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Abstract

:

Urban vegetable farming in wetlands and riverbanks are common features of Ugandan cities. However, urbanization has led to various anthropogenic activities that can lead to the pollution of water resources, enrichment of pollutants in soils and, consequently, pollutant bioaccumulation in edible tissues of plants cultivated on such soils. In this study, we report on the levels of six trace metals (TMTs) in 75 samples of leafy vegetables (Brassica oleracea L., Spinacia oleracea L., Amaranthus hybridus L., Cucurbita pepo L. and Solanum nigrum L.) and soils (n = 75) grown on the banks of River Rwizi, the second longest river in Uganda only after the Nile River. The concentrations of TMTs (Mn, Zn, Cd, Pb, Cr and Cu) in edible vegetable tissues and soils were quantified using flame atomic absorption spectrometry. The mean concentrations (in mg kg−1) of the TMTs in the soil samples were 205–373.84 (Mn), 12.72–65.04 (Zn), 0.26–0.42 (Cd), 3.36–16.80 (Pb), 5.96–25.06 (Cr) and 2.83–35.27 (Cu). In vegetable samples, the concentrations ranged from 43.25 to 110.00 (Mn), 1.08 to 1.83 (Cd), 41.06 to 71.20 (Zn), 4.31 to 6.16 (Pb), 0.65 to 0.81 (Cr) and 5.70 to 14.35 (Cu). With the exception of Mn and Cr, the rest of the TMTs were bioaccumulated in the edible vegetable tissues (bioconcentration factors = 1.03 to 10.71). Considering chronic daily intake through ingestion, dermal contact and inhalation of the TMTs in soils from the banks of River Rwizi, there are no potential non-cancer and carcinogenic health effects that could be experienced in both adults and children. Consumption of leafy vegetables could pose both non-cancer health risks (from ingestion of Zn, Pb, Cr, Mn and Cd) and cancer health risks (due to intake of Cd) in both children and adults. There is therefore a need to enforce regulations to mitigate the pollution of River Rwizi for a more sustainable economic development.
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1. Introduction


Globally, no less than 4.4 billion (56%) of the world’s population resides in cities, and this proportion is anticipated to reach 68% by the year 2050 [1]. By 2045, the global urban population will approach 6 billion, and this implies that city authorities ought to plan for such a growth as well as provide the required basic services, infrastructure, and housing [1]. One of the greatest challenges in cities is ensuring a reliable supply of food [2]. City inhabitants subsist on either imported food originating from complex supply chains or urban horticulture, which may lead to food insecurity, as witnessed in the crucible of the COVID-19 pandemic [3,4].



In recent times, urban horticulture has remained pivotal to the food, social, economic, and ecological sustainability of cities [5]. Like elsewhere in Africa [6], urban vegetable farming in wetlands and riverbanks is a common feature of Ugandan cities [7]. However, urbanization has led to various anthropogenic activities that can lead to the pollution of water resources, enrichment of pollutants in soils and, consequently, pollutant bioaccumulation in edible tissues of plants cultivated on such soils [8]. Uganda, an East African country, is a late urbanizer characterized by speculative urbanism. In the absence of lucrative industrial opportunities, investments in land and real estate as well as agriculture as a capital gains strategy are the last resort [9,10]. As of May 2023, the country had more than 16 cities, most of which were municipalities in 2019 [9,11].



Mbarara City is among the top five rapidly growing cities in Uganda. It is expanding at a rate that is believed to be faster than that of Kampala, the country’s central business district and capital city [9]. In the suburban areas of Mbarara city, urban agriculture is practiced, especially on the banks of River Rwizi [12]. Some of the crops grown include bananas, coffee, tea, sugarcane and vegetables (cabbages, spinach, amaranth, pumpkin) [13,14]. Such urban agricultural activities coupled with indiscriminate disposal of municipal wastes and sewage, brick laying and sand mining along the river bank [15] have been speculated to impact the quality of water in Lake Victoria, a lentic East African water resource. Reports on the pollution of Lake Victoria are widely documented, but studies investigating the potential sources of its water contaminants, especially from the transboundary, in-country and influent rivers such as Nzoia, Rwizi and Kagera, are still limited [16,17].



For River Rwizi (the focus of this study), there have been reports on its water quality and concentration of trace metals (TMTs), nutrients and polycyclic aromatic compounds in water, sediments, damselfly larvae (Ceriagrion glabrum) and selected fish species (Brycinus sadleri and Barbus altianalis) [18,19,20,21,22]. Heavy metals, sometimes called trace metals or potentially toxic elements, are naturally present in the earth’s crust, but they are enriched in the environment following their release from various anthropogenic activities. In the case of water, TMTs such as manganese (Mn), zinc (Zn), cadmium (Cd), lead (Pb), chromium (Cr), copper (Cu) and nickel (Ni) have been reported to induce toxic physiological effects when they are ingested at higher concentrations than their thresholds in animals. For example, environmental exposure to Pb contributes to at least 500,000 new cases of children with intellectual disabilities every year [23]. Lead poisoning following long-term exposure has been associated with hypertension [24], and several inorganic Pb compounds are probable human carcinogens [25]. The environmental and toxic effects of TMTs largely depend on the metal in question, its exposure concentration, the oxidation state, the chemical form, and the exposure route, among other extrinsic factors [26].



To our knowledge, no previous efforts have been devoted to the examination of the transferability and health risks of regulatory TMTs in soils and leafy vegetables cultivated on the banks of River Rwizi. We herein report on the trace metal contamination of soils as well as their accumulation in edible leafy vegetables grown on the banks of River Rwizi in Mbarara City, Western Uganda. Ecological and human health risks were assessed, and, in all cases, the results were compared with findings of previous studies conducted around the world in a similar setting to assess the relative pollution levels of River Rwizi’s urban vegetable gardens in a global context.




2. Materials and Methods


2.1. Description of the Targeted River and Its Stretch in Mbarara City


River Rwizi in the upstream areas of Ankole (or otherwise the Bukola River in the downstream areas of Buganda kingdom) is an 8200 km river (Figure 1). It is an influent river that discharges its water into the Ugandan portion of L. Victoria through interconnected wetlands of the Kooki lakes (i.e., Lake Mburo, Lake Kachera, Lake Nakivale and Lake Kijanebarola) system and the Sango Bay wetland forest [27,28,29]. The river is traced to originate from the mountainous parts of Buhweju district. It has various tributaries emanating from the hilly regions of the Nkore area, covering a total distance of approximately 55 km with a catchment area of 2521 km2 [22]. The river flows eastward for about 57 km until the gauge at Mbarara water works before it joins the Kagera transboundary river, which then pours into L. Victoria and progresses through the White Nile until the Mediterranean Sea in Egypt [30].



