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Introduction: With urbanization and industrialization in the developing world,

urban and peri-urban agriculture is increasingly contributing to urban food

systems, employment, and income generation opportunities. However,

urbanization and industrialization may release harmful pollutants, including

heavy metals and trace elements into agricultural soils, posing ecological,

environmental and public health concerns. This paper assessed the potential

risks of soil contamination with heavy metals and trace elements in peri-urban

farmlands in Nairobi city catchment in Kenya.

Methods: A total of 60 soil samples were collected from ten vegetable farming

zones (S1-S10) and processed following standard protocols. The

concentrations of As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, V and Zn were

analyzed in the samples using inductively coupled plasma-mass spectrometry

(ICP-MS).

Results and discussion: Results revealed that the soil samples have elevated

concentrations of As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, V and Zn, with some

elements including As (1.7%), Cd (13.3%), Mn (80%), Pb (1.7%) and Zn (11.7%)

exceeding the permissible thresholds for agricultural soils. The spatial

distribution of the elements exhibited three similar distribution patterns with

slight variations between the hotspot sites of the different elements: (i) Co and

Mn, (ii) Cu and Cr and (iii) As, Cd, Fe, Hg, Pb and Zn, while Ni and V exhibited

singular spatial distributions compared to other elements. Elements such as As,

Cd, Co, Fe, Hg, Mn, Pb and Zn appeared to be of anthropogenic enrichment,
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while Cr, Cu, Ni and V appeared to originate mainly from lithogenic and natural

sources. The elements As, Cd, Hg and Pb exhibited high ecological risks, with

Cd contributing about 46-66% of the overall ecological risk. The sampling sites

S1, S5, S7, S9 and S10 depicted the highest ecological risks of 145, 103, 146, 121

and 146, respectively. The findings call for proper zoning of suitable agricultural

areas and sound waste management protocols in urban and peri-urban

landscapes. Further, remediation of contaminated soils and farmers’

sensitization are recommended for ecological and public health risk alleviation.
KEYWORDS

peri-urban agriculture, wastewater irrigation, ecological risk, soil pollution, food
safety, spatial distribution
1 Introduction

Agriculture plays a multifunctional and crucial role in urban

and peri-urban landscapes (1) due to its significant contribution

to urban food systems, employment, income opportunities, and

sustainability of ecosystem services (2). Urban and peri-urban

agriculture (UPA) aids in controlling urban air and thermal

temperature generated by expanded impervious land surfaces

(3). In Sub-Saharan Africa, Asia and Latin America, UPA is

deeply embedded in citizens’ livelihood and not only contributes

substantially to urban diet diversification, but also represents an

essential source of income for both local and international

produce markets (4). However, urban and peri-urban

agriculture in the developing world resides in a contrasted and

sometimes illegal environment with substantial risks of pollution

from domestic, urban and industrial waste and emissions (5, 6).

The expansion of urban areas and their fringes has been

accompanied by intensive dissemination and accumulation of

metal elements in soil and water bodies (7). This has resulted in

widespread concerns regarding water qual i ty , soi l

contamination, and the safety of agricultural products supplied

to metropolitan populations (8–10).

Peri-urban landscapes are characterized by presence of

mosaic of urban infrastructures, relatively dense road network,

industrial areas and relatively large farmland mainly supplying

fruit and vegetable to city dwellers (4). In contrast to rural soils,

urban and peri-urban soils are highly disturbed and exposed to

different anthropogenic activities in or round cities, which often

result in significant contamination and degradation of soil

intrinsic physicochemical and biological processes (11; 12).

Soil acts as a sink in the environment and accumulates the

metal elements emitted leading to excessive long-term toxicity

(13). Heavy metal contamination in urban and peri-urban

agricultural soils, has become a severe environmental and

public health concern over the last decades (14–16).
02
Metal elements can originate from natural sources (volcanic

emission and rock weathering) and anthropogenic activities

such as industrial waste, urban emissions, mining operations,

thermal power plants, metallurgy, electronics, textiles, and

wastewater irrigation (17, 18). The level of heavy metals and

trace elements diffusion induced by anthropogenic activities has

been estimated to be higher than the natural diffusion

sources (19).

Plant exposure to contaminated soil at farm level results in

metal element accumulation in edible plant portions, entering

the food chains (20). Although some of the elements such as iron

(Fe), manganese (Mn), cobalt (Co), copper (Cu), chromium

(Cr), nickel (Ni), zinc (Zn), and molybdenum (Mo) are

necessary in trace quantities for plants, animal and human

metabolisms, they become toxic and harmful when they

exceed the recommended thresholds (18). Metals such as lead

(Pb), mercury (Hg), cadmium (Cd), vanadium (V) and arsenic

(As) have no known importance to human metabolism and

adversely affect the health of plants, animals and humans even at

very low concentrations (21, 22). The adverse effects of heavy

metals and trace elements contamination on human health are

numerous, complex to treat, and in severe cases, they can cause

death (23).

Previous studies in Kenya reported an increased burden of

potentially harmful metal elements in soil, water bodies and

consumed vegetables. Kinuthia et al. (24) reported high levels of

Cd, Cr, Hg, Ni, Pb and Tl (Thallium) in soil and open drainage

canal water in the industrial area of Nairobi city. Other studies

including Inoti et al. (25), Karanja et al. (26), Mungai et al. (27)

Mutune et al. (28), Nyandika et al. (29) recorded concentrations

of different metal elements in vegetable and irrigation water

from different locations in urban and peri-urban areas of Kenya

that were above permissible levels.

Despite this plethora of studies, there is limited information

on the extent of contamination of heavy metals and trace
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elements in urban and peri-urban agricultural soils, from which

fresh horticultural products are grown and supplied to the

metropolitan markets (30). Less is also known about the

spatial distribution of heavy metals and trace elements at

small-scale farmland level in the city catchment. Few studies

have emphasized the magnitude of the ecological risks related to

heavy metals and trace elements contamination in urban and

peri-urban farmlands in Kenya, especially with a combination of

a wide range of metal elements that this paper assessed.

Therefore, this paper reports on the levels of heavy metals and

trace elements concentration, their spatial distribution and their

potential ecological risk in peri-urban soils in Nairobi city

catchment, Kenya.
2 Materials and Methods

2.1 Study area and sampling sites

The paper is based on a study carried out in peri-urban

agricultural landscapes located in Nairobi city catchment in
Frontiers in Soil Science 03
Kenya. The area lies on the north-eastern side of Nairobi city

between 1°14’32” and 1°29’21” S latitude and between 36°57’59”

and 37°07’30” E longitude (Figure 1). The area is a plateau with

elevation varying between 1440 and 1610 m altitude.

