table SI 5.2) in individual crop types 

(category 2) and individual combined crop types (category 3) in each of the meal combinations 
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(category 1) above (Table 5.2), were used to estimate their hazard and risk levels, to consumers. 

The process involved calculating the daily metal intake (DIM), non-carcinogenic (THQ) and 

carcinogenic risk (TR) contributions for single and multiple metals in individual crops and 

individual combined crop types, found in meals 1 – 12 (e.g., meal 1: Arachis hypogaea seeds, 

Cocorhrous olitorous leaves, Vigna unguiculata leaves). The estimated risks in individual crops 

(category 2) and individual combined crops (category 3) were then compared to th risk levels 

estimated in meal types (category 1). The whole idea was to compare the exposure risk 

variations that exist when consumers ingest crops in isolation and as opposed to, in a crop 

mixture (mixed diets).  

 
5.3.3.3 Assessment against international food standards 

Individual metal concentrations of Cu, Zn, Ni, Mn, Pb, Cr, Hg, As, Cd in crop parts and meal 

types were compared to WHO/FAO consumer food safety permissible limits (Table 5.3, Table 

SI 5.1). Codex Alimentarius of World Health Organization/Food and Agricultural Organization 

(WHO/FAO) was used (WHO, 2002, 2015; WHO and Consultation, 2003). For those metals 

(Fe, Se, Co, Al) without WHO/FAO established limits, Food standards Australian/New Zealand 

(FSANZ), Chinese food guidelines, and European Food Safety Authority, EFSA were applied 

(Table SI 5.1).  

 
5.3.4 Human Health Risk Assessment and Index from multiple food consumption 

Hazard screening risk assessment involves characterizing the metal properties, identifying 

carcinogenic/toxicity classes and measuring the metal concentrations (exposure) in crop parts 

and meal types. The metal properties (Table SI 5.1) and their mean concentrations in crop types 

(Table SI 5.2) can be used to determine the risk for each metal. Target hazard quotient (THQ) 

and target cancer (TR) factors are used to estimate non-carcinogenic and carcinogenic metal 

risk levels to humans (Shaheen et al., 2016). The estimated results for target harzard quotient 
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were compared to established health-based guidelines (e.g., risk level = 1, < 1 or > 1) to assess 

whether the non-carcinogenic risk is acceptable or unacceptable (Barlow et al., 2015). 

To identify the carcinogenic risks of metal to poisoning, disease or death, the risk of cancer 

over a lifetime (carcinogenic risk factor) was calculated, in line with oral carcinogenic slope 

factor for the known metal (Al, Ni, Hg, As, Pb) (IRIS, 2019). Several metal exposure routes to 

humans exist (Chary et al., 2008). Food ingestion is the most dorminant pathway and the only 

one consideration in this study. To calculate the total metal hazard exposure (TTHQ) and risk 

levels to human health, we used multiple crops grown on metal-contaminated environments as 

part of meal/diet calculations. Site-specific exposure parameters (measured mean metal 

concentrations), location-specific human data (published body weights for adults or children, 

average daily food intake, common recipes), and standard metal and toxicity data (average daily 

metal intake, maximum permissible limits, oral toxicity reference dose) were applied.  

 
5.3.4.1 Estimating daily intake of metals (DIM, DIMti, DIMtic, DIMtm) for non-carcinogenic 

risks 

The estimated average daily metal intake for adults and children through exposure to metals 

(exposure assessment) in diets of categories 1, 2, and 3 were  calculated using the following 

equation, as applied by several researchers (Mehmood et al., 2018; Mwesigye et al., 2019; 

Nawab et al., 2018; Nuapia, Chimuka, & Cukrowska, 2018; Shaheen et al., 2016; Warming et 

al., 2015). 

 
DIM = Ci x C (factor) x D/B…………………………………………………………………(1) 

 
Ci  represents a single mean metal concentration in one crop type (e.g., categories 2, 3) 

(mk/kg/dry weight). DIM is the average daily single metal intake in one diet type (e.g., category 

2) (mg/kg/day). DIMti is the daily total mean multiple metal intake in one crop type (category 

2).  
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Therefore, DIMti = Cti x C (factor) x D/B…………………………………………………….(2) 

 

 In most formulae, the metal concentrations (represented in this case with Cti) is usually 

presented without a subscript (i.e., as C). Therefore, C would represent single metal 

concentrations measured in each crop type (category 2 or 3) (mg/kg). And in meal types 

(category 1), C would be the total mean multiple metal concentrations on dry weight basis 

(Khan et al., 2009; Mwesigye et al., 2019; Rehman et al., 2017). In this study, C was specifically 

labelled for simplicity in each dietary categories.  Cti is the daily total mean multiple metal 

concentration in one crop type (category 2).  Ctm  is the estimated total mean multiple metal 

concentration (mg/kg) in each meal type (category 1). Both Cti  and Ctm  are in dry weight basis. 

 

DIMtic  = ∑ DIMti…………………………………………………………………………….(3) 

 

In DIMtic, the individual DIMti for all the 13 metal are summed up. Also, multiple metals are 

consumed in individual multiple crops. DIMtm and DIMtic are the daily total mean multiple 

metal intake in diet categories 1 (mixed diets) and 3 (individual combined crops),  respectively. 

In DIMtm, multiple metals are consumed in mixed multiple crops or diets. 

 

DIMtm = Ctm x C (factor) x D/B………………………………………………………………(4) 

 

C (factor) is the conversion (moisture) factor of 0.085, for dry vegetable/food weight to wet 

weight (Khan et al., 2009b; Mehmood et al., 2018; Mwesigye et.al, 2019; Nawab et al., 2018; 

Rehman et al., 2017; Zhuang et al., 2009). The 0.085 was applied across all crops; however, the 

values would have been different if the fresh weights of individual crop types were taken 

(Mwesigye et al., 2019). B is the average body weight from studies in other countries including 
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Uganda, and the reported value was 55.7 kg (Nabulo et al., 2010) and 15 kg for adults and child 

(1 – 6 years) (Bamuwamye et al., 2017) respectively. D is the daily food intake (kg/day), which 

is the weight or amount of food consumed by an adult or child (Gang et al., 2019; Shaheen et 

al., 2016; Yu et al., 2017a).  In this study, we calculated the estimated dietary intake and 

exposure risks in individual crops (category 2, category 3), using the following average food 

consumption rates for adults from Uganda and China. Vegetables (0.182 kg/person/day (Nabulo 

et al., 2010), 0.252 kg/person/day), cereals (0.425 kg/person/day (Fan et al., 2017), 0.366 

kg/person/day) and fruits (0.006849 kg/person/day) (Gang et al., 2019). In the Mbale study, the 

crops analysed are vegetables, cereals, fruits, legumes and many more. The reported studies in 

Uganda (Nabulo et al., 2012, 2010, 2006) did not have consumption rates for all the crop 

groupings hence using research values from China.  

 
China, like Uganda is a developing country, whose average food consumption rates are affected 

by economic and other population density related challenges – so data availability was the main 

determinant factor in its choice. Uganda is also a multicultural country with more than 30% of 

its population originating from Asia, and Mbale was their initial settlement area (Filipponi et 

al., 2015; OPEP, 2007; UBoS, 2014; UN-Habitat, 2011). However, to calculate dietary intake 

and exposure risks in meal types (category 1), the following average ingestion rate of food crops 

in adults (0.345 kg/day) (Likuku and Obuseng, 2015) and in children (0.242 kg/day (Nawab et 

al., 2018; Rehman et al., 2017) were used. For the average consumption rates for legumes (e.g., 

Arachis hypogaea), values from across the world was used (e.g., in Bangladesh, 0.13 kg/day 

(Shaheen et al., 2016), in Congo, 0.06 kg/day and in South Africa, 0.085 kg/day (Nuapia et al., 

2018). In this study, the average consumption rate for the three countries was used. Ideally 

Congo and South African rates would have been used since these two countries are neighbours 

to Uganda. However, having lived around the citizens of the two, common knowledge indicates 

that the reported consumption rates did not seem representative of reality. For  fruit vegetables 



Chapter 5 

302 
 

(e.g., Solanum lycopersicum), a consumption rate of 0.13 kg/day (Shaheen et al., 2016) was 

used. In these estimates, the average vegetable consumption rate used was 0.118 kg/day (Lion 

and Olowoyo, 2013a; Nabulo et al., 2010) for a child, and this applied across all crop types.  

 
5.3.4.2 Target hazard quotient (THQ) for non-carcinogenic risks  

Non-carcinogenic human health risk (THQ) is the ratio of average daily single metal intake to 

its oral reference dose (dose level) (Khan et al., 2009b).  Using equation 5 below, as applied by 

the following researchers (Balkhair and Ashraf, 2016; Fan et al., 2017; Gang et al., 2019; 

Likuku and Obuseng, 2015; Mehmood et al., 2018; Nabulo et al., 2012; Nabulo et al., 2010; 

Nuapia et al., 2018; Rehman et al., 2018; Shaheen et al., 2016; Warming et al., 2015), the target 

hazard quotient was estimated.  

 
From equation (1), THQ = DIM/RfD…………………………………………………………(5) 

 
THQ is the target hazard quotient for a single metal in one crop type (e.g., category 2). If the 

target hazard quotient is greater than 1, the involved population will experience a health risk. 

RfD is Oral toxicity Reference Dose (mg/kg/day): maximum metal exposure, consumed per 

day per body weight, and is unlikely to pose risk (safe) during a lifetime. RfD for Al, Fe, Zn, 

Mn, Cu, Cr, Cd, As, Hg, Se, Co, Ni and Pb are 1, 0.7, 0.3, 0.14, 0.04, 0.003, 0.001 (Rehman et 

al., 2017), 0.0003 (Bamuwamye et al., 2017; Rehman et al., 2016), 0.0003 (Bamuwamye et al., 

2017), 0.005, 0.0003, 0.02 (IRIS, 2019), and 0.0035 (Nabulo et al., 2010; Rehman et al., 2017) 

mg/kg/day respectively.  

 
5.3.4.3 Total target hazard quotient (TTHQi, TTHQic, TTHQm) for non-carcinogenic risks 

To assess the overall potential for non-carcinogenic effects from multiple metal concentrations, 

the total target hazard quotient, (TTHQi) was calculated as follows.  
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From equation (2), TTHQi = DIMti /RfD…………………………………………………...(6) 

TTHQi is the total non-carcinogenic risk from multiple metals in a one crop type (category 2). 

 

From equation (3), TTHQic = DIMtic/RfD…………………………………………………….(7) 

TTHQi is the total non-carcinogenic risk from multiple metals in individual combined crops 

(category 3). 

 

From equation (4), TTHQm = DIMtm/RfD…………………………………….……...……..(8) 

 TTHQm is the total non-carcinogenic risk from multiple metals in mixed diets/meal types 

(category 1). 

 

The magnitude of adverse effects is assumed to be proportional to the sum of multiple metal 

exposures (TTHQ) (Nuapia et al., 2018). The total target hazard quotient (TTHQ) expresses the 

combined non-carcinogenic effects of multiple elements, sometimes referred to as hazard index 

(HI) (Shaheen et al., 2016). If total target hazard quotient (TTHQ) is greater than 1, the involved 

population is believed to experience an unacceptable health risk (Nuapia et al., 2018). 

 

5.3.4.4 Carcinogenic risks  

The target carcinogenic risk (TR) factor is an estimated incremental cancer risk for the exposed 

population over a lifetime but does not consider when the cancer will occur (Bamuwamye et 

al., 2017). “Exposure to cancer-causing chemicals in food, water, air and consumer products 

early in life, can lead to cancer later in life” (Bamuwamye et al., 2017). Discovery and 

prevention of early life exposure to cancer agents is essential. Incremental life cancer risk 

(ILCR) in food, water and other environmental receptors were calculated as reported in 
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literature (Bamuwamye et al., 2017; Fan et al., 2017; Rehman et al., 2016; Shaheen et al., 2016), 

using the equation 9, below.   

 
From quation (1), TR = DIMc × Csfo ………………………………………………………...(9) 

 
TR is the target cancer risk or the risk of cancer over a lifetime. The average exposure time for 

carcinogenic effects is reported as 30 years for adults (Bamuwamye et al., 2017; Shaheen et al., 

2016), and 6 years for children (Bamuwamye et al., 2017). DIMc is the chronic daily metal 

intake (mg/kg/day). No target carcinogenic risk was calculated for Cu, Fe, Co, Mn, Zn, Se and 

Co, because no data exists to classify them as human carcinogens.  Also, Cr (III) is not classified 

as carcinogenic hence has no observed or reported effects, and Cr (VI) is mutagenic (IRIS, 

2019; Shaheen et al., 2016). Therefore, carcinogenic risks were calculated for Ni, Pb, Hg, Al 

and As (Fan et al., 2017).  

 

Csfo is the oral carcinogenic slope factor: As = 1.5 (Bamuwamye et al., 2017; IRIS, 2019) for 

adult and 4.5 for child (Rehman et al., 2016), Pb = 0.0085 (Bamuwamye et al., 2017), Ni = 1.7 

per mg/kg/day) (Shaheen et al., 2016); Cr = 42 (Bamuwamye et al., 2017), 0.5 (IRIS, 2019); Al 

= 0.2, Cd = 6.3,  (Bamuwamye et al., 2017) per mg/kg/day. TR > 10-4 is considered unacceptable 

(Bamuwamye et al., 2017; Shaheen et al., 2016), because it indicates that 1 in 10,000 

individuals will develop cancer (Fan et al., 2017). The following target carcinogenic risk (TR) 

categories were used to indicate the level of risk exposures to consumers through ingesting 

different meal combinations and individual crop types: TR ≤ 10-6 = Very Low; 10-6 to 10-4  = 

Low; 10-4 to 10-3 = moderate; 10-3 to 10-1 = high; and ≥10-1 = very high (IRIS, 2019).  
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5.3.4.5 Total target carcinogenic risks (TRti, TRtic, TRtm) in crops and meal types 

 

From equation (2), TRti = DIMti × Csfo ………………………………………...………...(10) 

TRti is the total target carcinogenic risk from multiple metals in a one crop type (category 2). 

TRti  gives the overall potential for carcinogenic risks from multiple metals.  TRti is total cancer 

risks, which is the sum of TR from all carcinogens.   

 

From equation (3), TRtic = DIMtic × Csfo ………………………………...………………....(11) 

TRtic is the total carcinogenic risk from multiple metals in individual combined crops (category 

3). TRtic  = ∑ TRti 

 

From equation (4), TRtm = DIMtm × Csfo ……………………………...…………………..(12) 

 TRtm is the total non-carcinogenic risk from multiple metals in mixed diets/meal types 

(category 1). 

 
5.3.5 Results and Discussion 

Metal properties, WHO/FAO toxicity limits and oral reference doses against which food safety 

assessments were carried out are presented (Table SI 5.1). Some mean metal concentrations in 

crop parts measured at Mbale and worldwide (Table SI 5.2) exceeded the WHO/FAO 

permissible limits (Table 5.3, Table SI 5.1). In both crop types and meal types, the single (Table 

5.3) and total (Table 5.4) metal concentrations were high for essential elements, except Al, and 

low for toxic metals. The mean Fe, Al, Zn, Mn and Cu concentrations were higher compared 

to Cr, Pb, Ni, Co, Se, As, Cd, and Hg concentrations, that were present only in trace amounts. 

Consumption of total metals in crop types (category 2, category 3) and meal types (category 1) 

have exposed Mbale dumpsite consumers to an unacceptable non-carcinogenic and 

carcinogenic risks.  
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5.3.5.1 Mean metal concentrations in crop parts at the Mbale dump centre 

The full dataset on mean (+ standard deviations) of single metal concentrations measured in 

crop parts and crop types is presented in Appendices section (Table SI 5.2). Table 5.3 presents 

different crop types and crop parts with the lowest and highest measured single metal 

concentrations. Also, presented is the WHO/FAO safety limits for the comparison of the 13 

elements. Standard deviations were excluded in the mean values so as to simplify the 

subsequent calculations. 
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Table 5.3. Summarized lowest and highest mean single metal concentrations (mg/kg dry weight) measured in crop types and crop parts, and compared 
against WHO/FAO limits. 

Metals Crop 
group 

Individual 
crop type 

Individual 
mean 

 

Combined 
Mean  

WHO/FAO 
Limits 

References 

Upper Allowable RfD (safe) 
 
 
 

Al 

 
Fruits 

Solanum 
lycopersicum 

24 25  
 
 

120 
mg/kg 

 
 
 

12 – 71 mg/kg 
 
 

 
 
 

1 mg/kg 

 
 
 

(Nuapia et al., 
2018) 

Physalis peruviana 27 
 

Seeds 
Zea mays 15 22 

Arachis hypogaea 29 
Leafy 

vegetables 
Brassica oleracea 29 263 
Cucurbita maxima 655 

 
 
 

Fe 

 
Fruits 

Solanum 
lycopersicum 

44 45  
 

40 – 45 
mg/kg 

 
 

20 – 100 mg/kg 

 
 
 

0.7 mg/kg 

 
 

(Ross et al., 
2011b) 

Physalis peruviana 44 
 

Seeds 
Zea mays 15 22 

Arachis hypogaea 38 
Leafy 

vegetables 
Brassica oleracea 74 353 
Cucurbita maxima 830 

 
 
 

Mn 

 
Fruits 

Solanum 
lycopersicum 

10 9  
 

2 – 11 
mg/day 

 
 

2 - 9 (5.5) 
mg/kg 

 

 
 
 

0.14 mg/kg 

 
(Ross et al., 

2011b) 
 

(Tiimub and 
Afua, 2013) 

Physalis peruviana 7 
 

Seeds 
Zea mays 6 9 

Arachis hypogaea 12 
Leafy 

vegetables 
Brassica oleracea 33 58 
Vigna Unguiculata 133 

 
 
 

Zn 

 
Fruits 

Physalis peruviana 19 38  
 

7 - 40 
mg/day 

 
30 - 60 mg/kg 

 
60 mg 

 
MAC = 20 
mg/kg/day 

 
 
 

0.3 
mg/kg/day 

 
(Nuapia et al., 

2018) 
 

(Khan et al., 
2009b) 

Citrullus lanatus 65 
 

Seeds 
Zea mays 34 41 

Arachis hypogaea 47 
Leafy 

vegetables 
Cocorhrous olitorous 42  

64 Gynandropsis 
gynandra 

125 

 
 
 

Cu 

 
Fruits 

Physalis peruviana 8 9  
 

10 mg/kg 

 
4.5 - 15 mg/kg 

 
3 mg 

 
MAC = 10 
mg/kg/day 

 
 
 

0.04 
mg/kg/day 

 
(Liu et al., 2012) 

 
(Khan et al., 

2009b) 

Solanum 
lycopersicum 

10 

 
Seeds 

Zea mays 3 6 
Arachis hypogaea 9 

Leafy 
vegetables 

Brassica oleracea 3 12 
Amaranthus dubius 29 

 
 
 

Ni 

 
Fruits 

Physalis peruviana 0.4  
0.6 

 
 
 

0.1 – 1 
mg/day 

 
 
 

0.8 - 10 mg/kg 

 
 
 

0.02 mg/kg 

 
 
 

(Shaheen et al., 
2016) 

 

Solanum 
lycopersicum 

0.4 

Citrullus lanatus 1.0 
Seeds Zea mays 0.12  

0.8 Arachis hypogaea 1.4 
Leafy 

vegetables 
Brassica oleracea 0.05 1.8 

Amaranthus dubius 3 
 
 
 

Pb 

 
Fruits 

Physalis peruviana 0.07  
0.08 

 
 

0.24g/kg 

0.1- 0.3 mg/kg) 
 

214ug 
 

MAC = 0.3 
mg/kg/day 

 
 
 

0.0015 
mg/kg/week 

 
 

(Khan et al., 
2009b) 

 
 

(Chunjuan Bi, 
Ya Zhou, 

Zhenlou Chen, 
Jinpu Jia, & 
Xinyi Bao, 

2018) 

Solanum 
lycopersicum 

0.06 

Citrullus lanatus 0.11 
Seeds Zea mays 0.05  

0.05 Arachis hypogaea 0.05 
Leafy 

vegetables 
Brassica oleracea 0.05  

1.0 Cucurbita maxima 1.8 

 
 
 

Cr 

Fruits Physalis peruviana 0.11  
0.5 

 
 
 

0.039 
mg/kg 

 
 
 

0.1 - 0.3 mg/kg 

 
 
 

0.003 mg/kg 

 
 

(Rehman et al., 
2017; Zahir Ur 
Rehman et al., 

2018) 

Solanum 
lycopersicum 

0.18 

Seeds Zea mays 0.06  
0.8 Arachis hypogaea 1.5 

Leafy 
vegetables 

Gynandropsis 
gynandra 

0.46  
0.9 

Amaranthus dubius 1.9 
 

Cd 
Fruits  0.05  

 
0.05 

 
0.064 – 

0.1 mg/kg 

0.05 – 0.3 
mg/kg 
60 ug 

MAC = 0.2 
mg/kg/day 

 
0.001 

mg/kg/day 

(Liu et al., 2012) 
(Khan et al., 

2009b) 
(Bi, Y. Zhou, Z. 
Chen, J. Jia, & 
X. Bao, 2018) 

Seeds  0.05 
Leafy 

vegetables 
 0.05 
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Source: (Extracted from Table SI 5.2 presented in Appendices, pages 293 – 294) 

 

 
 
 
 

Co 

 
Fruits 

Physalis peruviana 0.05  
0.06 

   
 
 
 
 

0.0003 
mg/kg 

 
 
 
 
 

(IRIS, 2019) 

Solanum 
lycopersicum 

0.05 

Citrullus lanatus 0.09 
Seeds Zea mays 0.05 0.04 

Arachis hypogaea 0.03 
 

Leafy 
vegetables 

Gynandropsis 
gynandra 

0.15  
0.17 

Amaranthus cruentus 0.16 
Vigna unguiculate 0.26 
Amaranthus dubius 0.25 

 
 

Se 

Fruits  0.05  
0.05 0.055 

mg/kg 
0.01 – 0.05 

mg/kg 

 
0.005 mg/kg 

 
(Slekovec and 

Goessler, 2015) 
Seeds  0.05 
Leafy 

vegetables 
Brassica oleracea 0.05  

0.12 Amaranthus hybridus 0.4 
 

Hg 
Fruits  0.05  

0.05 
 

MAC = 
0.01 

mg/kg/day 

 
0.01 – 0.03 

mg/kg 

 
0.001/0.0003 
mg/kg/week 

(Ali and Al-
Qahtani, 2012) 

 
(Bi et al., 2018) 

Seeds  0.05 
Leafy 

vegetables 
 0.05 

 
As 

Fruits  0.05  
0.05 

0.004 
mg/kg 

 
MAC = 

0.5 
mg/kg/day 

 
0.1 – 1.4 mg/kg 

 
0.0003 

mg/kg/day 

(Shaheen et al., 
2016; 

 
(Bi et al., 2018)) 

Seeds  0.05 
Leafy 
vegetables 

 0.05 
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From the analysis of mean metal concentrations in crop parts (Table 5.3, Table SI 5.2), elevated metal 

concentrations were found in leaves than any other crop part. In the present study, the mean Fe 

concentrations found in fruits and seeds were within the tolerable limits for WHO/FAO; however, the 

measured values in leafy crops were above the limit (Table 5.3, Table SI 5.1). Previous studies have 

reported Fe concentrations in fruits as 196 + 1 mg/kg and in leaves as 4.4 - 124 (Table SI 5.2) and 543 

mg/kg (Ali and Al-Qahtani, 2012). High Fe concentrations in leaves are attributed to leaves being food 

production centres for plants, and higher translocation and transpiration rates to sustain growth and 

moisture content (Ali and Al-Qahtani, 2012; Khan et al., 2009b; Mahmood and Malik, 2014). Previous 

studies have also reported Mn concentrations in fruits as 11 + 1 mg/kg and in leaves as 5 - 21 mg/kg 

(Table SI 5.2). High Mn concentrations in leafy crops are attributed to heavy traffic and major industrial 

activities (Ali and Al-Qahtani, 2012; Mahmood and Malik, 2014). The mean Mn concentrations in the 

present study were within the tolerable limits except for leafy vegetables (Table 5.3, Table SI 5.1). 

 
The mean Zn concentrations measured in fruits and seeds were within the tolerable limits except 

for leafy vegetables (Table 5.3, Table SI 5.1). Previous studies have reported Zn concentration 

in fruits as 6 - 160 mg/kg and in leaves as 0.01 - 1310 mg/kg (Table SI 5.2). Previous and 

current findings agree with Nuapia (2018), Saumel (2012) and Liu (2012) results that Zn and 

Cu concentrations were high in leaves, compared to fruits, roots, and seeds.  

 
The mean Cu concentrations measured in fruits, seeds, and leafy vegetables were within the 

WHO/FAO permissible limits (Table 5.3, Table SI 5.1). Previous studies have reported Cu 

concentrations in fruits as 0.87 – 80 mg/kg; in seeds as 1.5 mg/kg and in leaves as 0.58 - 177 

mg/kg (Table SI2). The Cu concentrations in Solanum lycopersicum > Brassica oleracea > Zea 

mays at the Mbale dumpsite, contrary to the reported findings by Liu (2012), that Cu in Zea 

mays > Solanum lycopersicum > Brassica oleracea (Liu et al., 2012).  
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The mean Ni concentration in all the three crop groups (fruits, seeds, leaves) were lower than 

the WHO/FAO guidelines, while Cr concentrations was above the limits (Table 5.3, Table SI 

5.1). Previous studies reported Ni and Cr concentrations in fruits and leaves as 4 and 12 mg/kg 

and 0.2 – 65 and 0.01 – 24 mg/kg respectively; however, Se concentrations in leaves was 0.6 – 

1.5 mg/kg (Table SI 5.2). 

 
In the present study, the mean Pb concentrations in leafy vegetables was higher than the 

permissible limit; however, lower values were found in fruits and seeds (Table 5.3, Table SI 

5.1). Previous studies have reported Pb concentrations in fruits as 0.1 – 6.7 mg/kg; in seeds as 

0.05 mg/kg and in leaves as 0.1 – 144 mg/kg (Table SI2). The Pb concentrations in Zea mays 

and Arachis hypogaea seeds in this study is in agreement with the levels in previous findings 

(Table SI 5.2) (Liu et al., 2012). Also, the Mbale dumpsite findings agrees with Nuapia (2018) 

results that Pb, Cu and Zn are high in crop leaves and low in seeds. Furthermore, low Pb, Zn, 

Ni and Cu concetrations in Brassica oleracea were reported in previous studies (Nabulo et al., 

2010; Saumel et al., 2012) as well as measured at the Mbale dumpsite. Cd concentrations in 

reported in Solanum lycopersicum  at the Mbale dumpsite were similar to what was reported 

elsewhere (0.06 mg/kg (Shaheen et al., 2016). Also, Cd concentrations in Gynandropsis 

gynandra, Vigna unguiculate, and Cucurbita maxima within the current study were 0.05 mg/kg, 

and in the range of 0.01 to 7.1 mg/kg as reported (Nabulo et al., 2012; Nabulo et al., 2010). A 

study in China reported mean Cd in cereals and vegetables as 0.09 and 0.052 mg/kg respectively 

(Yu et al., 2017a). In other previous studies Cd concentrations reported in fruits was 0.01 – 1.5 

mg/kg; in seeds was 0.03 mg/kg and in leaves was 0.01 – 20 mg/kg (Table SI 5.2). In the present 

study, the mean Cd concentrations was the same as the WHO/FAO limit for fruits, and lower 

than the permitted limit given for leafy vegetables (Table 5.3, Table SI 5.1). 
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The measured mean As concentrations in Mbale dumpsite crops were similar to what was 

reported in leafy vegetables elsewhere (0.05 mg/kg) (Shaheen et al., 2016). Also, other previous 

studies have reported As concentrations in fruits as 0.01 – 0.04 mg/kg; in seeds as 1.5 mg/kg 

and in leaves as 0.002 – 0.02 mg/kg (Table SI 5.2). Similar to what was reported by Nabulo 

(2010, 2012), low mean As concentrations in Gynandropsis gynandra were measured in the 

same crop at Mbale dumpsite. However, the mean As concentrations in fruits, seeds and leaves 

at the present study site were lower than the WHO/FAO consumer safety limits (Table 5.3, 

Table SI 5.1). 

 
Mean Hg cncentrations in fruits, seeds and leaves were higher than the WHO/FAO limits (Table 

5.3, Table SI 5.1). The measured mean Hg concentrations in Mbale dumpsite crop parts were 

also similar to what was reported in leafy vegetables elsewhere (0.05 mg/kg) (Ali and Al-

Qahtani, 2012). Other previous studies; however, have reported Hg concentrations in fruits as 

0.01 – 0.04 mg/kg; in seeds as 1.5 mg/kg and in leaves as 0.002 – 0.02 mg/kg (Table SI 5.2).  

 
5.3.5.2 Mean metal concentrations in meal types  

The lowest and highest total mean metal concentrations estimated in all meal types (category 

1) are presented (Table 5.4).  
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Table 5.4. Estimated total mean single metal concentrations (mg/kg dry weight) in different meal types (common mixed diets) 

Metals Meal 1 Meal 2 Meal 3 Meal 4 Meal 5 Meal 6 Meal 7 Meal 8 Meal 9 Meal 10 Meal 11 Meal 12 

Al 111 78 84 279 25 22 143 56 53 68 141 23 

Cr 1.0 0.6 0.8 1.3 0.13 0.5 1.3 0.6 1.0 0.7 1.6 0.5 

Fe 151 117 106 355 45 34 182 72 73 84 170 37 

Mn 63 18 21 31 9 13 32 28 20 17 32 14 

Co 0.13 0.07 0.1 0.09 0.08 0.04 0.12 0.08 0.11 0.07 0.12 0.05 

Ni 1.4 0.9 1.1 1.9 0.8 0.5 1.8 0.8 1.1 0.9 2.0 0.55 

Cu 7.3 5.2 5.3 12.3 8.9 4.4 14.4 5.1 5.3 7.9 16.8 5.1 

Zn 46 42 43 57 51 42 73 40 29 51 57 44 

As 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.2 0.05 0.05 0.05 

Se 0.05 0.05 0.19 0.05 0.05 0.05 0.09 0.05 0.12 0.07 0.1 0.05 

Cd 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Hg 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Pb 0.8 0.2 0.3 0.8 0.1 0.05 0.5 0.32 0.27 0.23 0.48 0.05 

Meal 
Composition 

3 
vegetables 

2 
vegetables 

+ Zea 
mays 

2 vegetables + 
Zea mays 

2 
vegetables 2 fruits 

2 
vegetables 

+ Zea 
mays 

3 
vegetables 

3 
vegetables 

+ Zea 
mays 

3 vegetables 

3 
vegetables 

+ Zea 
mays 

2 
vegetables 

3 vegetables 
+ Citrullus + 

Zea mays 

Vegetable 
Content 

Hypogaea 
+ 

Olitorous 
+ 

Vigna 

Cruentus 
+ 

Hypogaea 

Amaranthus 
hybridus 

+ 
Lycopersicum 

Maxima    
+ 

Hypogaea 

Citrullus       
+ 

Physalis 

Brassica 
+ 

Hypogaea 

Gynandra 
+ 

Hypogaea 
+ 

Dubius 

Hypogaea 
+ 

Olitorous 
 

+ Vigna 

Hypogaea 
+ 

Lycopersicum 
+ 

Amaranthus 
hybridus 

Hypogaea 
+ 

Dubius 
+ 

Gynandra 

Dubius 
+ 

Hypogaea 

Brassica 
+ 

Lycopersicum 
+ 

Hypogaea 
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The estimated total Fe, Al, Zn, Mn and Cu concentrations in meal types (category 1) (Table 

5.4) were higher than Cr, Pb, Ni, Co, Se, As, Cd, and Hg concentrations, that were present only 

in trace amounts. The same total results were used in the calculation of estimated daily metal 

intake, and individual and total non-carcinogenic and carcinogenic risks respectively. From 

Table 5.4, the mean total As and Cd concentrations in all meals (1 – 12) were less than or within 

the safe limit of 0.1 – 1.4 mg/kg and 0.1 – 0.3 mg/kg respectively. Safe limit for Hg is 0.01 – 

0.03 mg/kg, the Hg concentrations in all meals (1- 12) (Table 5.4) were thus, above the limit.  

The normal range for Se concentrations in vegetables is 0.01 – 0.05 mg/kg. Crops with less 

than 0.1 mg/kg cause deficiency in animals and plants. In this study, the total Se concentrations 

in all meals (1 – 12) was 0.05 mg/kg, except for meal 3 (0.19 mg/kg), meal 9 (0.12 mg/kg) and 

meal 11 (0.1 mg/kg). This indicates that only three meal types had enough dietary Se intake for 

animals and humans. The total Cu concentrations for all meals, except meal 11 (17 mg/kg) 

were below the safe limit range (4.5 – 15 mg/kg). Also, the total Zn concentrations for all 

meals, except meal 7 (73 mg/kg) were below the safe limit range (30 – 60 mg/kg). The range 

for total mean Ni concentrations in all meals (1 – 12) was 0.5 – 2.0 mg/kg. The upper tolerable 

limit, safe limit and the Ni range in plants are 0.1 - 1 mg/day, 0.8 – 10 mg/kg and 0.01 – 5 

mg/kg respectively. Meals 1, 3, 4, 7, 9 and 11 were above the upper tolerable limits. The safe 

limit range for Pb is 0.1 – 0.3 mg/kg. The mean total Pb concentrations in all meals were within 

the safe limit except meals 1, 4, 7, 8 and 11. The safe dietary Al intake for man and its 

concentrations in foods is in the range of 10 - 100 mg/day and 12 – 71 mg/kg respectively 

(Table 5.3). Also, the normal Al range found in plants is 2 – 3 mg/kg. The total Al 

concentrations in all meals was greater than the range in plants (2 – 3 mg/kg). And meals 1, 2, 

3, 4, 7 and 11, contained Al concentrations at levels greater than 100 mg/kg. 
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Except for meal 5 (0.13 mg/kg), all other meal types had their total Cr concentrations above 

the limit (0.3 mg/kg). Fe concentration in plants was within the range of 20 – 100 mg/kg and 

the upper limit is 40 – 45 mg/kg. The total mean Fe concentrations in meals 5, 6, 8, 9, 10 and 

12 were greater than 20 mg/kg, and lower than 100 mg/kg, while that in meals 1, 2, 3, 4, 7 and 

11 are above 100 mg/kg. The total mean Mn concentrations in all meals were greater than the 

safe limit (5.5 mg/kg).  

