


Heavy metal bioaccumulation by the anecic earthworm, Alma nilotica (Grube 1855) and the pollution level of biochar-amended e-waste-contaminated soil    
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ABSTRACT 
	Background:  Soil heavy metal pollution is a significant environmental challenge that adversely affects soil fertility, food security, and human health, thereby hindering the achievement of global sustainability goals. This pollution arises from overexploitation, uncontrolled waste dumping, informal recycling activities, and improper soil use, primarily through leaching and volatilisation. Heavy metals resist organic detoxification and bioaccumulate, leading to prolonged half-lives in soils.

Aims: To investigate the effect of amending e-waste contaminated soils with maize cob-based biochar on heavy metal bioavailability to Alma nilotica and soil pollution level.
Methodology: Experimental design. Laboratory of Applied Biology and Ecology (LABAE) and Laboratory of Soil Science and Environmental Chemistry at the University of Dschang, August 2024 and July 2025. The e-waste-contaminated soil was obtained from an informal e-waste recycling site located in Bonaberi, Douala, Cameroon. Surface soil samples were collected from 10 random points using a soil auger to a depth of 20 cm
 The bioaccumulation bioassay followed the OECD (2010) test guidelines No.317 for Bioaccumulation on terrestrial oligochaetes. Soil samples were collected, dried and analysed for the studied metals. Earthworms were exposed to both the culture soil, e –e-waste soil with and without biochar and biochar alone for a period of 35days. A soil sample and an earthworm were sampled after every 4days. Each of the samples was analysed for Pb, Cu, Cd, Ni, Zn.
Results: Results indicated that the amended soil had improved pH, % organic carbon, and Cation Exchange Capacity. Biochar amendment reduced the heavy metal contamination and pollution levels by 59% and 64% respectively, especially when considering their bioavailable fractions in soil. Exposure of earthworms resulted in continuous Cd, Cu, Ni, Pb, and Zn uptake and simultaneous reduction in soil heavy metal concentrations. The heavy metal uptake by the earthworms was reduced by 51.6% to 68.8% in the amended soil, resulting in higher heavy metal concentrations in the amended soils and indicating reduced metal bioavailability in the biochar-amended e-waste soil. Consequently, the heavy metal bioaccumulation factors in the amended soil were reduced by between 72.7% and 82.8%. Earthworms proved to be a good indicator of the heavy metals' bioavailable fraction in soil. 59% and 64% reductions are for contamination and pollution indices based on bioavailable components.
Conclusion: These results have important implications for soil remediation using the biochar approach. However, these should be directly linked to earthworm growth and reproduction to ensure long-term protection of soil biota. The findings advocate for the strategic use of biochar, enhancing soil quality and contributing to sustainable remediation practices in areas affected by e-waste pollution. Overall, this research provides valuable insights into the benefits of biochar as a soil amendment in contaminated environments, while also emphasising the need for further investigation into its long-term effects on soil biota and the environment. 
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1. INTRODUCTION 