Predominant soils include deep and well-developed black to

dark-greyish clays and dark-greyish-brown calcareous soils

suitable for agricultural production (31). The catchment is

endowed with an extended water drainage system composed

of Nairobi River with two tributaries, Ngong and Mathare Rivers

flowing through the capital city Nairobi and Athi Rivers flowing

through Athi River Town, the industrial area (Athi Rivers Town)

and the export processing zone (EPZ) wastewater treatment

plant. These urban streams serve various purposes, including

farm irrigation, and domestic and industrial uses. The area

experiences significant urbanization with population growth

and extensive industrial development. Urbanization and

industrialization have resulted in increased environmental

pollution from the discharge of untreated domestic and

industrial wastewater in the river network (32, 33). Various

horticultural activities are conducted year-round along the rivers

owing to the availability of irrigation water.
FIGURE 1

Sketch map of the study area showing the sampling sites in Nairobi city catchment, Kenya; (A) countries; (B) Nairobi Metropolitan Region; (C)
Area of interest; WTP, wastewater treatment plant.
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2.2 Sample collection and preparation

An exploration of the catchment was carried out to identify

fruits and vegetable farmlands bounded by Nairobi River and

Athi River in the catchment. After mapping the farmlands, a

stratification of the study area based on agricultural land location

and potential contamination sources such as domestic sewage,

urban wastewater, industrial areas and the presence of

settlements was conducted to subdivide the study area into

distinct sampling stations. The farmland segregation

considered their locations in the catchment: farmlands located

around medium to high density residential and industrial areas,

along roads, along rivers before and after wastewater treatment

plant effluent discharge point (Table 1). This led to the

subdivision of the area into ten relatively homogeneous

sampling stations, S1 to S10 (Figure 1; Table 1). A detailed

description of the sampling sites including the coordinate is

provided in the Supplementary Materials (Table S1). In each

sampling station, triplicate composites soil samples were

collected in the dry season of September (n = 3 x 10 = 30) and

during the wet season of November (n = 3 x 10 = 30) in 2021. A

total of six composite soil samples (three per season) obtained at

each sampling station from eight to ten random sampling points

arranged in a zig-zag sampling pattern were collected using a

stainless-steel soil auger from topsoil layer (0-20 cm depth).

Each sample was double packaged in a sealed and clean

polythene bag and transported to the laboratory for

preparation. The samples were air-dried for four weeks, finely

grounded and sieved to less than 1 mm and stored in plastic zip
Frontiers in Soil Science 04
lock bags awaiting laboratory analysis for heavy metals and

trace elements.
2.3 Heavy metals and trace
elements analysis

About 0.5 mg of soil were digested in perfluoroalkoxy (PFA)

vials using 2.5 ml hydrofluoric acid (HF; 40% Analytical

Reagent-AR), 2.0 ml HNO3 (70%, Trace Analytical Grade-

TAG), 1.0 ml HClO4 (70%, AR) and 2.5 ml Milli-Q water in a

48-place Tefloncoated graphite block digester (Model A3,

Analysco Ltd., UK). Elemental concentrations in digest

solutions were analyzed by inductively coupled plasma mass

spectrometry (ICP-MS, Th ermo-Fisher iCAP-Q model). The

concentrations of 28 elements, including As, Cd, Cr, Co, Cu, Fe,

Mn, Ni, Pb, V and Zn were measured by ICP-MS with ‘‘in-

sample switching’’ between three operational modes standard

mode and kinetic energy discrimination with either He or H2 as

the cell gas to reduce polyatomic interferences. Internal

standards included Sc (10 mg.l−1), Ge (10 mg.l−1), Rh (5 mg.l−1)
and Ir (2 mg.l−1) in 2% trace analytical grade (TAG) HNO3.

External multi-element calibration standards (Claritas-PPT

grade CLMS-2, Certiprep) included elements in the

concentration range of 0–100 mg.l−1. The Hg analysis was

performed using thermal decomposition amalgamation with

an atomic absorption spectrophotometry. All laboratory

analyses were performed in the School of Biosciences,

Nottingham University in the United Kingdom.
TABLE 1 Sampling sites characteristics.

Sampling
sites

Stations description Irrigation water sources

S1 Residential-industrial mixed area, Pridelands, Raw domestic sewage

S2 Athi River Town industrial area Mixture of domestic sewage and river water (Athi River)

S3 High-density residential area, Athi River town Mixture of domestic sewage and river water (Athi River)

S4 Before the EPZ wastewater treatment plant, Kinanie Mixture of domestic sewage and river water (Athi River)

S5 After the EPZ wastewater treatment plant Kinanie Mixture of domestic sewage, river water (Athi River) and WTP effluent 61,943
m3/day

S6 Muthwani-Kamulu Nairobi-Machakos borders Mixture of domestic sewage, river (Athi River) and WTP effluent flowing
from

S7 Kangundo Road, Nairobi Open drainage canal flow, mixture of domestic sewage

S8 Stream, Katani-Utawala bridge Mixture of domestic sewage and urban stream water

S9 Before the wastewater treatment plant discharge point, Ruai Mixture of domestic sewage, river water (Nairobi River)

S10 Downstream after the wastewater treatment plant discharge
point, Ruai

Mixture of domestic sewage, river water (Nairobi River) and WTP effluent
80,000 m³/day

WTP, wastewater treatment plant; EPZ, export processing zone.
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2.4 Soil pollution and ecological
risk assessments

2.4.1 Enrichment factor
The Enrichment Factor (EF) is a single element index that

allows to determine the contribution of anthropogenic activities

to heavy metal and trace element concentrations in soil. The

determination of EF is based on a low variability occurrence

metals, usually Fe, Al, Ca, Ti, Sc or Mn, which serve as reference

metals (34). In this paper, iron (Fe) was used as reference

element for EF computation as shown in Equation 1 (35).

EF =
Cn
Fe

� �
  sample

GB
FeE

� �
  Background

Equation 1

Where Cn is the concentration of the given element in the

soil sample collected, Fe is the concentration of iron in the given

sample, GB is the background concentration of the element in

the uncontaminated soils while FeE is the background

concentration of iron. The EF values between 0.5 and 1.5

indicate utterly natural sources of heavy metals whereas values

above 1.5 indicate anthropogenic enrichment. The heavy metals

and trace elements concentrations of the upper continental crust

by Wedepohl (36) were used as background values.

2.4.2 Pollution load index
The Pollution Load Index (PLI) is used to assess the overall

extent of metals and trace elements contamination in soil. The

PLI is widely used compared to other pollution indices for it

gives a simple and comparative soil quality condition related to

heavy metals and trace elements contamination using all

analyzed elements (37). The PLI is computed as the nth root of

the product of single pollution index (PI) of all the metals

analyzed (Equations 2 and 3). Soil quality is classified as

polluted when PLI exceeds 1.