Also known as the “Life-line River” [20,30], River Rwizi is the main river that traverses Mbarara District and is thus the principal source of water for millions of people and livestock in Mbarara City boroughs. It is the biggest and longest river in the Ankole sub-region, serving 14 districts (Buhweju, Bushenyi, Isingiro, Kiruhura, Kyotera, Lyantonde, Rakai, Sheema, Mbarara, Rubirizi, Rwampara, Sembabule, and Ntungamo). Various anthropogenic activities are evident on River Rwizi. For example, there is sand mining, washing, brick laying, agriculture and dumping of medical and industrial wastes as well as treated water from Kakoba and Taso wastewater treatment plants [31]. More than 200 farmers illegally have hectares of land on the banks of River Rwizi, which have accelerated the degradation of its water quality, biodiversity, colonization by the invasive water hyacinth especially at the Taso village bridge, and reduction in its water levels such that it is traversable on foot [18,19,27]. Coupled with the looming impacts of the decadal climate change, there are worries that River Rwizi may be at the brink of drying up [30,32].




2.2. Collection of Soil and Vegetable Samples


Sampling of both vegetables and soils was performed from January 2023 to April 2023. Five sampling sites were selected in the cultivated areas along the river at least 500 m apart, and these were based on the intensity of cultivation or potential anthropogenic activities (Table 1). Five samples of each vegetable were collected in triplicate per site, giving a total of 75 samples. These included cabbages (Brassica oleracea var. capitata), pumpkin (Cucurbita pepo L.), spinach (Spinacia oleracea L.), black nightshade (Solanum nigrum L.), and green amaranth (Amaranthus hybridus L.) (Figure 2). The corresponding soil samples (from depths of 0 to 15 cm) were obtained using a plastic scoop [33] from the same positions where the vegetables were uprooted (n = 75). All the samples were packed in labelled paper bags, sealed and transported to the laboratory.




2.3. Sample Preparation Procedures


The vegetable samples were washed under running tap water and then rinsed with distilled water to preclude contamination by pesticides, fertilizers and dust. Thereafter, they were blotted dry with tissue paper, put on labelled stainless-steel pans and dried in a hot air oven for 24–72 h at 70 °C [34].



The dried samples were cooled and then pulverized using a non-metallic motor and pestle to reduce the particle size. Each vegetable sample (2.0 g) was weighed and transferred into a 250 mL Pyrex glass beaker. Perchloric acid (70%, 5 mL) was added followed by concentrated nitric acid (15 mL). The sample was kept at room temperature for 1 h to allow for cold digestion, after which the sample was heated in a sand bath to achieve heat digestion. Digestion went on until no more brown fumes were present, and then the sides of the beaker were washed down with double distilled water to ensure all the sample was in solution.



Soil samples, on the other hand, were dried at 110 °C in an oven for 24 h. The dried samples were cooled and pulverized using a porcelain motor and pestle to reduce the particle size. For each soil sample, 1.0 g was weighed and transferred into a 250 mL beaker. Hydrochloric acid (37%, 5 mL) was added followed by concentrated nitric acid (15 mL). Cold digestion and heat digestion were then carried out for the vegetable samples above.




2.4. Trace Metal Analysis


Each digested sample was cooled and then filtered into 100 mL volumetric flasks. The filtrate was carefully washed down the flask and topped up to the mark with double distilled water. The flask was stoppered and the contents were shaken well. The diluent used was 1% nitric acid prepared using double distilled water. The samples were thereafter analyzed on a flame atomic absorption spectrometer (Analyst 300, Perkin Elmer, Waltham, MA, USA).



We ensured the quality of our data through the use of reagents of analytical grade, analysis of procedural blanks and spiked samples. The analytical recoveries obtained in the analyzed blanks and spikes ranged from 97.9% to 99.5%. The relative standard deviations were found to range from 4.4% to 5.1%.




2.5. Assessment of TMTs Bioconcentration in Leafy Vegetables


To establish whether or not the leafy vegetables grown on contaminated soils on the river bank were bioaccumulating the TMTs, the bioconcentration factor (BCF) was calculated using Equation (1) [35].


  BCF =   T r a c e   m e t a l  (  l o i d  )  c o n c e n t r a c t i o n   i n   t h e   l e a f y   v e g e t a b l e   T r a c e   m e t a l  (  l o i d  )  c o n c e n t r a c t i o n   i n   t h e   s o i l      



(1)







Conventionally, BCF values higher than 1 confirm that a plant is a hyperaccumulator of the metal in question, whereas values less than 1 are indicative of an excluder [36].




2.6. Human Health Risk Assessment Due to Exposure to the TMTs


Human health risk assessments were used to examine the relationship between the environment and human health. The model proposed by United States Environmental Protection Agency [37], and used by previous studies [35,38] was adopted in this study. According to the US EPA carcinogenic chemical classification standards, the trace metal(loid)s investigated in this study can pose chronic non-cancer risks, but among which Cd and Pb can also pose cancer health risks [39]. From a sensitivity perspective, we further delineated such exposures by children (as a sensitive group) and adults (as representative of the general population), given that the toxicity of trace metalloids are expected to be influenced by the age of the intoxicated organism [26].



2.6.1. Non-Cancer Health Risks


The chronic daily intake (mg kg−1day−1) through inhalation (CDIINH), incidental ingestion (CDIING), and dermal contact (CDIDC) with soils was calculated using Equations (2)–(4) [40]. Similarly, the estimated daily intake (EDI) for direct ingestion of the contaminated leafy vegetables (mg kg−1 day−1) was calculated using Equation (5) [38,41]. Supplementary Materials (Table S1) describe the factors used, their units and values [34,40,42,43,44,45].


   CDI INH       C  T M T   × I n h R S × E X F × E X D   P E F ×  W  a b   ×  T  a e t      



(2)






   CDI ING       C  T M T   × I n g R S   × C V F × F I × E X F × E X D    W  a b   ×  T  a e t      



(3)






   CDI DC       C  T M T   ×  S  A F   × C V F × A F × D A F × E X F × E X D    W  a b   ×  T  a e t      



(4)






  EDI =   E X F × E X D ×   I n g R V ×  C  T M T      W  a b   ×  T  a e t      



(5)







Target Hazard Quotient (THQ) was calculated to establish non-cancer risks from the TMTs through the three different exposure routes (Equations (6)–(9)). Due to the well-established additive effects of TMTs, the hazard index (HI) was established as the sum of the THQ of the individual element through a given exposure pathway (Equation (10)) [40].