“With globalisation and the rapid advancement of information technology, waste electrical and electronic equipment (WEEE) management has become a significant concern among electronic manufacturers. It motivated researchers to identify barriers and enablers of sustainable WEEE management” (Kumar et al., 2022). “Waste Electrical and Electronic Equipment (WEEE), or e-waste, refers to waste from discarded electrical and electronic devices at the end of their life. The electronics industry is the largest and fastest-growing sector” (Muskan et al., 2023). Due to shorter product lifespans, e-waste is the fastest-growing waste stream, with 62 billion kg generated globally in 2022, of which only 22.3% was recycled properly. Projections estimate that 82 billion kg of e-waste will be generated by 2030 (Balde et al., 2024).
E-waste contains hazardous and valuable components, with metals comprising about 50% (31 billion kg) of the total generated in 2022 (Balde et al., 2024). In Africa, e-waste management is inadequate, often relying on crude methods like burning to recover metals (Nfor et al., 2022a; Moyen & Archodoulaki, 2023). Uncontrolled dumping and informal recycling release toxic metals, raising soil heavy metal concentrations beyond critical thresholds for soil health (Atiemo et al., 2012; Kyere, 2016; Fosu-Mensah et al., 2017; Nfor et al., 2022a, b; Twagirayezu et al., 2022).
“The quality and safety of the soil environment are essential for maintaining the rapid development of agriculture, society and the economy and protecting human health. With the rapid development of urbanisation and industrialisation, soil heavy metal pollution caused by industrial activities is also worsening. Heavy metals in soil have strong mobility, high toxicity and are nondegradable, which makes them easily absorbed and enriched by crops in production activities. Therefore, heavy metals seriously affect the yield and quality of crops and accumulate in the human body via the food chain to endanger human health” (Liu et al., 2022). Soil heavy metal pollution is a significant environmental challenge that adversely affects soil fertility, food security, and human health, thereby hindering the achievement of global sustainability goals (FAO/UNEP, 2021). This pollution arises from overexploitation, uncontrolled waste dumping, informal recycling activities, and improper soil use, primarily through leaching and volatilisation (Taraqqi-A et al., 2021). Heavy metals resist organic detoxification and bioaccumulate, leading to prolonged half-lives in soils (Taraqqi-A et al., 2021). Contaminated soils often contain elevated levels of lead (Pb), copper (Cu), Nickel (Ni), cadmium (Cd), and zinc (Zn), impacting extensive areas (O’Connor et al., 2018). The persistence and potential toxicity of heavy metals have garnered substantial attention due to their non-biodegradability (Chen et al., 2022). Heavy metal pollution poses a threat to soil-dwelling organisms, including earthworms, which are recognised as essential soil ecosystem engineers due to their roles in organic matter decomposition, nutrient cycling, pore creation, and soil formation (Elliston & Oliver, 2020; Gałwa-Widera, 2021; Bakht et al., 2022; Nfor et al., 2022b; Fai et al., 2023). Addressing soil pollution is crucial for ensuring a healthy environment and a sustainable future.
The combined use of earthworms and biochar
, known as vermibiochar, has emerged as an environmentally friendly remediation technique (Rehman et al., 2023). Biochar, produced through the pyrolysis of biomass in a low-oxygen environment, effectively remediates heavy metal-contaminated water and soil (Sayyadian et al., 2018; Guo et al., 2020; Beusch, 2021; Chen et al., 2022).
“Biochar is a versatile and sustainable tool for agricultural and environmental remediation due to its unique physicochemical properties in terms of soil fertility, nutrient retention, and water holding capacity. As a stable carbon-rich material, biochar promotes plant growth and increases crop yields by enhancing microbial activity. It can also be used as a sorbent for removing pollutants such as heavy metals, organic contaminants, and nutrients from soil and water systems” (Kabir et al., 2023). Biochar effectively immobilises and reduces the bioavailability of heavy metals (Park et al., 2011; Huang et al., 2020; Garau et al., 2022). It adjusts pH in acidic soils and has high cation exchange and buffering capacity, making it suitable for contaminated soils with metalloid)s (Nyoka et al., 2021; Graziano et al., 2022). The combined use of earthworms and biochar, known as vermibiochar, has emerged as an environmentally friendly remediation technique (Rehman et al., 2023). Produced through biomass pyrolysis in a low-oxygen environment, biochar effectively remediates heavy metal-contaminated water and soil (Sayyadian et al., 2018; Guo et al., 2020; Beusch, 2021; Chen et al., 2022).
[bookmark: _GoBack]“Soil micro-organisms comprising bacteria and fungi directly initiate the chemical decomposition process of organic matter; however, the processes cannot be achieved without the facilitating activities of soil fauna biodiversity, such as micro arthropods, mainly meso fauna and macro fauna. Soil micro-organisms, particularly bacteria, have the potential to bio-remediate the soil ecosystem polluted with hydrocarbon contaminants”. (Gbarakoro et al., 2023). Earthworms ingest contaminated soil, metabolise the contaminants, and excrete them in a more stable form or accumulate them in their tissues, thereby reducing overall soil contamination (Rehman et al., 2023). However, Ukalska-Jaruga et al. (2022) found that various soil amendments, including different compost types, biosolids, and minerals, significantly decreased earthworm biomass and survival in metal-contaminated soils, with some amendments causing 100% mortality.
Despite these findings, the relationship between earthworm-biochar interactions and their effects on heavy metal bioaccumulation and pollution levels in e-waste-contaminated soils has not been fully established. The present study aims to assess the effect of corn cob-derived biochar amendment on heavy metal bioaccumulation by the anecic earthworm Alma nilotica (Grube, 1855) and its influence on contamination and pollution levels in e-waste-contaminated soils.
2. Materials and Methods 
2.1 Collection of soil samples 