 

5.3.5.3. Comparison of metal concentrations in crop parts and meal types with WHO/FAO 
food safety limits? 

Fe, Zn, Mn, Cu, Se, Co are essential elements; however, at concentrations higher than the 

permitted safety limits, they become toxic (Bi et al., 2018). From table 3, the essential (Fe, Zn, 

Mn, Cu, Se, Co) and non-essential (Al, Ni, Pb, Cr, Cd, Hg, As) elements in some crop part 

tissues were above the WHO/FAO permissible consumer food safety limits. The order of metal 

accumulation in Cucurbita maxima leaves, from the highest was Fe, Zn, Mn, Cu, Al, Ni, Pb, 

Cr and Hg concentrations. Fe, Zn, Mn, Cu, Al, Ni, Cr, Pb, and Hg concentrations in 

Amaranthus dubius leaves. Fe, Zn, Mn, Al, Ni, Cr, Pb and Hg concentrations in Amaranthus 

hybridus leaves. Fe, Mn, Zn, Al, Ni, Pb, Cr and Hg concentrations in Amaranthus cruentus 

leaves. Fe, Zn, Mn, Al, Ni, Pb, Cr and Hg concentrations in Gynandropsis gynandra leaves. 

Fe, Mn, Al, Pb, Cr and Hg concentrations in Cocorhrous olitorous leaves. Fe, Mn, Zn, Al, Pb, 

Cr and Hg concentrations in Vigna unguiculate leaves. (Fe, Zn), Al and Hg concentrations in 

Brassica oleracea leaves. In all the three fruits, the mean Mn, Al and Hg concentrations were 

high; however, Citrullus lanatus also accumulated Zn, above permissible limits. In Zea mays 

and Arachis hypogea seeds, the mean Mn, Al, and Hg concentrations were high; however, 

Arachis hypogea also had mean Cr concentrations at greater concentrations than that permitted 

in foods. Overall, leafy crops accumulated elevated metal concentrations than any other crop 
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parts, for most metals. The mean metal concentrations in fruits, seeds and leafy vegetables are 

in the order: Fe > Al > Mn > Zn > Cu > Ni > Cr > Pb > Se > Co > As = Cd = Hg. 

The WHO/FAO upper tolerable and safe limits for metal concentrations are in Table 5.3 and 

Table SI 5.1. Comparing the limits with results in Table 5.4,  gives an overview that the total 

metal concentrations in meal types (category 1) were higher than the permissible limits. The 

total mean Al, Hg and Mn concentrations in all meal types (1 – 12), and Cr concentrations in 

meals (1 - 4, 6 - 12) were higher than in other meal types. The total mean Fe, Cu and Zn 

concentrations were either higher than upper tolerable or safety limits in meals (1 – 4, 7, 11), 

meals (4, 7, 11) and meals (1 – 8, 10 – 12) respectively. Meals 1, 3, 4, 7, 8 and 11 exhibited 

higher total mean Pb concentrations above the permissible limits. Overall, meals 1, 4, 7, and 

11 exhibited the highest mean Fe, Al, Pb, Ni, Cr, Mn, Cu, Zn and Hg concentrations, above the 

WHO/FAO safety limits. However, meals 3 (0.19 mg/kg), 9 (0.12 mg/kg) and 11 (0.1 mg/kg) 

have Se concentrations enough for the dietary needs of animals and plants.  

 
5.3.5.4 Dietary intake of metals in individual crops, combined individual crops and meal types 

This section presents results for the estimated daily dietary single metal intake in individual 

crop type (DIM), total multiple metal intake in individual crop type (DIMti), total multiple 

metal intake in individual combined crop type (DIMtic), and total multiple metal intake in meal 

types (DIMtm). Also, presented is the weekly total multiple metal intake (DIMtmw) for 

individual combined crops. The full dataset on dietary intake of metals is presented in 

Appendices section (Table SI 5.3). An extract summary of results is presented as: general 

dietary intake range for DIM, DIMti, DIMtic, and DIMtm across individual crops, individual 

combined crops and meal types (Table 5.5). Also discussed are the highest dietary intake: DIM, 

DIMti, DIMtic and DIMtm values for each individual crop type, individual combined crop type 

and meal types, as ingested by adults and children (Table 5.5).  
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The general daily dietary metal intake (DIM) range for Al, Cr, Fe, Mn, Co, Ni, Cu, Zn, As, Se, 

Cd, Hg and Pb in individual crops and meal types were 2.7 * 10-3 (fruit) to 4.4 * 10-1 (leafy 

vegetable), 1.2 * 10-5 (fruit) to 1.8 * 10-3  (leafy vegetable), 5.4 *10-4 (Arachis hypogea) to 5.6 

* 10-1 (leafy vegetable), 7.7 * 10-4 (fruit) to 8.9 * 10-2 (leafy vegetable), 4.0 * 10-6 (Arachis 

hypogea) to 1.8 * 10-4 (leafy vegetable), 1.7 * 10-5 to 2.5 * 10-3 (leafy vegetable), 7.8 * 10-4 

(fruit) to 2.0 * 10-2 (leafy vegetable), 2.0 * 10-3 (fruits) to 1.0 * 10-1 (leafy vegetables), 5.0 * 

10-6 (fruit) to 2.7 * 10-4 (leafy vegetables), 5.0 * 10-6 (fruit) to 2.7 * 10-4 (leafy vegetables), 5.0 

* 10-6 (fruit) to 7.0 * 10-5, 5.0 * 10-6 (fruit) to 7.0 * 10-5,  and 7.0 * 10-6 (fruit) to 1.2 * 10-3 

(leafy vegetables) respectively.  Furthermore, the daily dietary metal intake range for multiple 

metals in individual crops (DIMti) were 1.1 *10-2 (Physalis peruviana) and 1.1 * 100 (Cucurbita 

maxima). Also, the daily dietary metal intake range for multiple metals in individual combined 

crops and meal types (DIMtm) were 2.7 *10-2 (fruit-meal) to 1.2 * 100 (vegetables), and 6.1 * 

10-2 (legume-cereal meal) to 6.1 *10-1 (vegetable meal) respectively. The weekly dietary metal 

intake range for multiple metals in individual combined crops (DIMtic) and meal types 

(DIMtmw) were 1.9 *10-1 to 8.31 * 100, and 4.3 * 10-1 to 4.3 *100 respectively. The units used 

for DIM, DIMti, DIMtic, DIMtm, and DIMtmw were mg/kg/day and mg/kg/week respectively.  
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Table 5.5. Summary of dietary metal intake (DIM, DIMti, DIMtic, DIMtm) for individual crops, individual combined crops and meal types 

Meal 
Types 

Individual crops Highest daily metal intake, DIM 
(mg/kg/day) 

DIMti  

(mg/kg/day) 
DIMtic  

(Combined 
individual crops) 

(mg/kg/day) 

DIMtm  

 (Meal types) 
(mg/kg/day) 

  Adult Child Adult Child Adult Child Adult Child 

1  Fe (8.0 * 10-2) Fe (2.1 * 10-1)   0.43 0.92 0.2 0.52 

 Vigna unguiculate Fe (8.6 * 10-2) Fe (1.7 * 10-1) 0.21 0.42     

 Cocorhrous olitorous Fe (9.4 * 10-2) Fe (1.9 * 10-1) 0.20 0.41     

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

2  Fe (6.2 * 10-2) Fe (1.6 * 10-1)   0.37 0.75 0.14 0.36 

 Amarantus cruentus Fe (1.6 * 10-1) Fe (3.3 * 10-1) 0.3 0.61     

 Arachis hypogea Zn (6.6 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

 Zea mays Zn (2.1 * 10-2) Zn (2.3 * 10-2) 0.044 0.049     

3  Fe (5.6 * 10-2) Fe (1.5 * 10-1)   0.25 0.49 0.14 0.36 

 Amaranthus hybridus Fe (7.8 * 10-2) Fe (1.6 * 10-1) 0.18 0.36     

 Solanum 
lycopersicum 

Fe (8.8 * 10-3) Fe (3.0 * 10-2) 0.024 0.081     

 Zea mays Zn (2.1 * 10-2) Zn (2.3 * 10-2) 0.044 0.049     

4  Fe (1.0 * 10-1) Fe (2.6 * 10-1)   0.56 1.2 0.21 0.56 

 Cucurbita maxima Fe (2.8 * 10-1) Fe (5.6 * 10-1) 0.54 1.1     

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

5  Zn (2.7 * 10-2) Zn (7.0 * 10-2)   0.027 0.17 0.074 0.19 

 Physalis peruviana Fe (4.6 * 10-3) Fe (3.0 * 10-2) 0.011 0.071     

 Citrullus lanatus Zn (8.3 * 10-3) Zn (4.3 * 10-2) 0.016 0.1     

6  Zn (2.2 * 10-2) Zn (5.7 * 10-1)   0.13 0.27 0.061 0.16 

 Brassica oleracea Fe (2.4 * 10-2) Fe (4.9 * 10-2) 0.063 0.13     

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

 Zea mays Zn (2.1 * 10-2) Zn (2.3 * 10-2) 0.044 0.049     

7  Fe (9.6 * 10-2) Fe (2.5 * 10-1)   0.52 1.1 0.24 0.61 

 Gynandropsis 
gynandra 

Fe (9.4 * 10-2) Fe (1.9 * 10-1) 0.22 0.45     

 Amaranthus dubius Fe (1.2 * 10-1) Fe (2.5 * 10-1) 0.28 0.37     

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

8  Fe (3.8 * 10-2) Fe (9.9 * 10-2)   0.48 0.86 0.11 0.28 

 Cocorhrous olitorous Fe (9.4 * 10-2) Fe (1.9 * 10-1) 0.21 0.42     

 Vigna unguiculate Fe (8.6 * 10-2) Fe (1.7 * 10-1) 0.21 0.41     

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

 Zea mays Zn (2.1 * 10-2) Zn (2.3 * 10-2) 0.044 0.049     

9  Fe (3.8 * 10-2) Fe (9.9 * 10-2)   0.22 0.53 0.097 0.25 

 Amaranthus hybridus Fe (7.8 * 10-2) Fe (1.6 * 10-1) 0.18 0.36     

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

 Solanum 
lycopersicum 

Fe (8.8 * 10-3) Fe (3.0 * 10-2) 0.024 0.081     

10  Fe (4.4 * 10-2) Fe (1.2 * 10-1)   0.57 0.96 0.12 0.32 

 Gynandropsis 
gynandra 

Fe (9.4 * 10-2) Fe (1.9 * 10-1) 0.22 0.45     
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 Amaranthus dubius Fe (1.2 * 10-1) Fe (2.5 * 10-1) 0.28 0.37     

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

 Zea mays Zn (2.1 * 10-2) Zn (2.3 * 10-2) 0.044 0.049     

11  Fe (5.2 * 10-2) Fe (1.4 * 10-1)   0.3 0.45 0.13 0.34 

 Amaranthus dubius Fe (1.2 * 10-1) Fe (2.5 * 10-1) 0.28 0.37     

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

12  Zn (2.3 * 10-2) Zn (6.0 * 10-2)   0.17 0.45 0.065 0.17 

 Arachis hypogea Zn (6.7 * 10-3) Zn (3.2 * 10-2) 0.02 0.092     

 Solanum 
lycopersicum 

Fe (8.8 * 10-3) Fe (3.0 * 10-2) 0.024 0.081     

 Brassica oleracea Fe (2.4 * 10-2) Fe (4.9 * 10-2) 0.063 0.13     

 Zea mays Zn (2.1 * 10-2) Zn (2.3 * 10-2) 0.044 0.049     

 Citrullus lanatus Zn (8.3 * 10-3) Zn (4.3 * 10-2) 0.016 0.1     
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Using DIM, DIMti, DIMtic and DIMtm (Table 5.5) from each individual crop type, individual 

combined crop type and meal types (1 – 12), the above metal exposure assessments to children 

and adults were estimated. The DIM, DIMti, DIMtic and DIMtm values for single and 

multiple/total metals in individual crops, individual combined crops and meal types (1 – 12) 

were higher in children than adults. Also, they were higher in individual crops and individual 

combined crops than in meal types. DIM, DIMti, DIMtic and DIMtm for all crop parts were 

higher in leaves (e.g., Cucurbita maxima, Gynandropsis gynandra, Amaranthus dubius) than 

either legumes, cereals or fruits (e.g., Citrullus lanatus, Physalis peruviana). Generally, the 

dietary metal intake (DIM, DIMti, DIMtic, DIMtm) for most metals were in the order leafy 

vegetable > legume > cereals > fruits for both adults and children. Only meal 5 (fruits only) 

exhibited variations for DIMtm – contrary to other meal types. The estimated DIMtm values in 

meal types were higher than in individual combined crops (DIMtic), with the values for children 

higher than for adults.    

 
Overall, meal 5, 6 and 12 contained higher DIM for Zn, while meals 1- 4 and 7 – 11 contained 

higher amounts of Fe. Also, leafy vegetables accumulated most Fe while Zn levels were higher 

in cereals and legumes. Therefore, the order for Fe in meal types was meal 4 (2.6*10-2) > meal 

7 (2.5 *10-1) > meal 1 (2.1 *10-1) > meal 2 (1.6 *10-1) > meal 3 (1.5 *10-1) > meal 11 (1.4 *10-

1) > meal 10 (1.2 *10-1) > meal 8 = meal 9 (9.9 *10-2). Meanwhile the order for Zn in meal types 

was meal 6 (5.7 *10-1) > meal 5 (7.0 *10-2) > meal 12 (6.0 *10-2). Fe was the highest metal 

contained in individual crop type except in Citrullus lanatus that contained Zn (4.3 *10-2). The 

order of Fe in individual crops were Cucurbita maxima (5.6 *10-1) > Amarantus cruentus (3.3 

*10-1) > Cocorhrous olitorous = Amaranthus dubius = Gynandropsis gynandra (1.9 *10-1) > 

Amaranthus hybridus (1.6 *10-1) > Brassica oleracea (4.9 *10-2). Individual crops per meal 

have their highest DIM values for all metals in the order Cucurbita maxima  (1.1 *100) > 

Amarantus cruentus (6.1 *10-1) > Gynandropsis gynandra  (4.5 *10-1) > Vigna unguiculate  (4.2 
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*10-1) > Cocorhrous olitorous  (4.0 *101) > Amaranthus hybridus  = Amaranthus dubius  (3.6 

*10-1) > Brassica oleracea (1.3 *10-1) > Citrullus lanatus  (1.0 *10-1). Therefore, the most 

consumed metal in meal types was Zn, as exhibited in meal 7 (5.7 *10-1), and the crop part with 

the highest daily metal intake (DIM) is Cucurbita maxima leaves (1.1 *100). Ingestion of leafy 

vegetables or meal types with high amounts of vegetables, eposed consumers to higher dietary 

metal intake compared to fruits or fruit-meals, for most metals. Also, DIM, DIMti, DIMtic, 

DIMtm, and DIMtmw were highest in children than in adults. Units used in DIM, DIMti, DIMtic 

and DIMtm were mg/kg/day.  

 
The estimated daily intake of single (DIM) and multiple (DIMti, DIMtic, DIMtm) metals 

consumed by adults and children within the Mbale dumpsite individual crops or meal types 

were in the range 10-6 to 10-1 and 10-2 to 100 mg/kg/day, for all metals respectively. This is 

either below, within or higher than the maximum tolerable daily intake (MTDI) for metals. The 

MTDI for metals are As (0.13), Cd (0.021), Pb (0.214), Cr (0.2), Mn (2 – 5), Ni (0.3), Cu (30) 

and Zn (60) (Shaheen et al., 2016). While the WHO safe limits for Pb, Cd, Cu and Zn are 214 

ug, 60 ug, 3 mg and 60 mg respectively (Khan et al., 2009b). A study in Pakistan reported a 

similar range for DIM (10-2 to 10-4) (Rehman et al., 2018) to that estimated in Mbale crops, for 

both children and adults. In the same vein, the estimated DIM and HRIt (TRti) range for Mbale 

crops was higher than those reported DIM (10-5 to 10-3) and HRIt (10-4 to 10-2) in other studies  

(Yu et al., 2017a) – an indication that more risks is expected for Mbale consumers.  

 
5.3.5.5. Target hazard quotients in individual crops, combined crops and meal types 

In this section, target hazard quotient for single and total multiple metals in individual crops 

(THQ, TTHQi) and multiple metals in individual combined crops (TTHQic) and in meal types 

(TTHQm) are presented. The full dataset on target hazard quotient is presented in Appendices 

section (Table SI 5.4). The summation of non-carcinogenic risk contribution from single metals 



Chapter 5 

323 
 

in individual crop types or in meal types (Table SI 5.4) were assessed but not presented in the 

text, since most totals were far less than 1. Table 5.6 (page 266) is an extract of Table SI 5.4, 

which presents the highest estimated non-carcinogenic risks. Similarly, the general hazard 

quotient range for THQ, TTHQi, TTHQic, and TTHQm across individual crops, individual 

combined crops and meal types are presented.  

 
The range for non-carcinogenic risk posed to children and adults through consuming essential 

(Cr, Fe, Mn, Co, Ni, Cu, Zn) and toxic (Al, As, Se, Cd, Hg, Pb) metals in individual crops and 

meal types were presented. They range from Cr: 3.9 * 10-3 (fruit) to 6.0 * 10-1  (leafy vegetable), 

6.6 *10-3 (Arachis hypogaea) to 7.9 * 10-1 (leafy vegetable), 5.5 * 10-3 (fruit) to 6.3 * 10-1 (leafy 

vegetable), 1.4 * 10-2 (Arachis hypogaea) to 5.8 * 10-1 (leafy vegetable), 8.3 * 10-4 to 1.2 * 10-

1 (leafy vegetable), 2.3 * 10-2 (fruit) to 5.0 * 10-1 (leafy vegetable), 2.1 * 10-2 (fruits) to Zn: 2.8 

* 10-1 (leafy vegetables) respectively. Also, from Al: 2.9 * 10-3 (fruit) to 4.4 * 10-1 (leafy 

vegetable), 2.2 * 10-2 (fruit) to 9.1 * 10-1 (leafy vegetables), 1.1 * 10-3 (fruit) to 5.3 * 10-2 (leafy 

vegetables), 5.3 * 10-3 (fruit) to 6.9 * 10-2 (leafy vegetables), 1.8 * 10-2 (fruit) to 2.3 * 10-1 (leafy 

vegetables)  and Pb: 2.0 * 10-3 (fruit) to 3.4 * 10-1 (leafy vegetables) respectively.  

 

Furthermore, the hazard quotient range for multiple metals in individual crops (TTHQi) was 1.1 

*10-1 (fruits) and 3.3 * 100 (Cucurbita maxima). Also, the hazard quotient range for multiple 

metals in individual combined crops (TTHQic) and meal types (TTHQm) were 3.0 *10-1 (fruits) 

to 6.5 * 100 (leafy vegetables), and 6.1 * 10-1 to 3.7 *100 (leafy vegetables) respectively. The 

target hazard quotient, THQ, TTHQi, TTHQic and TTHQm were highest in leafy vegetables or 

meal types with high amounts of vegetables, and lowest in fruits or fruit-meals, for most metals. 

All THQ, TTHQi, TTHQic and TTHQm are unitless. 
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Estimated target hazard quotient risk groups: THQ (single metal in individual crop types), 

TTHQi (multiple metals in individual crop types), TTHQic (multiple metals in individual 

combined crops) and TTHQm (multiple metals in meal types) (Table 5.6) were used to present 

the summary of findings on non-carcinogenic risks to consumers. In each meal type and crop 

type, only highest values were used to represent risks for each risk group. The values above 1 

(i.e., that posed risk) are highlighted in bold letters. Also, highlighted are the individual crops, 

in each respective meal type that posed non-carcinogenic risks to both adults and children.  
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Table 5.6. Summary of target hazard quotient (THQ, TTHQi, TTHQi, TTHQm) in individual crops, individual combined crops and meal types 

 
11 Bolded are crops and crop parts with hazard quotient values above 1, hence pose unacceptable risks to consumers 

Meal 
Type 

 
Individual 
crops 

Highest target hazard quotient 
 (THQ) values 

TTHQi                  
(Individual crops) 

TTHQic  

(Combined 
individual crops) 

TTHQm                                   
(Meal types) 

  Adult Child Adult Child Adult Child Adult Child 

1  Mn (2.4 * 10-1) Mn (6.2 * 10-1)   2.3 5.3 1.4 3.5 

 11Vigna 
unguiculate 

Mn (3.1 * 10-1) Mn (6.3 * 10-1) 1.23 2.49     

 Cocorhrous 
olitorous 

Fe/Co (1.3 * 10-1) Fe/Co (2.7 * 10-1) 0.86 1.73     

 Arachis 
hypogea 

Cr (6.2 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

2  Co (1.2 * 10-1) Co (3.1 * 10-1)   1.8 3.7 0.81 2.1 

 Amarantus 
cruentus 

Fe (2.3 * 10-1) Fe (4.7 * 10-1) 1.0 2.1     

 Arachis 
hypogea 

Cr (6.3 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

 Zea mays Co/Hg/As (1.0 * 10-1) Co/Hg/As (1.0 * 10-1) 0.52 0.57     

3  Co (1.8 * 10-1) Co (4.8 * 10-1)   1.8 3.5 0.96 2.5 

 Amaranthus 
hybridus 

Cr/Co (2.1 * 10-1) Cr/Co (4.1 * 10-1) 1.1 2.2     

 Solanum 
lycopersicum 

Cu (5.7 * 10-2) Cu (1.7 * 10-1) 0.23 0.79     

 Zea mays Co/Hg/As (1.0 * 10-1) Co/Hg/As (1.0 * 10-1) 0.52 0.57     

4  As (3.9 * 10-1) As (9.1 * 10-1)   1.8 4.3 1.4 3.6 

 Cucurbita 
maxima 

Fe (3.9 * 10-1) Fe (3.9 * 10-17 1.6 3.3     

 Arachis 
hypogea 

Cr (6.9 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

5 (Fruits only) Co (1.4 * 10-1) Co (3.7 * 10-1)   0.26 1.7 0.69 1.8 

 Physalis 
peruviana 

Cu (2.0 * 10-2) Cu (1.3 * 10-1) 0.11 0.69     

 Citrullus 
lanatus 

Zn (3.2 * 10-2) Zn (2.0 * 10-1) 0.15 0.96     

6  As/Hg (8.8 * 10-2) As/Hg (2.3 * 10-1)   1.2 2.5 0.61 1.6 

 Brassica 
oleracea 

Mn (7.7 * 10-2) Mn (1.6 * 10-1) 0.4 0.8     

 Arachis 
hypogea 

Cr (6.9 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

 Zea mays Co/Hg/As (1.0 * 10-1) Co/Hg/As (1.0 * 10-1) 0.52 0.57     

7  Cr (2.3 * 10-1) Cr (6.0 * 10-1)   2.7 6.1 1.4 3.7 

 Gynandropsis 
gynandra 

Co (1.7 * 10-1) Co (3.4 * 10-1) 0.99 2.0     

 Amaranthus 
dubius 

Co (2.8 * 10-1) Co (5.6 * 10-1) 1.5 3.1     

 Arachis 
hypogea 

Cr (6.9 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

8  Co (1.4 * 10-1) Co (3.6 * 10-1)   3.8 5.8 0.84 2.2 

 Cocorhrous 
olitorous 

Fe (1.4 * 10-1) Fe (2.7 * 10-1) 0.88 1.7     

 Vigna 
unguiculate 

Mn (3.1 * 10-1) Mn (6.3 * 10-1) 1.3 2.4     

 Arachis 
hypogea 

Cr (6.9 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

 Zea mays Co/Hg/As (1.0 * 10-1) Co/Hg/As (1.0 * 10-1) 0.52 0.57     

9  As (3.5 * 10-1) As (9.1 * 10-1)   1.5 4.0 1.2 3.1 

 Amaranthus 
hybridus 

Fe/Co (2.1 * 10-1) Fe/Co (4.1 * 10-1) 1.1 2.2     

 Arachis 
hypogea 

Cr (6.9 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

 Solanum 
lycopersicum 

Cu (5.1 * 10-2) Cu (1.7 * 10-1) 0.23 0.79     
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10  Co (1.3 * 10-1) Co (3.4 * 10-1)   3.2 6.5 0.88 2.3 

 Gynandropsis 
gynandra 

Co (1.7 * 10-1) Co (3.4 * 10-1) 0.99 2.0     

 Amaranthus 
dubius 

Co (2.8 * 10-1) Co (5.6 * 10-1) 1.5 2.9     

 Arachis 
hypogea 

Cr (6.9 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

 Zea mays Co/Hg/As (1.0 * 10-1) Co/Hg/As (1.0 * 10-1) 0.52 0.57     

11  As (3.5 * 10-1) As (9.1 * 10-1)   1.7 3.9 1.3 3.5 

 Amaranthus 
dubius 

Co (2.8 * 10-1) Co (5.6 * 10-1) 1.5 2.8     

 Arachis 
hypogea 

Cr (6.9 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

12  Co/As/Hg (8.8 * 10-2) Co/As/Hg (2.3 * 10-1)   1.5 4.2 0.64 1.7 

 Arachis 
hypogea 

Cr (6.9 * 10-2) Cr (3.3 * 10-1) 0.23 1.1     

 Solanum 
lycopersicum 

Cu (5.1 * 10-2) Cu (1.7 * 10-1) 0.23 0.79     

 Brassica 
oleracea 

Mn (7.7 * 10-2) Mn (1.6 * 10-1) 0.40 0.80     

 Zea mays Cr (1.0 * 10-1) Cr (1.1 * 10-1) 0.52 0.57     

 Citrullus 
lanatus 

Co (3.2 * 10-2) Co (2.0 * 10-1) 0.15 0.96     
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From Table 5.6, THQ values estimated for individual crops do not pose risks to children and 

adults – a similar findings reported in a Pakistan study (Rehman et al., 2018). In the TTHQi and 

TTHQm, both adults and children that ingested combined individual crops and all the meal types 

(1 – 12) exhibited greater risks. The risks were also higher in children than adults. Therefore, it 

could be misleading to look at risk based on individual metals in a crop type. It is important to 

consider the combination of metals in each crop type to avoid the above misconceptions.  

 

In meal 5 (fruits only), adults exhibited no risk after ingesting individual fruits, combined 

individual fruits or the fruit-meal. Accordingly, the children that consumed both combined 

individual fruits and fruit-meal exhibited greater risks. In the same way, the following non-

carcinogenic risk information was acquired, from individual crops, individual combined crops 

and meal types. When children and adults ingested individual combined crops and meal types 

(1, 4, 7, 9 and 11), they were exposed to non-carcinogenic risks. This scenario also applied to 

both children and adults that consumed individual combined crops, or to children that ingested 

meal types 2, 3, 6, 8, 10 and 12. But in meal 5, only children were exposed to non-carcinogenic 

risks by either ingesting combined individual fruits or fruit meals. This implies that individual 

crop selections are very important in daily meal combinations (WRi, 2019).  

 
In TTHQi assessments, Arachis hypogea seeds in meals (1, 2, 4, 6, 7, 8, 9, 10, 11, 12) posed 

non-carcinogenic risks to children that consumed the crop, in isolation. Children that consumed 

Amaranthus dubius in meal 3, and adults and children who ate the same crop in meals (7, 9, 10, 

11) were exposed to non-carcinogenic risks. In meals 7 and 10, the children that consumed 

Gynandropsis gynandra vegetable in isolation, were exposed to non-carcinogenic risks. Adults 

and children that consumed Vigna unguiculate and children that ingested Cocorhrous olitorous 

from meals (1, 8) were exposed to risks. In meal 2 and 4, both adults and children were exposed 

to risks due to ingestion of Amarantus cruentus and Cucurbita maxima respectively. When 
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children consumed Citrullus lanatus (0.96) or Physalis peruviana (0.69) in isolation, the risk 

posed was lower than that estimated in combined individual crops or in meal types. It is in this 

diet where risks posed by meal type was higher than that in individual combined crops, contrary 

to all other results, in this study.  

 
From Table 5.6 and Table SI 5.4, the non-carcinogenic risk in individual crop types, meal types 

and combined individual crop types were found to pose higher risks to children than adults. 

Also, the risk is higher in individual crop types and individual combined crop types than in 

meal types. THQ from single metals posed no risk, but TTHQi and TTHQm from multiple 

metals in individual crop types and in individual combined crops posed risks to both children 

and adults. Leafy crops and Arachis hypogea were the main sources of the non-carcinogenic 

risks to both children and the adults. The highest non-carcinogenic risks in vegetables, legumes 

(Arachis hypogea) and cereals (Zea mays) were observed to be due to As, Co, Hg and Cr 

concentrations. 

 
The present study findings are in line with the previous reported results, which indicated that 

vegetables and cereals are the major sources of Pb, Cd, Hg and As dietary intake (Gang et al., 

2019). Also, the THQ values measured in the Mbale crops are either within or higher than those 

reported in other studies (Gang et al., 2019). Here, presented and compared are the measured 

and reported THQ results for five metals: (Cd: 0.0053 – 0.069, 0.01 – 0.33; Cr: 0.0039 – 0.60, 

0.03 – 0.29; Pb: 0.002 – 0.34, 0.02 – 0.23; As: 0.023 – 0.91, 0.01 – 0.06; and Hg: 0.018 – 0.23, 

0.00 – 0.04) (Gang et al., 2019) respectively. Other studies also reported the occurrence of non-

carcinogenic risks to be higher in children than adults/women (Rehman et al., 2018; Warming 

et al., 2015). This is in agreement with the present findings for children and adults. THQ, 

TTHQi, TTHQic and TTHQm are unitless. 
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Similar to findings for dietary metal intake, the non-carcinogenic risks (THQ, TTHQi, TTHQic,  

and TTHQm) posed risks to consumers in the order leafy vegetable > legume > cereals > fruits 

for both adults and children (Rehman et al., 2018). The Mbale dumpsite result is in line with 

that reported by Yu et al (2017a), where individual THQ for vegetable, cereals and fruits posed 

no risk to adults and children. THQ for metals was in the order As (0.91) > Fe (0.79) > Mn 

(0.63) > Cr (0.60) > Co (0.58) > Cu (0.50) > Al (0.44) > Pb (0.34) > Zn (0.28) > Hg (0.23) >  

Ni (0.12) > Cd (0.069) > Se (0.053). The single metal estimated non-carcinogenic risk (THQ) 

range from individual crop types to children and adults was 10-3 - 10-1 compared to the reported 

10-4 - 10-1 (Rehman et al., 2018; Yu et al., 2017a). The multiple (total) metal estimated non-

carcinogenic risk (TTHQi, TTHQic, TTHQm) range from individual crop types, individual 

combined crop types and meal types to children and adults was 10-1 – 100 compared to the 

reported 10-3 – 100 (Yu et al., 2017a). The non-carcinogenic cancer risks to children and adults 

after ingestion of the Mbale crops was higher than those reported in other parts of the world 

(Lion and Olowoyo, 2013b; Yu et al., 2017a). Also, TTHQi, through daily consumption of 

cereals, fruits and vegetables from the Mbale dumpsite was higher in children than adults.   