PI =
Cn
GB

Equation 2

PLI =  
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PI1   x PI2     x    PI3  x   :   :   : x PIn  

n
p

Equation 3
2.4.3 Potential ecological risk (Ei
r and RI)

The ecological risk related to heavy metals and trace

elements contamination in the farmland was assessed using

Hakanson ecological risk index (RI). RI is used to evaluate the

extent of the threat related to heavy metal and trace element
Frontiers in Soil Science 05
contamination to human health, ecosystem and environmental

sustainability (38). To compute RI, each metal’s single pollution

index (PI) was multiplied by its toxicity response coefficient,

giving the single metal ecological risks, which were then summed

into a single value (Equations 4 and 5). The toxicity response

coefficient for RI defined by Hakanson (38) included As (10), Cd

(30), Cr (2), Cu (5), Hg (40), Ni (5), Pb (5) and Zn (1). The

ecological risk was estimated only for these elements.

Ei
r =  Ti

r   x   PI Equation 4

RI =    o
n

i=1
Ei
r Equation 5

Where n, Ei
r and Ti

r   represent the number of heavy metals

and trace elements, the single index of the ecological risk, and

the toxicity response coefficient. Soil quality classification based

on Ei
r   and RI values is presented in Table 2.
2.5 Quality control and assurance

All soil samples were prepared and analyzed in replicates.

The reagents used for sample digestions and laboratory tests

were analytical reagents (AR) or trace analytical grade (TAG)

reagents supplied by Fisher Scientific, UK. In each analytical run,

blanks and certified reference materials (CRMs) were included

to provide realistic limits of detection and limit of quantification

of each element. Average limit of detection (LOD) were As

(0.005 mg/kg); Cd (0.002 mg/kg); Co (0.001 mg/kg); Cr (0.047

mg/kg); Cu (0.032 mg/kg); Fe (1.040 mg/kg); Hg (0.001 ng); Mn

(0.035 mg/kg), Ni (0.048 mg/kg); Pb (0.026 mg/kg); V (0.048

mg/kg) and Zn (2.659 mg/kg). Heavy metals and trace elements

recoveries were assessed in each analytical run using certified

reference material BCR–142R – Light sandy soil (IRMM, 2007).

The average recoveries were Cd (96.64%); Ni (87.17%); Pb

(91.23%) and Zn (96.39%).
2.6 Data analysis

Heavy metals and trace elements concentrations in soil at the

different sites were screened for normal distribution using

Shapiro-Wilk test (39) and variance homogeneity was tested

using Bartlett’s test (40). Log or Box-Cox data transformations

were applied where necessary to achieve normality and variance
TABLE 2 Hakanson potential ecological risk levels (Ei
r and RI).

Risk level Low Medium Strong Very strong Extremely strong

Ei
r 40 < Ei

r 40 ≤ Ei
r< 80 80 ≤ Ei

r < 160 160 ≤ Ei  
r <320 Ei

r  > 320

RI Ri < 150 150 ≤ RI < 300 300 ≤ RI < 600 RI ≥ 600 –
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homogeneity conditions. One-way ANOVA was used to

determine significant differences between heavy metals and

trace elements in the sampling sites (S1-S10) while Tukey’s

post hoc test was used to separate the means at 5%

significance level threshold. The spatial distribution of heavy

metals and trace elements in the catchment was explored using

geostatistical modelling and ordinal kriging in ArcMap 10.8.2.

Ordinal kriging is one of the most employed interpolation

techniques in environmental modelling (41). It allows

estimating a value of a specific parameter at an unsampled

location based on the application of a geospatial algorithm on

the results of sampled locations. For each element, the ordinal

kriging was fitted based on variogram analysis. The most

accurate model was selected by comparing the shape of the

curve of the experimental variogram to the curve of the

mathematical functions (42). Pearson correlation matrix was

used to assess the correlation between the elements (43).

Additionally, principal component analysis (PCA) followed by

hierarchical clustering on principal component analysis (HCPC)

was performed to establish the relationship between the heavy

metals and trace elements and their potential sources (44). All

the statistical analyses were performed in R statistical software

version 4.1.2 (45). ANOVA was implemented with the car

package, and Pearson correlation was run using the packages

Hmisc (46), PerformanceAnalytics (47), ggstatsplot (48) and

corrplot (49). PCA and HCPC were performed with the

packages ade4 (50), FactomineR (51), and Factoextra (52).
3 Results

3.1 Concentration of heavy metals and
trace elements in agricultural soils in
Nairobi city catchment

The average (mean ± standard deviation) and the range of

heavy metals and trace elements concentration in soil observed

in the different sites are presented in Table 3. The concentrations

of all the heavy metals and trace elements except Pb exhibited

significantly higher variation across the sites (p < 0.01).

Arsenic (As) concentrations ranged between 1.6 and 5.3 mg/kg.

The sites S1, S7, S8, S9 and S10 recorded the highest As

concentrations at 4.8, 4.6, 4.7, 4.5, and 5.3 mg/kg, respectively.

Although only 1.7% of the samples (at S10) showed above the

permissible concentration of As for agricultural soil, 43.3% of the

samples showed concentrations very close to the threshold value of

5 mg/kg (53). The average concentration of As in the soil per site

appeared in the descending order S8 > S1 > S9 > S7 > S10 > S5 > S3

> S6 > S2 > S4.

Cadmium (Cd) concentration in soil varied between 0.1 and

0.4 mg/kg, and the sites S1, S5, S7, S9 and S10 recorded the

highest Cd concentrations (0.4 mg/kg). Above permissible
Frontiers in Soil Science 06
threshold concentration of Cd for agricultural soil of 0.3 mg/

kg (53) was observed for 13.3% of the samples, which originated

from the sites S1, S5, S7, and S10. Additionally, 55% of the

samples recorded a concentration close to the threshold

concentration (0.2 ≤ Cd< 0.3).

Cobalt (Co) concentration in the soil ranged from 5.3 to 17.7

mg/kg, with the sites S2, S5, and S8 recording the highest

concentrations of 11.8, 13.5, and 17.7 mg/kg, respectively. Soil

concentrations of Co for the different sites were within the

recommended range (≤ 20 mg/kg) for agricultural use (53, 58).

Chromium (Cr) concentrations in the soil varied between

6.5 and 29.9 mg/kg and were below the threshold concentration

for agricultural soil of 100 mg/kg (57). The highest Cr

concentrations in soil were recorded at S2, S5 and S10 with

29.9, 26.8, and 19.5 mg/kg, respectively. The sites ranked

according to Cr content in soil were in the descending order,

S2 > S5 > S10 > S3 > S1 > S8 > S7 > S6 > S4 > S9.

Copper (Cu) concentration in soil ranged from 6.5 to 23.1mg/

kg and the highest concentrations were recorded at S2 (19.4 mg/

kg), S5 (23.1 mg/kg), and S10 (16.7 mg/kg). The Cu contents in

soils were lower than the permissible limit of 100 mg/kg for

agricultural soil (55, 57). The Cu concentrations ranking in the

sampling sites were in the decreasing order S5 > S2 > S10 > S7 > S3

> S4 > S1 > S8 > S6 > S9.

Iron (Fe) concentrations in soil varied between 17, 844 and

38, 250 mg/kg, which were within the permissible range of

50, 000 mg/kg Fe for agricultural soil. The highest Fe contents in

soil were recorded at S1 (35, 679 mg/kg), S9 (36, 093 mg/kg) and

S10 (38, 250 mg/kg).