The e-waste-contaminated soil was obtained from an informal e-waste recycling site located in Bonaberi, Douala, Cameroon. Surface soil samples were collected from 10 random points using a soil auger to a depth of 20 cm after clearing all e-waste debris and transported to the Laboratory of Applied Biology and Ecology (Department of Animal Biology, University of Dschang) in high-density polythene bags. On arrival, the samples were air-dried at ambient temperature (25°C) and relative humidity of 76% for 1 week, and then sieved with a 2 mm aperture stainless steel sieve to remove large soil particles and any earthworms or cocoons, as in Nfor et al. (2022a). The soil used to prepare the earthworm culture, which also served as the control soil in the bioaccumulation experiments, was obtained from an uncontaminated school garden.
2.2 Earthworm culture
The earthworm culture soil was prepared by combining uncontaminated garden soil with dried avocado leaves and fresh vegetable waste, as in Fai et al. (2023). To maintain appropriate humidity levels and prevent flies from landing on the medium, a layer of shredded cardboard weighing 260 g was used as a cover. The container was equipped with a perforated lid for proper aeration, and a mousseline tissue was employed to prevent moisture loss and the entry of insects into the culture medium (Fai et al., 2023). The prepared culture medium was allowed to stabilise for 14 days. Roughly 1,000 mature and juvenile earthworms, belonging to the species A. nilotica (Order: Opisthopora; Family: Glossoscolecidae), were sourced from CAVYLAND enterprise in Yaoundé, Cameroon. These earthworms, ranging in mass from 0.10 g to 0.21 g, were transported to the laboratory and introduced into a culture bowl containing 40 kg of culture soil (dimensions: 45 × 20 × 25 cm³). Before being used in the bioassays, the earthworms underwent a 14-day acclimatisation period during which they were fed with finely ground cow dung obtained from a contamination-free source (cows not subjected to medication). Subsequently, the worms were provided with cow droppings as food and allowed to grow, reproduce, and produce juvenile earthworms for 2 months. The culture soil temperature remained between 21 to 23 °C, and the moisture content was maintained between 75% and 80%.
2.3 Production and characterisation of of biochar
Biochar production from corn cob was done using the closed drum technique, containing both an inner and an outer chamber (Novak et al., 2022). Approximately 5.4 kg of maize cobs underwent pyrolysis at a temperature of around 500-530°C under controlled oxygen conditions to limit combustion. The contents of the chamber were carefully monitored to prevent complete ash formation. Following pyrolysis, the biochar was treated with water to prevent further oxidation. Subsequently, the biochar was collected, exposed to sunlight for drying, and later finely crushed into particles (Tsamo et al., 2019).
2.4 Bioaccumulation bioassay
The bioaccumulation experiment was conducted following the guidelines outlined in the Organisation for Economic Co-operation and Development (OECD) test 317 (OECD, 2010). Five distinct treatments—culture soil (positive control), e-waste soil, e-waste soil + biochar, and biochar alone (0.5%)—were established in triplicate, resulting in 15 test containers measuring 20 × 15 × 10 cm. The contents of the different treatments were thoroughly mixed and allowed to stabilise for 24 hours. Subsequently, 15 immature earthworms without a clitellum, with masses of 0.10 g to 0.14 g and lengths of 1.6 cm to 2.4 cm, were randomly selected from the culture population and introduced into each test container. Approximately 3.0 g of sieved cow dung was added to the surface of each container to serve as a food source, with additional servings provided weekly thereafter. Perforated lids were placed on the test containers to enable gaseous exchange between the substrate and atmosphere, as well as to allow sunlight exposure (Lowe & Butt, 2005). The bioaccumulation study consisted of two phases: a 21-day exposure phase followed by a 14-day depuration phase, resulting in a total test duration of 35 days. At the end of the exposure phase, the remaining earthworms were removed from their respective test soils, rinsed quickly in distilled water, and placed in prepared non-e-waste soils in triplicate for post-exposure (depuration) studies. Earthworms and soil samples were collected on days 1, 3, 6, 9, 12, 15, 18, and 21 for the exposure phase and on days 24, 27, 31, and 35 for the depuration phase. During each sampling event, one soil sample and one earthworm were randomly selected from each container, amounting to 3 soil samples and 3 earthworms per treatment. The selected earthworms were rinsed with distilled water, dried on filter paper, and placed in small plastic containers. To ensure accurate determination of heavy metal levels in the earthworm tissues, the dried earthworms were refrigerated for 48 hours to allow purging of gut contents. Next, the purged worms were weighed using an electronic balance, rinsed with distilled water, transferred into 2.0-ml Invitrogen ribonuclease-free microcentrifuge tubes (Thermo Fisher Scientific), and preserved in a freezer at -20 °C until heavy metal analysis (Nfor et al., 2022b).
2.5 Heavy metal analysis in soils, biochar and earthworms
The soil and biochar physicochemical properties (pH, % organic matter, % organic carbon, C/N ratio, and cation exchange capacity) were analysed at the Laboratory of Soils and Environmental Chemistry (Faculty of Agronomy and Agricultural Sciences, University of Dschang, Cameroon) following the methodologies described in Pauwel et al. (1992). Sample preparation and metal analyses (Cd, Cu, Ni, Pb, and Zn) in soil, biochar, and earthworms also followed the methods of Pauwel et al. (1992) as described in Fai et al. (2023).
2.6 Data analysis
To determine the level of heavy metal contamination of the biochar and e-waste soil, two indices of pollution (degree of contamination and modified degree of contamination) were calculated (Shirani et al., 2020). The degree of contamination () is the comprehensive pollution index for multiple contaminants, i.e., the sum of all contamination factors (for various heavy metals for each sample (Sivakumar et al., 2016). The contamination factor was calculated according to this equation:
   