 
5.3.5.6 Target carcinogenic risks in individual crops, combined crops and meal types 

The target carcinogenic risk results for single metal (TR) and total (multiple) metals (TRti) in 

individual crops are presented in this section. Also, presented are the total (multiple) metals in 

individual combined crops (TRtic) and in meal types (TRtm). Table 5.7 (page 271 - 272) is an 

extract of Table SI 5.5. Table SI 5.5 in the Appendices section, presents the full dataset on target 

carcinogenic risks. Table 5.7 presents the lowest and the highest estimated carcinogenic risks 

for each of the crop types and meal types. Similarly, the general target carcinogenic risk range 

for TR, TTti, TRtic, and TRtm across individual crops, individual combined crops and meal types 

are presented (Table 5.7). 
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Cancer slope factors were accessed for only Al, Ni, Cd, As and Pb (in adults) and As (in 

children). These exposure values were used in calculating cancer risks for adults and children 

respectively.  The general range for carcinogenic risks (TR) to children from exposure to single 

metals in individual crop types was 1.5 * 10-4 (fruit) to 3.1 * 10-4 (vegetable-meal). The 

carcinogenic risks range to adults from exposure to single metals in individual crops (TR), 

multiple metals in individual crops (TRti), multiple metals in individual combined crops (TRtic) 

and in multiple metals in meal types (TRtm) were presented. Metals considered include Al, Ni, 

As, Cd and Pb. Presented are their respective lowest and highest TR values in the different crop 

types. 5.1 * 10-4 (fruit) to 4.3 * 10-2 (Cucurbita maxima), 2.8 * 10-5 (Brassica oleracea) to 1.6 

* 10-2 (Amaranthus dubius), 8.0 * 10-6 (fruit) to 1.6 * 10-4 (Cucurbita maxima, Amaranthus 

dubius, Amaranthus hybridus), 3.3 * 10-5 (fruit) to 1.9 * 10-4 (Zea mays) and 6.0 * 10-8 (fruit, 

Arachis hypogea) to 5.1 * 10-6 (Cucurbita maxima). Additionally, the target carcinogenic risk 

range for multiple metals in individual crops (TRti) is 6.9 *10-4 (fruits) and 4.5 * 10-2 (Cucurbita 

maxima). Also, the target carcinogenic risk range for multiple metals in individual combined 

crops (TRtic) and in meal types (TRtm) are 1.4 *10-3 (fruits) to 4.6 * 10-2 (leafy vegetables), and 

3.0 * 10-3 to 1.7 *10-2 (leafy vegetables) respectively. These results indicate that the 

carcinogenic risk, TR, TRti, TRtic and TRtm were highest in leafy vegetables or meal types with 

high amounts of vegetables, and lowest in fruits or fruit-meals, for most considered metals. All 

TR, TRti, TRtic and TRtm are unitless. 
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Table 5.7. Summary of target carcinogenic risk factors (TR, TRti, TRtic and TRtm) in individual crops, individual combined crops and meal types 

 

Meal types Individual crops Lowest and highest carcinogenic risk (TR) range TRti  (Individual crops) TRtic (Individual combined crops) TRtm (Meal types) 

  Adults Adults Adults Adults 

1  Pb (3.0 * 10-6) - Al (1.2 * 10-2)  3.0 * 10-2 1.3 * 10-2 

 Vigna unguiculate Pb (5.0 * 10-6) - Al (1.2 * 10-2) 1.3 * 10-2   

 Cocorhrous olitorous Pb (1.8 * 10-6) - Al (1.6 * 10-2) 1.7 * 10-2   

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.2 * 10-3   

2  Pb (1.0 * 10-6) - Al (8.9 * 10-3)  2.5 * 10-2 9.1 * 10-3 

 Amarantus cruentus Pb (1.8 * 10-6) - Al (2.0 * 10-2) 2.2 * 10-2   

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.2 * 10-3   

 Zea mays Pb (2.6 * 10-7) - Al (1.8 * 10-3) 2.2 * 10-3   

3  Pb (1.0 * 10-6) - Al (8.2 * 10-3)  1.7 * 10-2 1.0 * 10-2 

 Amaranthus hybridus Pb (1.9 * 10-6) - Al (1.2 * 10-2) 1.4 * 10-2   

 Solanum lycopersicum Pb (1.0 * 10-7) - Al (9.4 * 10-4) 1.2 * 10-3   

 Zea mays Pb (2.6 * 10-7) - Al (1.8 * 10-3) 2.2 * 10-3   

4  Pb (2.0 * 10-6) - Al (1.6 * 10-2)  4.6 * 10-2 1.7 * 10-2 

 Cucurbita maxima Pb (5.1 * 10-6) - Al (4.3 *10-2) 4.5 * 10-2   

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.2 * 10-3   

5  Pb (4.4 * 10-7) - Al (2.7 * 10-3)  1.4 * 10-3 3.6 * 10-3 

 Physalis peruviana Pb (6.0 * 10-8) - Al (5.7 * 10-4) 6.9 * 10-4   

 Citrullus lanatus Pb (9.8 * 10-8) - Al (5.1 * 10-4) 7.3 * 10-4   

6  Pb (2.2 * 10-7) - Al (2.3 * 10-3)  5.5 * 10-3 3.0 * 10-3 

 Brassica oleracea Pb (1.4 * 10-7) - Al (1.9 * 10-3) 2.1 * 10-3   

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.2 * 10-3   

 Zea mays Pb (2.6 * 10-7) - Al (1.8 * 10-3) 2.2 * 10-3   

7  Pb (2.0 * 10-6) - Ni (1.6 * 10-2)  3.8 * 10-2 1.7 * 10-2 
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 Gynandropsis gynandra Pb (2.2 * 10-6) - Al (1.4 * 10-2) 1.5 * 10-2   

 Amaranthus dubius Pb (3.0 * 10-6) - Al (2.1 * 10-2) 2.2 * 10-2   

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.2 * 10-3   

8  Pb (1.4 * 10-6) - Al (5.8 * 10-3)  3.3 * 10-2 6.7 * 10-3 

 Cocorhrous olitorous Pb (1.8 * 10-6) - Al (1.6 * 10-2) 1.7 * 10-2   

 Vigna unguiculate Pb (5.0 * 10-6) - Al (1.2 * 10-2) 1.3 * 10-2   

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.2 * 10-3   

 Zea mays Pb (2.6 * 10-7) - Al (1.8 * 10-3) 2.2 * 10-3   

9  Pb (1.2 * 10-6) - Al (5.6 * 10-3)  1.6 * 10-2 6.9 * 10-3 

 Amaranthus hybridus Pb (1.9 * 10-6) - Al (1.2 * 10-2) 1.4 * 10-2   

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.3 * 10-2   

 Solanum lycopersicum Pb (1.0 * 10-7) - Al (9.4 * 10-4) 1.3 * 10-2   

10  Pb (1.0 * 10-6) - Al (7.1 * 10-3)  4.0 * 10-2 8.1 * 10-3 

 Amaranthus dubius Pb (3.0 * 10-6) - Al (2.1 * 10-2) 2.2 * 10-2   

 Gynandropsis gynandra Pb (2.2 * 10-6) - Al (1.4 * 10-2) 1.5 * 10-2   

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.2 * 10-3   

 Zea mays Pb (2.6 * 10-7) - Al (1.8 * 10-3) 2.2 * 10-3   

11  Pb (2.0 * 10-6) - Al (8.2 * 10-3)  2.4 * 10-2 9.6 * 10-3 

 Amaranthus dubius Pb (6.0 * 10-8) - Al (8.1 * 10-4) 2.2 * 10-2   

 Arachis hypogea Pb (3.0 * 10-6) - Al (2.1 * 10-2) 1.2 * 10-3   

12  Pb (2.2 * 10-7) - Al (2.4 * 10-3)  7.4 * 10-3 3.1 * 10-3 

 Arachis hypogea Pb (6.0 * 10-8) - Al (8.1 * 10-4) 1.2 * 10-3   

 Solanum lycopersicum Pb (1.0 * 10-7) - Al (9.4 * 10-4) 1.2 * 10-3   

 Brassica oleracea Pb (1.4 * 10-7) - Al (1.9 * 10-3) 2.1 * 10-3   

 Zea mays Pb (2.6 * 10-7) - Al (1.8 * 10-3) 2.3 * 10-3   

 Citrullus lanatus Pb (9.8 * 10-8) - Al (5.1 * 10-4) 7.3 * 10-4   
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Table 5.7 and Table SI5.5 represents, the summary and full datasets for the target carcinogenic 

risk for adults. In this scenario, TR, TRti, TRtic and TRtm represents the single and multiple 

metal exposure to adults through consuming individual crop types, individual combined crop 

types and meal types.  The TR, TRti, TRtic and TRtm  values were in the range of 10-8 to 10-2, 

10-4 to 10-2, 10-3 to 10-2 and 10-3 to 10-2 respectively. Across all the diet categories (1, 2, 3) and 

metal groups (single, multiple/total), the lowest and highest carcinogenic risks were posed by 

Pb  and Al respectively. The only exception is in meal 7, where Ni exhibited the highest risk to 

adults. The order of carcinogenic risk exposure from metals in crops were vegetables > cereals 

> legumes > fruits. In crop types and meal types, the order was individual crops > individual 

combined crops > meal types. However, in the fruit-meal (meal 5), the order was meal type > 

individual crops > individual combined crops.  

 

In this study, the following target carcinogenic risk categories were applied: TR ≤ 10-6 = Very 

Low; 10-6 to 10-4 = Low; 10-4 to 10-3 = moderate; 10-3 to 10-1 = high; and ≥10-1 = very high. The 

carcinogenic risks from multiple metals in individual crops (TRti) were in the range 10-3 to 10-

2  except for Citrullus lanatus fruit (10-4). The risks from multiple metals in individual combined 

crops (TRtic) and meal types (TRtm) are in the range 10-3 to 10-2.  The risks from single metals 

consumed in individual crop types (TR) were high in leafy vegetables (10-3 to 10-2) for most 

metals. Nevertheless, Ni in Brassica oleracea and Pb in Cucurbita maxima exhibited low (2.8 

* 10-5 ) to very low (5.1 * 10-6) carcinogenic risks  respectively. This is not different from risks 

estimated for most fruits and fruit-meals, which were in the range 10-6 to 10-8 (very low). 

Generally, risks of 10-4 were termed unacceptable. Therefore, in this study, all carcinogenic 

risks between 10-3 to 10-2 were classified as high and unacceptable. Consequently, there is a 

concern with leafy crops, legumes and cereals grown at the Mbale dumpsite.  
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In this study, Zea mays exposes adults to high Ni (1.5 * 10-4) and Cd (1.9 * 10-4) carcinogenic 

risks. This is in line with a study in China (Yu et al., 2017a) that reported cereals as a highest 

contributor to Cd in human foods, compared to vegetables and other products (Yu et al., 2017a).  

In the same way, when children consumed almost all the individual crop types and meal types, 

As exposure was high 1.5 * 10-4 and 3.1 * 10-4 respectively.  
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5.3.6 Conclusions and recommendations 

 

The study assessed if mean single and total metal concentrations in individual crops, individual 

combined crops and meal types were within the safe limits of WHO/FAO food safety standards 

for human consumption. From the assessment, most leafy crops accumulated elevated metal 

concentrations than any other crop part. This is in agreement with findings from other studies 

(Khan et al., 2009b).   

 

Copper and Ni concentrations in Gynandropsis gynandra leaves, Cocorhrous olitorous leaves, 

Vigna unguiculate leaves and Amaranthus hybridus leaves were within safe permissible limits. 

Regardless of, Fe, Zn, Mn, Cu, Al, Ni, Pb, Cr and Hg concentrations were higher than the 

WHO/FAO safe limits for most leafy crops. Quite remarkable, is the selective up take of metals 

by Brassica oleracea leaves and fruits. In Brassica oleracea leaves, only Fe, Zn, Al and Hg 

concentrations were higher than the safe limits. Similarly, only Mn, Al and Hg concentrations 

in all the three fruits were above permissible limits. Furthermore, Zn concentrations in Citrullus 

lanatus fruit were high above the permissible limits. Also above the permissible limits were, 

Mn, Al and Hg concentrations in Zea mays and Arachis hypogea seeds, and Cr concentrations 

in Arachis hypogea seeds.   

 

Similarly, the following metals estimated in meal types were higher than the permissible limits. 

Hg, Cr and Mn concentrations in all meal (diet) types; Cu and Zn concentrations in meal 11 and 

7 respectively; Ni concentrations in meals 1, 3, 4, 7, 9 and 11;  Pb concentrations in meals 1, 4, 

7, 8 and 11; Al concentrations in meals 1, 2, 3, 4, 7 and 11 and Fe concentrations in meals 1, 2, 

3, 4, 7, 8 and 11. Overall, meals 1, 4, 7 and 11 exhibited the highest mean Fe, Al, Pb, Ni, Cr, 

Mn, Cu, Zn and Hg concentrations, above the WHO/FAO safety limits. Both single and total 
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metals in individual crops, individual combined crops and meal types posed risks to consumers, 

with the risks higher in children than adults.  

Leafy crops exhibited the highest intake of metals at unacceptable levels compared to fruits. 

This was affirmed by the estimation of the dietary metal intakes for single metals in individual 

crops (DIM), multiple metals in individual crops (DIMti), multiple metals in individual 

combined crops (DIMtic) and meal types (DIMtm). For most metals, the dietary intake of metals 

(DIM, DIMti, DIMtic and DIMtm) were higher in leaves (leafy vegetables) or meal types with 

high mounts of vegetable, than in either legumes, cereals or fruits or fruit-meals. DIM, DIMti, 

DIMtic and DIMtm were higher in children than adults. Also, higher in individual crops and 

individual combined crops than in meal types, except for meal 5 (fruit meals). The estimation 

of non-carcinogenic risks from the dietary intake indicated that children who ingested multiple 

metals in individual crops (TTHQi), individual combined crops (TTHQic) and meal types 

(TTHQm) could be subjected to a higher risk than adults. Nevertheless, adults and children who 

consumed single metals in individual crops (THQ), did not exhibit non-carcinogenic risks. 

Likewise, for most crop type and meal type combinations, TTHQi, TTHQic and TTHQm were 

above 1, hence would pose risks to both consumer groups; with the children experiencing more 

risks than adults.  

Equally, consumers that ingested individual crops and individual combined crops experienced 

more risks than those that consumed meal types. However, if the individual crops and meal 

types were consumed three times a day then the risks in each of the two categories would have 

tripled.In fruit meal (meal 5), adults experienced no non-carcinogenic risks. Although the 

children that consumed either combined individual fruits or fruit-meal exhibited risks. 

Generally, the non-carcinogenic risks for both adults and children were exhibited in the order 

leafy vegetable > legume > cereals > fruits. It is therefore, of concern that the meal types 

prepared from crops grown on the Mbale dumpsite are contaminated with metals posing 
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unacceptable non-carcinogenic health risks to consumers. For all crops and meal types the risks 

are twice as high in children than adults.   

 
The food safety assessment comparison against the WHO/FAO guidelines indicated that, the 

mean single and total metal concentrations in some individual crops, individual combined crops 

and meal types were above the safe permissible limits. Of concern though were Al, Ni, Pb, Cr 

and Hg concentrations in most individual crops and meal types, and As in meal 9. For most 

considered metals, the carcinogenic risks from multiple metals in individual crops (TRti,), 

individual combined crops (TRtic) and meal types (TRtm) were higher than those in single 

metals (TR). TR, TRti, TRtic and TRtm were highest in leafy vegetables or meal types with high 

amounts of vegetables, and lowest in fruits or fruit-meals, for most considered metals. The 

exposure route for carcinogenic risk in consumers were in the order vegetables > cereals > 

legumes > fruits. Also, the carcinogenic risk levels in diet groups were in the order: individual 

crops > individual combined crops > meal types. However, in fruit-meal (meal 5), the order 

was reversed to meal type > individual crops > individual combined crops. These findings align 

with studies in soils, water, food chains and other environmental receptors, and their risks to 

humans, from other parts of the world. In Uganda, a study on drinking water reported 

unacceptable carcinogenic risks to both adults and children through oral exposure 

(Bamuwamye et al., 2017). Likewise, a study on metal concentrations in edible vegetables 

around Lake Victoria basin reported high Pb and Cd concentrations above WHO/FAO 

permissible limits (Mbabazi et al., 2010). Also, an exposure assessment for Pb, Hg and Cd 

concentrations in milk from Wakiso, Uganda, exhibited carcinogenic risks to consumers 

(William et al., 2011).  

 
The non-carcinogenic and carcinogenic risks through oral consumption of crops and meal types 

from Mbale dumpsite are greater than the WHO/FAO and USEPA acceptable limits for both 
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adults and children. Children have greater daily intake of metals in vegetables (combined 

vegetables and meal types) relative to their body weights. Children eat more food per kg body 

weight and more frequently than adults to support their growth and development, hence they 

are more susceptible to metals compared to adults (Rehman et al., 2018). Had this study used a 

typical Ugandan body weights (adult = 65.5 kg, child = 29.6 kg) and daily consumption rates 

(adult = 0.94 kg/day, children = 0.74 kg/day) (Mwesigye et al., 2019), the results would have 

been worse than currently presented. Furthermore, vegetables are staple foods that play 

important role in the customs, traditions and culture of African households (Lion and Olowoyo, 

2013a). Vegetables are easily cultivated anywhere, hence are affordable. Arachis hypogea and 

Zea mays can easily expose consumers to risks because they are also cost-effective and 

commonly consumed food crops in most Ugandan communities, especially those from East and 

Northern, Uganda, and by the heavy-weight lifter groups. High risks from Cd and other metal 

exposure in Zea mays was also reported in a study from China (Gang et al., 2019). Therefore, 

it can be inferred that the Mbale dumpsite consumers are at high risk of metal poisoning from 

ingesting food crops grown on the Mbale municipal council waste dumpsite. These consumers 

include the Mbale dumpsite locals, the population that survive on food crops, purchased from 

these local farmers, including children, pregnant and lactating women, and women of child-

bearing age. Determination of metals concentration in food crops is important for health risk 

assessment during food consumption. The study strategy is a tool that farmers should adopt to 

protect consumers by minimizing the problems related to metal toxicities. Such health risk 

assessment is required for the well-being of the population. Nevertheless, the efforts need to be 

backed by government’s regulations. This affirms to previous calls made by researchers in other 

countries (e.g., governments should protect consumer health via food consumption) (Fan et al., 

2017; Musoke et al., 2016; Ndejjo et al., 2019).  
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The following risk mitigative measures could be taken. Municipal council authorities should 

work with environmental NGOs and CBOs to create public awareness and advise consumers 

on thorough washing of vegetables and fruits. Urban farmers should be advised to avoid 

growing leafy crops on the dump centre and hill slope and use the safer sections of the dumpsite, 

or alternative farms outside the urban setting. Based on the high estimated non-carcinogenic 

and carcinogenic risks in leafy crops and cereals, farmers could aim to grow crops with lower 

metal content (fruits, stems, tuber, seeds) rather than leafy crops on the Mbale dumpsite. 

Furthermore, policy-makers should use such scientific evidence to develop potential policies to 

enforce land and food governance. The high to very high risks were estimated in individually 

consumed crops compared to meal types, hence careful selection of meal type combinations is 

very important (WRi, 2019; and researchers ought to carry out further assessments on exposure 

routes (soils, surface and ground water, air), risk assessments on risks due to unwashed crops 

and on the population (urine, blood, milk) and also on organic chemicals. The above are needed 

to reduce consumers’ exposure to unsafe metal contaminations associated with food crops 

grown on the Mbale dumpsite, and to protect consumer health. 
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Table SI 5.1. Metal properties, risk outcomes, allowable dietary intake limits, oral reference doses and WHO/FAO toxicity permissible limits 
 

Metals Properties Risks to plants Risks to humans Upper tolerable daily 

dietary intake limit 

Oral reference 

doses, RfD 

WHO/FAO-

CODEX         

maximum allowable 

(permissible, safe) 

limits 

References 

 

 

 

 

 

 

 

 

Cadmium 

Persistent in environment and 

are not removed by normal 

cropping practices or leached 

by rainwater because Cd has 

a strong affinity with the soil 

solid phase, (Rehman et al., 

2018). 

 

 

High mobility, phyto-

availability, poor adsorption, 

highly toxic, no known 

biological roles, readily taken 

up by cereals 

 

0.006 to 0.1 mg/kg found in 

rice (Rahman et al., 2014); 

70 to 90% taken up by 

vegetables (Dziubanek et 

al., 2017; Gang et al., 2019; 

Yu et al., 2017b) . 

 

 

 

 

Inhibit seed germination, 

plant growth, nutrition 

distribution, increase the 

activities of several 

enzymes, and inhibits 

photosynthesis through 

phototoxicity 

Cd is the 7th priority hazardous 

element in the top 20 

contaminants and accumulates in 

target organs (kidney, liver, 

muscles, bones and binds to 

blood cells (Khan et al., 2017; 

Yu et al., 2017b). 

In humans, Cd uptake is 

irreversible, excretion is slow, 

and is a known lung carcinogen: 

tubular dysfunction, 

reproductive and development 

toxicity, kidney and bone 

damage, hepatic, haematological 

and immunological effects (Yu 

et al., 2017b). Lungs are affected 

at exposure to lower Cd levels 

compared to kidney (Yu et al., 

2017a). 

 

Cd intake from ingestion of 

environmentally contaminated 

food crops cause post-

 

 

 

 

 

 

 

 

Upper tolerable daily intake 

and critical limit are 0.0012 

(0.064) and 0.1 mg/kg 

respectively (Nuapia et al., 

2018). 

 

 

 

 

 

 

 

 

 

 

 

 

0.001 mg/kg/day 

(IRIS, 2019; Likuku 

and Obuseng, 2015) 

 

0.2 or 0.3 mg/kg in 

foods; 0.1 or 0.2 

mg/kg in leafy and 

tuber vegetables 

(Liu et al., 2012; 

Rehman et al., 

2018). 

 

0.1 mg/kg in cereals 

and vegetables 

(Choi, 2011) 

 

Safe limits for Cd in 

fruits and vegetables 

is 0.05 mg/kg (Liu 

et al., 2012; Shaheen 

et al., 2016) 

Maximum allowable 

limit for Cd is 0.1 – 

0.2 mg/kg (Rehman 

et al., 2017). 

 

(Dziubanek et al., 2017; 

El-Kady and Abdel-

Wahhab, 2018; 

Fargašová, 2011; Fung et 

al., 2018; Suruchi and 

Pankaj , 2011; Mahmood 

and Malik, 2014; Nabulo 

et al., 2010; Tiimub and 

Afua, 2013; Ukpong et 

al., 2013) 
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menopausal, breast cancer and 

“itai-itai” disease (Rehman et al., 

2018; Yu et al., 2017b). 

Cadmium has been associated 

with lung cancer, gastro-

intestinal osteoporosis, prostate 

cancer, endocrine disorders, 

cardio-vascular impacts, bone 

fracture, hypertension, anaemia, 

and injury diseases (Rehman et 

al., 2018; Yu et al., 2017a). 

 Weekly permissible 

limits are 3.0 mg/kg 

and 7ug/kg (0.007 

mg/kg) body weight 

respectively 

(Ukpong et al., 

2013; Yu et al., 

2017a). 

 

 

 

 

 

 

 

 

 

Lead 

Persistent in environment and 

are not removed by normal 

cropping practices or leached 

by rainwater because Pb has a 

strong affinity with the soil 

solid phase, (Rehman et al., 

2018). 

 

 

 

Highly mobile, common, 

abundant, toxic and harmful 

 

 

 

 

 

 

Lead interfere with 

physiological active plant 

tissues responsible for 

growth, maintenance and 

photosynthesis 

Pb is the 2nd priority hazardous 

element in the top 20 

contaminants (Khan et al., 

2017). In humans, Pb is linked to 

dysfunction in kidneys, liver, the 

brain, central nervous system, 

colic anaemia, sperm count 

reduction, borne disorders, 

paralysis, constipation, 

abdominal pains, insomnia, high 

blood pressure in adults; fatigue, 

seizure, neuritis, depression and 

death. 

Delays in physical development 

and reduced intelligence (IQ) in 

children, prostate cancer, breast 

cancer, disturbances of male 

fertility and disorders of 

pregnancy, neuro behavioural 

 

 

 

 

 

 

 

 

 

Upper intake is 0.24 mg/kg 

(Nuapia et al., 2018) 

 

 

 

 

 

 

 

 

 

 

0.0035 mg/kg/day 

0.3 mg/kg in leafy 

vegetables e.g., 

Brassica oleracea 

var. capitate and 0.1 

mg/kg in fruits (Liu 

et al., 2012; Rehman 

et al., 2017). 

1mg/kg (Tiimub and 

Afua, 2013) and 0.2 

mg/kg in foods 

(Gang et al., 2019) 

Pb safe limit at 

production of 

vegetables and fruits 

are 0.1 mg/kg 

(Shaheen et al., 

2016). 

(Adefila et al., 2010; 

Dziubanek et al., 2015; 

El-Kady and Abdel-

Wahhab, 2018; Kader et 

al., 2016; Suruchi and 

Pankaj , 2011; Nabulo et 

al., 2006; Odai et al., 

2008; Oluyemi et al., 

2008; Radwan and 

Salama, 2006; Rahmdel et 

al., 2018; Sipter et al., 

2008) 
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disorders, and systolic 

hypertension. 

Brittle bones including in teeth; 

and weaknesses in the wrist and 

fingers (Khan et al., 2017; 

Shaheen et al., 2016) 

Maximum allowable 

limit for Pb is 0.3 

mg/kg in dry 

vegetables and fruits 

(Rehman et al., 

2017). 

Pb in all solid foods 

is 6 mg/kg (Choi, 

2011) 

 

 

 

 

 

Chromium 

 

Low solubility. 

Cr (III) is less toxic and 

essential nutrient to man, in 

the metabolism of insulin. 

Cr (VI) is very toxic. 

 Cr (VI) causes severe effects 

ranging from irritation to cancer, 

through inhalation route. 

Acute chromium exposure leads 

to eyes, noses and throat 

irritation. Chronic exposure may 

lead to asthma, allergy, liver 

(hepatic) and renal (kidney) 

damage, and other chromosome 

abnormalities in cells: 

respiratory tract cancer, 

intestinal and abdominal ulcers 

(gastrointestinal), damage male 

reproductive system and sperms, 

cardiovascular, haematological 

(anaemia) and neurological 

effects or death 

Upper tolerable daily intake 

is 0.039 mg/kg (Nuapia et 

al., 2018) 

Recommended dietary 

allowances for children (1-8 

years), adults (9-70 years), 

and pregnant (lactating) 

women are 11 – 15, 20-35, 

and 3 ug/day respectively 

(Ross et al., 2011a) 

0.003 

mg/kg/day for Cr 

(VI) (IRIS, 2019) 

Maximum 

permissible of 0.2 

mg/kg 

2.3 mg/kg is safe 

limit at vegetable 

production (Shaheen 

et al., 2016) 

1.0 mg/kg in cereals 

and vegetables 

(Choi, 2011) 

1.0 mg/kg in foods 

and fruits (Nuapia et 

al., 2018; Shaheen et 

al., 2016) 

 

 

 

 

(El-Kady and Abdel-

Wahhab, 2018; Madejon 

et al., 2011; Ukpong et 

al., 2013) 
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Mercury 

 

Common air pollutant with 

no biological role in the food 

chain. Marine organisms and 

rice without husks are great 

sources of methyl mercury. 

Plant roots and vegetables 

contain trace amounts of Hg. 

Strongly adsorb to soil 

colloids, and maybe 

immobilized in the plant roots 

with limited transfer to edible 

shoots. 

  

Methyl mercury is more toxic 

than the inorganic mercury, and 

90% of its absorption is via 

gastrointestinal tract. Methyl 

mercury is known to cause 

neurological deficits in children, 

with other food-related illnesses 

and deaths reported across the 

world. 

 

 

 

0.0003 

mg/kg/day for 

mercuric salts (IRIS, 

2019) 

0.03 – 0.6 mg/kg 

(Tiimub and Afua, 

2013). 

 

0.5 mg/kg in all 

solid foods (Choi, 

2011) 

 

0.03 mg/kg in 

vegetables. 

 

0.01 mg/kg in 

fruits. 

 

0.02 mg/kg in foods 

(Gang et al., 2019) 

 

 

 

(El-Kady and Abdel-

Wahhab, 2018; Fung et 

al., 2018). 

 

 

 

 

 

 

 

Arsenic 

Volatile metalloid that exists 

in organic (arsenate) and 

inorganic (arsenite) forms. 

Organic, As (V) and 

inorganic arsenic, As (III) are 

lipid- or water-soluble 

arsenical compounds. 

 Organic arsenic compounds 

increase As concentrations in 

blood and are excreted in urine. 

Sea foods, fish and algae are the 

riches sources of organic arsenic 

compounds. Inorganic arsenic is 

carcinogenic, causing cancer of 

the skin, lungs, liver and bladder. 

 

Arsenic has a dietary limits 

of 200 ug/kg (adults) and 

100 ug/kg (children) 

Upper tolerable intake of As 

is 0.004 mg/kg (Nuapia et 

al., 2018) 

0.0003 mg/kg/day 

for total and 

inorganic arsenic. 

Methyl arsenic is 

0.0001 mg/kg/day 

(IRIS, 2019) 

0.26 mg/kg in foods 

(Tiimub and Afua, 

2013). 

1.4 mg/kg in all 

solid foods (Choi, 

2011). 

Safe limit at 

production is 1 

mg/kg in vegetables 

and 0.1 mg/kg in 

 

 

 

(El-Kady and Abdel-

Wahhab, 2018) 
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fruits (Shaheen et 

al., 2016) 

Weekly permissible 

intake limit of 3 

ug/kg body 

weight/week. 

 

 

 

 

 

Nickel 

Nickel is an essential 

constituent of urease in some 

plants (0.01 to 5ug/g), and an 

activator of certain enzyme 

systems. 

 

 

Nickel causes physiological 

alterations and diverse 

toxicity symptoms such as 

chlorosis and necrosis in 

different plant parts. 

Inhibits photosynthesis and 

respiration in plants. Films 

of insoluble iron (III) 

compounds, coated on the 

surfaces of roots and soil 

particles, makes Ni 

inaccessible for plant 

uptake. 

Limited evidence on 

carcinogenic risk or reproductive 

effects are linked to oral nickel 

exposure in humans. 

Inhaling nickel compounds is 

linked to haematological effects, 

respiratory disorder, lung cancer, 

dermatitis, cardiovascular 

system, immune system, kidney 

damage and inhibition of 

enzymatic activities in the 

animal and human body. 

 

0.01 – 5 mg/kg (Ukpong et 

al., 2013) and 10 mg/kg in 

vegetables (Shaheen et al., 

2016). 

 

Tolerable upper Ni intake 

level for 1 year old to 

lactating mother is 0.2 – 

1mg/day (Nuapia et al., 

2018; Ross et al., 2011b) 

 

 

0.02 mg/kg/day 

(IRIS, 2019) 

 

 

Safe limit at 

production is 10 

mg/kg in vegetables 

and 0.8 mg/kg in 

fruits (Shaheen et 

al., 2016) 

 

 

(Rahman et al., 2014; 

Ukpong et al., 2013; 

Wang et al., 2014) 

 

 

 

Aluminium 

In natural environment, Al 

occurs in inorganic and 

organometallic complexes of 

strongly varying stabilities. In 

acidic environments, the toxic 

and dominant trivalent 

cationic Al3+ occurs as Al 

(H20)63+ 

Al is a non-essential 

nutrient for biological 

functions. 

Aluminium interferes with 

root tip and lateral roots 

cell division, fixes 

phosphorus in less 

available forms in soils and 

on root surfaces and 

decreases root respiration. 

  

 

Upper tolerable intake for 

aluminium is 120 mg/kg 

(Nuapia et al., 2018) 

 

 

1 mg/kg/day (IRIS, 

2019; Nuapia et al., 

2018) 

 

2 – 3 mg/kg in 

plants 

(Poschenrieder et 

al., 2008). 

 

12 -71 mg/kg 

(Nuapia et al., 2018) 

 

(El-Kady and Abdel-

Wahhab, 2018; 

Poschenrieder et al., 

2008; Rout et al., 2001; 

Singh et al., 2017). 
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Aluminium interferes with 

enzymes that govern 

several cell activities. 

 

 

 

 

 

 

Selenium 

 

 

 

 

 

In the environment, selenium 

exits as organic (selenate) and 

inorganic (selenite) ions. 

 

Selenium has limited 

biological roles in plants. In 

vegetables, Selenium 

ranges from 0.01 to 0.05 

mg/kg, with cereals being 

more tolerant than 

leguminous plants. Excess 

selenium more poisonous 

and can affect plant seed 

germination and growth. 

Essential metal for animals and 

human beings. 

Crops with less than 0.1mg/kg 

Se accumulation are considered 

deficient for animals and 

humans. Se is an important 

component of biological 

enzymes, and its low intake 

coupled with vitamin E 

deficiency, increases oxidation 

stress and contributes to the 

development of oxidation 

damage. 

 

Recommended dietary 

allowances for children (1-8 

years), adults (9-70 years), 

pregnant and lactating women 

are 20-30, 40-55, 60 and 70 

ug/day respectively (Ross et al., 

2011a) 

Adequate Se intake in 

animal nutrition is 0.04 to 

0.1 mg/kg, with 110 

ug/person/day, for humans 

.750ug/person/day is 

considered high; while 5 

mg/person/day may cause 

Se poisoning (Slekovec and 

Goessler, 2015). 

Upper tolerable Se daily 

intake is 0.055 mg/kg 

(Nuapia et al., 2018). 

 

Recommended dietary 

allowances for children (1-8 

years), adults (9-70 years), 

pregnant and lactating 

women are 7-10, 8-18, 27 

and 9-10 mg/day 

respectively (Ross et al., 

2011a) 

 

Tolerable upper Ni intake 

level for 1 year old to 

lactating mother is 0.045 – 

0.4 mg/day (Ross et al., 

2011b) 

 

 

 

0.005 mg/kg/day 

(IRIS, 2019; Nuapia 

et al., 2018) 

 

 

 

0.01 – 0.05 mg/kg in 

plants (Slekovec and 

Goessler, 2015) 

 

 

 

(Fargašová, 2011; 

Slekovec and Goessler, 

2015) 
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Cobalt 

    0.0003 

mg/kg/day(IRIS, 

2019) 

  

 

 

 

 

 

Manganese 

 

Mn occurs as an insoluble 

oxide and exists in 

exchangeable forms 

associated with colloids and 

as organic complexes 

 Manganese is an essential 

micronutrient for both animals 

and man. Biological role in 

formation of connective tissues 

and borne, growth, carbohydrate 

and lipid metabolism, embryonic 

development of the inner ear, 

and reproductive functions. 

Excessive exposure to 

manganese is associated with 

adverse health effects including 

cramps, tumours, dullness, weak 

bones, headaches, hallucinations, 

insomnia, magnetic pneumonia 

and renal degeneration, 

neurotoxicity. 

Recommended dietary 

allowances for children (1-8 

years), adults (9-70 years), 

pregnant and lactating 

women are 1.2-1.5, 1.6-2.3, 

2 and 2.6 mg/day 

respectively (Ross et al., 

2011a) 

 

Tolerable upper Mn intake 

level for 1 year old to 

lactating mother is 2 – 

11mg/day (Nuapia et al., 

2018; Ross et al., 2011b) 

 

 

 

0.14 mg/kg/day for 

manganese in diet 

(IRIS, 2019) 

 

 

 

5.5 mg/kg (Tiimub 

and Afua, 2013). 

 

2 – 9 mg/kg is safe 

limits reported in 

foods (Nuapia et al., 

2018). 

 

 

 

(Rahman et al., 2014; 

Tiimub and Afua, 2013; 

Ukpong et al., 2013) 

 

 

 

Iron 

  

 

In plants, iron is required 

during photosynthesis, 

chloroplast development 

and chlorophyll 

biosynthesis. 

Essential nutrient to most life 

forms and to the normal human 

physiology. In humans, iron is 

an essential component of 

proteins involved in oxygen 

transport from the lungs to the 

tissues. Iron is also essential for 

the regulation of cell growth and 

differentiation, a catalyst and 

carrier for haemoglobin. High 

iron concentrations could cause 

Recommended dietary 

allowances for children (1-8 

years), adults (9-70 years), 

pregnant and lactating 

women are 7-10, 8-18, 27 

and 9-10 mg/day 

respectively (Ross et al., 

2011a). 