The mercury (Hg) concentrations in soil ranged from 6.8 to

82.7 μg/kg, with the highest concentrations in soil recorded at S1

(38.5 μg/kg), S9 (36.4 μg/kg) and S10 (82.7 μg/kg). The Hg

concentrations in all the sites were within the permissible limit of

500 μg/kg for agricultural soil (53). The concentration of Hg in soil

in the sites appeared in the order S10 > S1 > S9 > S7 > S8 > S3 > S2 >

S6 > S4 > S5.

Manganese (Mn) content in soil ranged between 1, 262 and

7, 693 mg/kg, with the sites S8 and S7 recording the highest

concentrations. Mn contents above the permissible range of

2000mg/kg for agricultural soil (55) were recorded in the sites

S1, S2, S3, S5, S6, S7, S8, S9 and S10 with 80% of the samples.

Considering the concentration of Mn in soil, the sites were in the

order S8 > S7 > S1 > S9 > S5 > S10 > S3 > S6 > S2 > S4.

Nickel (Ni) concentrations in the soil varied between 6.4 and

21.1 mg/kg. In all the sites, Ni concentrations were within the

permissible range of 35 mg/kg for agricultural soil (56). The sites

S1, S2, S5, S8, and S10 recorded the highest concentrations of Ni,

between 14.0 and 21.1 mg/kg.

Lead (Pb) concentrations in the soil ranged between 5.8 and

62.6 mg/kg, with the highest concentration recorded at the sites

S5 (62.6 mg/kg) and S10 (51.9 mg/kg). Pb concentrations were

within the permissible limit of 60 mg/kg for agricultural soil (53)
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TABLE 3 Heavy metals and trace elements concentrations in soil in Nairobi city catchment.

Mn
(ppm)

Ni
(ppm)

Pb (ppm) V (ppm) Zn (ppm)

2815 ± 296c 12.3 ± 0.3abc 22.4 ± 5.0a 20.4 ± 0.8cd 148 ± 16.3a

2342.9-3094 12.0-12.7 17.8-30.6 19.5-21.3 129.2-176.8

2016 ± 511cd 15.7 ± 3.6a 16.7 ± 1.8a 32.3 ± 4.7a 102 ± 11.2ab

1262-2587 11.4-21.1 14.7-19.2 26.6-40.0 88.2-122.3

2176 ± 428cd 11.8 ± 2.3abc 14.5 ± 2.3a 21 ± 0.5cd 98.0 ± 22.4ab

1685-2846 8.8-15.8 12.2-18.3 20.4-21.9 66.9-131.3

1559 ± 274d 10.7 ± 3.1bc 9.6 ± 2.4a 20.5 ± 4.1cd 72.4 ± 18.4b

1305-2034 6.4-14.4 5.8-13.4 15.4-27.4 41.3-93.1

2445 ± 439cd 12.2 ± 3abc 21.5 ± 20.2a 24.6 ± 5.6abcd 112.0 ± 69.3ab

2027-3109 9.3-17.7 11.2-62.6 17.3-33.3 70.3-249.4

2146 ± 362cd 11.3 ±
2.58bc

15.2 ± 3.3a 20.2 ± 4.7cd 104.0 ± 16.7ab

1544-2533 8.2-13.9 10.9-20.8 15.7-27.2 85.3-129.6

3988 ± 1371b 8.3 ± 0.8c 23.5 ± 5.5a 17.2 ± 2.5d 132.0 ± 11.4a

2555-6147 6.9-9.3 16.9-32.3 13.0-19.3 116.8-149.5

6933 ± 740a 14.0 ± 1.7ab 24 ± 2.1a 21.6 ± 2.5bcd 101.0 ± 8.6ab

5758-7693 12.1-16.2 21.8-26.9 18.8-24.8 91.5-113.0

2559 ± 57cd 9.0 ± 0.6c 22.1 ± 8.2a 30.1 ± 3.9ab 124.0 ± 5.9ab

2493-2639 8.7-10.0 11.9-36.8 24.3-35.4 114.0-130.1

2423 ± 522cd 12.4 ± 2.0abc 22.2 ± 14.6a 28.7 ± 9.2abc 142 ± 35.5a

1978-3231 9.0-19.3 14.0-51.9 17.4-39.8 78.9-188.9

<.001*** <.001*** 0.089 ns <.001*** <.001***
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Sites As
(ppm)

Cd
(ppm)

Co
(ppm)

Cr
(ppm)

Cu
(ppm)

Fe
(ppm)

Hg
(ppb)

S1 Mean ± SD 4.4 ± 0.3a 0.3 ± 0.1b 7.0 ± 1.0cd 12.7 ± 0.9b 9.4 ± 2.9bc 30846 ± 3230abc 33.5 ± 4.4ab

Range 4.0-4.8 0.2-0.4 5.7-8.3 11.5-13.9 7.1-14.2 26880-35679 28.5-38.5

S2 Mean ± SD 3.2 ± 0.2cd 0.2 ± 0.1bcd 10.2 ± 1.3bc 20.8 ± 6.8a 13.9 ± 3.5a 28619 ± 2254abc 11.4 ± 2.5cd

Range 2.7-3.3 0.1-0.3 8.2-11.8 12.3-29.9 9.6-19.4 25469-31323 8.6-14.2

S3 Mean ± SD 3.2 ± 0.9cd 0.2 ± 0.1bcd 7.6 ± 0.8cd 13.0 ± 2.1b 10.6 ± 3.1abc 24930 ± 5141cd 11.9 ± 1.8cd

Range 2.6-4.7 0.1-0.3 6.7-8.4 10.0-16.4 7.6-15.9 18946-33383 9.9-14.0

S4 Mean ± SD 2.2 ± 0.4d 0.1 ± 0.1d 7.8 ± 1.8bcd 11.6 ± 3.5b 9.7 ± 2.8bc 20196 ± 4679d 7.0 ± 2.5d

Range 1.6 – 2.8 0.1-0.2 6.7-10.9 6.5-16.0 5.7-14.3 12641-26841 4.2-9.7

S5 Mean ± SD 3.2 ± 0.9bc 0.2 ± 0.1bc 10.9 ± 1.9b 15 ± 6.3ab 14.1 ± 5.4a 25760 ± 5403bcd 6.9 ± 0.1d

Range 2.5-4.8 0.1-0.4 8.1-13.5 10.2-26.8 8.5-23.1 19999-33205 6.8-6.9

S6 Mean ± SD 3.2 ± 0.3cd 0.2 ± 0.1bcd 7.9 ± 3.3bcd 12.3 ± 1.8b 9.1 ± 1.7bc 25863 ± 2202abcd 10.9 ± 0.7cd