Where () is the contamination factor of the metal of interest; () is the concentration of the metal i in the sample; ()  is the background metal concentration (i.e. metal concentration in the culture soil). The degree of contamination () was calculated according to this equation:
 
The Modified Degree of Contamination () was calculated according to this equation:
 
Where n was the number of analysed elements, which in the present study was 5; i = ith element, and  was the Contamination Factor (Sivakumar et al., 2016; Shirani et al., 2020).
The ecological risk () posed by each metal was calculated according to this equation below (Ahamad et al. 2020):
 
Where:  was the Toxic Response Factor of the metal i which accounts for the toxicity and the sensitivity;  was the concentration of the metal I in a sample and  was the ith metal concentration in the culture soil.   Values for the selected metals were obtained from literature as Zn = 1, Cu = 5, Pb = 5, Ni = 5 and Cd = 30 (Rahman et al., 2014; Xu et al., 2016; and Ahamad et al., 2020). The Potential Ecological Risk Index (RI), which is the potential risk posed by all metals in a given sample (Xu et al., 2016), was calculated from this equation:

Samples were classified following the scales on Table 1 (Rahman et al., 2014; Zhang & Liu, 2014; Xu et al., 2016; Ahamad et al., 2020).
Table 1: Scales for classification of samples according to their levels of contamination, pollution or ecological risk relative to the culture soil.
	Degree of contamination
	Soil contamination level
	Ecological Risk
	Risk index
	Pollution level

	mCd < 1.5
	very low
	ER < 40
	RI < 94
	Low

	1.5 < mCd < 2
	Low
	40< ER< 80
	94< RI< 188
	Moderate

	2 < mCd < 4
	Moderate
	80< ER< 160
	188< RI< 376
	Considerable

	4 < mCd < 8
	High
	ER ≥ 160
	RI ≥ 376
	Very High

	8 < mCd < 16
	Very high
	
	
	

	16 < mCd < 32
	Extremely high
	
	
	

	32 < mCd
	Ultra high
	
	
	


Data represents the average results from three independent experiments conducted under controlled conditions. Significance determined at (P = .05); error bars indicate standard deviation.
The data collected from the bioassays were recorded in MS Excel spreadsheets and analysed using SPSS 14.0 and Sigma Plot 14.0, with graphs plotted in Sigma Plot 14.0. Differences in the heavy metal concentrations of treatments in the bioaccumulation bioassays were tested using the paired t-test after checking for normality using the Shapiro-Wilk test. Bioaccumulation Factors (BAFs) were determined at the end of the bioassay from equation 1:     
BAF =  
Where: Cearthworm = heavy metal concentration in the earthworm and Csoil = heavy metal concentration in the soil. Linear regression analysis was used to determine the relationship between the BAFs and the respective initial heavy metal concentrations.
3. results and discussion
3.1 Results
3.1.1 Effect of biochar amendment on the e-waste contaminated soil quality
Before assessing the effect of biochar on earthworm heavy metal bioaccumulation, it was necessary to characterise the biochar and establish its effect on the e-waste-contaminated (hereafter referred to as e-waste) soil quality. Both the culture and e-waste soils were slightly acidic, while the biochar had an alkaline pH (Table 2). Thus, the pH of the amended e-waste soil increased from 6.1 to 6.5. The biochar organic matter (OM) and organic carbon (OC) contents were respectively 9 and 14 times higher than in the e-waste soil, leading to a greater % OC in the biochar-amended e-waste soil, which increased over 4 times compared to the unamended soil. In addition, the C/N ratio of the biochar was almost 6 times higher than that of the e-waste soil; thus, adding biochar to the e-waste soil doubled its C/N ratio. The cation exchange capacity (CEC) of the biochar was almost triple that of the e-waste soil, resulting in a higher CEC of the amended e-waste soil (Table 2).
Table 2: Physico-chemical characteristics of biochar and e-waste soils (Biochar + E-waste soil refers to the biochar-amended e-waste soil)
	Sample
	pH
	Organic matter (%)
	Organic carbon (%)
	C/N
	CEC (cmol/kg)

	Culture soil
	6.3
	18.37
	10.65
	8.058
	9.12

	Biochar
	9.03
	38.7
	34.5
	13.69
	42.11

	E-waste soil
	6.1
	4.24
	2.46
	2.41
	15

	Biochar + E-waste soil 
	6.5
	4.15
	10.47
	4.65
	20.3


       Data are presented as mean values ± standard deviation (n = 3). All measurements were taken under controlled laboratory conditions to ensure accuracy and reproducibility.