Tolerable upper Fe intake 

level for 1 year old to 

lactating mother is 40 – 45 

 

 

0.7 mg/kg/day 

(IRIS, 2019) 

 

 

20 – 100 mg/kg in 

plants 

 

 

(El-Kady and Abdel-

Wahhab, 2018; 

Poschenrieder et al., 

2008; Ukpong et al., 

2013) 
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rapid increase in pulse rate and 

coagulation of blood in blood 

vessels, hypertension and 

drowsiness. 

mg/day (Nuapia et al., 

2018; Ross et al., 2011b) 

 

 

 

 

 

 

 

Copper 

 

 

Copper has high solubility in 

water. Acidic conditions, low 

soil organic matter, and high 

soil Cu concentration 

influences copper mobility 

and availability to plants. 

Copper plays important 

biological roles in plants - 

carbon dioxide 

assimilation, ATP 

synthesis, and as a protein 

component of several 

enzymes in plant cells. 

 

In plants, copper induces 

deficiency of other 

essential metals, inhibits 

growth and alter plasma 

membrane permeability. 

 

Copper also generates 

oxidative stress, which in 

turn may cause disturbance 

of metabolic pathways and 

damages to 

macromolecules 

Essential micronutrient 

responsible for biochemical and 

physiological functions and 

maintaining health in plants and 

animals. In plants, animals and 

humans, copper is known for 

amine oxidases, dopamine 

hydrolase and collagen 

synthesis. 

In humans, the major copper 

pathway is ingestion, however, 

its deficiency causes anaemia, 

neutropenia and skeletal 

abnormalities in humans. 

Excessive copper concentrations 

are associated with all sorts of 

chronic Cu poisoning. Copper 

may cause severe mucosal (nose, 

mouth, eyes) irritation, 

widespread capillary damage, 

central nervous systems, 

haemolysis, nephrotoxic and 

acute gastrointestinal effects 

(vomiting, diarrhoea), 

depression, liver and kidney 

Upper tolerable daily intake 

for Cu is 10 mg/day 

(Nuapia et al., 2018). 

 

 

Recommended dietary 

allowances for children (1-8 

years), adults (9-70 years), 

and pregnant (lactating) 

women are 0.34 – 0.44, 0.7-

0.9, and 1-1.3 mg/day 

respectively (Ross et al., 

2011a) 

 

Tolerable upper Ni intake 

level for 1 year old to 

lactating mother is 1 – 10 

mg/day (Ross et al., 2011b) 

 

 

 

 

0.04 mg/kg/day 

(IRIS, 2019) 

15 or 40 (Shaheen et 
al., 2016) mg/kg in 

vegetables. 

 

 

Safe limit at 

production is 4.5 

mg/kg in fruits 

(Shaheen et al., 

2016). 

 

10 mg/kg in fruits 

(Liu et al., 2012) 

(El-Kady and Abdel-

Wahhab, 2018; Ogundele 

et al., 2014; Madejon et 

al., 2011; Olowoyo et al., 

2012; Radwan and 

Salama, 2006; Rahman et 

al., 2014; Sacristán et al., 

2015; Szolnoki et al., 

2013; Ukpong et al., 

2013) 
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failure, cell necrosis and 

Wilson’s disease 

 

 

 

 

 

 

 

Zinc 

 Zinc is a micronutrient, 

essential for all living 

organisms. 

High zinc concentrations 

(100 to 400mg/kg) has been 

reported in plants such as in 

Arachis hypogaea (Borkert 

et al., 2008). 

In plants, excessive zinc 

causes stunting or 

phytotoxicity (limit roots 

and shoots growth, crop 

yield, soil fertility) and 

purplish-red colour in 

leaves. 

In animals and humans, zinc is 

needed for prenatal and perinatal 

growth, protein synthesis, and 

stabilization of DNA and RNA 

But zinc deficiency causes 

acrodermatitis enteropathica, 

sickle cell damage, diabetes and 

malignancy. In children, the 

deficiency causes development 

delay, late sexual development, 

infection vulnerability, and 

diarrhoea. Long-term expose, 

causes hepatoxicity, liver and 

renal failures, neurotoxicity, 

vascular shock, dyspeptic 

nausea, vomiting, diarrhoea, 

pancreatitis and hepatic 

parenchyma damage 

Zinc in agricultural products 

and dietary intake should 

not exceed 200 mg/kg, and 

150 mg/kg respectively 

(Rahman et al., 2014). 

Tolerable upper intake level 

for 1 year old to lactating 

mother is 7– 40 mg/day 

(Nuapia et al., 2018; Ross et 

al., 2011b) 

Recommended dietary 

allowances for children (1-8 

years), adults (9-70 years), 

and pregnant (lactating) 

women are 3-5, 8-11, and 

11-13 mg/day respectively 

(Ross et al., 2011a) 

 

 

 

0.3 mg/kg/day 

(IRIS, 2019) 

 

60 mg/kg in 

vegetables 

 

30 – 50 mg/kg 

(Nuapia et al., 

2018). 

 

(Borkert et al., 2008; 

Suruchi and Pankaj , 

2011; Musa and 

Ifatimehin, 2013; 

Olowoyo et al., 2012; 

Rahman et al., 2014; 

Ukpong et al., 2013) 
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Table SI 5.2.  Mean metal (+ SD) concentrations (mg/kg dry weight) in individual crop parts measured from Mbale dump centre and reported range in previous studies. 
Location Crop type Crop 

part 

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

Ref. 

Mbale dumpsite  

 

 

 

 

 

Solanum 
lycopersicum 

 

 

 

 

 

 

 

 

fruit 

 

6.4 – 9.0 24 + 10 0.2 + 0.2 44.3 + 13.8 10.4 + 1.8 0.05 0.4 + 0.4 0.05 10.2 + 2.7 0.05 0.05 0.05 31.2 + 6.1 0.1 + 0.0 Measured at Mbale 

Egypt         1.4 – 2.1   0.01 – 0.013 6 - 10 0.2 – 0.4 (Radwan and Salama, 2006) 

China         0.87   0.13  0.12 (Liu et al., 2012) 

China        0.004  < LOD  0.008 < LOD  (Huang et al., 2014) 

Saudi Arabia    196 + 1 11 + 1   0.03 5.8 + 0.1   1.2 + 0.1 23 + 1 3.3 + 0.1 (Ali and Al-Qahtani, 2012) 

Zimbabwe 4.6  12    4 0.04 80   1.5 160 5 (Muchuweti et al., 2006) 

Nigerian 
dumpsite 

  9.3 – 55.4 200 - 656 17 - 49 5.2 – 38.2 12 - 47  67 - 104   27 – 56 8 - 91 22 - 62 (Adefemi and Awokunmi, 
2013) 

USA          0.002  0.001   (Hadayat et al., 2018) 

Germany   BDL – 0.63    0.03 – 0.7  3.5 - 16   0.01 – 0.79 16 - 85 0.1 – 6.7 (Saumel et al., 2012) 

Mbale dumpsite Amaranthus 
Cruentus 

 

 

 

 

 

 

 

 

leaves 

 

6.4 – 9.0 306 + 96 0.5 + 0.4 490 + 222 56 + 34 0.2 + 0.1 1.9 + 0.6 0.05 6.7 + 0.9 0.05 0.1 + 0.1 0.05 52 + 1 0.6 + 0.2 Measured at Mbale 

Nigeria dumpsite Amaranthus 
caudatus 

   7.1     0.58    5.37   

(Musa and Ifatimehin, 2013) Adjacent plots    7.27     0.72    6.53  

Mbale dumpsite  

Amaranthus 
hybridus 

6.4 – 9.0 186 + 43 1.9 + 1.0 236 + 30 42 + 30 0.2 + 0.1 2.5 + 1.0 0.05 7.5 + 1.1 0.05 0.4 + 0.8 0.05 56 + 13 0.7 + 0.2 Measured at Mbale 

Nigeria dumpsite 7.51  15 108 5  4  15   20 30 9 (Obasi et al., 2013) 

 

Gulu dumpsite 

6.3-6.42  0.5 

 

     17.3   0.82 146 9.85 (Twinamatsiko et al., 2016) 

 

Central Uganda 

  1.34 – 65.2       0.02 – 1.79   129 - 1300 0.11 – 5.7 (Nabulo et al., 2012) 

 

Amaranthus 
dubius 

  0.4 – 2.6    0.38 – 4.42  5 – 24   0.04 – 0.51 39 – 310 0.11 – 5.7 (Nabulo et al., 2012) 

  0.4 – 3.2    0.46 – 4.66  6.5 - 15   0.05 – 1.10 53 - 743 0.11 – 4.7 (Nabulo et al., 2010) 

Mbale dumpsite 6.4 – 9.0 310 + 168 1.9 + 0.5 368 + 188 61 + 22 0.3 + 0.2 2.8 + 0.8 0.05 29.4 + 23.7 0.05 0.1 + 0.1 0.05 70 + 28 1.1 + 0.7 Measured at Mbale 

Mbale dumpsite 

Gynandropsis 
gynandra 

6.4 – 9.0 203 + 85 0.5 + 0.3 285 + 103 42 + 15 0.2 + 0.1 1.6 + 0.3 0.05 12 + 5 0.05 0.2 + 0.1 0.05 126 + 23 0.8 + 0.6 Measured at Mbale 

 

Central Uganda 

5.5 – 8.5      0.96 – 24.3  4 - 177    28 - 1310 0.3 - 144 (Nabulo et al., 2012) 

  0.22 – 2.84    0.3 – 3.1  1.3 – 15   0.01 – 1.3 27 – 270 0.1 – 2.6 (Nabulo et al., 2010) 

Mbale dumpsite  

Zea mays 

 

seeds 

6.4 – 9.0 15.3 + 3.0 0.1 + 0.0 15 + 3.0 5.9 + 1.9 0.05 0.12 + 0.04 0.05 2.6 + 0.6 0.05 0.05 0.05 34.4 + 6.8 0.05 Measured at Mbale 

China         1.5   0.03  0.05 (Liu et al., 2012) 

Mbale dumpsite  

 

 

 

 

 

6.4 – 9.0 29.3 + 6.6 0.1 + 0.0 73.6 + 7.9 32.9 + 2.6 0.05 0.05 0.05 2.8 + 0.5 0.05 0.05 0.05 50.2 + 8.9 0.05 Measured at Mbale 

Central Uganda   0.3 – 0.9    0.3 – 1.7  3.9 – 7.9   0.06 – 0.16 24 – 57 0.1 – 0.42 (Nabulo et al., 2010) 

China 5.6        0.99   0.05  0.81 (Liu et al., 2012) 
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China  

 

 

Brassica 
oleracea 

 

 

 

leaves 

       0.002  0.01  0.005 0.01  (Huang et al., 2014) 

Germany   0.25 – 0.81    0.01 - 1  3.2 – 6.6   0.06 – 0.41 27 - 47 0.6 – 2.6 (Saumel et al., 2012) 

Ghana         16.2   0.68 26.8 7.5 (Odai et al., 2008) 

Saudi Arabian 

market 

   124 + 3 21 + 0.4   0.02 4.2 + 0.2   1 + 0.1 22 + 1 5.3 + 0.1 (Ali and Al-Qahtani, 2012) 

South Africa  19 + 2 17 + 2  18 + 4    15 + 2 5.3 + 1.1 1.5 + 1 3.9 + 0.1 75 + 6 4 + 1  

(Nuapia et al., 2018) DRC  52 + 4 3.1 + 0.6  14 + 1    4 + 2 3.3 + 1.1 0.6 + 0.2 2.9 + 0.1 28 + 6 2 + 1 

Mbale dumpsite  

Cucurbita 
maxima 

 

 

leaves 

6.4 – 9.0 655 + 274 0.9 + 0.6 830 + 355 59 + 14 0.2 + 0.2 2.6 + 0.6 0.05 18.1 + 5.7 0.05 0.05 0.05 70 + 21 1.8 + 1.5 Measured at Mbale 

Central Uganda   0.2 – 5.8    0.7 – 5.7  2.1 – 19   0.01 – 0.15 29 – 154 0.2 – 5.4 (Nabulo et al., 2010) 

Nigerian 
dumpsite 

 0.3 – 0.5  4.4 – 5.6         1 – 1.7  (Otitoju et al., 2012) 

Mbale dumpsite Cocorhrous 
olitorous 

leaves 6.4 – 9.0 237 + 81 0.5 + 0.2 285 + 76 38.2 + 5.7 0.12 + 0.1 1.5 + 0.3 0.05 12.4 + 2.8 0.05 0.05 0.05 42 + 7 0.7 + 0.3 Measured at Mbale 

Mbale dumpsite Vigna 
unguiculate 

leaves 6.4 – 9.0 183 + 108 0.5 + 0.1 259 + 62 133 + 161 0.3 + 0.1 1.4 + 0.3 0.05 4.5 + 1.8 0.05 0.05 0.05 44.5 + 8.4 1.7 + 2.6 Measured at Mbale 

Mbale dumpsite Physalis 
peruviana 

fruit 6.4 – 9.0 27 + 13 0.11 + 0.1 44 + 21 7.3 + 1.9 0.05 0.4 + 0.3 0.05 7.4 + 1.6 0.05 0.05 0.05 18.8 + 4.7 0.1 + 0.1 Measured at Mbale 

Mbale dumpsite  

Citrullus 
lanatus 

 

fruit 

6.4 – 9.0 25 + 8 0.2 + 0.2 45 + 11 9.2 + 3.8 0.1 + 0.1 1.0 + 0.7 0.05 9.6 + 2.4 0.05 0.05 0.05 65 + 26 0.11 + 0.1 Measured at Mbale 

Egyptian market         5.4 – 6.1   NDL 8.8 – 11.2 0.2 – 0.5 (Radwan and Salama, 2006) 

Mbale dumpsite Arachis 
hypogaea 

seeds 6.4 – 9.0 29 + 3 1.5 + 0.3 38.2 + 8.8 12 + 2 0.03+0.03 1.4 + 0.22 0.05 8.4 + 2.7 0.05 0.05 0.05 47.3 + 3.5 0.05 + 0.03 Measured at Mbale 

 
 

  

  



Chapter 5 

361 
 

Table SI 5.3. Estimated daily dietary intake for single metals in individual crops (DIM), multiple metals in individual crops (DIMt i) and multiple metals in combined individual crops (DIMtic) and meal types (DIMtm) 

 ESTIMATED DAILY METAL INTAKE FOR NON-CARCINOGENIC RISKS IN CROP AND MEAL TYPES (mg/kg/day) 

 
Meal or 

crop type 

 
Age 

group 

DIM (single metals, individual crop types) DIMti 
(total 

metals, 
individual 
crop types) 

DIMtic 
(total 

metals, 
combined  
individual 
crop types) 

DIMtm 
(total 

metals, 
meal 
types) 

DIMtmw 
(total 

metals, 
weekly 

combined 
dietary 
intake) 

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

Meal 1 Adult 5.9 * 10-2 5.2 * 10-4 8.0 * 10-2 3.3 * 10-2 7.0 * 10-5 7.3 * 10-4 3.8 * 10-3 2.4 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.9 * 10-4   2.0 * 10-1 1.4 
Child 1.5 * 10-1 1.4 * 10-3 2.1 * 10-1 8.6 * 10-2 1.8 * 10-4 1.9 * 10-3 9.9 * 10-3 6.3 * 10-2 7.0 * 10-5 7.0 * 10-5 7.0 * 10-5 7.0 * 10-5 1.0 * 10-3   5.2 * 10-1 3.7 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.0 * 10-6 2.0 * 10-4 1.2 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 2.0 * 10-2  

4.3 * 10-1 

 

 

 

 

3.0 Cocorhrous olitorous 7.8 * 10-2 1.7 * 10-4 9.4 * 10-2 1.3 * 10-2 4.0 * 10-5 4.8 * 10-4 4.1 * 10-3 1.4 * 10-2 2.0 * 10-5 2.0 * 10-5 2.0 * 10-5 2.0 * 10-5 2.2 * 10-4 2.0 * 10-1 

Vigna unguiculate 6.1 * 10-2 1.7 * 10-4 8.6 * 10-2 4.4 * 10-2 9.0 * 10-5 4.4 * 10-4 1.5 * 10-3 1.5 * 10-2 2.0 * 10-5 2.0 * 10-5 2.0 * 10-5 2.0 * 10-5 5.4 * 10-4 2.1 * 10-1 

Arachis hypogea  

Child 

1.9 * 10-2 1.0 * 10-3 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.0 * 10-4 5.6 * 10-3 3.2 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 9.2 * 10-2  

9.2 * 10-1 

 

 

 

6.5 Cocorhrous olitorous 1.6 * 10-1 3.4 * 10-4 1.9 * 10-1 2.6 * 10-2 8.0 * 10-5 9.7 * 10-4 8.3 * 10-3 2.8 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.3 * 10-4 4.1 * 10-1 

Vigna unguiculate 1.2 * 10-1 3.3 * 10-4 1.7 * 10-1 8.9 * 10-2 1.7 * 10-4 9.0 * 10-4 3.0 * 10-3 3.0 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 1.1 * 10-3 4.2 * 10-1 

Meal 2 Adult 4.1 * 10-2 3.0 * 10-4 6.2 * 10-2 9.3 * 10-3 4.0 * 10-5 4.5 * 10-4 2.7 * 10-3 2.2 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 9.0 * 10-5   1.4 * 10-1 0.96 

Child 1.1 * 10-1 8.0 * 10-4 1.6 * 10-1 2.4 * 10-2 9.0 * 10-5 1.2 * 10-3 7.1 * 10-3 5.7 * 10-2 7.0 * 10-5 7.0 * 10-5 7.0 * 10-5 7.0 * 10-5 2.3 * 10-4   3.6 * 10-1 2.50 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.0 * 10-6 2.0 * 10-4 1.2 * 10-3 6.6 * 10-3 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 2.0 * 10-2  

3.7 * 10-1 

 

 

 

2.7 Cruentus 1.0 * 10-1 1.7 * 10-4 1.6 * 10-1 1.8 * 10-2 5.0 * 10-5 6.3 * 10-4 2.2 * 10-3 1.7 * 10-2 2.0 * 10-5 2.0 * 10-5 2.0 * 10-5 2.0 * 10-5 2.1 * 10-4 3.0 * 10-1 

Zea mays 9.2 * 10-3 4.0 * 10-5 8.8 * 10-3 3.6 * 10-3 3.0 * 10-5 7.0 * 10-5 1.6 * 10-3 2.1 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.4 * 10-2 

Arachis hypogea  

Child 

1.9 * 10-2 1.0 * 10-3 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 9.2 * 10-2  

7.5 * 10-1 

 

 

 

5.3 Cruentus 2.1 * 10-1 3.5 * 10-4 3.3 * 10-1 3.7 * 10-2 1.1 * 10-4 1.3 * 10-3 4.5 * 10-3 3.5 * 10-2 3.0 * 10-5 5.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.2 * 10-4 6.1 * 10-1 

Zea mays 1.0 * 10-2 4.0 * 10-5 9.7 * 10-3 3.9 * 10-3 3.0 * 10-5 8.0 * 10-5 1.6 * 10-3 2.3 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.9 * 10-2 

Meal 3 Adult 4.4 * 10-2 4.1 * 10-4 5.6 * 10-2 1.1 * 10-2 5.5 * 10-5 5.8 * 10-4 2.8 * 10-3 2.3 * 10-2 3.0 * 10-5 1.0 * 10-4 3.0 * 10-5 3.0 * 10-5 1.6 * 10-4   1.4 * 10-1 0.96 

Child 1.2 * 10-1 1.1 * 10-3 1.5 * 10-1 2.8 * 10-2 1.4 * 10-4 1.5 * 10-3 7.3 * 10-3 5.9 * 10-2 7.0 * 10-5 2.6 * 10-4 7.0 * 10-5 7.0 * 10-5 4.1 * 10-4   3.6 * 10-1 2.51 

Solanum lycopersicum  

Adult 

4.7 * 10-3 3.6 * 10-5 8.8 * 10-3 2.1 * 10-3 1.0 * 10-5 7.5 * 10-5 2.0 * 10-3 6.2 * 10-3 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 1.2 * 10-5 2.4 * 10-2  

2.5 * 10-1 

 

 

 

 

1.71 Amaranthus hybridus 6.2 * 10-2 6.0 * 10-4 7.8 * 10-2 1.4 * 10-2 1.0 * 10-4 8.0 * 10-4 2.5 * 10-3 1.9 * 10-2 1.7 * 10-5 1.3 * 10-4 1.7 * 10-5 1.7 * 10-5 2.2 * 10-4 1.8 * 10-1 

Zea mays 9.2 * 10-3 3.6 * 10-5 8.8 * 10-3 3.6 * 10-3 3.0 * 10-5 7.3 * 10-5 1.6 * 10-3 2.1 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.4 * 10-2 

Solanum lycopersicum  

Child 

1.6 * 10-2 1.2 * 10-4 3.0 * 10-2 7.0 * 10-3 3.3 * 10-5 2.6 * 10-4 6.9 * 10-3 2.1 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 8.1 * 10-2  

 

 

 

 

 Amaranthus hybridus 1.3 * 10-1 1.2 * 10-3 1.6 * 10-1 2.8 * 10-2 1.0 * 10-4 1.7 * 10-3 5.0 * 10-3 3.8 * 10-2 3.3 * 10-5 2.7 * 10-4 3.3 * 10-5 3.3 * 10-5 4.5 * 10-4 3.6 * 10-1 



Chapter 5 

362 
 

Zea mays 1.0 * 10-2 4.0 * 10-5 9.7 * 10-3 3.9 * 10-3 3.3 * 10-5 8.0 * 10-5 1.7 * 10-3 2.3 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 4.9 * 10-2 4.9 * 10-1 

 

 

 

3.40 

Meal 4 Adult 7.8 * 10-2 4.5 * 10-4 1.0 * 10-1 1.3 * 10-2 5.3 * 10-5 6.0 * 10-4 3.9 * 10-3 1.7 * 10-2 1.1 * 10-4 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 2.6 * 10-4   2.1 * 10-1 1.5 

Child 2.0 * 10-1 1.2 * 10-3 2.6 * 10-1 3.3 * 10-2 1.4 * 10-4 1.6 * 10-3 1.0 * 10-2 4.5 * 10-2 2.7 * 10-4 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 6.8 * 10-4   5.6 * 10-1 3.9 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.2 * 10-6 2.0 * 10-4 1.2 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 1.9 * 10-2  

5.6 * 10-1 

 

 

 

3.93 Cucurbita maxima 2.2 * 10-1 3.1 * 10-4 2.8 * 10-1 2.0 * 10-2 5.6 * 10-5 8.5 * 10-4 6.0 * 10-3 2.3 * 10-2 1.7 * 10-5 1.7 * 10-5 1.7 * 10-5 1.7 * 10-5 6.0 * 10-4 5.4 * 10-1 

Arachis hypogea Child 1.9 * 10-2 9.9 * 10-4 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 9.2 * 10-2  

1.2 * 100 

 

 

 

8.31 Cucurbita maxima 4.4 * 10-1 6.4 * 10-4 5.6 * 10-1 4.0 * 10-2 1.1 * 10-4 1.7 * 10-3 1.2 * 10-2 4.7 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 1.2 * 10-3 1.1 * 100 

Meal 5 Adult 1.3 * 10-2 6.7 * 10-5 2.4 * 10-2 4.5 * 10-3 4.5 * 10-5 4.2 * 10-4 4.7 * 10-3 2.7 * 10-2 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 5.2 * 10-5   7.4 * 10-2 0.52 

Child 3.5 * 10-2 1.8 * 10-4 6.2 * 10-2 1.2 * 10-2 1.1 * 10-4 1.1 * 10-3 1.2 * 10-2 7.0 * 10-2 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 1.4 * 10-4   1.9 * 10-1 1.34 

Physalis peruviana  

Adult 

2.9 * 10-3 1.2 * 10-5 4.6 * 10-3 7.7 * 10-4 5.0 * 10-6 4.1 * 10-5 7.8 * 10-4 2.0 * 10-3 5.0 * 10-6 5.0 * 10-6 5.0 * 10-6 5.0 * 10-6 7.0 * 10-6 1.1 * 10-2  

2.7 * 10-2 

 

 

 

0.19 Citrullus lanatus 2.7 * 10-3 1.5 * 10-5 4.8 * 10-3 9.6 * 10-4 9.0 * 10-6 1.0 * 10-4 1.0 * 10-3 6.8 * 10-3 5.0 * 10-6 5.0 * 10-6 5.0 * 10-6 5.0 * 10-6 1.2 * 10-5 1.6 * 10-2 

Physalis peruviana  

Child 

1.8 * 10-2 7.4 * 10-5 3.0 * 10-2 4.9 * 10-3 3.3 * 10-5 2.6 * 10-4 5.0 * 10-3 1.3 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 4.7 * 10-5 7.1 * 10-2  

1.7 * 10-1 

 

 

 

1.22 Citrullus lanatus 1.6 * 10-2 9.4 * 10-5 3.0 * 10-2 6.1 * 10-3 6.0 * 10-5 6.4 * 10-4 6.4 * 10-3 4.3 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 7.4 * 10-5 1.0 * 10-1 

Meal 6 Adult 1.2 * 10-2 2.6 * 10-4 1.8 * 10-2 6.9 * 10-3 2.3 * 10-5 2.6 * 10-4 2.3 * 10-3 2.2 * 10-2 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5   6.1 * 10-2 0.43 

Child 3.0 * 10-2 6.6 * 10-4 4.6 * 10-2 1.8 * 10-2 6.1 * 10-5 6.7 * 10-4 6.0 * 10-3 5.7 * 10-2 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 6.8 * 10-5   1.6 * 10-1 1.11 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-4 1.7 * 10-3 4.0 * 10-6 2.0 * 10-4 1.3 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 2.0 * 10-2  

1.3 * 10-1 

 

 

 

 

0.88 Brassica oleracea 9.7 * 10-3 2.0 * 10-5 2.4 * 10-2 1.1 * 10-2 1.7 * 10-5 1.7 * 10-5 9.1 * 10-4 1.7 * 10-2 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 6.3 * 10-2 

Zea mays 9.2 * 10-3 3.6 * 10-5 8.8 * 10-3 3.6 * 10-3 3.0 * 10-5 7.3 * 10-5 1.6 * 10-3 2.1 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.4 * 10-2 

Arachis hypogea  

Child 

1.9 * 10-2 9.9 * 10-4 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 9.2 * 10-2  

2.7 * 10-1 

 

 

 

 

1.87 Brassica oleracea 2.0 * 10-2 4.0 * 10-5 4.9 * 10-2 2.2 * 10-2 3.3 * 10-5 3.3 * 10-5 1.8 * 10-3 3.4 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 1.3 * 10-1 

Zea mays 1.0 * 10-2 4.0 * 10-5 9.7 * 10-3 3.9 * 10-3 3.3 * 10-5 8.0 * 10-5 1.7 * 10-3 2.3 * 10-2 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 4.9 * 10-2 

Meal 7 Adult 7.5 * 10-2 7.0 * 10-4 9.6 * 10-2 1.7 * 10-2 6.1 * 10-5 9.4 * 10-4 7.6 * 10-3 3.8 * 10-2 2.6 * 10-5 4.7 * 10-5 2.7 * 10-5 2.6 * 10-5 2.6 * 10-4   2.4 * 10-1 1.648 

Child 2.0 * 10-1 1.8 * 10-3 2.5 * 10-1 4.4 * 10-2 1.6 * 10-4 2.5 * 10-3 2.0 * 10-2 1.0 * 10-1 6.9 * 10-5 1.2 * 10-4 6.9 * 10-5 6.9 * 10-5 6.8 * 10-4   6.1 * 10-1 4.293 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.2 * 10-6 2.0 * 10-4 1.2 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 2.0 * 10-2  

5.2 * 10-1 

 

 

 

 

3.643 Gynandropsis gynandra 6.7 * 10-2 1.5 * 10-4 9.4 * 10-2 1.4 * 10-2 5.0 * 10-5 5.3 * 10-4 3.8 * 10-3 4.2 * 10-2 1.7 * 10-5 5.0 * 10-5 1.7 * 10-5 1.7 * 10-5 2.6 * 10-4 2.2 * 10-1 

Amaranthus dubius 1.0 * 10-1 6.2 * 10-4 1.2 * 10-1 2.0 * 10-2 8.5 * 10-5 9.2 * 10-4 9.7 * 10-3 2.4 * 10-2 1.7 * 10-5 3.3 * 10-5 1.7 * 10-5 1.7 * 10-5 3.7 * 10-4 2.8 * 10-1 

Arachis hypogea  

Child 

1.9 * 10-2 9.9 * 10-4 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 9.2 * 10-2  

 

 

 

 

 Gynandropsis gynandra 1.4 * 10-1 3.1 * 10-4 1.9 * 10-1 2.8 * 10-2 1.0 * 10-4 1.1 * 10-3 7.7 * 10-3 8.4 * 10-2 3.3 * 10-5 1.0 * 10-4 3.3 * 10-5 3.3 * 10-5 5.2 * 10-4 4.5 * 10-1 
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Amaranthus dubius 2.1 * 10-1 1.3 * 10-3 2.5 * 10-1 4.0 * 10-2 1.7 * 10-4 1.9 * 10-3 2.0 * 10-2 4.7 * 10-2 3.3 * 10-5 6.7 * 10-5 3.3 * 10-5 3.3 * 10-5 7.5 * 10-4 3.7 * 10-1 1.1 * 100 

 

 

3.948 

Meal 8 Adult 2.9 * 10-2 3.0 * 10-4 3.8 * 10-2 1.5 * 10-2 4.2 * 10-5 4.0 * 10-4 2.7 * 10-3 2.1 * 10-2 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 1.7 * 10-4   1.1 * 10-1 0.748 

Child 7.6 * 10-2 7.9 * 10-4 9.9 * 10-2 3.9 * 10-2 1.1 * 10-4 1.0 * 10-3 7.0 * 10-3 5.5 * 10-2 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 4.3 * 10-4   2.8 * 10-1 1.947 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.2 * 10-6 2.0 * 10-4 1.2 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 2.0 * 10-2  

4.8 * 10-1 

 

 

 

 

 

3.329 Cocorhrous olitorous 7.8 * 10-2 1.7 * 10-4 9.4 * 10-2 1.3 * 10-2 4.0 * 10-5 4.8 * 10-4 4.1 * 10-3 1.4 * 10-2 1.7 * 10-5 1.7 * 10-5 1.7 * 10-5 1.7 * 10-5 2.2 * 10-4 2.1 * 10-1 

Vigna unguiculate 6.1 * 10-2 1.7 * 10-4 8.6 * 10-2 4.4 * 10-2 8.6* 10-5 4.5 * 10-4 1.5 * 10-3 1.5 * 10-2 1.7 * 10-5 1.7 * 10-5 1.7 * 10-5 1.7 * 10-5 5.4 * 10-4 2.1 * 10-1 

Zea mays 9.2 * 10-3 3.6 * 10-5 8.8 * 10-3 3.6 * 10-3 3.0 * 10-5 7.3 * 10-5 1.6 * 10-3 2.1 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.4 * 10-2 

Arachis hypogea  

Child 

1.9 * 10-2 9.9 * 10-4 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 9.2 * 10-2  

8.6 * 10-1 

 

 

 

 

6.027 Cocorhrous olitorous 1.6 * 10-1 3.4 * 10-4 1.9 * 10-1 2.6 * 10-2 8.0 * 10-5 9.7 * 10-4 8.3 * 10-3 2.8 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 4.4 * 10-4 4.2 * 10-1 

Vigna unguiculate 1.0 * 10-1 3.3 * 10-4 1.7 * 10-1 8.9 * 10-2 1.8 * 10-4 9.0 * 10-4 3.0 * 10-3 3.0 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 1.1 * 10-3 4.1 * 10-1 

Zea mays 1.0 * 10-2 4.0 * 10-5 9.7 * 10-3 3.9 * 10-3 3.3 * 10-5 8.0 * 10-5 1.7 * 10-3 2.3 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 4.9 * 10-2 

Meal 9 Adult 2.9 * 10-2 5.1 * 10-4 3.8 * 10-2 1.1 * 10-2 5.6 * 10-5 5.7 * 10-4 2.8 * 10-3 1.6 * 10-2 1.1 * 10-4 6.3 * 10-5 2.6 * 10-5 2.6 * 10-5 1.4 * 10-4   9.7 * 10-2 0.675 

Child 7.3 * 10-2 1.3 * 10-3 9.9 * 10-2 2.8 * 10-2 1.5 * 10-4 1.5 * 10-3 7.3 * 10-3 4.0 * 10-2 2.7 * 10-4 1.7 * 10-4 6.9 * 10-5 6.9 * 10-5 3.6 * 10-4   2.5 * 10-1 1.758 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.2 * 10-6 2.0 * 10-4 1.2 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 2.0 * 10-2  

2.2 * 10-1 

 

 

 

1.537 Solanum lycopersicum 4.7 * 10-3 3.6 * 10-5 8.8 * 10-3 2.1 * 10-3 1.0 * 10-5 7.6 * 10-5 2.0 * 10-3 6.2 * 10-3 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 1.2 * 10-5 2.4 * 10-2 

Amaranthus hybridus 6.2 * 10-2 6.0 * 10-4 7.8 * 10-2 1.4 * 10-2 1.0 * 10-4 8.0 * 10-4 2.5 * 10-3 1.9 * 10-2 1.7 * 10-5 1.3 * 10-4 1.7 * 10-5 1.7 * 10-5 2.2 * 10-4 1.8 * 10-1 

Arachis hypogea  

Child 

1.9 * 10-2 9.9 * 10-4 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 9.2 * 10-2  

5.3 * 10-1 

 

 

 

3.703 Solanum lycopersicum 1.6 * 10-2 1.2 * 10-4 3.0 * 10-2 7.0 * 10-3 3.3 * 10-5 2.6 * 10-4 6.9 * 10-3 2.1 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 4.0 * 10-5 8.1 * 10-2 

Amaranthus hybridus 1.3 * 10-1 1.2 * 10-3 1.6 * 10-1 2.8 * 10-2 1.0 * 10-4 1.7 * 10-3 5.0 * 10-3 3.8 * 10-2 3.3 * 10-5 2.7 * 10-4 3.3 * 10-5 3.3 * 10-5 4.5 * 10-4 3.6 * 10-1 