Range 2.7-3.7 0.2-0.3 5.3-13.1 10.6-14.3 6.9-11.5 23440-29794 10.0-11.7

S7 Mean ± SD 4.1 ± 0.4abc 0.3 ± 0.1a 7.3 ± 1.1cd 11.7 ± 1.1b 11.0 ± 2.7abc 27851 ± 5684abcd 18.4 ± 3.6bcd

Range 3.5-4.6 0.2-0.4 5.9-8.8 10.4-13.6 8.3-15.5 17844-32798 14.5-22.4

S8 Mean ± SD 4.5 ± 0.2a 0.2 ± 0.1cd 16.1 ± 0.9a 11.7 ± 1.4b 9.1 ± 3.0bc 29333 ± 2079abc 16.9 ± 0.1bcd

Range 4.2-4.7 0.1-0.2 15.5-17.7 10.3-14.1 5.9-13.6 27164-32560 16.79-17.0

S9 Mean ± SD 4.2 ± 0.2ab 0.2 ± 0.1bc 6.3 ± 0.4d 11.5 ± 0.9b 8.7 ± 1.5c 33372 ± 1748ab 28.0 ± 7.5bc

Range 3.9-4.5 0.2-0.3 5.8-7.0 10.7-13.1 5.9-10.0 31253-36093 19.7-36.4

S10 Mean ± SD 3.9 ± 0.8abc 0.3 ± 0.1b 8.5 ± 2.5bcd 15.6 ± 2.5ab 12.3 ± 2.2ab 33658 ± 5661a 48.3 ± 30.7a

Range 3.1-5.3 0.22-0.4 6.3-13.4 11.7-19.5 10.9-16.7 22867-38250 13.9-82.7

p-value <.001*** <.001*** <.001*** <.001*** 0.015* <.001*** <.001***

Threshold values 51 0.36 201,4 1001,2,5 1001,2,3,5 500003 5001

For each column the means that do not share the same alphabetic letter are not significantly different (Tukey’s HSD test p< 0.05); SD, standard deviation.
1MEF (53); 2 Kloke et al. (54); 3Chiroma et al. (55); 4Scalenghe and Fasciani (56); 5URT (57); 6He et al. (58).
ns, non-significant; *significant at a = 0.05, ***significant at a = 0.001.
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for all the sites except S5, with 1.7% of the samples. The sites

based on Pb concentrations were in the decreasing order S5 > S8

> S7 > S1 > S10 > S9 > S2 > S6 > S3 > S4.

Vanadium (V) concentrations in soil samples ranged

between 13 and 40 mg/kg. The highest V concentration in soil

was recorded at S2 and the sites ranking in the decreasing order

were S2 > S9 > S10 > S5 S8 > S3 > S4> S1 > S6 > S7. Vanadium

concentrations in the soil from all the sites were within the limit

range of 50 mg/kg for agricultural soil (54).

Zinc (Zn) concentrations in the soil varied between 41.3 and

249.4 mg/kg. The sites S1, S5 and S10 exhibited above permissible

Zn limit (150 mg/kg) for agricultural soil (57), which represented

11.7% of the samples. Additionally, 13.3% of the samples showed

concentrations very close to the threshold value. The sites were

ranked according to Zn concentrations in soil in the decreasing

order S1 > S10 > S7 > S5 > S9 > S5 > S6 > S2 > S8 > S3 > S4.
3.2 Spatial distribution patterns of
heavy metals and trace elements
in agricultural soils in
Nairobi city catchment

The spatial distribution of the twelve elements (Figure 2)

illustrated the distinct zones of lower or higher concentrations.

Although the spatial distributions of the different heavy metals

and trace elements were not uniform across the catchment, the

patterns of their spatial distributions exhibited some similarities

and dissimilarities. Three similar distribution patterns were

observed across the catchment with slight variation between

the hotspot sites for the different heavy metals and trace

elements: (i) Co and Mn, (ii) Cu and Cr and (iii) As, Cd, Fe,

Hg, Pb and Zn. For As, the leading hotspots sites were S1, S7, S8,

S9 and S10; for Cd and Zn it was S1, S5, S7, S9 and S10; for Co

and Mn it was S8; for Cr and Cu it was S2, S5 and S10; for Fe it

was S1, S8, S9 and S10; for Pb it was S1, S5, S7, S8, S9 and S10,

while for Hg it was S1, S9 and S10. The elements Ni and V

exhibited singular spatial distribution compared to other

elements with the sites S1, S2, S5, S8 and S10 being the

hotspots for Ni and the sites S2, S9 and S10 being the hotspots

for V.
3.3 Soil contamination and pollution in
Nairobi city catchment

The Pollution Load Index (PLI) computed using the twelve

heavy metals and trace elements (equation 3) showed a

significant variation in pollution levels across the sites (p<

0.001) ranging from 0.67 to 1.35 (Figure 3). Pollution indices

were in the decreasing order S10 > S8 > S1 > S7 > S2 > S9 > S5 >

S3 > S6 > S4. The average PLI of the sites S1, S7, S8 and S10 were
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classified as polluted (PLI > 1). Besides, for the sites S2, S5 and

S9, 50%, 33.3% and 50% of the samples were classified as

contaminated, respectively.
3.4 Heavy metals and trace element
sources apportionment in agricultural
soils in Nairobi city catchment

3.4.1 Enrichment factor of heavy metals and
trace elements

The Enrichment Factor (equation 1) of the heavy metals and

trace elements in peri-urban agricultural soils are displayed in

Table 4. The EF values for Ni (0.4-1.1), Cr (0.3-0.8), and V (0.3-

0.8) were lower than 1.5, indicating that they were of lithogenic

or natural sources. The EF values exceeded 1.5 in all the sites for

the elements As (1.7-2.2), Cd (1.5-3.6), Mn (4.2-14), and Zn

(2.1-3.9), which indicated that these metal elements originated

from anthropogenic sources. The EF values for Co (0.4-1.6), Cu

(0.4-1.9), Hg (0.1-2.0) and Pb (0.6-3.4) ranged from less than 1.5

at some sites: Co (S1-S7 and S9); Cu (S1-S4 and S6-S10), Hg (S1-

S9) and Pb (S2-S6) to exceeding 1.5 at other sites: Co (S8 and

S10), Cu (S5), Hg (S10), Pb (S1 and S7-S10). This indicated that

these metals have both anthropogenic and natural or lithogenic

sources depending on the sites. For example, the EF values for

Co at the sites S8 and S10, the EF values of Cu at S5 and the one

of Hg at S10 indicate enrichment from anthropogenic activities.

The EF values for Pb were higher at S1 (0.9-1.9), S5 (0.9-3.4), S7

(1.2-2.1), S8 (1.5-1.6), S9 (0.6-2.1), and S10 (0.7-2.9) indicating

that Pb concentrations in the soil at these sites were of

anthropogenic origin.