   THQ INH  =   C D  I  I N H      R f   D  I N H      



(6)






   THQ ING  =   C D  I  I N G      R f   D  I N G      



(7)






   THQ DC  =   C D  I  D C      R f   D  D C      



(8)






   THQ EDI  =   E D I    R f   D  I N G      



(9)






  HI =   ∑   i = 1   n = 6   THQ  



(10)




where RfDING, RfDINH and RfDDC are the oral (direct ingestion), inhalation and dermal reference doses of the specific element.




2.6.2. Cancer Health Risks Evaluation


To assess the probable cancer risks (CR), the incremental lifetime cancer risk for ingestion of the carcinogenic elements (Cd and Pb) was estimated for direct ingestion of soils or vegetables using Equations (11) and (12) [40].


CRING = CDIING × IGCSF



(11)






CREDI = EDI × IGCSF



(12)




where IGCSF is the ingestion cancer slope factor = 5.01 × 10−1 and 8.5 × 10−3 mg kg−1 day−1, respectively, for Cd and Pb [40].





2.7. Soil Pollution Extents and Ecological Health Risks Posed by the TMTs


To decipher soil pollution levels of the TMTs along the banks of River Rwizi, geostatistical indices, i.e., the contamination factor [46] and geo-accumulation index [47], were calculated (Equations (13) and (14)). This was performed with respect to the concentrations of TMTs in the soils to the concentration of the metals in uncontaminated soils sampled from Mbarara City in our previous study [33] for Mn (695.3 mg kg−1), Cd (0.13 mg kg−1), Pb (19.88 mg kg−1), and Cr (40.69 mg kg−1). The background concentrations for Cu (38.9 mg kg−1) and Zn (64.00 mg kg−1) used are the global averages of the upper continental crust [48].


  Contamination   factor   ( CFs  )    =    C  TMT      C  b g      



(13)






   I geo  =  Log 2       C  TMT     1.5      C    b g      



(14)




where CTMT is the concentration of the TMT in the soil sample, Cbg is the background concentration of the same TMT in the background soil sample, and 1.5 is the background matrix correction factor [33]. The classification of CFs and Igeo values is described in Table S2.



To discern the cumulative pollution load in a particular soil sample, the pollution load index (PLDI) was calculated using Equation (15).


PLDI = (CFS1 × CFS2 × CFS3 × CFS4 × CFS5× CFS6)1/6



(15)




wherein CFS1 to CFS6 are the calculated contamination factors for the six TMTs.



The potential ecological risk index technique based on the work of Hakanson [46] was used to assess the sensitivity of the biotic community to the TMTs. The potential ecological risk coefficient (   E R i   ) and potential ecological risk index (PERI) were calculated (Equations (16) and (17)).


    E R i    =  T R i    ×  CF s    



(16)






  PERI =   ∑   i = 1   i = 6    E R i   



(17)







From which    T R i    = biological toxic factor of the TMTs: Mn = Zn = 1, Cd = 30, Pb = Cu = 5, and Cr = 2 [49]. The risk characterization criterion is provided in Table S2.




2.8. Statistical Analysis


All the numerical data were captured in Microsoft Excel where descriptive statistics were used to summarize them as means with standard deviations. Pearson’s correlation analysis was used to establish potential pairwise relationships between the concentration of TMTs in the soils and the leafy vegetable tissues. To establish the hypothetical sources of the TMTs, Principal Component Analysis (PCA) was used. Further, PCA components were transformed using a varimax rotation with Kaiser normalization post analysis. One-way analysis of variance (ANOVA) at p < 0.05 was employed to identify potential significant differences among the means for the TMTs at the different sites. All statistical analyses and data visualizations proceeded in GraphPad Prism (v9.3.1 for Windows, GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Trace Metal Content of the Soil Samples and Leafy Vegetables


The average concentration of Mn in the soils ranged from 205.60 ± 0.40 mg kg−1 for samples from the area below Bishop Stuart University to 373.84 ± 0.60 mg kg−1 at Kashanyarazi area (Figure 3). Zinc, on the other hand, showed an interesting trend, with the lowest average concentration (12.72 ± 0.52 mg kg−1) being for samples from the area below Bishop Stuart University while the highest average concentration was 65.04 ± 1.50 mg kg−1 for samples from the Kashanyarazi area. The other concentration ranges were 0.26 ± 0.09 to 0.42 ± 0.19, 3.46 ± 1.91 to 16.80 ± 4.67, and 2.83 ± 1.57 to 35.27 ± 30.11 mg kg−1 in soils from the Katete area and below Bishop Stuart University for Cd, Pb and Cu, respectively. These metals showed a similar enrichment trend in soils from the area below Bishop Stuart University. Chromium occurred at concentrations of 5.96 ± 4.52 to 25.06 ± 10.75 mg kg−1 in soils from behind Mbarara Regional Hospital.



On the other hand, vegetables cultivated along the Mbarara City stretch of River Rwizi had the highest mean concentration of Mn (131.7 ± 1.60 mg kg−1) in B. oleracea from the Kashanyarazi area (Figure 4a). Its lowest concentration (25.04 ± 0.47 mg kg−1) occurred in C. pepo leaves sampled from the area below Bishop Stuart University. For Zn, the concentrations were generally lower in the vegetable samples (Figure 4b), i.e., 25.43 ± 0.01 mg kg−1 in B. oleracea from the Katete area to 126.1 ± 0.35 mg kg−1 in S. oleracea from the Kashanyarazi area. Both Mn and Zn had no statistically significant differences among the study sites (p < 0.05). Like in the soils, Cd occurred at the lowest concentrations in the vegetables (0.80 ± 0.03 mg kg−1 in S. nigrum from the area below Bishop Stuart University to 3.00 ± 0.15 mg kg−1 in A. hybridus from the Kashanyarazi area; Figure 4c). Considering Pb, the recorded concentrations varied from 0.95 ± 0.01 mg kg−1 in S. nigrum from the area below Bishop Stuart University to 7.63 ± 0.44 mg kg−1 in S. oleracea from the area below Bishop Stuart University (Figure 4d). The same pattern was observed for Cr where the lowest mean value of 0.6 ± 0.00 mg kg−1 was recorded in S. oleracea samples from the area below Bishop Stuart University and the highest mean value (0.85 ± 0.20 mg kg−1) occurred in A. hybridus from the same area (Figure 4e). Finally, Cu was recorded from 2.2 ± 0.10 mg kg−1 in S. oleracea from the Katete area to 37.65 ± 0.25 mg kg−1 in S. nigrum from the Kashanyarazi area (Figure 4f). Overall, the accumulation followed the order Mn > Zn > Cu > Pb > Cr > Cd.