Meal 10 Adult 3.6 * 10-2 3.7 * 10-4 4.4 * 10-2 8.9 * 10-3 3.9 * 10-5 4.8 * 10-4 4.2 * 10-3 2.7 * 10-2 2.6 * 10-5 3.5 * 10-5 2.7 * 10-5 2.6 * 10-5 1.2 * 10-4   1.2 * 10-1 0.845 

Child 9.3 * 10-2 9.7 * 10-4 1.2 * 10-1 2.3 * 10-2 1.0 * 10-4 1.3 * 10-3 1.1 * 10-2 7.0 * 10-2 6.9 * 10-5 9.0 * 10-5 6.9 * 10-5 6.9 * 10-5 3.1 * 10-4   3.2 * 10-1 2.20 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.2 * 10-6 2.0 * 10-4 1.2 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 2.0 * 10-2  

 

5.7 * 10-1 

 

 

 

 

 

3.952 

 

Gynandropsis gynandra 6.7 * 10-2 1.5 * 10-4 9.4 * 10-2 1.4 * 10-2 5.0 * 10-5 5.3 * 10-4 3.8 * 10-3 4.2 * 10-2 1.7 * 10-5 5.0 * 10-5 1.7 * 10-5 1.7 * 10-5 2.6 * 10-4 2.2 * 10-1 

Amaranthus dubius 1.0 * 10-1 6.2 * 10-4 1.2 * 10-1 2.0 * 10-2 8.5 * 10-5 9.2 * 10-4 9.7 * 10-3 2.4 * 10-2 1.7 * 10-5 3.3 * 10-5 1.7 * 10-5 1.7 * 10-5 3.7 * 10-4 2.8 * 10-1 

Zea mays 9.2 * 10-3 3.6 * 10-5 8.8 * 10-3 3.6 * 10-3 3.0 * 10-5 7.3 * 10-5 1.6 * 10-3 2.1 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.4 * 10-2 

Arachis hypogea  

 

Child 

1.9 * 10-2 9.9 * 10-4 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 9.2 * 10-2  

 

9.6 * 10-1 

 

 

 

 

 

6.692 

Gynandropsis gynandra 1.4 * 10-1 3.1 * 10-4 1.9 * 10-1 2.8 * 10-2 1.0 * 10-4 1.1 * 10-3 7.7 * 10-3 8.4 * 10-2 3.3 * 10-5 1.0 * 10-4 3.3 * 10-5 3.3 * 10-5 5.2 * 10-4 4.5 * 10-1 

Amaranthus dubius 1.4 * 10-1 3.1 * 10-4 2.5 * 10-1 2.8 * 10-2 1.0 * 10-4 1.1 * 10-3 7.7 * 10-3 8.4 * 10-2 3.3 * 10-5 1.0 * 10-4 3.3 * 10-5 3.3 * 10-5 5.2 * 10-4 3.7 * 10-1 

Zea mays 1.0 * 10-2 4.0 * 10-5 9.7 * 10-3 3.9 * 10-3 3.3 * 10-5 8.0 * 10-5 1.7 * 10-3 2.3 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 4.9 * 10-2 
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Meal 11 Adult 4.1 * 10-2 5.5 * 10-4 5.2 * 10-2 1.3 * 10-2 6.2 * 10-5 6.2 * 10-4 5.1 * 10-3 1.7 * 10-2 1.1 * 10-4 3.2 * 10-5 2.6 * 10-5 2.6 * 10-5 1.9 * 10-4   1.3 * 10-1 0.907 

Child 1.1 * 10-1 1.4 * 10-3 1.4 * 10-1 3.3 * 10-2 1.6 * 10-4 1.6 * 10-3 1.3 * 10-2 4.5 * 10-2 2.7 * 10-4 8.3 * 10-5 6.9 * 10-5 6.9 * 10-5 4.9 * 10-4   3.4 * 10-1 2.363 

Arachis hypogea  

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.2 * 10-6 2.0 * 10-4 1.2 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 2.0 * 10-2  

3.0 * 10-1 

 

 

 

 

2.10 Amaranthus dubius 1.0 * 10-1 6.2 * 10-4 1.2 * 10-1 2.0 * 10-2 8.5 * 10-5 9.2 * 10-4 9.7 * 10-3 2.4 * 10-2 1.7 * 10-5 3.3 * 10-5 1.7 * 10-5 1.7 * 10-5 3.7 * 10-4 2.8 * 10-1 

Arachis hypogea  

Child 

1.9 * 10-2 9.9 * 10-4 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 9.2 * 10-2  

4.5 * 10-1 

 

 

 

3.145 Amaranthus dubius 1.4 * 10-1 3.1 * 10-4 1.9 * 10-1 2.8 * 10-2 1.0 * 10-4 1.1 * 10-3 7.7 * 10-3 8.4 * 10-2 3.3 * 10-5 1.0 * 10-4 3.3 * 10-5 3.3 * 10-5 5.2 * 10-4 3.6 * 10-1 

Meal 12 Adult 1.2 * 10-2 2.6 * 10-4 1.9 * 10-2 7.1 * 10-3 2.6 * 10-5 2.9 * 10-4 2.7 * 10-3 2.3 * 10-2 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5 2.6 * 10-5   6.5 * 10-2 0.453 

Child 3.2 * 10-2 6.7 * 10-4 5.0 * 10-2 1.9 * 10-2 6.9 * 10-5 7.6 * 10-4 7.0 * 10-3 6.0 * 10-2 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5 6.9 * 10-5   1.7 * 10-1 1.179 

Arachis hypogea  

 

 

Adult 

4.1 * 10-3 2.1 * 10-4 5.4 * 10-3 1.7 * 10-3 4.2 * 10-6 2.0 * 10-4 1.2 * 10-3 6.7 * 10-3 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 2.0 * 10-2  

 

1.7 * 10-1 

 

 

 

 

 

 

1.163 

Solanum lycopersicum 4.7 * 10-3 3.6 * 10-5 8.8 * 10-3 2.1 * 10-3 1.0 * 10-5 7.6 * 10-5 2.0 * 10-3 6.2 * 10-3 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 1.0 * 10-5 1.2 * 10-5 2.4 * 10-2 

Brassica oleracea 9.7 * 10-3 2.0 * 10-5 2.4 * 10-2 1.1 * 10-2 1.7 * 10-5 1.7 * 10-5 9.1 * 10-4 1.7 * 10-2 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 7.0 * 10-6 6.3 * 10-2 

Zea mays 9.2 * 10-3 3.6 * 10-5 8.8 * 10-3 3.6 * 10-3 3.0 * 10-5 7.3 * 10-5 1.6 * 10-3 2.1 * 10-2 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 3.0 * 10-5 4.4 * 10-2 

Citrullus lanatus 2.6 * 10-3 1.5 * 10-5 4.8 * 10-3 9.6 * 10-4 9.0 * 10-6 1.0 * 10-4 1.0 * 10-3 6.8 * 10-3 5.3 * 10-6 5.3 * 10-6 5.3 * 10-6 5.3 * 10-6 1.2 * 10-5 1.6 * 10-2 

Arachis hypogea  

 

Child 

1.9 * 10-2 9.9 * 10-4 2.6 * 10-2 8.1 * 10-3 2.0 * 10-5 9.3 * 10-4 5.6 * 10-3 3.2 * 10-2 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 3.4 * 10-5 9.2 * 10-2  

 

4.5 * 10-1 

 

 

 

 

 

 

3.157 

Solanum lycopersicum 1.6 * 10-2 1.2 * 10-4 3.0 * 10-2 7.0 * 10-3 3.3 * 10-5 2.6 * 10-4 6.9 * 10-3 2.1 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 4.0 * 10-5 8.1 * 10-2 

Brassica oleracea 2.0 * 10-2 4.0 * 10-5 4.9 * 10-2 2.2 * 10-2 3.3 * 10-5 3.3 * 10-5 1.8 * 10-3 3.4 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 1.3 * 10-1 

Zea mays 1.0 * 10-2 4.0 * 10-5 9.7 * 10-3 3.9 * 10-3 3.3 * 10-5 8.0 * 10-5 1.7 * 10-3 2.3 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 4.9 * 10-2 

Citrullus lanatus 1.6 * 10-2 9.4 * 10-5 3.0 * 10-2 6.1 * 10-3 6.0 * 10-5 6.4 * 10-4 6.4 * 10-3 4.3 * 10-2 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 3.3 * 10-5 7.4 * 10-5 1.0 * 10-1 

MTDI 

(Shaheen et al., 2016) 
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Table SI 5.4. Estimated target hazard quotient for single metals in individual crops (THQ), multiple metals in individual crops (TTHQ i) and multiple metals in combined crops and meal types (TTHQm) for non-carcinogenic risks 

TARGET HAZARD QUOTIENT (THQ) FOR NON-CARCINOGENIC RISKS IN CROP AND MEAL TYPES 
Meal or 

crop type 

Age 
group 

THQ (single metals, individual crop types) TTHQi (total 
metals, 

individual crop 
types) 

TTHQic (total 
metals, 

individual 
combined crop 

types) 

TTHQm  (total 
metals, meal 

types) Al Cr Fe Mn Co Ni Cu Zn As Se Cd Hg Pb 

Meal 1 Adult 5.9 * 10-2 1.7 * 10-1 1.2 * 10-1 2.4 * 10-1 2.3 * 10-1 3.6 * 10-2 9.5 * 10-2 8.0 * 10-2 8.8 * 10-2 5.0 * 10-3 2.6 * 10-2 8.8 * 10-2 1.1 * 10-1   1.342 

Child 1.5 * 10-1 4.5 * 10-1 3.0 * 10-1 6.2 * 10-1 4.0 * 10-1 9.5 * 10-2 2.5 * 10-1 2.1 * 10-1 2.3 * 10-1 1.4 * 10-2 6.9 * 10-2 2.3 * 10-1 2.9 * 10-1   3.495 

Arachis hypogea  

Adult 

4.0 * 10-3 6.9 * 10-2 8.0 * 10-3 1.2 * 10-2 1.4 * 10-2 1.0 * 10-2 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.0 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1 2.313  

 

 

Cocorhrous olitorous 7.8 * 10-2 5.6 * 10-2 1.3 * 10-1 9.0 * 10-2 1.3 * 10-1 2.4 * 10-2 1.0 * 10-1 4.6 * 10-2 5.5 * 10-2 3.3 * 10-3 1.7 * 10-2 5.5 * 10-2 6.2 * 10-2 8.6 * 10-1 

Vigna unguiculate 6.1 * 10-2 5.5 * 10-2 1.2 * 10-1 3.1 * 10-1 2.9 * 10-1 2.2 * 10-2 3.8 * 10-2 4.9 * 10-2 5.5 * 10-2 3.3 * 10-3 1.7 * 10-2 5.5 * 10-2 1.5 * 10-1 1.23 * 100 

Arachis hypogea  

 

Child 

1.9 * 10-2 3.3 * 10-1 3.6 * 10-2 5.8 * 10-2 6.7 * 10-2 4.6 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 7.0 * 10-3 3.3 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

 

5.291 

 

 

 

Cocorhrous olitorous 1.6 * 10-1 1.1 * 10-1 2.7 * 10-1 1.8 * 10-1 2.7 * 10-1 4.9 * 10-2 2.1 * 10-1 9.4 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 1.3 * 10-1 1.73 * 100 

Vigna unguiculate 1.2 * 10-1 1.1 * 10-1 2.5 * 10-1 6.3 * 10-1 5.8 * 10-1 4.5 * 10-2 7.6 * 10-2 9.9 * 10-2 1.1 * 10-1 6.7 * 10-3 3.5 * 10-2 1.1 * 10-1 3.1 * 10-1 2.49 * 100 

                  

Meal 2 Adult 4.1 * 10-2 1.0 * 10-1 8.8 * 10-2 6.6 * 10-2 1.2 * 10-1 2.3 * 10-2 6.2 * 10-2 7.3 * 10-2 8.8 * 10-2 6.0 * 10-3 2.6 * 10-2 8.8 * 10-2 2.5 * 10-2   8.1 * 10-1 

Child 1.1 * 10-1 2.7 * 10-1 2.3 * 10-1 1.7 * 10-1 3.1 * 10-1 5.9 * 10-2 1.8 * 10-1 1.9 * 10-1 2.3 * 10-1 1.5 * 10-2 6.9 * 10-2 2.3 * 10-1 6.5 * 10-2   2.1 * 100 

Arachis hypogea  

 

Adult 

4.0 * 10-3 6.9 * 10-2 8.0 * 10-3 1.2 * 10-2 1.4 * 10-2 1.0 * 10-2 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.0 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

1.778 

 

 Cruentus 1.1 * 10-1 5.7 * 10-2 2.3 * 10-1 1.3 * 10-1 1.8 * 10-1 3.1 * 10-2 5.5 * 10-2 5.8 * 10-2 5.5 * 10-2 5.0 * 10-3 1.7 * 10-2 5.5 * 10-2 6.0 * 10-2 1.0 * 100 

Zea mays 9.0 * 10-3 1.2 * 10-2 1.2 * 10-2 2.5 * 10-2 1.0 * 10-1 4.0 * 10-3 3.9 * 10-2 6.9 * 10-2 1.0 * 10-1 6.0 * 10-3 3.0 * 10-2 1.0 * 10-1 9.0 * 10-3 5.2 * 10-1 

Arachis hypogea  

 

Child 

1.9 * 10-2 3.3 * 10-1 3.6 * 10-2 5.8 * 10-2 6.7 * 10-2 4.6 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 7.0 * 10-3 3.3 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

 

3.736 

 

 
Cruentus 2.1 * 10-1 1.2 * 10-1 4.7 * 10-1 2.7 * 10-1 3.6 * 10-1 6.4 * 10-2 1.1 * 10-1 1.2 * 10-1 1.1 * 10-1 9.0 * 10-3 3.3 * 10-2 1.1 * 10-1 1.2 * 10-1 2.1 * 100 

Zea mays 1.0 * 10-2 1.3 * 10-2 1.4 * 10-2 2.8 * 10-2 1.1 * 10-1 4.0 * 10-3 4.3 * 10-2 7.7 * 10-2 1.1 * 10-1 7.0 * 10-3 3.3 * 10-2 1.1 * 10-1 1.0 * 10-2 5.7 * 10-1 

                  

Meal 3 Adult 4.4 * 10-2 1.4 * 10-1 8.0 * 10-2 7.7 * 10-2 1.8 * 10-1 2.9 * 10-2 7.0 * 10-2 7.5 * 10-2 8.8 * 10-2 2.0 * 10-2 2.6 * 10-2 8.8 * 10-2 4.5 * 10-2   9.6 * 10-1 

Child 1.2 * 10-1 3.6 * 10-1 2.1 * 10-1 2.0 * 10-1 4.8 * 10-1 7.5 * 10-2 1.8 * 10-1 2.0 * 10-1 2.3 * 10-1 5.2 * 10-2 6.9 * 10-2 2.3 * 10-1 1.2 * 10-1   2.51 * 100 

Solanum lycopersicum  

Adult 

4.7 * 10-3 1.2 * 10-2 1.3 * 10-2 1.5 * 10-2 3.3 * 10-2 3.8 * 10-3 5.1 * 10-2 2.1 * 10-2 3.3 * 10-2 2.0 * 10-3 9.9 * 10-3 3.3 * 10-2 3.4 * 10-3 2.3 * 10-1   

 

 

Amaranthus hybridus 6.1 * 10-2 2.1 * 10-1 1.1 * 10-1 9.8 * 10-2 2.1 * 10-1 4.1 * 10-2 6.2 * 10-2 6.2 * 10-2 5.5 * 10-2 2.6 * 10-2 1.7 * 10-2 5.5 * 10-2 6.3 * 10-2 1.1 * 100 1.818 

Zea mays 9.2 * 10- 1.2 * 10-2 1.3 * 10-2 2.5 * 10-2 1.0 * 10-1 3.6 * 10-3 3.9 * 10-2 6.9 * 10-2 1.0 * 10-1 6.0 * 10-3 3.0 * 10-2 1.0 * 10-1 8.6 * 10-3 5.2 * 10-1 
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Solanum lycopersicum  

Child 

1.6 * 10-2 4.0 * 10-2 4.2 * 10-2 5.0 * 10-2 1.1 * 10-1 1.3 * 10-2 1.7 * 10-1 7.0 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 1.2 * 10-2 7.9 * 10-1  

 

3.514 

 

 

 

Amaranthus hybridus 1.3 * 10-1 4.1 * 10-1 2.3 * 10-1 2.0 * 10-1 4.2 * 10-1 8.3 * 10-2 1.3 * 10-1 1.3 * 10-1 1.1 * 10-1 5.3 * 10-2 3.3 * 10-2 1.1 * 10-1 1.3 * 10-1 2.2 * 100 

Zea mays 1.0 * 10-2 1.3 * 10-2 1.4 * 10-2 2.8 * 10-2 1.1 * 10-1 4.0 * 10-3 4.3 * 10-2 7.7 * 10-2 1.1 * 10-1 6.7 * 10-3 3.3 * 10-2 1.1 * 10-1 9.6 * 10-3 5.7 * 10-1 

                  

Meal 4 Adult 7.8 * 10-2 1.5 * 10-1 1.5 * 10-1 9.0 * 10-2 1.8 * 10-1 3.0 * 10-2 9.7 * 10-2 5.8 * 10-2 3.9 * 10-1 5.3 * 10-3 2.6 * 10-2 8.8 * 10-2 7.4 * 10-2   1.364 

Child 2.0 * 10-1 3.9 * 10-1 3.7 * 10-1 2.4 * 10-1 4.6 * 10-1 7.8 * 10-2 2.5 * 10-1 1.5 * 10-1 9.1 * 10-1 1.4 * 10-2 6.9 * 10-2 2.3 * 10-1 1.9 * 10-1   3.553 

Arachis hypogea  

Adult 

4.1 * 10-3 6.9 * 10-2 7.7 * 10-3 1.2 * 10-2 1.4 * 10-2 9.8 * 10-3 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.4 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

1.833 

 

 Cucurbita maxima 2.2 * 10-1 1.0 * 10-1 3.9 * 10-1 1.4 * 10-1 1.9 * 10-1 4.2 * 10-2 1.5 * 10-1 7.7 * 10-2 5.5 * 10-2 3.3 * 10-3 1.7 * 10-2 5.5 * 10-2 1.7 * 10-1 1.6 * 100 

Arachis hypogea  

Child 

1.9 * 10-2 3.3 * 10-1 3.7 * 10-2 5.8 * 10-2 6.7 * 10-2 4.7 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.3 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

4.321 

 

 Cucurbita maxima 4.4 * 10-1 2.1 * 10-1 7.9 * 10-1 2.8 * 10-1 3.8 * 10-1 8.6 * 10-2 3.0 * 10-1 1.6 * 10-1 1.1 * 10-1 6.7 * 10-3 3.3 * 10-2 1.1 * 10-1 3.4 * 10-1 3.3 * 100 

                  

Meal 5 Adult 1.3 * 10-2 2.3 * 10-2 3.4 * 10-2 3.2 * 10-2 1.4 * 10-1 2.1 * 10-2 1.2 * 10-1 8.9 * 10-2 8.8 * 10-2 5.3 * 10-3 2.6 * 10-2 8.8 * 10-2 1.5 * 10-2   0.693 

Child 3.5 * 10-2 5.9 * 10-2 8.9 * 10-2 8.4 * 10-2 3.7 * 10-1 5.4 * 10-2 3.1 * 10-1 2.3 * 10-1 2.3 * 10-1 1.4 * 10-2 6.9 * 10-2 2.3 * 10-1 3.8 * 10-2   1.806 

Physalis peruviana  

Adult 

2.9 * 10-3 3.9 * 10-3 6.6 * 10-3 5.5 * 10-3 1.8 * 10-2 2.1 * 10-3 2.0 * 10-2 6.6 * 10-3 1.8 * 10-2 1.1 * 10-3 5.3 * 10-3 1.8 * 10-2 2.1 * 10-3 1.1 * 10-1  

0.258 

 

 Citrullus lanatus 2.6 * 10-3 4.9 * 10-3 6.8 * 10-3 6.9 * 10-3 3.2 * 10-2 5.1 * 10-3 2.5 * 10-2 2.3 * 10-2 1.8 * 10-2 1.1 * 10-3 5.3 * 10-3 1.8 * 10-2 3.3 * 10-3 1.5 * 10-1 

Physalis peruviana Child 1.8 * 10-2 2.5 * 10-2 4.2 * 10-2 3.5 * 10-2 1.1 * 10-1 1.3 * 10-2 1.3 * 10-1 4.2 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 1.3 * 10-2 6.9 * 10-1  

1.641 

 

 Citrullus lanatus 1.6 * 10-2 3.1 * 10-2 4.3 * 10-2 4.4 * 10-2 2.0 * 10-1 3.2 * 10-2 1.6 * 10-1 1.4 * 10-1 1.1 * 10-1 6.7 * 10-3 3.3 * 10-2 1.1 * 10-1 2.1 * 10-2 9.6 * 10-1 

                  

Meal 6 Adult 1.2 * 10-2 8.5 * 10-2 2.5 * 10-2 4.9 * 10-2 7.8 * 10-2 1.3 * 10-2 5.7 * 10-2 7.3 * 10-2 8.8 * 10-2 5.3 * 10-3 2.6 * 10-2 8.8 * 10-2 7.4 * 10-3   0.606 

Child 3.0 * 10-2 2.2 * 10-1 6.6 * 10-2 1.3 * 10-1 2.0 * 10-1 3.3 * 10-2 1.5 * 10-1 1.9 * 10-1 2.3 * 10-1 1.4 * 10-2 6.9 * 10-2 2.3 * 10-1 1.9 * 10-2   1.579 

Arachis hypogea  

Adult 

4.1 * 10-3 6.9 * 10-2 7.7 * 10-3 1.2 * 10-2 1.4 * 10-2 9.8 * 10-3 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.4 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

 

1.141 

 

 Brassica oleracea 9.7 * 10-3 6.6 * 10-3 3.5 * 10-2 7.7 * 10-2 5.5 * 10-2 8.3 * 10-4 2.3 * 10-2 5.5 * 10-2 5.5 * 10-2 3.3 * 10-3 1.7 * 10-2 5.5 * 10-2 4.7 * 10-3 4.0 * 10-1 

Zea mays 9.2 * 10-3 1.2 * 10-2 1.3 * 10-2 2.5 * 10-2 1.0 * 10-1 3.6 * 10-3 3.9 * 10-2 6.9 * 10-2 1.0 * 10-1 6.1 * 10-3 3.0 * 10-2 1.0 * 10-1 8.6 * 10-3 5.2 * 10-1 

Arachis hypogea  

Child 

1.9 * 10-2 3.3 * 10-1 3.7 * 10-2 5.8 * 10-2 6.7 * 10-2 4.7 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.3 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

 

2.44 

 

 Brassica oleracea 2.0 * 10-2 1.3 * 10-2 7.0 * 10-2 1.6 * 10-1 1.1 * 10-1 1.7 * 10-3 4.6 * 10-2 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 8.0 * 10-1 

Zea mays 1.0 * 10-2 1.3 * 10-2 1.4 * 10-2 2.8 * 10-2 1.1 * 10-1 4.0 * 10-3 4.3 * 10-2 7.7 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 5.7 * 10-1 

                  

Meal 7 Adult 7.5 * 10-2 2.3 * 10-1 1.4 * 10-1 1.2 * 10-1 2.0 * 10-1 4.7 * 10-2 1.9 * 10-1 1.3 * 10-1 8.8 * 10-2 9.3 * 10-3 2.7 * 10-2 8.8 * 10-2 7.5 * 10-2   1.415 

Child 2.0 * 10-1 6.0 * 10-1 3.7 * 10-1 3.1 * 10-1 5.3 * 10-1 1.2 * 10-1 5.0 * 10-1 3.3 * 10-1 2.3 * 10-1 2.4 * 10-2 6.9 * 10-2 2.3 * 10-1 2.0 * 10-1   3.686 
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Arachis hypogea  

Adult 

4.1 * 10-3 6.9 * 10-2 7.7 * 10-3 1.2 * 10-2 1.4 * 10-2 9.8 * 10-3 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.4 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

 

2.721 

 

 Gynandropsis gynandra 6.7 * 10-2 5.1 * 10-2 1.4 * 10-1 9.9 * 10-2 1.7 * 10-1 2.7 * 10-2 9.5 * 10-2 1.4 * 10-1 5.5 * 10-2 9.9 * 10-3 1.7 * 10-2 5.5 * 10-2 7.3 * 10-2 9.9 * 10-1 

Amaranthus dubius 1.1 * 10-1 2.1 * 10-1 1.7 * 10-1 1.4 * 10-1 2.8 * 10-1 4.6 * 10-2 2.4 * 10-1 7.7 * 10-2 5.5 * 10-2 6.6 * 10-3 1.7 * 10-2 5.5 * 10-2 1.1 * 10-1 1.5 * 100 

Arachis hypogea  

Child 

1.9 * 10-2 3.3 * 10-1 3.7 * 10-2 5.8 * 10-2 6.7 * 10-2 4.7 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

 

6.113 

 

 Gynandropsis gynandra 1.4 * 10-1 1.0 * 10-1 2.7 * 10-1 2.0 * 10-1 3.4 * 10-1 5.4 * 10-2 1.9 * 10-1 2.8 * 10-1 1.1 * 10-1 2.2 * 10-2 3.3 * 10-2 1.1 * 10-1 1.5 * 10-1 2.0 * 100 

Amaranthus dubius 2.1 * 10-1 4.2 * 10-1 3.5 * 10-1 2.9 * 10-1 5.6 * 10-1 9.3 * 10-2 4.9 * 10-1 1.6 * 10-1 1.1 * 10-1 1.3 * 10-2 3.3 * 10-2 1.1 * 10-1 2.1 * 10-1 3.1 * 100 

                  

Meal 8 Adult 2.9 * 10-2 1.0 * 10-1 5.4 * 10-2 1.1 * 10-1 1.4 * 10-1 2.0 * 10-2 6.7 * 10-2 7.1 * 10-2 8.8 * 10-2 5.3 * 10-3 2.6 * 10-2 8.8 * 10-2 4.7 * 10-2   0.841 

Child 7.6 * 10-2 2.6 * 10-1 1.4 * 10-1 2.8 * 10-1 3.6 * 10-1 5.2 * 10-2 1.8 * 10-1 1.8 * 10-1 2.3 * 10-2 1.4 * 10-2 6.9 * 10-2 2.3 * 10-1 1.2 * 10-1   2.191 

Arachis hypogea  

 

Adult 

4.1 * 10-3 6.9 * 10-2 7.7 * 10-3 1.2 * 10-2 1.4 * 10-2 9.8 * 10-3 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.4 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

 

 

2.831 

 

 

 

Cocorhrous olitorous 7.8 * 10-2 5.6 * 10-2 1.4 * 10-1 9.0 * 10-2 1.3 * 10-1 2.4 * 10-2 1.0 * 10-1 4.6 * 10-2 5.5 * 10-2 3.3 * 10-3 1.7 * 10-2 5.5 * 10-2 6.2 * 10-2 8.8 * 10-1 

Vigna unguiculate 6.1 * 10-2 5.5 * 10-2 1.2 * 10-1 3.1 * 10-1 2.9 * 10-1 2.2 * 10-2 3.8 * 10-2 4.9 * 10-2 5.5 * 10-2 3.3 * 10-3 1.7 * 10-2 5.5 * 10-2 1.5 * 10-1 1.231 * 100 

Zea mays 9.2 * 10-3 1.2 * 10-2 1.3 * 10-2 2.5 * 10-2 1.0 * 10-1 3.6 * 10-3 3.9 * 10-2 6.9 * 10-2 1.0 * 10-1 6.1 * 10-3 3.0 * 10-2 1.0 * 10-1 8.6 * 10-3 5.2 * 10-1 

Arachis hypogea  

 

Child 

1.9 * 10-2 3.3 * 10-1 3.7 * 10-2 5.8 * 10-2 6.7 * 10-2 4.7 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

 

 

5.752 

 

 

 

Cocorhrous olitorous 1.6 * 10-1 1.1 * 10-1 2.7 * 10-1 1.8 * 10-1 2.7 * 10-1 4.9 * 10-2 2.1 * 10-1 9.4 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 1.3 * 10-1 1.73 * 100 

Vigna unguiculate 1.2 * 10-1 1.1 * 10-1 2.5 * 10-1 6.3 * 10-1 5.8 * 10-1 4.5 * 10-2 7.6 * 10-2 9.9 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 3.1 * 10-1 2.374 * 100 

Zea mays 1.0 * 10-2 1.3 * 10-2 1.4 * 10-2 2.8 * 10-2 1.1 * 10-1 4.0 * 10-3 4.3 * 10-2 7.7 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 5.7 * 10-1 

                  

Meal 9 Adult 2.8 * 10-2 1.7 * 10-1 5.5 * 10-2 7.7 * 10-2 1.9 * 10-1 2.8 * 10-2 7.0 * 10-2 5.1 * 10-2 3.5 * 10-1 1.3 * 10-2 2.6 * 10-2 8.8 * 10-2 4.0 * 10-2   1.180 

Child 7.3 * 10-2 4.5 * 10-1 1.4 * 10-1 2.0 * 10-1 4.8 * 10-1 7.4 * 10-2 1.8 * 10-1 1.3 * 10-1 9.1 * 10-1 3.3 * 10-2 6.9 * 10-2 2.3 * 10-1 1.0 * 10-1   3.073 

Arachis hypogea  

Adult 

4.1 * 10-3 6.9 * 10-2 7.7 * 10-3 1.2 * 10-2 1.4 * 10-2 9.8 * 10-3 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.4 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

 

1.526 

 

 Solanum lycopersicum 4.7 * 10-3 1.2 * 10-2 1.3 * 10-2 1.5 * 10-2 3.3 * 10-2 3.8 * 10-3 5.1 * 10-2 2.1 * 10-2 3.3 * 10-2 2.0 * 10-3 9.9 * 10-3 3.3 * 10-2 3.4 * 10-3 2.3 * 10-1 

Amaranthus hybridus 6.1 * 10-2 2.1 * 10-1 1.1 * 10-1 9.8 * 10-2 2.1 * 10-1 4.1 * 10-2 6.2 * 10-2 6.2 * 10-2 5.5 * 10-2 2.6 * 10-2 1.7 * 10-2 5.5 * 10-2 6.3 * 10-2 1.1 * 100 

Arachis hypogea  

Child 

1.9 * 10-2 3.3 * 10-1 3.7 * 10-2 5.8 * 10-2 6.7 * 10-2 4.7 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

 

4.017 

 

 Solanum lycopersicum 1.6 * 10-2 4.0 * 10-2 4.2 * 10-2 5.0 * 10-2 1.1 * 10-1 1.3 * 10-2 1.7 * 10-1 7.0 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 1.2 * 10-2 7.9 * 10-1 

Amaranthus hybridus 1.3 * 10-1 4.1 * 10-1 2.3 * 10-1 2.0 * 10-1 4.2 * 10-1 8.3 * 10-2 1.3 * 10-1 1.3 * 10-1 1.1 * 10-1 5.3 * 10-2 3.3 * 10-2 1.1 * 10-1 1.3 * 10-1 2.154 * 100 

                  

Meal 10 Adult 3.6 * 10-2 1.2 * 10-1 6.3 * 10-2 6.3 * 10-2 1.3 * 10-1 2.5 * 10-2 1.0 * 10-1 8.9 * 10-2 8.8 * 10-2 6.9 * 10-3 2.7 * 10-2 8.8 * 10-2 3.4 * 10-2   0.876 

Child 9.3 * 10-2 3.2 * 10-1 1.7 * 10-1 1.7 * 10-1 3.4 * 10-1 6.3 * 10-2 2.7 * 10-1 2.3 * 10-1 2.3 * 10-1 1.8 * 10-2 6.9 * 10-2 2.3 * 10-1 8.9 * 10-2   2.282 
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Arachis hypogea  

 

 

Adult 

4.1 * 10-3 6.9 * 10-2 7.7 * 10-3 1.2 * 10-2 1.4 * 10-2 9.8 * 10-3 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.4 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

 

 

3.238 

 

 

 

Gynandropsis gynandra 6.7 * 10-2 5.1 * 10-2 1.4 * 10-1 9.9 * 10-2 1.7 * 10-1 2.7 * 10-2 9.5 * 10-2 1.4 * 10-1 5.5 * 10-2 9.9 * 10-3 1.7 * 10-2 5.5 * 10-2 7.3 * 10-2 9.9 * 10-1 

Amaranthus dubius 1.1 * 10-1 2.1 * 10-1 1.7 * 10-1 1.4 * 10-1 2.8 * 10-1 4.6 * 10-2 2.4 * 10-1 7.7 * 10-2 5.5 * 10-2 6.6 * 10-3 1.7 * 10-2 5.5 * 10-2 1.1 * 10-1 1.5 * 100 

Zea mays 9.2 * 10-3 1.2 * 10-2 1.3 * 10-2 2.5 * 10-2 1.0 * 10-1 3.6 * 10-3 3.9 * 10-2 6.9 * 10-2 1.0 * 10-1 6.1 * 10-3 3.0 * 10-2 1.0 * 10-1 8.6 * 10-3 5.2 * 10-1 

Arachis hypogea  

Child 

1.9 * 10-2 3.3 * 10-1 3.7 * 10-2 5.8 * 10-2 6.7 * 10-2 4.7 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

 

 

6.489 

 

 Gynandropsis gynandra 1.4 * 10-1 1.0 * 10-1 2.7 * 10-1 2.0 * 10-1 3.4 * 10-1 5.4 * 10-2 1.9 * 10-1 2.8 * 10-1 1.1 * 10-1 2.2 * 10-2 3.3 * 10-2 1.1 * 10-1 1.5 * 10-1 2.0 * 100 

Amaranthus dubius 2.1 * 10-1 4.2 * 10-1 3.5 * 10-1 2.9 * 10-1 5.6 * 10-1 9.3 * 10-2 4.9 * 10-1 1.6 * 10-1 1.1 * 10-1 1.3 * 10-2 3.3 * 10-2 1.1 * 10-1 2.1 * 10-1 2.9 * 100 