3.4.2 Correlation between heavy metals and
trace elements

The correlation matrix between the heavy metals and trace

elements (Figure 4) showed significant relationships between the

different elements, informing about their potential sources. At

0.001 statistical significance level, strong and positive correlation

was observed between As and Pb (r = 0.83), Cd and Zn (r = 0.95),

Cr and Cu (r = 0.92), and Pb and Zn (r = 0.86). In contrast, there

was strong negative correlation between As and Ni (r = -0.85),

Cd and Co (r = -0.85), and Co and Zn (r = -0.83). At the 0.01

statistical significance level, strong and positive correlation was

observed between As and Cd (r = 0.73), As and Zn (r = 0.78), Cd

and Fe (r = 0.73), Cd and Pb (r = 0.77), and Fe and Zn (r = 0.78);

whereas strong negative correlation was observed between Cd

and Ni (r = -0.75), Co and Fe (r = -0.72), Cr and Mn (r = -0.78),

Ni and Pb (r = -0.77), and Ni and Zn (r = -0.71). At 0.05

statistical significance level, strong and positive correlation was

observed between As and Fe (r = 0.69), and Ni and V (r = 0.68)

and strong negative correlation was observed between As and V

(r = -0.67), Cu andMn (r = -0.68), Hg and Ni (r = -0.59), Mn and
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V (r = -0.65), and Pb and V (r = -0.70). The strongest

correlations (≥ 0.85) were recorded between Cd and Co, Cd

and Zn, Cr and Cu, and Pb and Zn.

3.4.3 Multivariate analysis on heavy metals and
trace elements

Principal component analysis (PCA) performed on heavy

metals and trace elements concentrations in soil revealed that

the first three principal components explained 75% of the total

variance and adequately described the interrelations between the

elements (Figure 5A). The first principal component (PC1)

represented 36% of the total variance and exhibited a high
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loading factor for As, Cd, Fe, Hg, Pb and Zn (Figure 5A). The

second principal component accounted for 22% of the total

variance with high loading scores for Cr, Cu, Ni, and V, while the

third principal component accounted for 17% and loaded the

highest score for Co and Mn (Supplementary Materials Table

S3). The results of hierarchical cluster on principal components

(HCPC) performed on PCA results differentiated the twelve

heavy metals and trace elements into three independent groups

(Figure 5B). The PCA and HCPC results indicated that soil’s Cr,

Cu, Ni and V contents originated from natural sources. In

contrast, Pb, Hg, As, Zn, Fe, Cd, Mn, and Co showed

significant inputs from anthropogenic sources.
FIGURE 2

Spatial distribution of heavy metals and trace elements in agricultural soils across Nairobi city catchment.
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FIGURE 3

Box plot showing the Pollution Load Index (PLI) in agricultural soils in Nairobi city catchment. Box plots that are not sharing the same letter(s)
are significantly different at a = 0.001.
TABLE 4 Soil heavy metals and trace elements enrichment factor (EF) in Nairobi city catchment.

HM S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

As Mean 2.2 1.7 2.0 1.7 1.9 1.9 2.3 2.4 2.0 1.9

Range 1.8-2.5 1.4-2.0 1.7-2.2 1.6-2 1.7-2.2 1.8-2 2.0-3.0 2.2-2.4 1.8-2.2 1.4-2.5

Cd Mean 2.8 2.1 2.3 1.8 2.5 2.2 3.6 1.5 2.0 2.3

Range 1.9-3.5 1.6-2.3 1.8-2.6 1.6-2.0 2.0 -3.0 2-2.7 2.7-4.4 1.5-1.7 1.7-2.2 1.9-3.1

Co Mean 0.6 1.0 0.8 1.1 1.2 0.8 0.7 1.5 0.5 0.7

Range 0.4-0.8 0.7-1.2 0.5-1.1 0.8-1.5 0.7-1.4 0.5-1.4 0.5-1.1 1.3-1.6 0.4-0.6 0.5-1.6

Cr Mean 0.4 0.6 0.5 0.5 0.5 0.4 0.4 0.4 0.3 0.4

Range 0.3-0.4 0.4-0.8 0.3-0.6 0.4-0.6 0.4-0.7 0.3-0.5 0.3-0.5 0.3-0.4 0.3-0.4 0.4-0.5

Cu Mean 0.7 1.0 1.0 1.0 1.2 0.8 1.0 0.7 0.6 0.8

Range 0.4-1.0 0.8-1.3 0.5-1.4 1.0-1.2 0.9-1.9 0.5-1.0 0.5-1.5 0.5-0.9 0.4-0.7 0.6-1.1

Hg Mean 0.6 0.2 0.3 0.2 0.2 0.2 0.4 0.3 0.5 0.9

Range 0.5-0.8 0.2-0.3 0.2-0.3 0.1-0.4 0.1-0.2 0.2-0.3 0.2-0.6 0.3-0.4 0.3-0.6 0.2-2.0

Mn Mean 5.4 4.2 5.2 4.7 5.6 4.9 8.5 14.0 4.5 4.5

Range 3.9-6.5 2.4-6.0 4.3-7.4 3.4-6.1 4.9-6.4 3.9-5.7 5.9-12.8 10.4-16.6 4.3-4.8 3.2-7.5

Ni Mean 0.7 0.9 0.8 0.9 0.8 0.7 0.5 0.8 0.5 0.7

Range 0.6-0.7 0.8-1.1 0.6-1.1 0.7-1.0 0.5-0.9 0.5-0.9 0.4-0.8 0.7-0.9 0.4-0.5 0.5-1.0

Pb Mean 1.4 1.1 1.1 0.9 1.4 1.1 1.6 1.5 1.1 1.2

Range 0.9-1.9 0.9-1.4 1.0-1.2 0.8-0.9 0.9-3.4 0.9-1.4 1.2-2.1 1.5-1.6 0.6-2.1 0.7-2.9

V Mean 0.4 0.7 0.5 0.6 0.6 0.5 0.4 0.4 0.5 0.5

Range 0.3-0.4 0.6-0.8 0.4-0.6 0.6-0.7 0.3-0.7 0.3-0.6 0.3-0.4 0.4-0.5 0.5-0.6 0.3-0.7

Zn Mean 2.9 2.1 2.3 2.1 2.5 2.4 2.9 2.0 2.2 2.5

Range 2.5-3.5 1.9-2.3 2.1-2.4 2.0-2.3 2.0-4.5 2.0-2.6 2.4-3.9 2.0-2.1 2.0-2.4 2.1-3.4
F
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3.5 Potential Ecological Risk (Ei
r and RI) in

agricultural soils in Nairobi city catchment
The soils were screened to determine the potential ecological

risk related to heavy metal and trace element contamination and

the findings are presented in Table 5. The average single metal

ecological risk Ei
r (equation 4) and the cumulative ecological risk

RI (Equation 5) showed a significant variation among the

elements and across the sites ranging from 0.7 to 96.3 and

from 63.0 to 146.20, respectively. The Ei
r for As (11-22.24) in the

soils were less than the lowest Hakanson threshold of 40,

indicating low ecological risk. The highest Ei
r for As were

recorded at S1, S5, S6, S8, S9 and S10. The Ei
r of Cd ranged

from 35.8 to 96.3 indicating low ecological risk (S4), moderate

ecological risk (S2, S3, S5, S6, S8, S9, and S10) and considerable

ecological risk (S7 and S1).