3.2. Correlation of Trace Metals in Soils and the Leafy Vegetables


Assessment of inter-metal correlations showed that in soils, only Cu and Zn had a significant positive correlation (r = 0.93, p = 0.023; Figure 5). Other metal pairs that had insignificant but strong positive correlations were Mn and Zn (r = 0.73, p = 0.162), Mn and Cd (r = 0.66, p = 0.224), Zn and Pb (r = 0.73, p = 0.157), Zn and Cd (r = 0.73, p = 0.163), Pb and Cr (r = 0.83, p = 0.082), and Cr and Cu (r = 0.74, p = 0.156). In agreement with these observations, the PCA results showed that there is only a close association between the Cu and Zn, which is in complete agreement with Pearson’s correlation results (Figure 6).



The interrelationships between the concentration of the TMTs in the soils and in the plants indicated that Mn in the soils had very strong and significant positive correlation with Mn in B. oleracea (r = 0.90, p = 0.03; Table S3). Similar positive correlations could be observed for Mn in C. pepo (r = 0.66, p = 0.03), Zn in soils and S. nigrum (r = 0.70, p = 0.02), Cr in soils, C. pepo and S. oleracea (r = 0. 0.75, p = 0.142; r = 0. 0.75, p = 0.146, respectively) and Cu in S. oleracea (r = 0.65, p = 0.234). It was observed that A. hybridus had either a negative or weak positive correlation between the levels of TMTs in its tissues relative to that in the soils.




3.3. Trace Metal Bioconcentration in Leafy Vegetables


Regarding bioaccumulation, Mn had a BCF of 0.01 to 0.50 while Cr had BCF of 0.02 to 0.14 in the vegetables. Cadmium had the highest bioconcentration in the leafy vegetables (BCF = 1.90 to 10.71), with the highest level of accumulation found in A. hybridus leaves from behind Mbarara Regional Referral Hospital. Zinc was bioconcentrated in 76% (19/25) of the vegetable samples (BCF = 1.03 to 4.76). Similarly, Cu was bioconcentrated in 44% (11/25) of the vegetable samples (BCF = 1.08 to 4.12). These bioaccumulations occurred mostly in C. pepo and S. nigrum (from the Kashanyarazi area, Rugazi bridge area and the area below Bishop Stuart University), B. oleracea (from the Kashanyarazi area), S. oleracea and A. hybridus (from the Rugazi bridge area and the area below Bishop Stuart University). On the other hand, Pb was mostly bioconcentrated in 24% (6/25) samples from the Rugazi bridge area and the area below Bishop Stuart University (BCF = 1.13 to 2.21) but was not bioaccumulated in S. nigrum (Table 2).




3.4. Human Health Risk Assessment Indices


3.4.1. Non-Cancer Risk Indices


Regarding chronic daily intake through inhalation (CDIINH), the values ranged from 0.000031 × 10−6 mg kg−1 day−1 for Cd in soils from the Rugazi Bridge area inhaled by adults to 3.63 × 10−6 mg kg−1 day−1 for Mn in soils from the Kashanyarazi area inhaled by children (Table 3). These values were lower than the corresponding oral (direct ingestion) reference dose. The hazard indices ranged from 0.00719881 in soil samples from below Bishop Stuart University for adults to 0.23437897 for soil samples from behind Mbarara Regional Hospital with TMTs inhaled by children. Taken together, there are no potential non-cancer health effects that could arise from the inhalation of soil particles from the sampled stretch of River Rwizi bank with vegetable growing activities.



Considering chronic daily intake through ingestion of TMTs in soils from the banks of River Rwizi (CDIING), the values ranged from 0.004 × 10−5 mg kg−1 day−1 for Cd in soils from the Kashanyarazi area ingested by adults to 477.95 × 10−5 mg kg−1 day−1 for Mn in soils from the same area ingested by children (Table 4). Similar to the observation for inhalation as an exposure pathway, the chronic daily intakes through direct oral ingestion were never higher than the corresponding individual trace metal’s oral (direct ingestion) reference doses. Accordingly, the hazard indices for exposure through this pathway (0.009665 for contaminated soil samples from below Bishop Stuart University ingested by adults to 0.9678897 for samples from the Katete area ingested by children) would pose no discernable non-cancer health risk to the overall population.



Exposure through dermal contact to the TMTs was also assessed. The results (Table 5) indicated that the values ranged from 0.0166 × 10−6 mg kg−1 for Cd in soils from the Rugazi Bridge area to 13.3831 × 10−6 mg kg−1 day−1 for Mn in soils from the Kashanyarazi area adsorbed into the skin of children. The hazard indices in all cases, however, never exceeded 1.



Similarly, we established the potential health effects that could arise from consumption of the leafy vegetables by both adults and children. The estimated daily intakes and hazard indices calculated showed that children were the most likely to experience non-cancer risks (Tables S4–S9). The hazard indices were as follows: Mn (1.124 for adults consuming vegetables from the Rugazi Bridge area to 53.67 for children consuming the vegetables sources from behind Mbarara Regional Hospital), Zn (0.46 for adults consuming vegetables from the areas below Bishop Stuart University to 16.12 for children consuming the vegetables from the Kashanyarazi area), Cd (3.65 for adults consuming vegetables from the areas below Bishop Stuart University to 124.16 for children consuming the vegetables from the Kashanyarazi area), Pb (0.42 for adults consuming vegetables from the areas below Bishop Stuart University to 11.95 for children consuming the vegetables from the Katete area), Cr (0.08 for adults consuming vegetables from the Kashanyarazi area to 1.83 for children consuming the vegetables from the Katete area), and Cu (0.01 for adults consuming vegetables from the Kashanyarazi area to 0.65 for children consuming the vegetables from the Kashanyarazi area).




3.4.2. Estimation of Potential Carcinogenic Health Risks


Evaluation of potential cancer risks revealed that through ingestion of contaminated soils, the risk values ranged from 1.5 × 10−9 for Pb ingested by adults to 1.9038 × 10−6 for Cd, both in soils sampled from the Kashanyarazi area (Figure 7; Table S10). Taking the calculated total cancer risk values into consideration, there are no potential cancer risks that could be experienced in both adults and children following oral ingestion of soils from the considered stretch of River Rwizi.



For the consumption of the leafy vegetables, cancer risk values ranged from 5.48505 × 10−8 for Pb in S. nigrum from below Bishop Stuart University consumed by adults to 1.39 × 10−2 for Cd in B. oleracea from the Kashanyarazi area consumed by children (Figure 8). In both children and adults, the individual cancer risk values for Cd (Figure 8a,b; Table S11) laid outside the safe limit of 10−6 to 10−4, suggesting that there are potential carcinogenic health effects.





3.5. Pollution Level and Ecological Risk Assessment Indices


Assessment of potential enrichment of the TMTs in the soils from the banks of River Rwizi was performed. The results of CFs, Igeo and pollution load indices are given in Table 6. The computed CFs were all less than 1 for Mn, Pb, Cr and Cu. Zinc also had CFs < 1 at most of the sites, except for soils from the Kashanyarazi area (CFs = 1.02). In contrast, Cd had the highest CFs ranging from 2.00 for soils from the Katete area to 3.23 from the area below Bishop Stuart University.