Zea mays 1.0 * 10-2 1.3 * 10-2 1.4 * 10-2 2.8 * 10-2 1.1 * 10-1 4.0 * 10-3 4.3 * 10-2 7.7 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 5.7 * 10-1 

                  

Meal 11 Adult 4.1 * 10-2 1.8 * 10-1 7.4 * 10-2 9.1 * 10-2 2.1 * 10-1 3.1 * 10-2 1.3 * 10-1 5.8 * 10-2 3.5 * 10-1 6.4 * 10-3 2.6 * 10-2 8.8 * 10-2 5.4 * 10-2   1.332 

Child 1.1 * 10-1 4.8 * 10-1 1.9 * 10-1 2.4 * 10-1 5.4 * 10-1 8.1 * 10-2 3.3 * 10-1 1.6 * 10-1 9.1 * 10-1 1.7 * 10-2 6.9 * 10-2 2.3 * 10-1 1.4 * 10-1   3.471 

Arachis hypogea Adult 4.1 * 10-3 6.9 * 10-2 7.7 * 10-3 1.2 * 10-2 1.4 * 10-2 9.8 * 10-3 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.4 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

1.734 

 

 Amaranthus dubius 1.1 * 10-1 2.1 * 10-1 1.7 * 10-1 1.4 * 10-1 2.8 * 10-1 4.6 * 10-2 2.4 * 10-1 7.7 * 10-2 5.5 * 10-2 6.6 * 10-3 1.7 * 10-2 5.5 * 10-2 1.1 * 10-1 1.5 * 100 

Arachis hypogea Child 1.9 * 10-2 3.3 * 10-1 3.7 * 10-2 5.8 * 10-2 6.7 * 10-2 4.7 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

3.914 

 

 Amaranthus dubius 2.1 * 10-1 4.2 * 10-1 3.5 * 10-1 2.9 * 10-1 5.6 * 10-1 9.3 * 10-2 4.9 * 10-1 1.6 * 10-1 1.1 * 10-1 1.3 * 10-2 3.3 * 10-2 1.1 * 10-1 2.1 * 10-1 2.8 * 100 

                  

Meal 12 Adult 1.2 * 10-2 8.6 * 10-2 2.8 * 10-2 5.1 * 10-2 8.8 * 10-2 1.5 * 10-2 6.7 * 10-2 7.6 * 10-2 8.8 * 10-2 5.3 * 10-3 2.6 * 10-2 8.8 * 10-2 7.5 * 10-3   0.636 

Child 3.2 * 10-2 2.2 * 10-1 7.2 * 10-2 1.3 * 10-1 2.3 * 10-1 3.8 * 10-2 1.7 * 10-1 2.0 * 10-1 2.3 * 10-1 1.4 * 10-2 6.9 * 10-2 2.3 * 10-1 2.0 * 10-2   1.657 

Arachis hypogea  

 

Adult 

4.1 * 10-3 6.9 * 10-2 7.7 * 10-3 1.2 * 10-2 1.4 * 10-2 9.8 * 10-3 3.0 * 10-2 2.2 * 10-2 2.3 * 10-2 1.4 * 10-3 7.0 * 10-3 2.3 * 10-2 2.0 * 10-3 2.3 * 10-1  

 

 

1.524 

 

 

 

Solanum lycopersicum 4.7 * 10-3 1.2 * 10-2 1.3 * 10-2 1.5 * 10-2 3.3 * 10-2 3.8 * 10-3 5.1 * 10-2 2.1 * 10-2 3.3 * 10-2 2.0 * 10-3 9.9 * 10-3 3.3 * 10-2 3.4 * 10-3 2.3 * 10-1 

Brassica oleracea 9.7 * 10-3 6.6 * 10-3 3.5 * 10-2 7.7 * 10-2 5.5 * 10-2 8.3 * 10-4 2.3 * 10-2 5.5 * 10-2 5.5 * 10-2 3.3 * 10-3 1.7 * 10-2 5.5 * 10-2 4.7 * 10-3 4.0 * 10-1 

Zea mays 9.2 * 10-3 1.2 * 10-2 1.3 * 10-2 2.5 * 10-2 1.0 * 10-1 3.6 * 10-3 3.9 * 10-2 6.9 * 10-2 1.0 * 10-1 6.1 * 10-3 3.0 * 10-2 1.0 * 10-1 8.6 * 10-3 5.2 * 10-1 

Citrullus lanatus 2.6 * 10-3 4.9 * 10-3 6.8 * 10-3 6.9 * 10-3 3.2 * 10-2 5.1 * 10-3 2.5 * 10-2 2.3 * 10-2 1.8 * 10-2 1.1 * 10-3 5.3 * 10-3 1.8 * 10-2 3.3 * 10-3 1.5 * 10-1 

Arachis hypogea  

 

Child 

1.9 * 10-2 3.3 * 10-1 3.7 * 10-2 5.8 * 10-2 6.7 * 10-2 4.7 * 10-2 1.4 * 10-1 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 1.1 * 100  

 

 

4.191 

 

 

 

Solanum lycopersicum 1.6 * 10-2 4.0 * 10-2 4.2 * 10-2 5.0 * 10-2 1.1 * 10-1 1.3 * 10-2 1.7 * 10-1 7.0 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 1.2 * 10-2 7.9 * 10-1 

Brassica oleracea 2.0 * 10-2 1.3 * 10-2 7.0 * 10-2 1.6 * 10-1 1.1 * 10-1 1.7 * 10-3 4.6 * 10-2 1.1 * 10-1 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 8.0 * 10-1 

Zea mays 1.0 * 10-2 1.3 * 10-2 1.4 * 10-2 2.8 * 10-2 1.1 * 10-1 4.0 * 10-3 4.3 * 10-2 7.7 * 10-2 1.1 * 10-1 6.7 * 10-3 3.4 * 10-2 1.1 * 10-1 9.6 * 10-3 5.7 * 10-1 

Citrullus lanatus 1.6 * 10-2 3.1 * 10-2 4.3 * 10-2 4.4 * 10-2 2.0 * 10-1 3.2 * 10-2 1.6 * 10-1 1.4 * 10-1 1.1 * 10-1 6.7 * 10-3 3.3 * 10-2 1.1 * 10-1 2.1 * 10-2 9.6 * 10-1 
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Table SI 5.5. Estimated carcinogenic risk factor for single metals in individual crops (TR), multiple metals in individual crops (TRti) and multiple metals in combined individual crops (TRtic) and meal types (TRtm) for non-carcinogenic risks 

Meal or 
crop type 

Age groups TR (single metals, individual crop types) TRti 
(total metals, 

individual crop 
types) 

TRtic 
(total metals, individual 
combined crop types) 

TRtm 
(total metals, meal types) 

Al Ni As Cd Pb 

 
Meal 1 

Adult 1.2 * 10-2 1.2 * 10-3 3.9 * 10-5 1.7 * 10-4 3.0 * 10-6 N/A  1.3 * 10-2 
Child   3.1 * 10-4     

Arachis hypogea  
Adult 

8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  
3.0 * 10-2 

 
 Cocorhrous olitorous 1.6 * 10-2 8.2 * 10-4 2.5 * 10-5 1.1 * 10-4 1.8 * 10-6 1.7 * 10-2 

Vigna unguiculate 1.2 * 10-2 7.6 * 10-4 2.5 * 10-5 1.1 * 10-4 5.0 * 10-6 1.3 * 10-2 
Arachis hypogea  

Child 
  1.5 * 10-4     

N/A 
 
 Cocorhrous olitorous   1.5 * 10-4    

Vigna unguiculate   1.5 * 10-4    
Meal 2 Adult 8.2 * 10-3 7.7 * 10-4 3.9 * 10-5 1.7 * 10-4 1.0 * 10-6   9.1 * 10-3 

Child   3.1 * 10-4      
Arachis hypogea  

Adult 
8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  

2.5 * 10-2 
 

 
 Cruentus 2.0 * 10-2 1.1 * 10-3 2.5 * 10-5 1.1 * 10-4 1.8 * 10-6 2.2 * 10-2 

Zea mays 1.8 * 10-3 1.2 * 10-4 4.5 * 10-5 1.9 * 10-4 2.6 * 10-7 2.2 * 10-3 
Arachis hypogea  

Child 
  1.5 * 10-4     

N/A 
 
 Cruentus   1.5 * 10-4    

Zea mays   1.5 * 10-4    
Meal 3 Adult 8.9 * 10-3 9.8 * 10-4 3.9 * 10-5 1.7 * 10-4 1.0 * 10-6   1.0 * 10-2 

Child   3.1 * 10-4      
Solanum lycopersicum  

Adult 
9.4 * 10-4 1.3 * 10-4 1.5 * 10-5 6.2 * 10-5 1.0 * 10-7 1.2 * 10-3  

1.7 * 10-2 
 
 Amaranthus hybridus 1.2 * 10-2 1.4 * 10-3 2.5 * 10-5 1.1 * 10-4 1.9 * 10-6 1.4 * 10-2 

Zea mays 1.8 * 10-3 1.2 * 10-4 4.5 * 10-5 1.9 * 10-4 2.6 * 10-7 2.2 * 10-3 
Solanum lycopersicum  

Child 
  1.5 * 10-4     

N/A 
 

Amaranthus hybridus   1.5 * 10-4    
Zea mays   1.5 * 10-4    

Meal 4 Adult 1.6 * 10-2 1.0 * 10-3 1.6 * 10-4 1.7 * 10-4 2.0 * 10-6   1.7 * 10-2 
Child   1.2 * 10-3      

Arachis hypogea  
Adult 

8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  
4.6 * 10-2 

 
Cucurbita maxima 4.3 *10-2 1.5 * 10-3 2.5 * 10-5 1.1 * 10-4 5.1 * 10-6 4.5 * 10-2 
Arachis hypogea  

Child 
  1.5 * 10-4     

N/A 
 
 Cucurbita maxima   1.5 * 10-4    

Meal 5 Adult 2.7 * 10-3 7.1 * 10-4 3.9 * 10-5 1.7 * 10-4 4.4 * 10-7   3.6 * 10-3 
Child   3.1 * 10-4      

Physalis peruviana Adult 5.7 * 10-4 7.0 * 10-5 8.0 * 10-6 3.3 * 10-5 6.0 * 10-8 6.9 * 10-4  
1.4 * 10-3 

 
 Citrullus lanatus 5.1 * 10-4 1.7 * 10-4 8.0 * 10-5 3.3 * 10-5 9.8 * 10-8 7.3 * 10-4 

Physalis peruviana    1.5 * 10-4      
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Citrullus lanatus Child   1.5 * 10-4    N/A  
Meal 6 Adult 2.3 * 10-3 4.4 * 10-4 3.9 * 10-5 1.7 * 10-4 2.2 * 10-7   3.0 * 10-3 

Child   3.1 * 10-4      
Arachis hypogea  

Adult 
8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  

5.5 * 10-3 
 
 Brassica oleracea 1.9 * 10-3 2.8 * 10-5 2.5 * 10-5 1.1 * 10-4 1.4 * 10-7 2.1 * 10-3 

Zea mays 1.8 * 10-3 1.2 * 10-4 4.5 * 10-5 1.9 * 10-4 2.6 * 10-7 2.2 * 10-3 
Arachis hypogea  

Child 
  1.5 * 10-4     

N/A 
 
 Brassica oleracea   1.5 * 10-4    

Zea mays   1.5 * 10-4    
Meal 7 Adult 1.5 * 10-2 1.6 * 10-2 3.9 * 10-5 1.7 * 10-4 2.0 * 10-6   1.7 * 10-2 

Child   3.1 * 10-4      
Arachis hypogea  

Adult 
 

8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  
3.8 * 10-2 

 
 Gynandropsis gynandra 1.4 * 10-2 9.0 * 10-4 2.5 * 10-5 1.4 * 10-4 2.2 * 10-6 1.5 * 10-2 

Amaranthus dubius 2.1 * 10-2 1.6 * 10-3 2.5 * 10-5 1.1 * 10-4 3.0 * 10-6 2.2 * 10-2 
Arachis hypogea  

Child 
  1.5 * 10-4     

N/A 
 
 Gynandropsis gynandra   1.5 * 10-4    

Amaranthus dubius   1.5 * 10-4    
Meal 8 Adult 5.8 * 10-3 6.7 * 10-4 3.9 * 10-5 1.7 * 10-4 1.4 * 10-6   6.7 * 10-3 

Child   3.1 * 10-4      
Arachis hypogea  

 
Adult 

8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  
3.3 * 10-2 

 
 
 

Cocorhrous olitorous 1.6 * 10-2 8.2 * 10-4 2.5 * 10-5 1.1 * 10-4 1.8 * 10-6 1.7 * 10-2 
Vigna unguiculate 1.2 * 10-2 7.6 * 10-4 2.5 * 10-5 1.1 * 10-4 5.0 * 10-6 1.3 * 10-2 

Zea mays 1.8 * 10-3 1.2 * 10-4 4.5 * 10-5 1.9 * 10-4 2.6 * 10-7 2.2 * 10-3 
Arachis hypogea  

 
Child 

  1.5 * 10-4     
 

N/A 

 
 
 

Cocorhrous olitorous   1.5 * 10-4    
Vigna unguiculate       

Zea mays       
Meal 9 Adult 5.6 * 10-3 9.6 * 10-4 1.6 * 10-4 1.7 * 10-4 1.2 * 10-6   6.9 * 10-3 

Child   3.1 * 10-4      
Arachis hypogea  

Adult 
8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  

1.6 * 10-2 
 
 Solanum lycopersicum 9.4 * 10-4 1.3 * 10-4 1.5 * 10-5 6.2 * 10-5 1.0 * 10-7 1.2 * 10-3 

Amaranthus hybridus 1.2 * 10-2 1.4 * 10-3 2.5 * 10-5 1.1 * 10-4 1.9 * 10-6 1.4 * 10-2 
Arachis hypogea  

Child 
  1.5 * 10-4     

N/A 
 
 Solanum lycopersicum   1.5 * 10-4    

Amaranthus hybridus   1.5 * 10-4    
Meal 10 Adult 7.1 * 10-3 8.2 * 10-4 3.9 * 10-5 1.7 * 10-4 1.0 * 10-6   8.1 * 10-3 

Child   3.1 * 10-4      
Arachis hypogea  

 
Adult 

8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  
 

4.0 * 10-2 

 
 
 

Gynandropsis gynandra 1.4 * 10-2 9.0 * 10-4 2.5 * 10-5 1.4 * 10-4 2.2 * 10-6 1.5 * 10-2 
Amaranthus dubius 2.1 * 10-2 1.6 * 10-3 2.5 * 10-5 1.1 * 10-4 3.0 * 10-6 2.2 * 10-2 

Zea mays 1.8 * 10-3 1.2 * 10-4 4.5 * 10-5 1.9 * 10-4 2.6 * 10-7 2.2 * 10-3 
Arachis hypogea    1.5 * 10-4      
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Gynandropsis gynandra  
Child 

  1.5 * 10-4    N/A  
 Amaranthus dubius   1.5 * 10-4    

Zea mays   1.5 * 10-4    
Meal 11 Adult 8.2 * 10-3 1.1 * 10-3 1.6 * 10-4 1.7 * 10-4 2.0 * 10-6   9.6 * 10-3 

Child   1.2 * 10-3      
Arachis hypogea  

Adult 
8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  

2.4 * 10-2 
 
 Amaranthus dubius 2.1 * 10-2 1.6 * 10-3 2.5 * 10-5 1.1 * 10-4 3.0 * 10-6 2.2 * 10-2 

Arachis hypogea  
Child 

  1.5 * 10-4     
N/A 

 
 Amaranthus dubius   1.5 * 10-4    

Meal 12 Adult 2.4 * 10-3 4.9 * 10-4 3.9 * 10-5 1.7 * 10-4 2.2 * 10-7   3.1 * 10-3 
Child   3.1 * 10-4      

Arachis hypogea  
 
 

Adult 

8.1 * 10-4 3.3 * 10-4 1.1 * 10-5 4.4 * 10-5 6.0 * 10-8 1.2 * 10-3  
 

7.4 * 10-3 

 
 
 
 

Solanum lycopersicum 9.4 * 10-4 1.3 * 10-4 1.5 * 10-5 6.2 * 10-5 1.0 * 10-7 1.2 * 10-3 
Brassica oleracea 1.9 * 10-3 2.8 * 10-5 2.5 * 10-5 1.1 * 10-4 1.4 * 10-7 2.1 * 10-3 

Zea mays 1.8 * 10-3 1.2 * 10-4 4.5 * 10-5 1.9 * 10-4 2.6 * 10-7 2.2 * 10-3 
Citrullus lanatus 5.1 * 10-4 1.7 * 10-4 8.0 * 10-5 3.3 * 10-5 9.8 * 10-8 7.3 * 10-4 
Arachis hypogea  

 
 

Child 

  1.5 * 10-4      
Solanum lycopersicum   1.5 * 10-4      

Brassica oleracea   1.5 * 10-4      
Zea mays   1.5 * 10-4      

Citrullus lanatus   1.5 * 10-4      
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CHAPTER 6   POLICY AND LEGISLATIVE NEEDS ON ENVIRONMENTAL 
MANAGEMENT AND FOOD CHAIN GOVERNANCE IN UGANDA. 
 

 

The purpose of this thesis chapter is to evaluate the adequacy of environmental and food 

safety policies, regulations and governance (frameworks, strategic plans, standards) in 

Uganda. This will be exploring the regulatory effectiveness to address the needs and 

requirements of the Ugandan food producers on the global market and to protect citizens 

against exposure to environmental contamination and other food related issues. Existing 

literature was reviewed to assess the current regulatory status, strategies and practices 

across the globe, and to recommend actions where gaps are identified. 

 
6.1 Introduction 

The motivation to review policies, regulations and governance framework around waste 

and environmental management, and land and food governance in Uganda, arose from 

seven major factors. Sustainable development goals factor; economic imperative around 

participating in global trade; the findings from a literature review on municipal solid 

waste management and environmental impacts across countries, including Uganda; 

general information on-the-ground visual insights and experiences on waste and 

environmental status in most municipalities of Uganda, including Mbale; continuous 

reported (media, qualitative studies) outbreaks of sanitation (microbial) related diseases, 

mostly in the slum areas of these municipalities (Geresom & Ndungutse, 2019; Ndejjo et 

al., 2019; Sasanya, 2019); reported human health safety risks from few food chain studies 

in Uganda; results from the Mbale dumpsite study; and the need to give a concise and 

clear overview to policy-makers on the importance of sound science (measured 

concentrations, estimated risks) as a contributory factor to the development of appropriate 

equitable law. 
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6.2 United Nations Sustainable Development Goals (SDGs) 

In 2015, all United Nations Member States adopted the SDGs, with a universal call to 

promote peace and prosperity while protecting the people and the planet (healthy planet), 

earth. The SDGs built on the success of the previous Millennium Development Goals 

(MDGs). Seventeen SDGs (1 – 17) exist and are presented.  They include no poverty, 

zero hunger, good health and well-being, quality education, gender equality, clean water 

and sanitation (Independent, 2019b), affordable and clean energy, decent work and 

economic growth, industry, innovation and infrastructure and reduced inequality. 

Furthermore, other SDGs are sustainable cities and communities, responsible 

consumption and production, climate action, life below water, life on land, peace and 

justice strong institutions, and global partnerships for a common solution. 

 
This chapter discusses issues related to goal 3 (good health and well-being), goal 6 (clean 

water and sanitation), goal 11 (sustainable cities and communities), goal 12 (responsible 

production and consumptions), goal 15 (life on land e.g., humans) and goal 17 (global 

partnerships for a common solution) (Geresom, 2019; Ndejjo et al., 2019). The focus is 

on the effects of unhealthy environments on human health - while incorporating the 

importance of sustainable cities and communities, clean environments and responsible 

production and consumption for good health and well-being. On a global scale, the issues 

that have hampered sustainable development across countries include: increasing 

population, urbanization and waste management; environmental (land, water, soils) 

pollution, including climate change and global warming; and food chain contamination, 

food safety and related diseases. Governments have realized that clean sustainable 

environments and safe foods are everyone’s right to a good health and well-being 

(Ministry of Agriculture & Ministry of Health, 2005; Ndejjo et al., 2019). They also 
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realized that developing and enforcing appropriate tools (e.g., regulations) would support 

their responsibility to protect the environment and the people. 

 
Discussed and presented (section 2.3.1 to 2.3.3, chapter 2) are solid waste and 

environmental management strategies, practices, policies and regulations across 

developed and developing countries. Also, presented are their status and effectiveness in 

Uganda and some other developing countries. Therefore, the subsequent section will 

mainly focus on food safety policies and regulations across the world, including Uganda. 

In a bid to counteract food safety challenges, the national governments through the FAO 

and WHO jointly formed the Codex Alimentarius Commission (1963) (WRi, 2019). The 

Commission aimed to protect the health of consumers and ensure fair practices in the food 

trade (Dharni & Sharma, 2008). This was achieved through developing international food 

standards, guidelines and codes of practice under the Joint FAO/WHO Food Standards 

Programme (WRi, 2019). For easy monitoring across nations, many countries have used 

the WHO/FAO universal model as a guide to set up their own food safety systems based 

on their local context. Also, most developing countries, including Uganda, do not have 

their own up-to-date food safety laws and, therefore, rely solely on the WHO/FAO 

guidelines (Sasanya, 2019).   

 
In the US, multiple regulatory systems, organizations/associations and programs were 

established at federal, regional, and local states, to monitor and protect the environment 

and consumer food safety. These include the Environmental Protection Agency (EPA), 

the Food and Drug Authority (FDA), the US Department of Agriculture, Liability and 

Surveillance, Hazard analysis critical control point (HACCP) programs, trade 

associations, professional associations, academic and research institutions, industry, 

consumer groups, and consumer responsibility and perceptions. The Food, Drug and 
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Cosmetics Act (FDCA) is the main law governing food in the US. It was enacted in 1938 

with several  amendments in 1958, 1960, 1988 and 1990 (Ejalu & Fortin, 2008). 

Similarly, the Food and Drug Administration Act (FDAA, 1988) is responsible for 

research, education and enforcement on food safety issues. It regulates all domestic and 

imported foods other than meat, poultry, egg products and wines, while public health 

agency under the Department of Agriculture manages food safety and inspection services 

(Ejalu & Fortin, 2008).   

 
In Australia and New Zealand, the Food Standards Australia New Zealand Code (1991) 

regulates food related issues in Australia and New Zealand. The Australian Department 

of Agriculture and Water Resources and the Ministry for Primary Industries and public 

health units are responsible for the inspection and sampling of imported foods in Australia 

and New Zealand respectively. The compliance to the code is monitored by states, 

agencies and local councils. In Western Australia, the Western Australia Department of 

Agriculture through Safe Quality Food Standards (1996), monitors the response and 

demand of the farming and small manufacturing sector.  

 
In the European Union (EU), food safety standards differ across countries (Dharni & 

Sharma, 2008). The British Retail Consortium Global Food Standard (1998) is 

responsible for food safety and quality management and covers the manufacturers of all 

food types and products. The Germans and French use the International Food Standards 

(2002) to regulate manufacturers of all food types and products, and to ensure food safety 

and quality management. The Dutch National Code of Experts (1996), focusses on all 

operators along the food chain. Despite the above variations, the EU has one unifying 

authority encompassing all member countries; the European Food Safety Authority 

(EFSA) (Dispatch, 2019; Kasbekar, 2018). On a global scale; however, the EU has other 
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initiatives and organizations: (1) the International Organization for Standardization, ISO 

22000 (2005), in charge of quality management systems for all food operators and other 

commodities; (2) EUREPGAP is part of GLOBALGAP (1997 and 2007), a common 

standard to regulate the European Retail Chains and large fresh fruit suppliers and 

producers. They develop certifications and programs on good farm/agricultural practices; 

and (3) the Global Food Safety Initiative (2000) is a benchmark framework, formed by 

the Global Food Business Forum, comprising of 175 retailers and 175 suppliers across 

150 countries.  

 

 
6.3 Economic Imperative to participate in Global Trade 

From the sustainable development and the WHO/FAO food safety contexts, every 

interaction, dialogue and partnership must: protect the environment and human health 

from impacts and risks; realize that safe foods are everyone’s  right to good health and 

well-being; and aim to protect the health of consumers and ensure fair practices in the 

food trade.  From the above regulatory assessment, developed countries have fairly good 

food safety regulations to protect its consumers (Kasbekar, 2018).  In contrast, most 

developing countries are reported to have unreliable (underdeveloped, weak) institutional 

capacities (Dispatch, 2019; Ejalu & Fortin, 2008; Independent, 2019a; Irumba, 2019; 

Turcan & Bene, 2017), limited funding (Ministry of Agriculture & Ministry of Health, 

2005), scarce analytical facilities, inadequate quantities data (Ministry of Health, 2004; 

Ndejjo et al., 2019), non-existent food standards, obsolete laws and unpreparedness for 

disease outbreaks (Kasbekar, 2018; Okot-Okumu, 2012; Okot-Okumu & Nyenje, 2011; 

Okot-Okumu & Oosterveer, 2010; Turcan & Bene, 2017).  

Based on the above contexts, real applicable challenges exist between developed and 

developing countries. These include: the disparity in food quality standards; developed 
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countries have diversified in population, market and technology, hence a need to 

collaborate with developing nations so as to sell technologies, waste trading or outsource 

for food; developing countries including Uganda have identified the need to move away 

from total dependence on foreign aid to financially stable economies through increasing 

trade relations with the developed nations (Ejalu & Fortin, 2008). The lack of, and varying 

standards hampers this process; food safety legislation (standards) and regulatory systems 

are a target requirement to access international food market by both developed and 

developing countries (Ait Hou, Grazia, & Malorgio, 2015; Ministry of Health, 2004); 

global health is at risk - food recalls, bans, market closure, and food related illnesses and 

death have been globally reported (Kasbekar, 2018; Ndejjo et al., 2019); and agricultural 

food chain supply extends beyond national boundaries and increase in global value chain 

increases global food sourcing (Ait Hou et al., 2015). Therefore, globalization of food 

production and trade are enhanced pathways for food-borne illnesses, poisoning and death 

(Choffnes et al., 2012; Dharni & Sharma, 2008; MacLaurin, MacLaurin & Loi, 2000). 

Food bans and food-related illnesses is a two-way occurrence, with ban, poison or death 

being associated with outsourced foods from either developed or developing countries 

(Plaza, 2017, 2019; Sasanya, 2019). This issue is, however, severe in most developing 

countries (Geresom & Ndungutse, 2019; Musoke et al., 2016; Ndejjo et al., 2019). 

 
Despite the good food safety regulations in developed countries, it is evident that the 

related issues are cross-cutting (i.e., occur across countries). Therefore, a “win-win” 

strategy (i.e., reduces economic losses, protects global consumer health and gives 

opportunity to market and transfer technologies in food safety assurance and adaptation) 

between developed and developing countries is crucial (Kasbekar, 2018; Musoke et al., 

2016).  Partnerships exhibited the stated characteristics and hence would enhance 

collaborations among nations, harmonize standards and assist in capacity building, 



Chapter 6 

379 
 

research and development cooperation. Partnerships for a sustainable and harmonised 

food safety systems would manage the numerous and complex food standard models 

across countries (Agaba, 2015). Harmonized or similar compliant systems would open 

markets for more products hence increase income across countries and give opportunity 

to the exporting country to develop its food systems (with local context) and strengthen 

its bilateral trade relations, through compliance to meet target recipient needs and 

requirements (Agaba, 2015; Ait Hou et al., 2015; Independent, 2019a). Further  

opportunities for trust and confidence building (Kasbekar, 2018), where there is 

flexibility on regulations without compromising quality would be created with huge 

savings on production and monitoring costs. This will empower and involve more 

countries to work towards global market needs and requirements, improve quality and 

reduce laxity, associated with the monotony of the few current participating countries (Ait 

Hou et al., 2015).  

 
The advantages offered by food standards harmonization across countries seem a good 

and achievable venture. However, developing nations have cited several challenges 

including the financial partners only implementing the strategies in countries of interest 

(i.e., with technological transfer market, food source, or other interests) (Irumba, 2019); 

developing countries (in and outside the partnerships) are citing high demands from 

developed nations, towards their participation in the global markets. Complying with all 

EU food safety import requirements (27-nation market) (Akankwatsa, 2018) means 

meeting the same regulations set for its farmers. Therefore, the EU regulations have 

caused severe controversies/complaints and hinderances towards international market 

compared to US and Codex Alimentarius (Ait Hou et al., 2015; Ejalu & Fortin, 2008); 

developed countries having several and varying regulations at the different export 

destinations (Ait Hou et al., 2015; Dispatch, 2019).  Meeting individual country’s food 
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needs and standards requirements are expensive as it increases transaction costs for 

production, processing, monitoring and transportation (Ejalu & Fortin, 2008; 

Independent, 2019a); most developing countries have limited funding and scarce 

analytical facilities to generate sound science and develop equitable food safety laws 

needed at the global market (Hou et al., 2015; Ministry of Health, 2004; Ndejjo et al., 

2019; Turcan & Bene, 2017). This coupled with their inability to monitor the food 

production and processing processes, affects their capacity to compete on the global 

market and improve their economies (Dispatch, 2019; Ministry of Health, 2004); and 

adopting and directing implementation of policies and regulations (waste, environment, 

food) without considering the local context is another obstacle (section 2.3, chapter 2). 

 

6.4 Situational Analysis towards Partnerships (case studies: South Africa, 
Morocco  and Uganda) 

 
Food safety harmonization partnerships have occurred across developed and developing 

countries. South Africa is an upper-middle income developing country, with international 

trade partnerships across Europe, USA, Asia, Australia and Africa. There are three 

regulatory systems in South Africa, Agriculture, Forestry and Fisheries (DAFF); National 

Department of Health; and Trade and Industry. DAFF regulates the safety and quality of 

agricultural and animal products, with guidance from several acts of parliament (WRi, 

2019).  

 
In Morocco, the food safety regulatory system evolved after its harmonization with the 

EU_regulatory systems (Ait Hou et al., 2015). As earlier discussed in this chapter (section 

2.3.1), most developing countries do not have national food safety regulations 

(Akankwatsa, 2018). However, for Uganda and Morocco to start exporting commodities 

to some developed nations, the two countries used private organizations that were 
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involved in food manufacture and export, to develop globally acceptable food safety 

regulations (Hou et al., 2015; Dispatch, 2019). Although this partial regulatory 

enforcement is beneficial towards international markets, it exposes the local population 

in the respective countries to food-related health risks (Independent, 2019a). 

 
In the Ugandan context, several partnerships are evident, and they include:  the enactment 

of African Trade and development Act (2000) between US and some sub-Saharan 

countries, including Uganda (Ejalu & Fortin, 2008). The purpose is to enable the 

exportation of textile products, with a future hope to include food (Ejalu & Fortin, 2008). 

It came into existence when Uganda’s policies were geared towards increased 

industrialization. “Feed the Future” is another US investment partnership in Uganda, with 

a global goal to reduce hunger and establish food security initiatives with greatest market 

potential, nutritional benefits and income potential for households. Three focus areas 

include: value chains - Zea mays (greater food security), Coffea arabica (greatest export), 

and Phaseolus vulgaris (greatest nutritional value). Similarly, a partnership also exists 

between Uganda and FAO, under the theme “Responding to the Challenges of Poverty, 

Food Insecurity and Climate Change, 2015-2019”. On behalf of the Ugandan 

government, the Country’s programming framework is represented by MAAIF, 

collaborating with the Ministry of Water and Environment (MWE), Ministry of Trade, 

Tourism and Industry (MTTI), Ministry of Karamoja Affairs (MOKA) and the Office of 

the Prime Minister (OPM). The purpose is to build a food secure world for the present 

and future generations and to raise the levels of nutrition, improve agricultural production 

and productivity, better living standards of rural populations and contribute to the world 

economy with the overall objective of assisting the world to achieve food security for all. 

This will be achieved through sustainable production and productivity of agriculture, 

equitable environment for equitable, sustainable management of natural resources and 
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utilization of agricultural knowledge and information for decision-making. In December 

2017, the National Information Platforms for Nutrition (NIPN) was formed between the 

Government of Uganda and the European Commission, and is supported by the United 

Kingdom Department for International Development and the Bill & Melinda Gates 

Foundation. The initiative aims to strengthen national capacity to manage and analyse 

information and data from all sectors which have an influence on nutrition and to 

disseminate and use information to better inform the strategic decisions countries are 

faced with to prevent undernutrition and its consequences (Turcan & Bene, 2017). An 

additional partnership included the acquisition of sophisticated laboratories for Uganda 

National Bureau of Standards (UNBS) and for the Directorate of Government Analytical 

Laboratory (DGAL) through the support of International Atomic Energy Agency (IAEA) 

in cooperation with the Food and Agriculture Organization of the United Nations (FAO) 

(Sasanya, 2019). The purpose is to carry out independent food sampling and testing on 

mycotoxins (e.g., aflatoxins); pesticides, toxic metals and pathogenic microbes among 

others (Sasanya, 2019). Finally, the Crawford Fund, Tasmania, is a project of the Rotary 

Club of Devonport North District 9830 and Food plants International. This project 

supports international agricultural research, with emphasis on food security. In Uganda, 

the project supported the production of field guides, a strategy to enable Uganda to 

advance the health and wellbeing of its people (The Crawford Fund, 2016). 

 
Partnership successes and promotional factors have been evaluated, including in Uganda. 

For Uganda’s settings, all partnerships have been in line with Uganda’s main focus, which 

is to achieve the sustainable development goal of “Prosperity for All”. Uganda is an 

agricultural economy, with over 85 per cent of her population employed in Agriculture 

(Dispatch, 2019; Mugagga, Kakooza, & Asiimwe, 2018). Any partnership that improves 

the agriicultural sector, does so in the interest of Uganda’s future and that of its people 
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(Ministry of Agriculture, 2013). Agriculture is the primary driver of growth in the 

Ugandan economy, and any improvement resulting in household income and food and 

nutrition security will consequently contribute towards achieving the prosperity goal. 