The initial heavy metal concentrations in the earthworms, culture soil, and biochar were negligible compared to the corresponding concentrations in the e-waste soil (Figure 1), indicating that they had not been exposed to heavy metal-contaminated soils and were thus appropriate for use in the study. The metal concentrations in the earthworms, culture soil, and biochar were also below their respective Canadian Soil Quality Guideline Values (CSQGVs) for the protection of environmental and human health, as shown in Supplementary Table 1. On the other hand, the heavy metal concentrations in the e-waste soils were at least two orders of magnitude higher and far above their respective CSQGVs for the protection of the environment and human health. In the e-waste soil, the Cd concentration was 45 times higher than the CSQGV, while the Cu and Ni concentrations were respectively 19 and 12 times over the guideline value. The Pb and Zn concentrations were, respectively, 6 and 4 times higher than their guideline values (Table 1). Cu was the most abundant metal in the e-waste soil, followed by Zn > Pb > Ni > Cd, with the heavy metal concentrations ranging from 979.8±4.8 mg/kg for Cd to 1718.03±66.9 mg/kg for Cu, as opposed to 3.04±0.04 mg/kg (Cd) to 26.4±4.6 mg/kg (Cu) in the biochar (Table 1). Biochar amendment did not reduce the total heavy metal concentrations in the contaminated soil. Instead, the total heavy metal concentrations were higher in the amended soil (Figure 1).
[image: ]
Fig.1. Initial means of metal concentrations (mg/kg) in the earthworms, biochar and soils
The heavy metal contamination factors  The biochar ranged from 1.6 (Ni) to 8.9 (Pb), while the e-waste soil    were two orders of magnitude higher, ranging from 342 (Ni) to 846 (Pb) (Figure 2a). The mean degree of contamination of the biochar from all 5 heavy metals based on total heavy metal concentrations was 24.9, as opposed to 2541.7 and 2663.7 for the e-waste contaminated soil. The mean modified degree of contamination (mCd = 5) showed that the biochar had a high contamination level (Figure 2a; Table 1), despite its relatively low total heavy metal concentrations compared to the e-waste contaminated soil. It was also moderately polluted based on the ecological risk index (RI = 144.5) (Figure 2b; Table 1). However, when the bioavailable fractions of the heavy metals were taken into consideration, the mCd and RI of the biochar decreased by 82% (mCd = 0.89±0.1) (Figure 2c) and 77% (RI = 32.6±2.8) (Figure 2d) respectively, falling into the lowest contamination and pollution categories (Table 1). The biochar was therefore considered suitable for use in the bioaccumulation bioassay. The mean mCd of the unamended e-waste and biochar-amended e-waste soils also decreased by 62% and 85% respectively, while the level of pollution based on the mean ecological risk index (RI) decreased by 81% and 93% respectively (Figures 2c and d).
[image: ]
Fig.2. Soil and Biochar contamination and pollution levels based on total (a and b) and bioavailable (c and d) heavy metal concentrations
Amendment of the e-waste soil with maize cob biochar at 5% therefore reduced the heavy metal contamination level by 59% and pollution level by 64%. Despite these significant reductions, the biochar-amended e-waste soil contamination and pollution levels remained ultra-/very high. The amount of heavy metal taken up by the earthworms by the end of the exposure period (day 21) of the bioaccumulation assay was considered the bioavailable fraction.
Pb contributed most to the degree of contamination both in the biochar (35.6%) and e-waste soils (33.3%). In the e-waste soil, this was followed by Cd (21.4%), Cu (18%), Zn (13.5%), and Ni (13.5%). In the biochar, the heavy metal contributions to the degree of contamination were in the order Pb > Cu (28.6%) > Zn (22.3%) > Cd (6.8%) > Ni (6.6%). Therefore, the biochar and e-waste soil had different heavy metal profiles, indicating that the maize cob from which the biochar was prepared did not have previous exposure to e-waste-contaminated soil. Cd contributed most to the ecological risk both in the biochar (35.1%) and in the e-waste soil (65.5%), followed by Pb (30.7% and 17% respectively in biochar and e-waste soil). In reality, the e-waste contamination and pollution levels were off the scale, as the values were respectively 16 and 66 times higher than the lower limits for ultra-high contamination levels and very high pollution levels. These results underscore the significant soil contamination resulting from informal e-waste recycling activities in Douala, Cameroon.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
Our results therefore show that amending the e-waste soil with biochar improved soil physicochemical characteristics like pH, OC, and CEC, as well as significantly reduced the heavy metal contamination and pollution levels. Calculating the contamination and pollution indices based on total heavy metal concentrations gave faulty results, as these estimates do not take into account the bioavailable fraction of the heavy metals, which is the fraction responsible for ecological effects.
3.1.2 Effect of biochar on heavy metal bioavailability in the soil and uptake by earthworms
It can be seen in every case that the metal concentrations in the culture soil and biochar were negligible throughout the bioaccumulation test duration (Figure 3). Also, in every case, the metal concentrations in the unamended and biochar-amended e-waste contaminated (e-waste + biochar) soils decreased steadily over time (Figures 3 a, c, e, g, and i). In contrast, the metal concentrations in the earthworms increased steadily over time up to day 21, which was the exposure period, suggesting uptake and accumulation of metals by earthworms from the soil (Figures 3 b, d, f, h, and j). It was also observed that the rate of decrease of heavy metal concentrations in the unamended soil was faster than in the biochar-amended e-waste soil (Figures 3 a, c, e, g, and i). Concurrently, the uptake of metals by earthworms was higher in the unamended soil than in the biochar-amended e-waste soil (Figures 3 b, d, f, h, and j). This indicated that the amendment of the e-waste contaminated soil with the biochar reduced the bioavailability of the heavy metals, resulting in lower metal uptake by the exposed earthworms. 
[image: ][image: ]
Fig.3. Changes in metal concentrations in the soil and earthworms throughout the duration of the bioaccummulation experiment for Cu (a and b), Zn (c and d), Pb (e and f), Ni (g and h) and Cd (i and j).
Figure 3 also shows that after the earthworms were taken out of the contaminated soil (Day 21) the metal concentrations in the earthworms no longer increased and even reduced to varying amounts showing some level of Figure 3: Changes in metal concentrations in the soil and earthworms throughout the duration of the bioaccummulation experiment for Cu (a and b), Zn (c and d), Pb (e and f), Ni (g and h) and Cd (i and j).deputation. It is worth noting that the Cu concentrations in the earthworms started reducing immediately after the worms were taken out of the contaminated medium (Figure 3b) while it took a longer period for the earthworms to depurate the other metals (Figures 3d, f, h, and j).
By the end of the 35-day period, the concentrations of metals in the earthworms were significantly lower in the biochar-amended soils compared to the unamended soil (Figure 4), showing that the earthworms bioaccumulated the heavy metals less in the amended soil. The heavy metal uptake by earthworms in the biochar-amended soil was reduced by 68.8% for Cd, 64.4% for Cu, 63.5% for Ni, 60% for Zn and 51.6% for Pb. Conversely, the heavy metal concentrations in the biochar-amended soil were significantly higher than in the unamended e-waste soil, confirming the lower heavy metal uptake by the earthworms in the amended soil.
[image: ]
    Fig.4. Relationship between Alma nilotica mass and length in the positive control over 35days.
The accumulation of heavy metals in the tissues of earthworms over time, expressed as bioaccumulation factors (BAFs), varied from one metal to the other and ranged from 0.21 for Cd to 0.77 for Pb, with Cu, Zn and Ni having BAFs of 0.67. 0.6 and 0.32, respectively, in the unamended soil (Figure 5). In the biochar-amended soil, the BAFs reduced by between 72.7% for Zn and 82.8% for Cd, with the Pb, Cu and Ni BAFs decreasing by 73.3%, 77.7% and 79.6% respectively. Pb had the highest BAF, followed by Cu and Zn, showing that these heavy metals are more easily taken up and accumulated by Alma nilotica compared to Cd and Ni. 
[image: ]
Fig.5. Bioaccumulation factors of metals in unamended and biochar-amended e-waste soils. 
The BAFs correlated positively with the initial soil metal concentrations both in the amended and unamended soils (Figure 6). This may imply that the initial heavy metal concentrations are indicative of the relative abundance of the bioavailable fraction of the heavy metals in the sample that can be taken up by organisms. 
[image: ]
Fig.6. Relationship between the initial soil heavy metal concentrations and the BAFs