The geoaccumulation indices calculated for the soil samples were mainly less than 1 (−4.366 for Cu at areas below Bishop Stuart University to −0.726 for Cu in soils from the Katete area). Only Cd had positive Igeo values (range: 0.415 for soils sampled from the Katete area to 1.107 for soils sampled from areas below Bishop Stuart University). In this index, the TMTS followed the sequence Cd > Zn > Mn > Pb > Cr > Cu. For the values obtained following pollution load index PLDI computation, none of them were greater than 1.



Further, the    E R i    and PERI were calculated to establish the risk the TMTs could pose to biodiversity of the riverbanks. The values obtained ranged from 0.20 for Zn in soils from the area below Bishop Stuart University to 96.9 for Cd in soils from the area (for    E R i   ) and 67.54 for soils from the Rugazi Bridge area to 98.90 for soil samples from the area below Bishop Stuart University for PERI (Table 7). Considered closely, the    E R i    followed the order Cd > Pb > Cu > Cr > Zn > Mn.





4. Discussion


4.1. Trace Metal Pollution of Soils and Their Bioaccumulation in Leafy Vegetables


This study established that the leafy vegetables cultivated along the banks of River Rwizi accumulated toxic TMTs from contaminated soils. Overall, Mn had the highest concentration in soils. The order followed by the TMTs was Mn > Zn > Cu > Cr > Pb > Cd. In reference to the World Health Organization (WHO) target values that are considered to be the desirable maximum levels of TMTs in unpolluted soils (50.0, 0.8, 85, 100, and 36 mg kg−1 for Zn, Cd, Pb, Cr and Cu, respectively [50]), only Zn in soil samples from Kashanyarazi and Katete areas exceeded its target value in the sampling sites. When compared with the global averages of the TMTs in the upper continental crust (571.0, 64.0, 0.40, 59.5, 27.0 and 38.9 mg kg−1 for Mn, Zn, Cd, Cr, Pb and Cu, respectively) reported by previous studies [48,51], only Zn in soils from the Kashanyarazi area was above the reported average value. In soils in the proximity of the Boac and Mogpog rivers (Marinduque, Philippines), Mn was reported at concentrations of 8600 mg kg−1 to 59,000 mg kg−1 [52], which are higher concentrations than reported in this study. The high levels of Mn in the soils in this study may be attributed to carriers of Mn during flooding events on the river (iron oxyhydroxides), which are more stable than Mn oxides but also more abundant in the soils [52].



Regarding leafy vegetables, the FAO/WHO permissible limits for TMTs in edible vegetables are 0.60, 0.3, 0.30, 1.30, and 10.00 mg kg−1 for Zn, Cd, Pb, Cr and Cu, respectively [53,54]. In the suburb of Zhengzhou City, People’s Republic of China, the concentrations of TMTs found in B. oleracea var. italica P. were Cd = 0.048, Pb = 0.34, Cr = 0.64 and Cu = 9.52 mg kg−1. These values are lower than those found in this study [55]. In wastewater-irrigated areas of Titagarh (India), TMTs (Zn = 136.5–181.0, Cd = 6.5–32, Pb = 41.9–60.5, Cr = 74.0–115.4 and Cu = 22.1–48.6 mg/kg dry weight) occurred at higher concentrations than those obtained in this study. In another study in some vegetable-growing fields beside the Paira River (Bangladesh), Islam et al. found that A. hybridus had comparable concentrations (mg/kg dry weight) of Cd (0.01–1.60), Pb (0.07–4.50), Cr (0.49–2.40) and Cu (0.86–5.80) to those obtained in this study [56]. While the concentrations of the TMTs recorded were expected, the spatial variations in their levels along the stretch of River Rwizi may be associated with different anthropogenic activities taking place there and the different mechanisms that mediate trace metal bioaccumulation and phytoavailability metals in plants [38,56,57].



Inter-metal correlations showed that Cu and Zn in the soils had a significant positive correlation. The other metal pairs had insignificant but strong positive correlations. These also agreed with PCA results. It should be cited that such significant positive correlations between the metal pairs indicate that they are originating from a common or combined source, whereas weak correlations indicate otherwise [58]. Positive correlations may also confirm that there are mutual dependences among the metals or that they exhibit identical behaviors during their transport. In the case of positive relationships between the levels of the same metal in the soils and in the leafy vegetables, it attests to its accumulation from the soils into the vegetables.



Our assessment of bioaccumulation factors indicated that Mn and Cr were not bioconcentrated in the vegetables (BCF < 1). On the other hand, Cd was hyperaccumulated in the vegetables (BCF >1), with the highest level of accumulation found in A. hybridus leaves from behind Mbarara Regional Referral Hospital. Taken together, the level of bioaccumulation of the TMTs followed the order Cd > Zn > Cu > Pb > Mn > Cr. Hyperaccumulation of Cd in leafy vegetables has been reported previously in leafy vegetables such as B. oleracea [59], Brassica campestris L., Brassica chinensis L. and Brassica juncea L. [60].




4.2. Human Health Risks Posed by the TMTs in Soils and Leafy Vegetables


Human health risk assessment indicated that there are no potential non-cancer health effects that could arise from ingestion, inhalation or dermal contact with soils. In the context of leafy vegetables consumption, it occurred that Cu posed no potential non-cancer risks. On the other hand, Zn, Pb, and Cr could only pose health risks in children. Manganese and Cd could pose health risks in both children and adults. Further, the individual cancer risk values for Cd were outside the safe limit of 10−6 to 10−4, suggesting that there are potential carcinogenic health effects. This suggested that Cd is the sole driver of carcinogenicity in the study area, and the effects may be exacerbated in individuals who consume more than one of the leafy vegetables. In our previous study, we unveiled that there were discernable non-carcinogenic as well as cancer risks associated with the consumption of B. oleracea by the local community around River Nyamwamba (the Kilembe mines) of Kasese District, Western Uganda [61]. Elsewhere, health risk assessment revealed that the consumption of vegetables grown from beside the Paira River of Bangladesh (including A. hybridus) could result in adverse non-carcinogenic and carcinogenic health risks to the consumers [56].