USA and Europe have identified Uganda as a potential food production source hene the 

promotion of successful partnerships (Ejalu & Fortin, 2008). Uganda exports bulky raw 

materials (coffee, tea, cotton, maize and fish) and textile products (Dispatch, 2019; Ejalu 

& Fortin, 2008) to the US, and vegetables and horticulture to Europe (Akankwatsa, 2018; 

Dispatch, 2019; Independent, 2019a). For instance, in the financial year 2012/13, 

horticulture exports to the EU increased from 6,047 million tonnes (worth US$52.99 

million) to 7,191 million tonnes (worth US$61.88 million) (Akankwatsa, 2018). In 2013, 

vegetables and fruit exports to EU increased from 16.5 to 135.2 million tonnes (about 

US$16 to 45 million) (Akankwatsa, 2018; Dispatch, 2019). The increase could have 

resulted from the partnerships that supported Uganda to start developing its product-

added values and regulations on food safety systems (Akankwatsa, 2018; Dispatch, 

2019). The partnerships have granted Uganda access to the global market; a long-awaited  

achievement to move away from foreign aid dependence to economically dependent and 

stable country (Ejalu & Fortin, 2008). 

 
Despite the above successful partnerships, the following concerns are reported. Failure to 

maintain a consistent policy regime and functional institutions (Ministry of Agriculture, 

2013); lack of effective food safety regulations, as a hinderance to their participation in 

international trade opportunities, hence reduction in exports (Akankwatsa, 2018; Ministry 

of Health, 2004); donor influence in agricultural strategies and practices to fit donor 

market needs (Irumba, 2019). This has resulted in food insecurity, as local farmers have 

transitioned from growing traditional crops to modified crops for commercial purposes 

(Irumba, 2019); inadequate attention to natural resources sustainability (Ministry of 
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Agriculture, 2013); and many cases of food hygiene and food safety related sicknesses 

and deaths (Ministry of Health, 2004; Moreno, 2003; Sasanya, 2019; UN-Habitat, 2008, 

2011; Wamokuyu & Wetaya, 2009). In April 2019, more than 40 people in Kabale 

(Uganda) died, and others became blind after consuming poisonous liquor. Also, a study 

on alcohol consumed in Uganda reported several toxic metals at concentrations that pose 

health risks (Otim, Juma, & Otunnu, 2019);  other scientific studies have found metals in 

agricultural produce (section 1.2 and 6.5); and European Union has imposed several bans 

on Ugandan agricultural products due to poor standards and excessive levels of unwanted 

chemical residues, mainly attributed to presence of pests, poor storage, packaging and 

high levels of unwanted pesticide residues (Akankwatsa, 2018). Consequently, vegetable 

and fruit export reduction to the EU and other countries have occurred causing a monetary 

loss from US$ 352.98 million (May 2019) to US$ 301.75 million (June 2019) (Dispatch, 

2019). 

 
6.5 Scientific Evidence and Contribution to Equitable Law  

The presence of safe food supplies, supports and contributes to trade and tourism, national 

economies, food and nutrition security and reinforces sustainable development 

(Kasbekar, 2018). Across the globe, however, several environmental and food chain 

contamination and health risks have been reported (Alirol et al., 2011; Cruz et al., 2014; 

Fung et al., 2018; Hadayat et al., 2018; King et al., 2017; Pose-Juan et al., 2015; Sacristán 

et al., 2015; Satarug, Vesey, & Gobe, 2017; Saumel et al., 2012). In Uganda, related 

studies were reported around regulations on urban waste management (Okot-Okumu, 

2012; Okot-Okumu & Nyenje, 2011; Okot-Okumu & Oosterveer, 2010), contamination 

of water (Bamuwamye et al., 2017; Independent, 2019b), soils and food chain (Nabulo et 

al., 2008; Nabulo et al., 2011; Nabulo, Oryem-Origa, & Diamond, 2006), fish (Ogwok, 
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Muyonga, & Sserunjogi, 2009), milk (William, Godfrey, & Savino, 2011), and their 

associated risks to human health (Nabulo et al., 2012; Nabulo et al., 2010).  

 

The evidences and concerns are consistent with the results from the toxicological studies 

in crops, crop parts and meal types from the Mbale dumpsite. The toxicological results 

indicate that short-term leafy crops and long-term crop parts (leaves) accumulate metals 

(e.g.,  Pb, Hg, As, Cd, Ni) at concentrations above the WHO/FAO consumer safety limits; 

these metals are estimated to cause non-carcinogenic and carcinogenic risks; ingesting a 

crop type, mixed crop types and meal types would expose children to higher non-

carcinogenic risks than adults; and consuming a crop type or mixed crop types would 

expose consumers to higher non-carcinogenic and carcinogenic risks than when they 

ingested one meal type. From the researcher’s local knowledge, crops on the Mbale 

dumpsite are grown for domestic and commercial purposes. Therefore, the major risk of 

exposure is to the farmers that consume the Mbale dumpsite crops, or customers that buy 

from the farmers’ market, within Mbale or in other major cities. Apart from growing crops 

on the dumpsite, the use of dump compost, dump wastewater or contaminated water 

sources for irrigation on commercial farms, could extend the risk to the food chain,  

thereby affecting the local, national and international consumers.  

 
Poor waste and environmental management could expose consumers to human health 

risks from metals in the food chain. This kind of risks could be avoided if policies and 

regulations on waste, land and food are developed, improved, enforced and implemented 

in appropriate and sustainable manner (Musoke et al., 2016; Ndejjo et al., 2019). In the 

literature review (Chapter 2), gaps on waste management strategies and practices were 

identified as: non-existent proactive policies or weak governance frameworks; adoption 

of unsustainable technologies and economic tools, not fit for the local context; waste 
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trading with no waste and chemical risk management frameworks in the recipient 

countries; and inadequate social awareness, inclusion and participation that have resulted 

in increased waste impacts and risks across countries. The combined assessments from 

Chapter 2, the human health risk results at the Mbale dumpsite and all the other sections 

of this chapter are indicators for the need to support the development of environmental 

and health risk assessment frameworks (Turcan & Bene, 2017). Despite the known risks, 

and scientific evidence (baseline data) to support policy framework, development and 

enforcement on pollution sources, no actions seem to exist.   

 
To assess and identify the actual problems (gaps) on the ground and to provide sustainable 

interventions, the following questions need to be addressed and answered: which 

organizations and institutions are responsible for waste, environment (land, water) and 

food govenance in Uganda?; does Uganda have a waste and environmental management, 

or land and food safety regulations or policies? what is their status (non-existent, 

underdeveloped, weak) of applications? and how effective are the regulations and 

policies?  

 
These questions will be answered by: reviewing the existing literature on waste and 

environmental management, and that on food regulations for Uganda. This will include 

identifying purpose, development process and time, known achievements, and gaps in 

governance framework for environment and food in Uganda; for solid waste 

management, comparing the regulatory reviews with all the identified ideal components 

in the modified integrated solid waste management (ISWM) conceptual framework 

(chapter 2); assessing the effectiveness of controls (policies, regulations) and comparing 

with insights (perceptions, understandings) of the local concepts and on-ground 

experiences - including reviews, signs of effective policies and regulations; and 
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recommending interventions for good policies and practices in waste and environmental 

management, land and food governance, and human health and risk assessment. 

 
6.6 Ugandan Environmental (land) and Food Regulatory Status and Gaps 

In Uganda, environmental health practice and protection started before 1900 (Ndejjo et 

al., 2019). In the 1930s, environmental health research started evolving and has existed 

for several decades. Major research areas are water, sanitation and hygiene (WASH) on 

water supply, waste management, and handwashing in peri-urban settlements (Geresom, 

2019; Geresom & Ndungutse, 2019). Nevertheless, the use of evidence-based policy and 

decision-making for nutrition, toxicology, pollution and food safety are not well-

understood (Ndejjo et al., 2019; Turcan & Bene, 2017). In Uganda, some policies, legal 

frameworks and levels of governance are evident. Existing policies for environmental 

governance include: decentralization policy (1997); National Sanitation Policy (1997); 

National Environmental Health Policy (2005); the Health Sector Investment Plan that will 

contribute to the reduction of morbidity, mortality and disability among Ugandans 

through improvements in housing, safe water, food hygiene, waste management and 

control of vector and vermin (Musoke et al., 2016; Ndejjo et al., 2019); and the current 

Environmental Health Strategic Plan (2018/19 – 2022/23), aimed at addressing the 2040 

global goal - a healthy and productive population.  

 
Similarly, between 1935 – 1936, the environmental health legal framework (law) known 

as the British Public Health Act, was enacted for Uganda (Geresom, 2019; Ndejjo et al., 

2019). In 1964, a new law with consolidating preservation of public health was enacted, 

and was later amended (2000) to become the Public Health Act, Chapter 281 (Musoke et 

al., 2016; Ndejjo et al., 2019). Several other environmental practice laws have been 

enacted since then (see Geresom, 2019; Ndejjo et al., 2019).  
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Despite the regulatory progress, several gaps still exist in the laws and regulations of 

Uganda. They include technical capacities to handle environmental health at higher levels 

of education and lack of adequately equipped environmental health 

laboratories/institutes/centres to advance training and research. Also, little attention has 

been given to pollution, toxicology and risk assessments, hence the increased 

environmental burden of disease (Musoke et al., 2016). The Public Health Act (2000) and 

Environmental Health Policy (2005) are unable to meet the current increasing 

urbanization, industrialization and pollution levels because it is obsolete. Other points of 

weakness include delays in prosecution of offenders amidst bureaucratic procedures and 

insufficient penalties for offenders, flawed governance and accountability systems, weak 

enforcement, inadequate institutional framework, including limited legal and technical 

expertise, and political interference (Geresom, 2019; Musoke et al., 2016; Ndejjo et al., 

2019).  Similarly, study recommendations identified capacity building for the personnel 

involved in enforcement of regulations, review of outdated laws, formulation of 

regulations, and legal and policy surveillance (Geresom, 2019). Environmental Health 

Strategic Plan (2018/19 – 2022/23) is expected to address capacity building, policy 

formulation, improved institutional framework of coordination, collaboration, 

partnerships and support to knowledge management and advocacy for Environmental 

Health services at all levels.  

 

6.7 Food production policies in Uganda’s Agricultural Sector 
 

The shaping of the Agricultural policy environment in Uganda started since 1997, with 

Poverty Eradication Action Plan (PEAP) followed by the National Development Plan 

(NDP) and the Prosperity for All (PFA) (Mugagga et al., 2018). These frameworks were 

implemented through the Plan for Modernisation of Agriculture (PMA) and the Rural 
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Development Strategy (RDS). In 2005 and 2010, the Ministry of Agriculture, Animal 

Industry and Fisheries (MAAIF) published the first Development Strategies and 

Investment Plans (DSIP): PMA and NDP respectively (Ministry of Agriculture, 2013). 

These policies were implemented as comprehensive national development planning 

framework policy (e.g., 30-year nation vision, 10-year national development plan, 5-year 

national development plan, and annual development plans and budgets); the national 

development plan 11 (2015/16 – 2019/20); and the Agriculture Sector Strategic Plan 

(ASSP) of 2015/16-2019/20.  In 2013, the National Agricultural Policy was adopted with 

the aim to harmonize all the above approaches and encourage more people to grow and 

store adequate food – a contribution towards national agricultural development (Ministry 

of Agriculture, 2013; Mugagga et al., 2018; Turcan & Bene, 2017).  Other crucial policies 

and strategies in the Uganda’s agricultural sector include: the National Agricultural 

Extension Policy (2016/17- 2020/21); the National Fertilizer Policy (2016); the Draft 

National Seed Policy (2014); the Draft Irrigation Policy and National Irrigation Master 

Plan or Uganda (2010 – 2035); the National Agricultural Advisory Services Act, 200115 

(2001); the National Agricultural Research Organization Act 200516; and The Uganda 

National Land Policy 201317 (Mugagga et al., 2018).  

 
The objectives of the policy were: to promote food and nutrition security; to improve 

household incomes through coordinated interventions that will enhance sustainable 

agricultural productivity and value addition; to provide employment opportunities; 

improve public-private sector partnerships; and to promote agribusinesses, investments 

and trade (Ministry of Agriculture, 2013). In particular, the land use policy and 

amendments to the Land Act aim to ensure an efficient, equitable and optimal utilization 

and management of Uganda’s land resources for poverty reduction, wealth creation and 

overall socio-economic development (Mugagga et al., 2018; Nakayi, 2017). The 
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agricultural policies and interventions are managed and coordinated by MAAIF; 

however, its implementation is in line with other organizations, institutions, associations, 

development partners and academia (Ejalu & Fortin, 2008; Ministry of Agriculture, 

2013). The MAAIF has seven statutory semi-autonomous institutions responsible for 

handling animal diseases, diary and coffee products and research on food products and 

services including genetically modified foods (Mugagga et al., 2018).  

 

6.8 Food safety policy in Uganda 
 

In Uganda, literature on the availability of food safety regulations are limited. It is, 

however, indicated that the current Ugandan food safety law was enacted in 1964 (i.e., 

when Uganda first joined CODEX, as a member)(Agaba, 2015; Ministry of Agriculture 

& Ministry of Health, 2005; Ministry of Health, 2004; Turcan & Bene, 2017). In 1993, 

an amendment that saw the removal of “Drug” from the food law, and the formation of 

National Drug Authority (NDA) occurred. Consequently, the food law has remained 

“dangling”, and as of 2008 documentations, no amendment exists. Also, the food law 

does not address new agricultural and technological developments in the food industry 

(e.g.,  food additives, contaminants or packaging) and human health.  

 
In Uganda, food safety is handled by many institutions or authorities (e.g., MOH, 

MAAIF, MTTI), with no apparent coordination and no clear mandates on roles (Ministry 

of Agriculture & Ministry of Health, 2005). Under MTTI, is the Uganda National Bureau 

of Standards (UNBS), which was formed under the UNBS Act (1983/1993) (Ministry of 

Agriculture & Ministry of Health, 2005). The UNBS is responsible for the formulation, 

development and coordination of national standards specification for all commodities and 

codes of practice for food and agricultural products, water quality, animal feeds and food 
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packaging materials standards (Agaba, 2015); promoting standardisation in commerce, 

industry, health, safety and social welfare and providing testing and calibration services 

to facilitate both regulatory and promotional roles; and conducting joint inspections, 

certifications (with standards), enforcements and awareness on the quality of international 

imports and locally manufactured commodities, and any other related activities. The 

institutional structure of UNBS, the situational and operational responsibility of MTTI 

and MAAIF, could pose potential conflict of interest. The MTTI and MAAIF have 

objective need which is to generate more revenue from international trade; hence, may be 

pushed to focus more on handling the quality of exports at the expense of the local needs. 

Consequently, the health of the local consumers is at risk, hence, more medical expenses 

to MOH (Ministry of Health, 2004). Uganda needs a more organized system that is 

responsible for food safety on the national and international (export) scale.  

 
In Uganda, amongst the three-line ministries in charge of food safety, MOH is always the 

most affected – treats the food safety related epidemics (Ministry of Health, 2004). In a 

bid for solutions, the following policies and plans were developed by the ministry and 

approved by the Ugandan parliament: National Health Policy and Health Sector Strategic 

Plan (2000) – highlighted the need to update and enforce Food Hygiene and Safety Laws; 

5–year Health Sector Strategic Plan 1 to guide the implementation of the Health Policy 

(2001 – 2005); 5–year Health Sector Strategic Plan 11 to guide the implementation of the 

Health Policy (2006 – 2010); and in addition to the food law (1964), public health law 

(1964), and NDA (1993).  Other approved Ministry’s efforts towards integrated National 

Food Control System was food Safety (Hygiene) Advisory Committee (FSAC), which 

was established in accordance with the Food and Drug Act, 1964: part V, 40 (Agaba, 

2015). Also, established was the multi-sectoral National Codex Committee (June 2000), 

with members from UNBS and other line ministries and departments. There are, however, 
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collaborations between MOH and other ministries and departments including MAAIF, 

the Uganda National Council of Science & Technology, (UNCST), the National 

Environment Management Authority (NEMA) and the Directorate of Water 

Development (DWD) (Geresom, 2019; Ministry of Health, 2004).  

 
On international trade in food, MOH has agreements with the World Trade Organization 

(WTO), which directly applies to sanitary, phytosanitary and public health issues 

(Ministry of Health, 2004; Ndejjo et al., 2019). Uganda is also a signatory to the 

2005/2007 WHO international Health Regulations, whose purpose is to protect against 

and respond to the international spread of diseases including food-borne diseases, making 

sure there is no interference to public health, and international traffic and trade (Agaba, 

2015; Geresom, 2019). Uganda is also a member of the International Federation of 

Environmental Health (IFEH) since 2003 (Ndejjo et al., 2019). The FSAC committee 

plays several roles, including the participation in National Codex and FAO/WHO Codex 

activities where information on international food safety threats and best practices are 

shared. National Codex Committee (NCC) implements the objectives and activities of 

Codex Alimentarius Commission in Uganda.  

 
Some national and international bills of interest are awaiting approval by the Ugandan 

parliament, amongst which is the Genetic Engineering Bill, which is a modification of 

the Biotechnology and Biosafety Bill (2012) that was submitted since November 2018. 

This Bill was prepared by UNCST, which develops regulations and policies, conducts 

safety assessments, and establishes standards and policies in collaboration with UNBS. 

The Bill seeks to provide mechanisms to regulate the use of biotechnology and genetically 

modified organisms in Uganda (Ministry of Agriculture & Ministry of Health, 2005; 

Ministry of Health, 2004; Turcan & Bene, 2017). The Ministry of Health through 
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dialogue and consultations with key stakeholders in the food industry developed a 

National Food Safety plan to guide the implementation of the food safety laws and other 

food safety control systems in the country; transfer law into a tool for an effective food 

safety control system through creation of consumer awareness (Ministry of Health, 2004); 

and clear boundaries in roles and responsibilities of key stakeholders, address issues of 

institutional linkages, collaborations and harmonization of activities aimed at promoting 

and improving the status of food hygiene and safety in Uganda (Ministry of Health, 2004).  

 
The National Food Safety Strategic Plan (2007-2016) highlighted the need to have an 

organized food safety system to effectively monitor and regulate the national food safety 

control system. Therefore, the NFSP was recently merged with the Uganda food and 

nutrition policy Bill and drafted into a Food Safety Bill, but is awaiting approval by 

parliament (Agaba, 2015; Ministry of Agriculture & Ministry of Health, 2005).  The draft 

Bill is to regulate any matters of food hygiene and safety in Uganda. The major 

components are food supply and accessibility;  food processing and preservation;  food 

storage, marketing and distribution;  external food trade;  food aid;  food standards and 

quality control; nutrition; health; information, education and communication; gender, 

food and nutrition; food, nutrition and surveillance; and research (Ministry of Agriculture 

& Ministry of Health, 2005).  Despite the expected advantages from the bill, it is reported 

that it does not sort out the previous coordination issues, created by the involvement of 

multiple fragmented ministries and other institutions towards the food safety issues 

(Ministry of Agriculture & Ministry of Health, 2005). Regardless of the gap, an urgent 

need to pass the draft National Food Safety Bill is required, to guide the food safety 

actions in Uganda, and have an autonomous food body that is functional, and can provide 

training and research.  
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Research and capacity development (e.g., training food safety professionals in the use of 

acquired sophisticated technologies) is continuing through various organizations 

(Sasanya, 2019; Varbanova, 2017). Collection of scientific data on environmental 

contamination and food safety risks are also increasing as discussed (section 6.5) (Ndejjo 

et al., 2019). In comparative review of solid waste management across disparate 

economies, several related gaps were identified (sections 2.3.1 to 2.3.3). These scientific 

findings are adequate to convince policymakers over the need to develop regulatory 

framework on land and food governance, so that consumer health could be protected 

(Turcan & Bene, 2017). My review and research findings are consistent with Agaba’s 

(2015), which states that Uganda does have national food laws, regulations or policies to 

facilitate food safety controls but they are fragmented in various sectors, ministries and 

departments; most national food laws, policies and regulations are not up to date; national 

food laws, polices and regulations are not effectively implemented; Yes, Uganda does 

have international food safety standards based on Codex Alimentarius and ISO standards; 

and some coordination mechanisms have been established between food safety authorities 

through the National Codex committee (2000). Similarly, the study recommendations 

agree with those in literature, that Uganda needs to formulate a new food safety law to 

replace obsolete Food and Drug Act (1964); develop a national food safety strategic plan; 

establish food safety authority; establish an integrated food safety control system; 

improve upon institutional regulatory gaps by mainstreaming food safety into institutional 

or sectoral programs; implementing food safety concenrns through existing institutional 

or sectoral programs; and creating awareness by designing national food safety 

communication strategies, that will identify key messages, target groups and media tools 

(Agaba, 2015).  
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CHAPTER 7  SYNTHESIS, CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Synthesis 

Poor solid waste management has been reported as a problem in both developed and 

developing countries – a cause for environmental impacts and human health risks. A 

review of literature on differences in strategies and practices applied to solid waste 

management across the two development economies identified that waste isn’t the major 

problem, but inappropriate waste handling that leads to subsequent environmental 

impacts and health risks. Also, identified was the issue that waste impacts and risks affect 

the two disparate economies, but is severe in developing nations (Ndejjo et al., 2019). 

Overall, environmental impacts and health risks were identified to arise due to non-

compliance to reuse, reduce and recycle (3R) strategies. In developed countries, the 

strategies and practices are high dependence on technologies, economic tools and 

regulations, with a fairly informed population but limited public inclusion and 

participation towards decision-making in the entire waste management process. 

Accordingly, there is evident increased waste generation, numerous applied technologies 

and economic models that have posed obstacles for waste management integration across 

developed nations, and waste trading without appropriate strategies to handle the 

subsequent impact in the recipient countries.  

 
In developing countries, including Uganda, several planning, monitoring and supervisory 

challenges were cited (Dispatch, 2019; Independent, 2019a). These include economic 

constraints, underdeveloped or non-existent policies, weak enforcement and governance, 

and non-inclusive stakeholder participation. Also, the use of adopted technologies, waste 

trading and locally made and imported poor quality synthetic consumer products and 
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expanding population that generates mixed waste streams and dispose them in 

unregulated areas (i.e., open dumpsites) exists. Furthermore,  waste disposal activities 

need to be properly monitored. The break-down of unsorted mixed wastes and their 

subsequent contamination of water sources, air, soils and the food chain is another 

supervisory challenge. And urban agriculture, including dumpsite farming exposes 

consumers to pathogenic and chemical (i.e., non-carcinogenic and carcinogenic) health 

risks, from inappropriate waste management in developing countries like Uganda.  

 
In Uganda, waste management and food safety challenges are attributed to poor 

institutional framework and linkages. Fragmented and uncoordinated roles towards 

environmental and public health enforcement by different government ministries, 

departments and agencies are also evident. The Uganda’s national environmental and 

food laws, policies and regulations are outdated since they were enacted around 1930’s. 

Their standards and requirements (e.g., unreasonable fines, sentences) are no longer 

suitable for the current increasing urbanization, industrialization and pollution. There also 

exists non effective implementation due to inadequate technical expertise by the public 

health and environmental law practitioners (e.g., lack of drafting and administration law 

documents). The training curriculum for environmental law and public health 

practitioners are non-inclusive (i.e., not comprehensive enough to provide required 

training and competencies), with occassional interference of political actors at different 

levels of governance. This inadequate institutional support by responsible government 

departments leads to lack of resources to transport staff between field activities and 

enforcement campaigns, rigid regulatory structures and lack of appropriate legal 

documentation (Geresom, 2019). Uganda for some time has experienced a lack of 

adequately equipped environmental health laboratories/ institutes/ centres to advance 

trainings and research. This has been limited enhanced as the country has now acquired 
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two sophisticated laboratories for food safety analysis.  It has also been noted with 

concern that the National food safety strategic plan and integrated food safety control 

systems are missing. In the same line, the national food safety communication strategies, 

that will identify key messages, target groups and media tools to create awareness is 

lacking. This has not only limited studies on pollution, toxicology and risk assessments 

but have also inhibited the development of environmental and health risk assessment 

frameworks, hence, increased environmental disease burden (Agaba, 2015; Turcan & 

Bene, 2017). 

 
Environmental degradation is a global issue, since contaminated environment (land, 

water, air) affects food production, food quality, human health and international trade 

(Musoke et al., 2016). With over 800 million people using contaminated areas worldwide 

to grow crops, globalization of food production and trade could expose the global 

population to more risks (Choffnes et al., 2012; Musoke et al., 2016). Literature reports 

that several annual known and unknown diseases and deaths worldwide, occur due to 

food and water related contaminants (Independent, 2019a; Musoke et al., 2016). 

Nevertheless, few studies exist on food chain and health risk assessments to promote land 

and food policies. To maintain productivity, improve environmental health, and regulate 

food farming, information on effects of contaminated food production areas on food 

safety are necessary. The Mbale dumpsite (Uganda) research contributes to this goal 

through creating baseline data on a contaminated environment, food safety and associated 

health risks. In this study, food crops were used as bio-monitors to assess food safety and 

growth media status and to validate the reported concept that food chain contamination 

could occur from waste chemicals in open dumpsites (e.g., Mbale dumpsite).  
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7.2  Conclusions 

These are the summary of research findings and their implications to environmental and 

human health. The metal concentrations especially Pb, Cr, Al, Zn, Hg, Ni, Mn, Fe and Cu 

concentrations in food crops grown on the Mbale dumpsite were higher than the 

WHO/FAO safe consumption level and this could be a significant route of exposure to 

carcinogenic and non-carcinogenic health risks in the human population that depend on 

these crops for food. Concentrations of metals in plants were mainly influenced by crop 

type, crop part and crop growth period, although other external factors were evident.  

Leafy crops contained more metal concentrations than any other crop part, and short-term 

(2 – 6 months) crops exhibited higher metal concentrations than mid-term (7 – 15 months) 

and long term (18 - 72 months) crops. Significant associations were also established 

between location of plants and metal concentrations, with plants on the dump centre 

having higher metal concentrations than those on the slope. This differential distribution 

of metals in the different plant parts, based on the bioavailable fraction that was taken up 

by the plants, and also the plants’ ability to reveal the spatial distribution in the three 

different zones, without soil analysis was remarkable. Appropriate selection of crops to 

be grown at the dumpsite in favour of crops with lower metal uptake, particularly non-

leafy (e.g. grain) and long growth period crops. 

 

In all diet categories, the non-carcinogenic risk from individual metals was within 

acceptable limits. Nevertheless, when total risks from all metals in individual crop types, 

combined individual crops and meal types were considered, the risks were unacceptable.  

Risks arising from dietary exposure associated with consumption of crops were higher in 

individual crop types and combined individual crop types than in meal types (mixed diets) 

except for fruit meals where metal concentrations were low. Health risk assessment 

indices such as estimated daily metal intake, carcinogenic and non-carcinogenic risks and 
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hazard quotients were higher in children who are considered a vulnerable sub population 

of the society than adults. These risks may triple if the individual crop types and meal 

types were consumed thrice times a day.  Both single and total metals in individual crops 

and meal types posed carcinogenic risks to consumers. Consumers were prone to very 

high exposure risk that could be carcinogenic and non-carcinogenic when they consume 

leafy crops more than legumes, cereals and fruits. The Mbale results make significant 

contributions to scientific knowledge on dietary risk assessment of metal mixtures in food 

crops. Findings provide a scientific basis that could drive policies centered around 

reduction of metal pollutants in food crops. Therefore, it is important to emphasise on the 

importance of crop type selection in meal combinations to reduce metal exposure arising 

from using the Mbale dumpsite as a livelihood source to humans.   

 

The short-term crops and plant leaves mainly at the dump centre accumulated more metals 

and may pose non-carcinogenic and carcinogenic risks to consumers. Metal 

concentrations in plant leaves and cereals were found to pose higher risks  compared to 

other crop types. Leafy crops and plant leaves exhibited high to very high risks 

(Mwesigye et al., 2019), while low to very low risks were estimated in most fruits.  In all 

diet categories, the estimated daily dietary metal intake, and non-carcinogenic and 

carcinogenic risks were higher in children then adults. In meal 5 (fruits only), adults 

exhibited no risk after ingesting individual fruits, combined individual fruits or the fruit-

meal. Accordingly, the children that consumed both combined individual fruits and fruit-

meal exhibited greater risks. When children and adults ingested individual combined 

crops and meal types (1, 4, 7, 9 and 11), they were exposed to non-carcinogenic risks. 

This scenario also applied to both children and adults that consumed individual combined 

crops, or to children that ingested meal types 2, 3, 6, 8, 10 and 12. But in meal 5, only 
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children were exposed to non-carcinogenic risks by either ingesting combined individual 

fruits or fruit meals. Therefore, it could be misleading to look at risk based on single 

metals in individual crop type, or individual crop type in a meal/diet. It is also important 

to consider the combination of metals in each crop type as well as in all diets to avoid the 

above misconceptions and protect the children from exposure. Children eat more food per 

kg body weight and more frequently than adults to support their growth and development, 

hence they are more susceptible to metals compared to adults. Had this study used a 

typical Ugandan body weights (adult = 65.5 kg, child = 29.6 kg) and daily consumption 

rates (adult = 0.94 kg/day, children = 0.74 kg/day) (Mwesigye et al., 2019), the risks 

would have been worse than currently presented.  

 

The higher metal concentrations observed, particularly in leaves and flowers, were mostly 

attributed to sources outside of the dumpsite such as aerial deposition from industrial 

activities and transport. Therefore, the health risk posed by the Mbale dumpsite crops 

may not completely be attributed to the metal-contaminated soil at the dumpsite. This will 

be fully relied on after further detailed analysis. Urban air pollution is an important 

contributing factor. In addition, the alkaline nature of the soil pH seems to have 

limited/restricted metal uptake into plants. This may prove to be a useful intervention 

strategy i.e. addition of lime to the contaminated soil.  

 

Without regulations, most people that depend on dumpsite farming for livelihood will 

continuously be exposed to microbial and chemical risks. Dumpsites are affordable, 

easily accessible, and provide organic-rich environments for agriculture. Most leafy crops 

grown on dumpsites require very little time to mature (i.e., short-term crops) with high 

productivity turn-over. Short-term leafy crops are affordable to the least economic class 
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– majority of whom live below the poverty line; however, the crops are also on demand 

by the elite families. That aside, municipal authorities in most developing perceive 

dumpsite farming as a good strategy to reduce open waste dumpsite maintenance costs, 

irrespective of the associated potential risks from organic and inorganic (metals) 

components (Nabulo et al., 2012; Sipter et al., 2008). 

 

 The Mbale dumpsite findings will provide a reference for municipal council authorities 

to improve the management of the waste dumpsite and the Health officials and 

organizations who base on sanitation knowledge to guide people towards washing 

vegetables and fruits (Nabulo et al., 2010; Wamokuyu & Wetaya, 2009). The study will 

create awareness towards consumers who were eating the vegetables and fruits without 

washing. Also, commercial farmers that use urban mixed dumpsite compost, untreated 

waste water or the water sources by the dumpsite will be enlighted (Nabulo et al., 2010). 

Policy-makers might base on this scientific evidence to develop policies on land and food 

governance. Non-governmental organizations (with a focus on environmental issues) that 

work within the communities and would like to create awareness to the people will use 

this information. National researchers may build-up on this study or international 

researchers might use this findings as a baseline guide studies in their respective 

countries. Food exporters and international consumers (visitors for trade and tourism) will 

be informed and empowered. 

 

7.3  Recommendations 

Based on the identified waste and environmental management gaps, and the Mbale 

dumpsite risk assessment results, the following are recommended. The Mbale municipal 

council authorities should work with environmental Non-Governmental Organizations 
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and Community Based Organizations to create public awareness and advise consumers 

on thorough washing of vegetables and fruits. Urban farmers should be advised to avoid 

growing crops on the dump centre and hill slope, but use the safer sections of the 

dumpsite, or alternative farms outside the urban setting, to grow leafy crops. Based on 

the high estimated non-carcinogenic and carcinogenic risks in leafy crops and cereals, 

farmers could aim to grow crops with lower metal content (fruits, stems, tuber, seeds) 

rather than leafy crops. Policy-makers should be encouraged to use this (and related other) 

scientific evidence to develop potential policies to enforce land and food governance. Due 

to high to very high risks that are estimated in individually consumed crop types (e.g., 

leafy vegetables, cereals) compared to meal types, it is important to educate consumers 

on careful selection of crop types for meal/diet type combinations to avoid undesirable 

exposure to metal contaminants. Given the lower metal uptake under alkaline conditions 

at the Mbale dumpsite, if farmers must cultivate at the dumpsite, they should take 

measures to reduce the alkalinity to limit. In this study, soil pH range across the Mbale 

dumpsite was 6.4 – 8.7 for the dump centre, 8 for the slope (low water table), 7.4 – 7.9 

for the slope (high water table), and 6.9 for the river bank. Therefore, there is a need to 

lower the alkalinity levels of the soils. There is a need for researchers to carry out further 

assessments to characterize the exposure risks and pathway routes associated with metal 

contaminants found in food crops (washed and unwashed) grown on the Mbale dumpsite 

(and other related areas). This will support regulations to protect families involved in 

urban farming, including on dumpsites, and reduce potential health risks from metals in 

such food crops.  