The Ei
r related to Cr (0.6-1.2), Cu (3.0-4.9), Ni (2.2-4.2), Hg

(5.0-34.5), and Pb (2.8-7.1) were less than the lowest risk

threshold of 40 and were therefore classified as low risk.

However, the Ei
rof Hg content in the soil were higher at the

site S10 (34.5), S1 (23.9) and S9 (20.0). Among all the metals and

trace elements, Cd exhibited the highest contribution to the

cumulative ecological risk (RI) with a contribution ranging from

46.1% to 65.9%.
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The contributions of the metals elements to RI were in the

following descending order Cd > As > Hg > Pb > Cu > Ni > Zn >

Cr (see Table S2 in Supplementary Materials). The overall RI

ranged from 63 to 146, which indicated that the cumulative risk

related to all the heavy metals and trace elements contamination

in the soils were classified as low ecological risk. However, the

sites S1 (145.1), S7 (146.2), S9 (120.6) and S10 (145.6) showed

the highest ecological risks that were close to the threshold

values of 150 (Table 2) while S4 exhibited the lowest

ecological risk.
4 Discussion

This paper has reported on the contamination of agricultural

soils with heavy metals and trace elements in peri-urban

farmlands in Nairobi city catchment in Kenya. The findings

contribute to a modest but increasing corpus of empirical studies

on monitoring heavy metals and trace elements contamination

in urban and peri-urban farmlands in the developing countries.

The results imply the presence of the twelve analyzed heavy

metals and trace elements (As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni,

Pb, V, and Zn) in all the farmlands across the catchment. Our
FIGURE 4

Pearson correlation matrix of heavy metals and trace elements in agricultural soils in Nairobi catchment. Non-significant correlation with a p-
value close to 0.05; ∗significant at a = 0.05; ∗∗significant at a = 0.01; ∗∗∗significant at a = 0.001; small front size correlation coefficients (r) stand
for non-significant correlations.
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findings are consistent with previous studies (24, 29, 59–61)

which emphasized the growing trend in different heavy metals

and trace elements contamination in Nairobi urban and peri-

urban areas. The spatial distribution of the elements across the

catchment were not uniform and the hotspots of the elements

mainly influenced by the characteristics of the sampling stations.

Despite these dissimilarities in the spatial distribution patterns of

the different elements across the catchment, certain homologies

were observed between (i) Co and Mn, (ii) Cu and Cr and (iii)

As, Cd, Fe, Hg, Pb and Zn, while Ni and V showed different

distribution pattern. The similarities in the patterns of spatial

distribution of the different heavy metals and trace elements can

substantially explain their sources and guide in monitoring and

remediation measures (62, 63). For all the metal elements except

Co, Cu, Cr and Mn, the farmlands along Nairobi River and its

tributaries (S8-S10) were more polluted compared to those along
Frontiers in Soil Science 12
Athi River. This is consistent with Bagnis et al. (17) and Njuguna

et al. (64) who highlighted a higher contamination risk along

Nairobi River and its tributaries which are more polluted with

domestic and industrial waste compared to Athi River.

The combination of the correlation analysis, the EF index,

PCA and HCPC confirmed the association observed in the

spatial distribution of heavy metal and trace elements. The

metal elements Cu, Cr, Ni and V in the farmlands originated

primarily from lithogenic or natural sources whereas As, Cd, Co,

Fe, Hg, Mn, Pb and Zn showed significant enrichment from

anthropogenic activities. The anthropogenic sources of heavy

metals and trace elements in peri-urban agricultural soils include

urban wastewater or urban stream irrigation, industrial effluents,

aerial emission from industries and traffic network, urban

infrastructure construction sites and effluent discharge from

wastewater treatment plants and industries (65). The presence
TABLE 5 Potential Ecological Risk (RI) of heavy metals and trace elements contamination in agricultural soils in Nairobi city catchment.

Eir S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

As 21.9 15.7 15.9 11.1 16.1 15.8 20.5 22.2 20.9 19.5

Cd 82.6 58.5 56.5 35.8 64.1 55.7 96.3 43.6 65.4 73.1

Cr 0.7 1.2 0.7 0.7 0.9 0.7 0.7 0.7 0.7 0.9

Cu 3.3 4.9 3.7 3.4 4.9 3.2 3.8 3.2 3.0 4.3

Hg 23.9 8.1 8.5 5.0 4.9 7.8 13.2 12.1 20.0 34.5

Ni 3.3 4.2 3.2 2.9 3.3 3.0 2.2 3.8 2.4 3.9

Pb 6.6 4.9 4.3 2.8 6.3 4.5 6.9 7.1 5.9 6.5

Zn 2.9 2.0 1.9 1.4 2.2 2.0 2.5 1.9 2.4 2.7

RI 145.1 99.6 94.7 63.0 102.6 92.7 146.2 94.5 120.6 145.6
f

A B

FIGURE 5

Heavy metals and trace elements association - (A) principal components analysis and (B) clustergram.
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of Cu, Cr, Ni and V in the soils could be attributable to their

parent materials’ weathering, local pedologic properties, and

atmospheric deposition via wind-blown dust (66). Direct

leaching from rocks and sediments can create significant

dissemination of heavy metals and trace elements (67). The

elements Cr, Cu, Ni, and V in soil may also occur through aerial

deposition from aerosols, continental dust, volcanic emissions,

crude coal, petroleum materials or waste and sewage sludge

incineration (68). Although our findings suggested a natural

enrichment of the elements Cr, Cu, Ni, and V, in Nairobi city

catchment peri-urban soils, their occurrence has often been

associated with wastewater irrigation, urban and industrial

waste, leather tanning, industrial effluent and emission (24,

69). The metal elements Fe and Mn were the most abundant

metals in all the farmlands across the catchment, which is

attributed to the concentration of these two elements in the

continental crust (36). Besides, Mn and Fe are abundantly

released from their oxides form, resulting in extensive

quantities of both elements in soil (70, 71). However,

anthropogenic activities can also lead to excessive amounts of

Fe and Mn in the environment (72), especially from waste and

effluent from steel production industries and mining activities

that can make their way to agricultural soil via wastewater and

urban stream irrigation (73).

The sites where farm irrigation is primarily based on sewage

(S1), urban wastewater or wastewater treatment plant effluents

(S5, S9 and S10), and urban open drainage canal water flow (S7)

exhibited the highest heavy metals and trace elements

contamination for As, Cd, Hg, Fe, Pb, V and Zn (Figure 2;

Table 3). These findings corroborate those by Arora et al. (74)

and Li et al. (75) who pointed out that industrial effluents and

wastewater and urban wastewater are significant source of heavy

metals and trace elements diffusion in African urban centers.