4.3. Pollution Level and Ecological Risk Assessment Indices


The computed contamination factors indicated that there is low contamination of the soils from River Rwizi banks regarding Mn, Pb, Cr and Cu (CFs < 1). With the exception of soils from the Kashanyarazi area, Zn also had low contamination at most of the sites. However, Cd had moderate contamination (1  ≤  CF < 3) based on the classification of Hakanson [46]. On the other hand, the Igeo values fell mainly in class 0, i.e., Igeo < 0, which, based on the criterion of Muller [47], alludes to practically uncontaminated soils. As with BCFs, Cd is the only metal with Igeo values ranging from class 1 (0 < Igeo < 1) for soils sampled from the Katete area to class 2 (1 < Igeo < 2) for soils sampled from areas below Bishop Stuart University. These corresponded to low-to-median contamination and median contamination. Nevertheless, the PLDI indicated no pollution of the sampled stretch of River Rwizi since none of the values was greater than 1.




4.4. Study Limitations


This study (i) did not measure the body weights and daily intakes for Ugandans; (ii) the ingested trace metal doses were considered to be equal to the absorbed doses; (iii) the probability variables used were from US EPA guidelines, which may not apply to this population; and (iv) did not involve the assessment of the specific species of the metal ions, which may imply either higher or lower toxicity. Moreover, (v) the carcinogenic health risks were estimated for Cd and Pb only because there is no established IGCSF for the other TMTs considered in this study; (vi) the IGCSF was considered as a constant for all individuals, but may reasonably vary between individuals; and (vii) the health risks were estimated considering the potential toxicity of the TMTs in the edible tissues of the leafy vegetables as well as exposure from soils, but these matrices may contain other contaminants from other possible exposure routes. Thus, the overall health risks may, in essence, be higher than we have found.





5. Conclusions


Leafy vegetables constitute an important part of a healthy and nutritionally balanced diet but could be harmful if they contain food pathogens or contaminants. Our study findings on leafy vegetables grown on the banks of River Rwizi indicated that, with the exception of Mn and Cr, the studied TMTs were bioaccumulated in the edible vegetable tissues. Considering potential health risks, chronic intake through ingestion, dermal contact and inhalation of the TMTs in soils from the banks of River Rwizi, there are no potential non-cancer and carcinogenic health effects that could be experienced. However, consumption of the leafy vegetables could likely pose both non-cancer and cancer health risks. This study therefore suggests that there is a need for pollution control measures to be instituted to mitigate pollution of River Rwizi. In this context, further studies are necessary to assess if these TMTs are occurring along with other environmental contaminants such as pesticides, per- and polyfluoroalkyl substances, antibiotic residues and microplastics.
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Figure 1. Map of Mbarara City showing the location of River Rwizi, Uganda. Adapted from Onyutha et al. [30]. 
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Figure 2. Leaves of vegetables sampled from the banks of River Rwizi in Mbarara City, Uganda: (a) Brassica oleracea var. capitata, (b) Spinacia oleracea L., (c) Cucurbita pepo L., (d) Solanum nigrum L., and (e) Amaranthus hybridus L. 
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Figure 3. Mean concentrations of trace metals in soils sampled along the stretch of Rwizi River in Mbarara City, Uganda. The concentration for Cd is × 10−2 mg kg−1. 
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Figure 4. Mean concentrations of trace metals in edible vegetable tissues sampled along the stretch of Rwizi River, Mbarara City, Uganda: (a) manganese, (b) zinc, (c) cadmium (d) lead, (e) chromium and (f) copper. Indicates statistically different means at p < 0.05 as per Tukey post hoc test. Mean values are indicated with (+). 
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Figure 5. Pearson’s bivariate correlation coefficient matrix plot for the trace metals in soils from the sampled from the banks of Rwizi River, Mbarara City, Uganda. * Significant at the 0.05 level (2−tailed). 






Figure 5. Pearson’s bivariate correlation coefficient matrix plot for the trace metals in soils from the sampled from the banks of Rwizi River, Mbarara City, Uganda. * Significant at the 0.05 level (2−tailed).



[image: World 05 00008 g005]







[image: World 05 00008 g006] 





Figure 6. Biplot loading of the principal components for the six TMTs in soils from the banks of Rwizi River, Mbarara City, Uganda. 
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Figure 7. Carcinogenic risk values for ingestion of cadmium and lead in soils sampled along the stretch of River Rwizi, Mbarara City, Uganda: (a) children and (b) adults. 
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Figure 8. Box-and-whisker plot of the carcinogenic health risks from consumption of the leafy vegetables: (a) cadmium in children, (b) cadmium in adults, (c) lead in children, and (d) lead in adults. Boxes represent minimum to maximum cancer risk values. 
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Table 1. Major anthropogenic activities justifying the choice of the sampling sites along the stretch of River Rwizi in Mbarara City, Uganda.
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	Sampling Site (Code)
	Major Suspected Pollution Sources





	Kashanyarazi area (A)
	Milling factory, milk processing factory, hostel



	Behind Mbarara Regional Referral Hospital (B)
	Mbarara Hospital, University



	Katete area (C)
	Sewage lagoons (wastewater irrigation)



	Rugazi bridge area (D)
	Garages



	Area below Bishop Stuart University (E)
	Bishop Stuart University










 





Table 2. Bioconcentration factors of the trace metals in the leafy vegetables along River Rwizi, Mbarara City, Uganda.
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Trace Metal