These results underscore the significant soil contamination resulting from informal e-waste recycling activities in Douala, Cameroon and thus the need for soil remediation. Amending the e-waste soil with biochar did not reduce the total heavy metal concentrations, but it significantly reduced the heavy metal bioavailability to Alma nilotica, leading to lower soil contamination and pollution levels. 
3.2 Discussion
3.2.1 Effect of biochar amendment on e-waste contaminated soil quality
We set out to determine the relationship between biochar amendment to e-waste contaminated soil, heavy metal bioavailability, and bioaccumulation by A. nilotica, and the level of soil contamination/pollution. Feedstock greatly influences biochar characteristics, including porosity, specific surface area, pH, electrical conductivity, cation exchange capacity (CEC), and elemental content (Hou et al., 2023). We found that maize cob-based biochar possessed favourable characteristics that enabled it to improve the soil physicochemical properties. In particular, it increased the pH, % OC, C/N ratio, and the CEC. According to Hou et al. (2023), biochar generally has a high pH due to the presence of salts such as calcite (CaCO3), thus neutralising acidic soils and improving the environment for soil microorganisms. Biochar is also known to have a high carbon content and is stable due to its aromatic nature, which makes it resistant to breakdown by biological and environmental factors (Singh et al., 2023; Jin et al., 2024; Pandian et al., 2024), implying that carbon in biochar can remain in the soil for hundreds to thousands of years, making it an excellent soil amendment for improving soil health and fertility over the long term (Jin et al., 2024).
The heavy metal concentrations in the e-waste soil were far above their respective background concentrations, as well as above the Canadian Soil Quality Guideline Values (CSQGVs) for the protection of environmental and human health (CCME, 1999). In addition, the e-waste soil had an ultra-high metal contamination level, culminating in a very high pollution level. This is in agreement with results obtained by Nfor et al. (2022b), who found all e-waste sites studied in Douala, Cameroon, to have ultra-high heavy metal contamination and pollution levels. Our results also showed that the addition of biochar to the e-waste contaminated soil significantly reduced the contamination and pollution levels, even though the amended soils still remained at ultra-high levels. Biochar has been reported to be a suitable material for heavy metal sequestration due to its substantial specific surface area and high sorption capacity (Hou et al., 2023; Pandian et al., 2024). However, the influence of biochar on the e-waste pollution levels was only possible to obtain after the exposure of earthworms to the amended soil and obtaining the bioavailable fraction of the heavy metals in the soil. Calculation of the pollution indices (mCd and RI) based on the total heavy metal concentrations in the soils indicated a higher level of contamination and pollution for the biochar-amended e-waste soil, which was faulty. It is therefore more accurate to calculate soil pollution indices using the bioavailable fractions of metal concentrations in the soil. Heavy metal uptake by A. nilotica in the present study gave a good indication of the relative bioavailable heavy metal fractions in the amended and unamended soils.
3.2.2 Effect of Biochar Amendment on Heavy Metal Accumulation in Earthworms in Unamended and Biochar-Amended E-Waste Soils
In the present study, earthworms in the e-waste contaminated soil exhibited continuous heavy metal uptake and bioaccumulation throughout the exposure period of 21 days, with a corresponding decrease in soil heavy metal concentrations. Several authors have reported that earthworms are known for their capacity to accumulate heavy metals from the soil, with concentrations typically increasing in the organisms over time while decreasing in the surrounding soil (Parihar et al., 2019; Huang et al., 2021; Xiao et al., 2022; Fai et al., 2023). However, A. nilotica bioaccumulated much fewer heavy metals from the e-waste soil in the presence of biochar compared to when there was no biochar. This indicated that while biochar addition did not reduce the initial total heavy metal concentration in the e-waste contaminated soil, it significantly lowered their bioavailability. Thus, the heavy metal uptake by the earthworms was a good indicator of their bioavailability to soil organisms. Reduced bio-accessibility of heavy metals in polluted soils following biochar amendments has been reported by other authors, including Huang et al. (2020), Wang et al. (2020), Guo et al. (2020), Garau et al. (2022), and Hou et al. (2023), who found that the decreased bioavailability of metals was a result of enhanced sorption due to the high porosity, large specific surface area, elemental content, and high CEC of biochar. The complexation of heavy metals with functional groups in biochar and the exchange with cations like Ca²⁺ and Mg²⁺ further reduced metal availability (Lu et al., 2014). Additionally, the alkalinity of the biochar facilitated lower metal bioavailability by promoting precipitation in soils (Paz-Ferreiro et al., 2013). Earthworms most probably enhanced the interaction between biochar and e-waste soil through their burrowing and feeding activities, which could have increased the biochar's effective surface area and its role as an immobilising agent (Garau et al., 2022). Despite these benefits, biochar's inability to completely eliminate metal bioavailability points to limitations in its application (Taraqqi-A-Kamal et al., 2021).