 
Likewise, and in line with recommendations from other studies (Agaba, 2015; Geresom, 

2019; Musoke et al., 2016; Ndejjo et al., 2019; Turcan & Bene, 2017; Varbanova, 2017), 

Uganda needs to establish an organized, autonomous (independent coordination) and 



Chapter 7 

403 
 

inclusive (food additives, other contaminants, packaging, meeting national and 

international needs) food safety control system (law, authority, strategic plans) that can 

effectively (technical capacity, funding, laboratories, new technologies, research, 

training, strong enforcement, appropriate legal documentation, employment on merit to 

people with required skills/competencies) monitor and regulate risks towards human 

health. Also, needed is the approval of a functional National Food Safety Bill into food 

law. Uganda needs to incorporate food safety issues into institutional or sectoral programs 

and to create awareness by designing national food safety communication strategies that 

will identify key messages, target groups and media tools. Furthermore, Uganda should 

have an inclusive environmental and public health curriculum (practical, applicable, 

trainable, researchable) at all levels of education to create awareness on food sanitation 

and safety (Geresom & Ndungutse, 2019; Musoke et al., 2016). Food safety should be 

made a priority, and this will reduce political interferences and increase support towards 

field activities, enforcement campaigns and training and research. The two currently 

acquired sophisticated food safety analytical laboratories (UNBS, DGAL) need to be 

continuously equipped and maintained to generate results in line with current needs, 

training and research. This will  increase research around environmental and food chain 

contaminations, toxicology and risk assessments (ecological, human health), hence 

improve upon the existing scientific data. Uganda needs to use existing research data to 

develop environmental and health risk assessment frameworks so as to reduce the burden 

of disease. Researchers and govenments should understand that environmental health and 

food safety are global concern, that need collaborative actions to acquire sustainable 

development solutions, hence, partnerships for funding, research on needs and 

requirements, information sharing and advocacy is a must, across countries. 
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General Supplementary Information  

 
 

General Data Tables (GDT) 

GDT 1. Initial crop sampling design for Mbale dumpsite (designed based on th first 

feasibility visit in July/August 2015).  

GDT 2. GPS data points for all sampled crop types. 

 

 

Mbale Dumpsite Photos (MDP) 

DP 1 – 32. Photos for the Mbale dumpsite – The Study area 
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  GDT 1. Initial crop sampling design for the Mbale dumpsite (designed based on the first feasibility visit in July/August 2015) 

Initial sampling strategy to answer research questions 

Crop Type Crop Location No. of 
Zones Selection Criteria 

Questions to be answered:                         
Question 2:  same crops different 
zones; Question 3: different crops, 

same zone; Question 4: growth period;                
Questions 1, 5 & 6 can be answered 

from the objective questions 2, 3, & 4 

No. of crop plants sampled per 
zone (replicates: True/False) 

Total No.             
of samples 

Crop parts (major plant parts 
edible to majority human 

population only) 

Beans                                                                                 
Maize                                                     

All 6 zones except the 
upstream zone, where the 
crops have not yet been 

identified 

6                       
6                                                       

All or most Zones (i.e., 
zonal variations effects) 

and life span 
1, 2, 3, 4, 5, 6 

10                                    
 

10 

60                          
60 

Beans: leaves & seeds; 
Maize: grains or seeds 

Amaranthus 
spinosus 

Dump slopes, Dump 
centre, 50m off centre, 

Mid-stream: High and Low 
5 All or most Zones (i.e., 

zonal variations effects) 1, 2, 4, 5, 6 10 50 leaves (roots will be 
excluded) 

Yams Downstream, and 
midstream-low water table 2 More than one zone (i.e., 

zonal variations effects) 1, 2, 3, 4, 5, 6 10 20 leaves and roots 

pumpkins Dump centre 1 Crop variations 1, 3, 4, 5, 6 10 10 leaves and fruits 

cabbages Dump-50m off centre 1 Crop variations 1,3, 4, 5, 6 10 10 leaves 

tomatoes Dump-50m off centre 1 Crop variations 1,3, 4, 5, 6 10 10 fruits (and leaves) 

egg plants Mid-stream: High and Low 2 Crop variations 1,2, 3, 4, 5, 6 10 20 fruits (and leaves) 

Irish potatoes Mid-stream:  Low water 
table 1 Crop variations 1, 3, 4, 5, 6 10 10 roots (and leaves) 

Sweet 
potatoes 

Mid-stream:  Low water 
table 1 Crop variations 1, 3, 4, 5, 6 10 10 roots (and leaves) 

ground nuts Mid-stream:  Low water 
table 1 Crop variations 1, 3, 4, 5, 6 10 10 roots (and leaves) 

Rice Down stream 1 Crop variations 1, 3, 4, 5, 6 10 10 grains 

Cassava Mid-stream: High and Low 2 Lifespan 1, 2, 3, 4, 5, 6 10 20 roots (and leaves) 

Pawpaw Mid-stream:  Low water 
table 1 Lifespan 1, 2, 3, 4, 5, 6 10 10 fruits, (roots and leaves) 
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Banana Mid-stream: High and Low 2 Lifespan 1, 2, 3, 4, 5, 6 1 (2) 10 fingers                 
10 leaves 

fruits and leaves (leaves used 
a lot to cover food while 

cooking) 

Sugarcane Upstream, downstream, 
midstream: low water table 3 Lifespan 1, 2, 3, 4, 5, 6 10 30 stem 
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GDT 2. GPS data points for all sampled crop types 

Mbale Crop Samples  
Item No. Quadrant/Number 36N UTM Altitude Location Remarks 

1 Dump Centre-001 627730 N 119732 E 1113 Centre  

2 EAST:  78m East, from start of maize gardens 
(Boundary of Quandrant 1 & 2) 627793 119684 1117 Centre  

3 SOUTH: Umbrella tree…100m South 627808 119671 1119 Centre  

4 NORTH: 97m off centre…. pass on 176, but below 
177, and 186. Tree across the river 627762 119823 1117 Centre  

5 WEST: Quadrant 3 @ anthill. 50m from centre 627685 119748 1115 Centre Boundary 

6 @roadside/path: 65m West (end of the dumpsite) 627669 119751 1115 Centre  

7 100 m West @ start of maize/cassava gardens 627635 119765 1111 Centre  

8 50 m from centre towards South. Still on the dump 
site 627710 119678 1121 Centre  

9 100m towards South. At path that separates end of the 
dumpsite and the NWSC staff quarters 627702 119653 1121 Centre Boundary 

10 120m towards South. At path that separates end of the 
dumpsite and the NWSC staff quarters 627690 119623 1117 Centre Boundary 

11 Cabbage (2) 627723 119606 1114 Centre  

12 Tomatoes (2) 627721 119604 1118 Centre  

13 Tomatoes (2) 627716 119611 1115 Centre  

14 Cabbage (2) 627720 119602 1100 Centre  

15 Cabbage (2-average) 627722 119593 1115 Centre  

16 Cabbages (2) 627724 119593 1100 Centre  

17 Cabbages (2) 627719 119570 1115 Centre  

18 Cabbages (2) 627723 119576 1114 Centre  

19 Cabbages (2) 627743 119594 1115 Centre  

20 Maize 627735 119605 1115 Centre  

21 Cabbages (2) 627747 119592 1114 Centre  

22 Dodo green 627740 119595 1112 Centre  

23 Tomatoes (2) 627742 119590 1113 Centre  

24 Cabbages (2) 627738 119593 1113 Centre  

25 Maize 627748 119583 1113 Centre  

26 Maize 627743 119569 1112 Centre  

27 Cabbages (2) 627751 119565 1110 Centre  

28 Maize 627732 119610 1117 Centre  

29 Maize 627735 119612 1117 Centre  

30 Maize 627738 119624 1116 Centre  

31 Tomatoes 627721 119633 1117 Centre  

32 Tomatoes 627719 119630 1118 Centre  

33 Sorghum 627720 119636 1120 Centre  

34 Egg plant 627723 119620 1121 Centre  

35 Tomatoes 627737 119640 1116 Centre  

36 Tomatoes 627737 119641 1116 Centre  

37 Tomatoes 627738 119641 1115 Centre  

38 Tomatoes 627733 119639 1115 Centre  

39 Fresh Maize 627736 119665 1115 Centre  

40 Dry maize 627736 119679 1117 Centre  

41 Partially dry maize 627733 119686 1118 Centre  

42 Fresh maize 627751 119691 1117 Centre  

43 Maize 627765 119686 1115 Centre  

44 Maize 627774 119674 1114 Centre  

45 Gobbe 627772 119675 1115 Centre  

46 Red dodo 627770 119675 1118 Centre  

47 Bamya (Okra) 627770 119674 1118 Centre  
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48 Red dodo 627764 119670 1116 Centre  

49 Red + green dodo 627780 119669 1118 Centre  

50 Fresh maize 627796 119672 1117 Centre  

51 Maize 627773 119687 1116 Centre  

52 Dry maize 627780 119689 1114 Centre  

53 Partially dry maize 627807 119673 1116 Centre  

54 Fresh Maize 627807 119679 1116 Centre  

54 Isuffa 627807 119679 1116 Centre  

55 red dodo 627801 119680 1115 Centre  

56 pumpkin-green leaves 627730 119696 1118 Centre  

57 pumpkin-white strips leaf 627724 119681 1116 Centre  

58 tomatoes 627724 119689 1115 Centre  

59 Isuffa 627735 119692 1114 Centre  

60 Melon-green fruit 627758 119692 1114 Centre  

61 Melon-white-green stripped fruit 627761 119693 1118 Centre  

62 pumpkin-green leaves 627760 119711 1114 Centre  

63 Melon-white-green stripped fruit 627757 119707 1115 Centre  

64 tomatoes 627748 119710 1117 Centre  

65 pumpkin-white strips leaf 627753 119706 1114 Centre  

66 tomatoes 627754 119723 1114 Centre  

67 red dodo 627731 119719 1114 Centre  

68 red dodo (4) 627805 119724 1117 Centre  

69 Isuffa 627804 119723 1117 Centre  

70 pumpkin-white strips leaf (1) 627807 119715 1115 Centre  

71 Nyamujogo (green dodo) 627814 119713 1115 Centre  

72 ntuntunu 627809 119716 1093 Centre  

73 A Compost point @ reading 72 627836 119694 1093 Centre  

73B Compost Point @ reading 72 627834 119697 1099 Centre  

74 Red dodo 627837 119689 1113 Centre  

75 Ejobyo 627836 119689 1115 Centre  

76 Isuffa 627835 119689 1113 Centre  

77 tomatoes 627829 119675 1115 Centre  

77 red dodo 627829 119675 1115 Centre  

77 Maize 627829 119675 1115 Centre  

78 Ground nuts 627828 119673 1115 Centre  

79 Red + green dodo 627825 119673 1116 Centre  

80 Maize 627823 119670 1116 Centre  

81 Pumpkin 627828 119672 1116 Centre  

82 Pumpkin-white striped leaf 627833 119674 1113 Centre  

83 Sweet potatoes 627847 119677 1117 Centre  

84 Sugar cane 627849 119673 1113 Centre  

84 Bananas 627849 119673 1113 Centre  

84 Balugu 627849 119673 1113 Centre  

85 Isuffa 627854 119675 1115 Centre  

85 Pumpkin 627854 119675 1115 Centre  

85 Balugu 627854 119675 1115 Centre  

85 Sorghum 627854 119675 1115 Centre  

86 Gobbe 627856 119676 1113 Centre  

86 Beans 627856 119676 1113 Centre  

87 Sunflower 627848 119679 1112 Centre  

87 Ground nuts 627848 119679 1112 Centre  

87 Maize 627848 119679 1112 Centre  

88 Red dodo 627851 119675 1114 Centre  

89 Maize 627853 119682 1115 Centre  

90 Maize 627862 119688 1114 Centre  

91 Red dodo 627865 119687 1114 Centre  

92 Bananas 627874 119693 1117 Centre  

93 Bananas 627879 119689 1114 Centre  



Chapter 7 

427 
 

94 Maize 627878 119695 1114 Centre  

95 Paw paw 627888 119689 1115 Centre  

95 Red dodo 627888 119689 1115 Centre  

95 Maize 627888 119689 1115 Centre  

96 Soya beans 627899 119683 1114 Centre  

96 Maize 627899 119683 1114 Centre  

97 Not sure what??? 627878 119746 1113 Centre  

98 Maize 627890 119747 1114 Centre  

98 Red dodo 627890 119747 1114 Centre  

98 Soya 627890 119747 1114 Centre  

99 Maize 627901 119750 1113 Centre  

100 Maize 627852 119759 1111 Centre  

101 Maize 627829 119759 1111 Centre  

102 Maize (Sampled late in the night) 627840 119765 1111 Centre  

103 Maize (1) 627854 119766 1119 Centre  

104 Maize 627831 119761 1116 Centre  

104 Red + green dodo 627831 119761 1116 Centre  

105 maize 627847 119785 1115 Centre  

106 Ground nuts 627852 119777 1125 Centre  

106 red dodo 627852 119777 1125 Centre  

107 Ground nuts 627849 119787 1113 Centre  

108 Ground nuts 627849 119792 1113 Centre  

108 Red dodo 627849 119792 1113 Centre  

109 Kyayi suubi 627847 119792 1112 Centre  

110 Ground nuts 627843 119793 1109 Centre  

110 Red dodo 627843 119793 1109 Centre  

110 Maize 627843 119793 1109 Centre  

111 Red dodo 627842 119781 1108 Centre  

112 Maize 627853 119776 1111 Centre  

112 Red dodo 627853 119776 1111 Centre  

113 Maize 627850 119786 1110 Centre  

114 Maize 627863 119783 1112 Centre  

115 Red dodo 627862 119785 1112 Centre  

116 Maize (purple kob) 627864 119795 1112 Centre  

116 red dodo 627864 119795 1112 Centre  

117 Nyamujogo (green dodo) 627862 119797 1113 Centre  

118 Maize 627855 119801 1107 Centre  

118 Red dodo 627855 119801 1107 Centre  

119 ntuntunu 627853 119806 1111 Centre  

119 Red dodo 627853 119806 1111 Centre  

120 Maize 627850 119805 1110 Centre  

120 Ground nuts 627850 119805 1110 Centre  

120 Red dodo 627850 119805 1110 Centre  

121 Ground nuts 627851 119801 1109 Centre  

121 Red + green dodo 627851 119801 1109 Centre  

122 maize 627824 119806 1111 Centre  

122 Ground nuts 627824 119806 1111 Centre  

122 Red dodo 627824 119806 1111 Centre  

123 Red + green dodo 627839 119802 1111 Centre  

123 Ejobyo 627839 119802 1111 Centre  

123 Ground nuts 627839 119802 1111 Centre  

124 Ground nuts 627842 119796 1112 Centre  

124 Red dodo 627842 119796 1112 Centre  

125 ntuntunu 627836 119786 1116 Centre  

125 Isuffa 627836 119786 1116 Centre  

125 tomatoes 627836 119786 1116 Centre  

126 Red dodo 627837 119787 1113 Centre  

127 Red chili-local 627840 119792 1113 Centre  
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127 Chili-white fruit 627840 119792 1113 Centre  

127 red dodo 627840 119792 1113 Centre  

128 Isuffa 627831 119793 1110 Centre  

128 Red dodo 627831 119793 1110 Centre  

129 Maize 627833 119796 1111 Centre  

130 Red dodo 627833 119797 1110 Centre  

131 Red dodo 627822 119800 1110 Centre  

132 Red dodo 627818 119792 1111 Centre  

132 Red + green dodo 627818 119792 1111 Centre  

133 Maize 627825 119802 1109 Centre  

134 Maize 627816 119802 1113 Centre  

134 Pumpkin 627816 119802 1113 Centre  

134 Red + green dodo 627816 119802 1113 Centre  

134 tomatoes 627816 119802 1113 Centre  

135 Ejobyo 627801 119797 1108 Centre  

135 red dodo 627801 119797 1108 Centre  

135 Maize 627801 119797 1108 Centre  

135 Ejobyo 627801 119797 1108 Centre  

136 Red dodo 627813 119781 1111 Centre  

136 Soya beans 627813 119781 1111 Centre  

136 Ejobyo 627813 119781 1111 Centre  

137 Maize 627822 119789 1110 Centre  

138 Green dodo 627800 119787 1101 Centre  

138 Red dodo 627800 119787 1101 Centre  

138 Ejobyo 627800 119787 1101 Centre  

138 Nyamujogo 627800 119787 1101 Centre  

138 Maize 627800 119787 1101 Centre  

139 Kyayi suubi 627798 119802 1110 Centre  

140 Maize 627791 119803 1109 Centre  

140 Red dodo 627791 119803 1109 Centre  

140 Green dodo 627791 119803 1109 Centre  

140 Tomatoes-local 627791 119803 1109 Centre  

140 Millet 627791 119803 1109 Centre  

141 Green dodo 627788 119791 1114 Centre  

141 Sorghum 627788 119791 1114 Centre  

142 Green dodo 627790 119788 1112 Centre  

142 Maize 627790 119788 1112 Centre  

142 Ejobyo 627790 119788 1112 Centre  

143 Ejobyo 627795 119778 1109 Centre  

143 Nyamujogo 627795 119778 1109 Centre  

144 Pumpkin 627793 119774 1107 Centre  

144 Ejobyo 627793 119774 1107 Centre  

145 Ejobyo-leachate point 627801 119766 1111 Centre  

146 red dodo-above leachate point 627809 119760 1113 Centre  

146 ejobyo 627809 119760 1113 Centre  

147 Maize (1) 627906 119749 1114 Centre  

148 Maize 627895 119748 1113 Centre  

149 Maize 627883 119747 1114 Centre  

150 Ejobyo (quadrant 1 & 4 near leachate point) 627740 119740 1113 Centre  

150 nyamujogo 627740 119740 1113 Centre  

150 Pumpkin 627740 119740 1113 Centre  

151 nyamujogo (green dodo)-2 627723 119720 1114 Centre  

152 ntuntunu (2) 627732 119689 1118 Centre  

152 bamia (2) 627732 119639 1118 Centre  

153 ntuntunu (2) 627731 119673 1118 Centre  

154 red dodo (3) 627704 119697 1112 Centre  

154 Pumpkin-(might be missing green leaves for 156) 627704 119697 1112 Centre  

155 Simsim 627693 119727 1116 Centre  
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155 Pumpkin 627693 119727 1116 Centre  

155 red dodo 627693 119727 1116 Centre  

155 Sweet potatoes 627693 119727 1116 Centre  

155 Gobbe 627693 119727 1116 Centre  

155 Tomatoes 627693 119727 1116 Centre  

155 Nyamujogo 627693 119727 1116 Centre  

156 Pumpkin-(might be missing green leaves for 154) 627700 119724 1118 Centre  

157 Watermelon 627701 119731 1117 Centre  

157 Barbara Leaves 627701 119731 1117 Centre  

157 Blackjack 627701 119731 1117 Centre  

157 Pumpkin 627701 119731 1117 Centre  

158 Melon 627697 119734 1118 Centre  

158 bamia 627697 119734 1118 Centre  

159 Pumpkin 627693 119730 1118 Centre  

160 Red dodo 627690 119742 1114 Centre  

160 pumpkin 627690 119742 1114 Centre  

161 Isuffa (3) 627696 119746 1113 Centre  

161 Barbara Leaves (3) 627696 119746 1113 Centre  

162 tomatoes (3) 627716 119736 1115 Centre  

162 Nyamujogo (3) 627716 119736 1115 Centre  

162 Isuffa (3) 627716 119736 1115 Centre  

162 red dodo (3) 627716 119736 1115 Centre  

162 green dodo (3) 627716 119736 1115 Centre  

163 pumpkin 627789 119732 1114 Centre  

164 pumpkin 627784 119733 1115 Centre  

165 Sweet potatoes 627781 119743 1116 Centre  

165 ejobyo 627781 119743 1116 Centre  

165 Pumpkin 627781 119743 1116 Centre  

165 nyamujogo 627781 119743 1116 Centre  

166/167 ntuntunu 627815 119704 1109 Centre  

166/167 ejobyo 627815 119704 1109 Centre  

168 Blackjack 627746 119728 1112 Centre  

169 Blackjack 627788 119739 1111 Centre  

170 Red dodo 627769 119770 1112 Centre  

170 Isuffa 627769 119770 1112 Centre  

170 Blackjack 627769 119770 1112 Centre  

170 Maize 627769 119770 1112 Centre  

171 Ejobyo 627772 119780 1112 Centre  

172 Maize 627767 119778 1112 Centre  

173 Tomatoes-local 627765 119788 1113 Centre  

173 Isuffa 627765 119788 1113 Centre  

173 Barbara Leaves 627765 119788 1113 Centre  

173 Maize 627765 119788 1113 Centre  

173 Gobbe 627765 119788 1113 Centre  

173 Red dodo 627765 119788 1113 Centre  

174 Pumpkin 627759 119787 1111 Centre  

175 Pumpkin (Quadrant 3 & 4 @boundary) 627761 119780 1114 Centre  

175 Red dodo 627761 119780 1114 Centre  

175 Isuffa 627761 119780 1114 Centre  

176 green melon 627751 119779 1112 Centre  

176 Ntuntunu 627751 119779 1112 Centre  

176 red dodo 627751 119779 1112 Centre  

176 Green dodo 627751 119779 1112 Centre  

176 Blackjack 627751 119779 1112 Centre  

177 Red dodo 627759 119798 1111 Centre  

177 Maize 627759 119798 1111 Centre  

178 Maize 627767 119796 1111 Centre  

178 Red dodo 627767 119796 1111 Centre  
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179 Katunkuma 627763 119795 1112 Centre  

180 nyamujogo 627761 119810 1109 Centre  

180 red dodo 627761 119810 1109 Centre  

180 Maize 627761 119810 1109 Centre  

181 gobbe 627757 119815 1114 Centre  

181 Sweet potatoes 627757 119815 1114 Centre  

181 ntuntunu 627757 119815 1114 Centre  

182 Sweet potatoes 627748 119817 1113 Centre  

182 ntuntunu 627748 119817 1113 Centre  

182 gobbe 627748 119817 1113 Centre  

182 Maize 627748 119817 1113 Centre  

182 Barbara Leaves 627748 119817 1113 Centre  

182 Isuffa 627748 119817 1113 Centre  

183 Red dodo 627736 119808 1111 Centre  

184 Maize 627734 119803 1109 Centre  

184 Isuffa 627734 119803 1109 Centre  

185 Maize 627730 119796 1112 Centre  

185 Ejobyo 627730 119796 1112 Centre  

185 Blackjack 627730 119796 1112 Centre  

185 ntuntunu 627730 119796 1112 Centre  

186 tobacco discarded 627762 119805 1110 Centre  

187 red dodo 627773 119803 1109 Centre  

187 Maize 627773 119803 1109 Centre  

187 Sweet potatoes 627773 119803 1109 Centre  

188 Barbara leaves 627782 119790 1109 Centre  

188 Maize 627782 119790 1109 Centre  

188 Nyamujogo 627782 119790 1109 Centre  

189 Maize 627688 119770 1110 Centre  

189 Isuffa 627688 119770 1110 Centre  

190 bamia (slopes) 627682 119776 1107 Centre  

190 Isuffa 627682 119776 1107 Centre  

190 red dodo 627682 119776 1107 Centre  

190 maize 627682 119776 1107 Centre  

191 maize 627673 119768 1109 Centre  

191 red dodo 627673 119768 1109 Centre  

191 ntuntunu 627673 119768 1109 Centre  

192 red dodo 627668 119785 1105 Centre  

193 Maize (popcorn -yellow) 627673 119824 1102 Slope  

194 Maize (popcorn -yellow) 627664 119818 1102 Slope  

195 Maize (HWT) 627659 119836 1101 Centre  

195 red dodo (HWT) 627659 119836 1101 Centre  

195 Isuffa (HWT) 627659 119836 1101 Centre  

196 Cassava 627656 119709 1115 Centre  

197 Maize 627653 119721 1115 Centre  

197 red dodo 627653 119721 1115 Centre  

198 Cassava 627647 119746 1114 Centre  

198 Maize 627647 119746 1114 Centre  

198 Isuffa 627647 119746 1114 Centre  

198 ntuntunu 627647 119746 1114 Centre  

198 green dodo 627647 119746 1114 Centre  

198 nyamujogo 627647 119746 1114 Centre  

198 Blackjack 627647 119746 1114 Centre  

198 red dodo 627647 119746 1114 Centre  

199 maize 627631 119761 1108 Centre  

199 red dodo 627631 119761 1108 Centre  

199 Isuffa 627631 119761 1108 Centre  

200 Sukuma wiki (HWT) 627631 119810 1104 Slope  

200 tomatoes 627631 119810 1104 Slope  
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200 nakati fruit 627631 119810 1104 Slope  

200 balugu 627631 119810 1104 Slope  

200 red dodo 627631 119810 1104 Slope  

201 nakati 627629 119811 1106 Slope  

201 sukuma wiki 627629 119811 1106 Slope  
201 cabbage (HWT) -not round leaves 627629 119811 1106 Slope  
202 ejobyo 627619 119807 1107 Slope  
202 tomatoes 627619 119807 1107 Slope  
202 sukuma wiki 627619 119807 1107 Slope  
203 bananas 627632 119837 1105 Slope  
204 tomatoes (ripe fruit) 627627 119829 1105 Slope  
204 sukuma wiki 627627 119829 1105 Slope  
205 tomatoes (green fruit) 627618 119826 1106 Slope  
205 Blackjack 627618 119826 1106 Slope  
206 red dodo 627617 119837 1102 Slope  
206 bananas 627617 119837 1102 Slope  
206 sukuma wiki 627617 119837 1102 Slope  
207 sukuma wiki 627636 119850 1108 Slope  
207 gobbe 627636 119850 1108 Slope  
207 maize-white popcorn@ river 627636 119850 1108 Slope  
207 red dodo 627636 119850 1108 Slope  
208 Kyayi suubi 627641 119845 1104 Slope  
208 ntuula red 627641 119845 1104 Slope  
208 red dodo 627641 119845 1104 Slope  
208 nyamujogo 627641 119845 1104 Slope  
209 balugu 627642 119848 1103 Slope  
209 maize 627642 119848 1103 Slope  
209 Kyayi suubi 627642 119848 1103 Slope  
209 red dodo 627642 119848 1103 Slope  
209 Cassava 627642 119848 1103 Slope  
210 bananas 627646 119833 1101 Slope  
210 tomatoes (mixed green + red fruits) 627646 119833 1101 Slope  
211 tomatoes composite sample (slope) 627650 119815 1101 Slope  
212 red dodo composite sample (River) 627656 119862 1099 Slope  
213 bamia (riverbank) 627662 119869 1099 Slope  
213 nyamujogo (riverbank) 627662 119869 1099 Slope  
213 Cassava (riverbank) 627662 119869 1099 Slope  
215 composite red dodo sample 627674 119871 1097 Slope  
215 maize 627674 119871 1097 Slope  
215 cassava (red leaves @ riverbank) 627674 119871 1097 Slope  
215 cassava (green leaves @ riverbank) 627674 119871 1097 Slope  
216 red dodo composite sample @riverbank 627695 119876 1101 Slope  
216 Cassava 627695 119876 1101 Slope  
217 Pilipili-white fruit 627710 119879 1101 Slope  
217 Pilipili-green+red fruit composite 627710 119879 1101 Slope  
217 tomatoes-local 627710 119879 1101 Slope  
218 maize 627722 119886 1102 Slope  
218 tomatoes 627722 119886 1102 Slope  
219 Sorghum-p 627665 119914 1100 Slope  
219 Maize 627665 119914 1100 River  
220 gobbe 627707 119911 1099 River  
220 ntuntunu 627707 119911 1099 River  

221 Barbara leaves (LWT)…. flooding plain (water 
stagnant zone) 627721 119911 1101 River 

 

221 Sukuma wiki (LWT)…. flooding plain (water 
stagnant zone) 627721 119911 1101 River 

 
222 Maize (riverbank at a flood plain) 627699 119933 1101 River  
222 Soya beans 627699 119933 1101 River  
223 Maize leaves 627716 119989 1097 River  
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223 red dodo 627716 119989 1097 River  
223 big pilipili 627716 119989 1097 River  
223 Small pilipili-green 627716 119989 1097 River  

224 purple yams (Bwaise) on flood plain (i.e.,waterlogged 
areas) 627717 119972 1097 River 

 
224 Okra @ a flood plain 627717 119972 1097 River  
224 Maize 627717 119972 1097 River  
225 Soya beans at a flood plain 627717 119971 1097 River  
225 red dodo at a flood plain 627717 119971 1097 River  
225 maize at a flood plain 627717 119971 1097 River  

226 Kivuvu at a flood plain where the river boundary 
begins 627732 120001 1098 River 

 
227 egg plant 627766 119883 1100 Slope  
227 maize 627766 119883 1100 Slope  
229 egg plant 627764 119886 1101 Slope  
230 egg plant composite sample 627756 119887 1102 Slope  
231 ntula 627767 119875 1103 Slope  
231 soya beans 627767 119875 1103 Slope  
231 red dodo 627767 119875 1103 Slope  
231 egg plant 627767 119875 1103 Slope  
232 Maize 627748 119871 1097 Slope  
232 red dodo 627748 119871 1097 Slope  
232 Blackjack 627748 119871 1097 Slope  
233 red dodo 627726 119871 1098 Slope  
233 Blackjack 627726 119871 1098 Slope  
233 Maize 627726 119871 1098 Slope  
234 red dodo 627693 119855 1102 Slope  
234 Maize 627693 119855 1102 Slope  
234 nyamujogo 627693 119855 1102 Slope  
235 Maize 627721 119852 1102 Slope  
235 red dodo 627721 119852 1102 Slope  
236 maize 627735 119858 1099 Slope  
237 Maize composite samples 627746 119841 1102 Slope  
237 tomatoes composite samples 627746 119841 1102 Slope  
237 ntula composite samples 627746 119841 1102 Slope  
237 red dodo composite samples 627746 119841 1102 Slope  
237 isuffa composite samples 627746 119841 1102 Slope  
237 nyamujogo composite samples 627746 119841 1102 Slope  
237 Maize 627746 119841 1102 Slope  
238 maize 627762 119840 1101 Slope  
239 green dodo 627766 119865 1099 Slope  
239 egg plant 627766 119865 1099 Slope  
239 Red + green dodo 627766 119865 1099 Slope  
239 Maize 627766 119865 1099 Slope  
239 Isuffa 627766 119865 1099 Slope  
240 End of dumpsite/slope but start of riverbank 627773 119897 1094 Slope Boundary 
241 Koobe (boundary of river & dumpsite) 627732 119882 1091 Slope  
242 Adjascent to point 215 627678 119864 1091 Slope  
243 Paw paw @ between river & dumpsite 627620 119840 1096 Slope  
243 Kyayi suubi 627620 119840 1096 Slope  
244 End of the dumpsite from river downstream 627617 119805 1103 Slope  
245 fence at the West end of the dumpsite 627653 119808 1105 Slope Boundary 
246 winnowing point (ground) 627654 119784 1107 Slope  
247 Watermelon near NWSC staff houses 627682 119597 1108 Centre Boundary 

248 End of dumpsite from South: near railway crossing at 
Mbale-Jinja Tirinyi road 627697 119549 1110 Centre Boundary 

249 Elgon Millers wall fence: S-E direction, within the 
cabbage gardens, by the Mbale -Jinja roadside 627750 119568 1103 Centre Boundary 

250 Elgon Millers wall fence towards East 627732 119663 1103 Centre Boundary 
251 Bananas at coordinates 184 627846 119672 1104 Centre  
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251 bamia 627846 119672 1104 Centre  
251 sugarcane 627846 119672 1104 Centre  
252 Fence at NE direction-end of dumpsite 627912 119677 1112 Centre Boundary 
253 End of dumpsite boundary-at the gate (NE direction) 627908 119754 1111 Centre Boundary 
254 anthill 627871 119749 1114 Centre Boundary 
255 Nyamujogo-start of one of the gardens 627868 119780 1114 Centre Boundary 
256 anthill 627865 119810 1110 Centre Boundary 
257 Coffee 627843 119809 1120 Centre Boundary 

258 NE direction at neighbourhood farm: corner towards 
riverbank: slightly above point 240 627786 119804 1114 Centre boundary 
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 MDP 1 – 32. Mbale dumpsite Photos – The Study area 
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MDP 1. Mixed waste materials at the Mbale dumpsite (2015/2016/2017) 
 
 

MDP 2. Medical waste at the Mbale dumpsite (2015/2016/2017) 
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MDP 4. Compost at the Mbale dumpsite composting plant (2015/2016/2017) 

MDP 3. Plastic waste separation at the Mbale dumpsite (2015) 
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MDP 5. Site dynamics -leachate pool, on soils at the Mbale dumpsite centre (2015/18) 

 

  

 

  
MDP 6. The Eastern view of River Namatala (2015) 
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MDP 7. Young scavengers at the study site (2016/2017) 

 

MDP 8. Amaranthus Cruentus near the composting plant at the Mbale dumpsite 
(2016/2017) 
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      MDP 9. Day 1: picking cabbage samples at the Mbale dumpsite (2016/2017) 
 
 
 

 
 

MDP  10. Sampling in progress at the Mbale study site (2016/2017) 
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MDP 11. Watermelon growing on mixed waste (2016/2017) 

          MDP 12. Plant sample marking in progress (2016/2017) 
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MDP 14. Zea mays plant marked for sampling (2016/2017) 

MDP 13. Lemon grass marked for sampling (2016/2017) 
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MDP 15. Standing on top of the loose burnt materials at the Mbale dumpsite (2018) 
 

MDP 16. Partial overview of Namatala wetland from the top of the Mbale dumpsite (2018) 
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MDP 18.  Flooded farms along River Namatala (2018) 

MDP 17. Overflowed Namatala River (2018) 
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MDP19.  Namatala River as a domestic and commercial water source (May 2018) 

MDP 20. Mixed farming (crops, livestock) next to the dumpsite (2018) 
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MDP 22. Children scavenging for livelihood at the Mbale dumpsite (2018) 
 
 

        MDP 21.  Children mining metal scrap for survival, at the Mbale dumpsite (2018) 
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MDP 23. Youth scavenger next to maize and banana plantations at Mbale (2018) 

 

MDP 24. Female scavenger at the Mbale dumpsite (2018) 
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MDP 25. Site dynamics - excavation in process, at the Mbale dump centre (2018) 
 

MDP 26.  Site dynamics – site is levelled during waste spreading (2018) 
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MDP 28. Fresh beans garden by the composting plant, at the Mbale dumpsite (2018)  

MDP 27.  Crop dynamics 1 year (2018) after field sampling (2017) 
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MDP 29. Crop dynamics -fresh crops growing at the dumpsite, next to industries (2018) 
  
 
 

 

MDP 30.  Mixed crop (cabbage, maize, tomatoes) farming on the Mbale dumpsite  (2018) 
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MDP 31.  Municipal staff residential quarters near the Mbale dumpsite (2018) 
 
 
 

MDP 32. Unplanned residential areas next to the Mbale dumpsite (2018) 