	
Sampling Site

	
B. oleracea

	
C. pepo

	
S. oleracea

	
S. nigrum

	
A. hybridus






	
Manganese

	
A

	
0.36

	
0.13

	
0.35

	
0.01

	
0.12




	
B

	
0.38

	
0.31

	
0.22

	
0.28

	
0.48




	
C

	
0.18

	
0.12

	
0.20

	
0.20

	
0.17




	
D

	
0.27

	
0.11

	
0.39

	
0.13

	
0.50




	
E

	
0.32

	
0.12

	
0.34

	
0.13

	
0.37




	
Zinc

	
A

	
1.08

	
0.92

	
1.94

	
0.82

	
0.72




	
B

	
2.01

	
2.01

	
1.49

	
1.65

	
2.42




	
C

	
0.49

	
0.95

	
0.77

	
0.83

	
1.03




	
D

	
1.51

	
2.49

	
3.04

	
1.96

	
3.01




	
E

	
2.47

	
3.31

	
4.76

	
2.40

	
3.20




	
Cadmium

	
A

	
7.29

	
6.25

	
7.14

	
6.43

	
5.54




	
B

	
6.96

	
3.21

	
3.57

	
5.39

	
10.71




	
C

	
5.38

	
4.62

	
4.42

	
3.65

	
4.42




	
D

	
5.18

	
3.57

	
4.64

	
3.07

	
3.39




	
E

	
3.48

	
1.93

	
3.36

	
1.90

	
2.14




	
Lead

	
A

	
0.44

	
0.44

	
0.48

	
0.65

	
0.50




	
B

	
0.37

	
0.47

	
0.37

	
0.40

	
0.48




	
C

	
0.43

	
0.40

	
0.29

	
0.30

	
0.41




	
D

	
1.27

	
1.13

	
0.94

	
0.53

	
1.25




	
E

	
2.21

	
1.50

	
1.65

	
0.27

	
0.60




	
Chromium

	
A

	
0.07

	
0.06

	
0.06

	
0.06

	
0.06




	
B

	
0.03

	
0.03

	
0.03

	
0.03

	
0.02




	
C

	
0.04

	
0.04

	
0.04

	
0.04

	
0.04




	
D

	
0.10

	
0.09

	
0.09

	
0.10

	
0.10




	
E

	
0.13

	
0.09

	
0.12

	
0.10

	
0.14




	
Copper

	
A

	
0.90

	
1.37

	
0.88

	
4.12

	
0.58




	
B

	
0.51

	
0.41

	
0.39

	
0.80

	
0.57




	
C

	
0.06

	
0.31

	
0.27

	
0.23

	
0.19




	
D

	
0.81

	
2.34

	
1.77

	
1.17

	
1.85




	
E

	
1.43

	
2.89

	
2.43

	
1.08

	
2.23








Values in bold are greater than 1.0, suggesting that the vegetable in question is a hyperaccumulator of the trace metal. The sampling sites A to E are the Kashanyarazi area, behind Mbarara Regional Referral Hospital, the Katete area, the Rugazi bridge area, and the area below Bishop Stuart University, respectively.













 





Table 3. Chronic daily intake through the inhalation of TMTs in soils from the banks of River Rwizi, Mbarara City, Uganda.
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Age Group

	
Sampling Site

	
Average Chronic Daily Intake (×10−6 mg kg−1 day−1)

	
Hazard Quotient (×10−6)

	
Hazard Index




	
Mn

	
Zn

	
Cd

	
Pb

	
Cr

	
Cu

	
Mn

	
Zn

	
Cd

	
Pb

	
Cr

	
Cu






	
Children

	
A

	
3.63

	
0.630

	
0.00027

	
0.010

	
0.098

	
0.089

	
25,384.6

	
2.1

	
0.27

	
2.9

	
3426.6

	
2.2

	
0.02881867




	
B

	
3.23

	
0.330

	
0.00027

	
0.012

	
0.243

	
0.144

	
225,874.1

	
1.1

	
0.27

	
3.4

	
8496.5

	
3.6

	
0.23437897




	
C

	
2.44

	
0.510

	
0.00025

	
0.016

	
0.205

	
0.342

	
170,629.4

	
1.7

	
0.25

	
4.6

	
7167.8

	
8.5

	
0.17781225




	
D

	
2.37

	
0.190

	
0.00027

	
0.006

	
0.076

	
0.038

	
165,734.3

	
0.6

	
0.27

	
1.7

	
2657.3

	
0.9

	
0.16839507




	
E

	
2.00

	
0.120

	
0.00041

	
0.003

	
0.058

	
0.027

	
139,860.1

	
0.4

	
0.41

	
0.9

	
2028.0

	
0.7

	
0.14189051




	
Adults

	
A

	
0.454

	
0.079

	
0.000034

	
0.0013

	
0.012

	
0.011

	
31,748.3

	
0.3

	
0.034

	
0.4

	
4195.8

	
0.3

	
0.03594513




	
B

	
0.404

	
0.041

	
0.000034

	
0.0015

	
0.030

	
0.018

	
28,251.7

	
0.1

	
0.034

	
0.4

	
1049.0

	
0.4

	
0.02930163




	
C

	
0.305

	
0.064

	
0.000034

	
0.0020

	
0.026

	
0.043

	
21,328.67

	
0.2

	
0.034

	
0.6

	
909.1

	
1.1

	
0.22239704




	
D

	
0.296

	
0.024

	
0.000031

	
0.0007

	
0.009

	
0.005

	
6883.7

	
0.08

	
0.031

	
0.2

	
314.7

	
0.1

	
0.00719881




	
E

	
0.250

	
0.015

	
0.000034

	
0.0004

	
0.007

	
0.003

	
17,482.5

	
0.05

	
0.034

	
0.1

	
244.8

	
0.1

	
0.01772758




	
Inhalation reference dose, RfDINH (mg kg−1)

	
0.0000143

	
0.300

	
0.001

	
0.0035

	
0.0000286

	
0.0402

	








Note: Kashanyarazi area (A), behind Mbarara Regional Hospital (B), Katete area (C), Rugazi Bridge area (D) and below Bishop Stuart University (E).













 





Table 4. Average hazard quotients and indices for chronic intake through incidental ingestion of TMTs in soils from the banks of River Rwizi, Mbarara City, Uganda.
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Age Group

	
Sampling Site

	
Average Chronic Daily Intake (×10−5 mg kg−1 day−1)

	
Hazard Quotient (×10−5)

	
Hazard Index




	
Mn

	
Zn

	
Cd

	
Pb

	
Cr

	
Cu

	
Mn

	
Zn

	
Cd

	
Pb

	
Cr

	
Cu






	
Children

	
A

	
477.95

	
83.15

	
0.38

	
132.96

	
12.95

	
11.69

	
10,390.21

	
277.17

	
38.00

	
37,988.57

	
12,950.00

	
290.80

	
0.6193475




	
B

	
424.92

	
42.98

	
0.36

	
155.34

	
32.04

	
19.00

	
9237.39

	
143.27

	
36.00

	
44,382.86

	
32,040.00

	
472.64

	
0.8631216




	
C

	
321.47

	
67.21

	
0.36

	
214.79

	
27.05

	
45.10

	
6988.48

	
224.03

	
36.00

	
61,368.57

	
27,050.00

	
1121.89

	
0.9678897




	
D

	
312.26

	
25.51

	
0.33

	
75.69

	
9.99

	
5.00

	
6788.26

	
85.03

	
33.00

	
21,625.71

	
9990.00

	
124.38

	
0.3864638




	
E

	
262.86

	
16.26

	
0.36

	
44.24

	
7.62

	
3.60

	
5714.35

	
54.20

	
36.00

	
12,640.00

	
7620.00

	
89.55

	
0.261541




	
Adults

	
A

	
59.75

	
10.40

	
0.05

	
0.17

	
0.16

	
1.50

	
1298.91

	
34.67

	
5.00

	
48.57

	
160.00

	
37.31

	
0.015845




	
B

	
53.12

	
5.40

	
0.04

	
0.19

	
0.40

	
2.40

	
1154.78

	
18.00

	
4.00

	
54.29

	
400.00

	
59.70

	
0.016908




	
C

	
40.19

	
8.40

	
0.04

	
0.27

	
0.34

	
5.60

	
873.70

	
28.00

	
4.00

	
77.14

	
340.00

	
139.30

	
0.014621




	
D

	
39.03

	
3.20

	
0.04

	
0.09

	
0.12

	
6.00

	
848.48

	
10.67

	
4.00

	
25.71

	
120.00

	
149.25

	
0.011581




	
E

	
32.86

	
2.00

	
0.04

	
0.06

	
0.10

	
5.00

	
714.35

	
6.67

	
4.00

	
17.14

	
100.00

	
124.38

	
0.009665




	
Oral (direct ingestion) reference dose, RfDING (mg kg−1)

	
0.0460

	
0.300

	
0.010

	
0.0035

	
0.001

	
0.0402

	








Note: Kashanyarazi area (A), behind Mbarara Regional Hospital (B), Katete area (C), Rugazi Bridge area (D) and below Bishop Stuart University (E).