3.2.3 Bioaccumulation Factors of Metals in Unamended and Biochar-Amended E-Waste Soils
Bioaccumulation is the gradual buildup of a pollutant from the environment in an organism over time, typically through soil or dietary absorption due to faster uptake than elimination rates (Fai et al., 2023). Earthworms are particularly effective at absorbing heavy metals from contaminated soils, largely due to their close contact with the soil matrix (Parihar et al., 2019; Nfor et al., 2022b). Their behaviour, such as feeding and burrowing, can influence soil metal levels through bioaccumulation (Huang et al., 2020), and the accumulation of heavy metals in earthworms is associated with detrimental health effects (Sun et al., 2022). Our study revealed variable levels of heavy metal bioaccumulation by A. nilotica. Ukalska-Jaruga et al. (2022) found that Cd posed the highest risk in soils, particularly in the presence of high Zn and Pb concentrations. This is in agreement with our results when the total soil metal concentrations were used. The bioavailable fraction is more important than the total metal concentration because it is responsible for any observed ecological effects. When the bioavailable metal fractions, based on earthworm metal uptake, were considered, Pb contributed most to the contamination level as well as to the pollution level, expressed as the potential ecological risk index (RI) because Pb was taken up by A. nilotica 7 times more than Cd. Heavy metals can interact competitively, with Pb being more readily absorbed and retained in earthworm tissues than Cd (Bakht et al., 2022). Pb therefore had the highest bioaccumulation factor (BAF) in the present study, followed by Cu and Zn, with Cd having the least BAF. Earthworms can accumulate Pb over time due to their limited detoxification ability, resulting in elevated concentrations within their tissues (Bakht et al., 2022). This is in agreement with Fai et al. (2023), who found Pb to be the highest accumulated by A. nilotica among the four heavy metals studied. Earthworm species differ in their heavy metal uptake, which may explain the differences between our study and that of Ukalska-Jaruga et al. (2022), who used Eisenia veneta, an epigeic earthworm species, as opposed to A. nilotica, which is an anecic species. Differences could also result from the type of soil amendment used, meaning that biochars may have different capabilities to reduce the bioavailability of different metals to earthworms (Ukalska-Jaruga et al., 2022). Yang et al. (2016) also found that bamboo and rice straw biochar were more effective at decreasing extractable Cu and Pb than at removing extractable Cd and Zn from the soil. Previous studies have also shown that the bioaccumulation of heavy metals in earthworms is influenced by both soil metal concentrations and physicochemical interactions (Gaganmeet and Hundal, 2015; Lafiti et al., 2020). While Cd is known to accumulate in earthworms, it showed the weakest bioaccumulation in this study, likely due to a rise in soil pH (0.4) following biochar application, which favors the formation of insoluble cadmium compounds, thereby reducing its bioavailability (Qi et al., 2017; Medyńska-Juraszek & Ćwieląg-Piasecka, 2019).
The fluctuations in Ni concentrations in earthworm tissues suggest a limited capacity for Ni accumulation, consistent with findings indicating that E. fetida is less sensitive to Ni at lower concentrations (Nfor et al., 2022). During the depuration phase, different elimination rates were observed for the metals, with all metals absorbed by earthworms being expelled afterwards. Among these, Cu was eliminated the fastest, followed closely by Zn. Cu levels in earthworms declined rapidly after removal from the contaminated environment, whereas other metals required longer for depuration. This rapid elimination of Cu suggests that A. nilotica regulates Cu more effectively than other metals (Fai et al., 2023). Studies by Richardson et al. (2020) and Parihar et al. (2019) support this, indicating that earthworms can maintain equilibrium levels of essential metals like Cu and Zn while struggling to do so for non-essential metals such as Pb, Cd, and Ni. Our results demonstrated that A. nilotica consistently accumulated Zn throughout the 21-day exposure period in both biochar-amended and unamended soils, with notable elimination during the depuration phase.
The positive correlation between initial heavy metal concentrations in both unamended and biochar-amended e-waste soils and earthworm bioaccumulation corroborates findings from Lafiti et al. (2020) and Nfor et al. (2022b). These studies reported that increases in soil heavy metal concentrations are typically associated with greater metal accumulation by earthworms. Biochar amendment mitigates this effect by lowering the BAFs, but the relationship is maintained.
4. Conclusion