The higher contents of Cr and Cu in the farmlands S2, S5

and S10 could be attributed to industrial related activities (S2)

and wastewater treatment plant effluents (S5 and S10). The

concentrations of Pb and Zn in soil were higher in farmlands

along automobile roads or highways (S7). This is consistent with

Fayiga et al. (76), Huang et al. (77) and Zou et al. (6), who

highlighted that agricultural soils near heavy traffic roads are

often contaminated with Pb and Zn. Indeed, Zn and Pb are

substantially present in the fuel used in most low and middle-

income countries (78–80).

The level of Hg contamination was higher in farmland

irrigated on urban wastewater and wastewater treatment plant

affluent. The occurrence of Hg in the catchment could originate

from industrial activities and urban garbage (81). This findings

corroborate those of Yang et al. (82) in an industrial region in

China and Adeyemi and Ojekunle (83) in Ogun state in Nigeria,

who pointed out that Hg contamination in agricultural soil are

substantially associated to industrial activities. The highest

concentration of As, Co and Mn observed at S8 (along Katani
Frontiers in Soil Science 13
Utawala bridge) could be explained by the valley landform of the

area that can lead to metal elements’ accumulation during rain

runoff. The farmlands irrigated with wastewater treatment plant

effluent mixed flow (S5 and S10) recorded generally high

concentration for all the elements. The use of untreated or

partially treated wastewater and sewage for irrigation has been

proven as the main entry point of heavy metals and traces

elements to urban and peri-urban agricultural soils (84).

The classification of the level of contamination of the sites

based on the pollution load index (PLI) was slightly different

from the one based on the cumulative ecological risk (Figure 3;

Table 5). The differences observed between the two classification

is related to the fact that the PLI is based on all the metals

analyzed (12 in this paper) while the ecological risk by Hakanson

(38) is based on eight heavy metals and trace elements (As, Cd,

Cr, Cu, Hg, Ni, Pb and Zn), considered as the most toxic (19, 34).

The environmental contamination with heavy metals and

trace elements in the farmlands in this paper exhibited

significant ecological risks, representing a serious threat to

environmental sustainability and human health. The elements

As, Cd, Hg and Pb showed the highest single metal ecological

risk (Ei
r) with Cd and As holding the highest contribution to the

cumulative ecological risk (57.1% and 16.6%). The level of

ecological risk recorded for each element reflected its spatial

distribution pattern across the catchment, with the hotspot

sampling sites exhibiting the highest ecological risk. This is

consistent with Lv et al. (85) who concluded that the spatial

distribution provides an important basis for contaminated sites

remediation and ecological risk management. The single

ecological risk observed in this study were higher than those

reported in previous studies conducted in urban and peri-urban

areas in Kenya (59, 60, 86). Nonetheless, our results are

consistent with and add to those of Mungai and Wang (59)

Ndungu et al. (60), and Olando et al. (86), who pointed out the

high risk of Hg and Cd in and around Nairobi city soils. The

lowest Cd risk factor at S4 could be attributed to decantation and

lateral dismissal of particles along river flows, which can

naturally make highly polluted stream water less harmful as it

flows downstream (87). However, the river receives wastewater

treatment plant effluent at S5 and becomes more contaminated,

hence the higher Cd single ecological risk (38). This is clearly

illustrated in the variation of the pollution load index (PLI)

between the sites (Figure 3), where the values of the PLI

decreased with the flow of the river (S1-S4) and became higher

at S5.

Despite the significant level of ecological risk exhibited by

the single metals Cd, As, Hg and Pb the cumulative ecological

risk (RI), which represent the overall risk based on the eight

heavy metals and trace elements by (38), for all the sites were

classified as low ecological risk. The values of the cumulative

ecological risk concealed the extent of ecological risk exhibited

by the single metal risk index. Thus, an environmental
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compartment may be considered as having a low cumulative

ecological risk, yet one or more elements may be having elevated

ecological risk. Therefore, we argue that the cumulative

ecological risk index is not completely efficient in evaluating

the extent of ecological risk related to heavy metals and trace

elements contamination.

Heavy metals and trace elements can bioaccumulate in

edible portion of plant or livestock feeding on grasses or

scavenging animals like local pigs, which can later make their

way into the food chains (30, 88). Furthermore, farmers in

permanent contact with the soil are exposed to inhalation and

dermal contact (89). As heavy metals and trace elements

contamination even in minimal concentration can cause

serious health risks, efficient and regular monitoring as well as

regulations enforcement measures are eminent in urban and

peri-urban agro-systems in Nairobi city catchment.
5 Conclusion

This paper assessed the presence and concentrations of 12

heavy metals and trace elements - As, Cd, Co, Cr, Cu, Fe, Hg,

Mn, Ni, Pb, V and Zn in peri-urban agricultural soils in Nairobi

city catchment, Kenya. All the 12 elements were detectable in the

soil, with As, Cd, Mn, Pb and Zn exceeding their permissible

limits in agricultural soil at 1.7%, 13.3%, 80%, 1.7% and 11.7%,

respectively. Although the concentrations of some of the

elements including As (43.3%), Cd (55%) and Zn (13.3%)

were within the permissible ranges for agricultural soil at

many sites, the concentrations were close to the threshold

values and may accumulate with time and pose serious risk.

The spatial distributions of the different heavy metals and trace

elements were not uniform across the catchment; however, three

similar distribution patterns were observed. The heavy metals

and trace elements (i) Co and Mn, (ii) Cu and Cr, and (iii) As,

Cd, Fe, Hg, Pb, and Zn demonstrated similar distribution

patterns across the catchment with slight variations between

their hotspot, whereas the elements Ni and V exhibited singular

spatial distribution compared to other metals elements. The

elements As, Cd, Co, Fe, Hg, Mn, Pb and Zn showed

anthropogenic enrichment, while Cu, Cr, Ni and V appeared

to originate mainly from lithogenic and natural sources. The

ecological risk related to Cd, As, Hg and Pb are of serious

concern in all the sites. Heavy metals and trace elements’

concentrations in the farmlands were linked to urban

wastewater, sewage sludge discharge and industrial and

wastewater treatment plant effluents used for farm irrigation.

Reducing heavy metals and trace elements concentrations from

these sources to the rivers coupled with efficient management of

urban waste are important for controlling heavy metals and trace

elements contamination in urban and peri-urban areas. The

spatial distribution patterns of heavy metals and trace elements
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provide physical planning officers and policy maker in Nairobi

metropolitan region an efficient tool that can be use in efficient

land use zoning for agricultural land. Peri-urban agricultural

lands need regular monitoring of contamination to inform

farmers and policy makers on waste management implications,

ecological risks for eventual prevention or remediation

measures. Farmers need to be sensitized to the implication of

their farmland locations and irrigation water sources for food

quality and public health risk alleviation. The findings point to a

need for upscaling data at ecosystem scale for proper land use

zoning of suitable agricultural land and linking potential risks to

their point as well as the ecosystem for effective curbing of

ecological and public health risks associated with heavy metals

and trace elements contamination.
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