 





Table 5. Chronic daily intake through dermal contact, hazard quotients, and indices for chronic intake through dermal contact of TMTs in soils from the banks of River Rwizi, Mbarara City, Uganda.
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Age Group

	
Sampling Site

	
Average Chronic Daily Intake (×10−6 mg kg−1 day−1)

	
Hazard Quotient (×10−6)

	
Hazard Index




	
Mn

	
Zn

	
Cd

	
Pb

	
Cr

	
Cu

	
Mn

	
Zn

	
Cd

	
Pb

	
Cr

	
Cu






	
Children

	
A

	
13.3831

	
2.3284

	
0.0107

	
0.6631

	
0.0363

	
0.3272

	
290.937

	
38.80667

	
10.700

	
126.305

	
6050.000

	
27.267

	
0.06544




	
B

	
11.8982

	
1.2036

	
0.0100

	
0.0435

	
0.0897

	
0.5313

	
258.657

	
20.0600

	
10.000

	
82.857

	
14,950.000

	
44.275

	
0.015366




	
C

	
9.0013

	
1.8820

	
0.0100

	
0.06014

	
0.0758

	
1.2626

	
195.680

	
31.36667

	
10.000

	
114.552

	
12,633.333

	
105.217

	
0.013090




	
D

	
8.7435

	
0.7142

	
0.0093

	
0.02119

	
0.0280

	
0.1407

	
190.076

	
11.903333

	
9.300

	
40.362

	
4666.667

	
11.725

	
0.004930




	
E

	
7.3603

	
0.4554

	
0.0100

	
0.01239

	
0.0213

	
0.1013

	
160.007

	
7.59000

	
10.000

	
23.600

	
3550.000

	
8.442

	
0.003759




	
Adults

	
A

	
23.8387

	
4.1474

	
0.0191

	
0.06632

	
0.0646

	
0.5828

	
518.233

	
69.12333

	
19.100

	
126.324

	
10,766.667

	
48.567

	
0.115480




	
B

	
21.1936

	
2.1438

	
0.0179

	
0.07748

	
0.1598

	
0.9463

	
460.7304

	
35.7300

	
17.900

	
147.581

	
26,633.333

	
78.858

	
0.027374




	
C

	
16.0336

	
3.3522

	
0.0179

	
0.10713

	
0.1349

	
2.2491

	
348.557

	
55.87000

	
17.900

	
204.057

	
22,483.333

	
187.425

	
0.023297




	
D

	
15.5745

	
1.2722

	
0.0166

	
0.03775

	
0.0498

	
0.2506

	
338.576

	
21.20333

	
16.600

	
71.905

	
8300.0000

	
20.883

	
0.008769




	
E

	
13.1105

	
0.8111

	
0.0179

	
0.02206

	
0.0380

	
0.1805

	
285.011

	
13.51833

	
17.900

	
42.019

	
6333.333

	
15.042

	
0.006706




	
Dermal reference dose, RfDING (mg kg−1)

	
0.0460

	
0.060

	
0.001

	
0.000525

	
0.000006

	
0.012

	








Note: Kashanyarazi area (A), behind Mbarara Regional Hospital (B), Katete area (C), Rugazi Bridge area (D) and below Bishop Stuart University (E).













 





Table 6. Geoaccumulation indices for trace metals in soils from the banks of River Rwizi, Uganda.
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Sampling Site

	
Mn

	
Zn

	
Cd

	
Pb

	
Cr

	
Cu

	
PLDI




	
CFs

	
Igeo

	
CFs

	
Igeo

	
CFs

	
Igeo

	
CFs

	
Igeo

	
CFs

	
Igeo

	
CFs

	
Igeo






	
A

	
0.54

	
−1.480

	
1.02

	
−0.562

	
2.15

	
0.523

	
0.52

	
−1.520

	
0.25

	
−2.591

	
0.23

	
−2.674

	
0.575




	
B

	
0.48

	
−1.650

	
0.53

	
−1.514

	
2.15

	
0.523

	
0.61

	
−1.295

	
0.62

	
−1.284

	
0.38

	
−1.975

	
0.653




	
C

	
0.36

	
−2.052

	
0.82

	
−0.869

	
2.00

	
0.415

	
0.85

	
−0.828

	
0.52

	
−1.528

	
0.91

	
−0.726

	
0.787




	
D

	
0.35

	
−2.094

	
0.31

	
−2.267

	
2.15

	
0.522

	
0.30

	
−2.333

	
0.19

	
−2.966

	
0.10

	
−3.892

	
0.333




	
E

	
0.30

	
−2.343

	
0.20

	
−2.916

	
3.23

	
1.107

	
0.17

	
−3.107

	
0.15

	
−3.356

	
0.07

	
−4.366

	
0.266








Note: Kashanyarazi area (A), behind Mbarara Regional Hospital (B), Katete area (C), Rugazi Bridge area (D) and below Bishop Stuart University (E). PLDI = pollution load index.













 





Table 7. Ecological risks posed by the TMTs in soils from the banks of River Rwizi, Mbarara City, Uganda.
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Sampling Site

	
    Ecological   Risk   (  E R i  )    

	
PERI

	
Contamination Level (PERI)




	
Mn

	
Zn

	
Cd

	
Pb

	
Cr

	
Cu






	
A

	
0.54

	
1.02

	
64.5

	
2.60

	
0.50

	
1.15

	
70.31

	
Low




	
B

	
0.48

	
0.53

	
64.5

	
3.05

	
1.24

	
1.90

	
71.70

	
Low




	
C

	
0.36

	
0.82

	
60.0

	
4.25

	
1.04

	
4.55

	
71.02

	
Low




	
D

	
0.35

	
0.31

	
64.5

	
1.50

	
0.38

	
0.50

	
67.54

	
Low




	
E

	
0.30

	
0.20

	
96.9

	
0.85

	
0.30

	
0.35

	
98.90

	
Moderate








Note: Kashanyarazi area (A), behind Mbarara Regional Hospital (B), Katete area (C), Rugazi Bridge area (D) and below Bishop Stuart University (E).
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