In conclusion, this study highlights the significant role of biochar in improving the quality of e-waste-contaminated soils while addressing heavy metal accumulation in earthworms. The incorporation of maize cob-based biochar not only enhanced organic carbon and organic matter content but also positively affected soil pH, C/N and CEC, promoting overall soil health. Despite the high concentrations of heavy metals in e-waste soils, biochar demonstrated its potential to significantly reduce the bioavailability of these metals, thereby decreasing their uptake by earthworms. Therefore, the heavy metal uptake by earthworms was a good indicator of the bioavailable fraction of the heavy metals in the soil. Based on this, our results have shown that maize cob biochar amendment of e-waste contaminated soil results in a significant reduction of the soil contamination and pollution levels. The study also revealed distinct patterns of heavy metal bioaccumulation, with A. nilotica exhibiting varying affinities for different metals, with Pb being the most highly bioaccumulated heavy metal. Notably, the dynamics of metal uptake and elimination underscore the complex interactions between biochar, soil characteristics, and earthworm physiology. The findings advocate for the strategic use of biochar, enhancing soil quality and contributing to sustainable remediation practices in areas affected by e-waste pollution. Overall, this research provides valuable insights into the benefits of biochar as a soil amendment in contaminated environments, while also emphasising the need for further investigation into its long-term effects on soil biota and the environment. 
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