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Abstract: Pesticide application in agricultural and residential areas is a worldwide practice. How-
ever, human pesticide poisoning and environmental pollution through pesticide residues remain a
challenge in the developing world. The present study investigated the intensity of pesticide appli-
cation in large-scale farms in Trans-Nzoia County to screen and prioritize the pesticides for poten-
tial human health and environmental risks. A cross-sectional survey involving 348 farmers was con-
ducted in the study area, and data was analyzed using SPSS. Environmental Exposure Potential
(EEP) and Toxicity Potentials (TP) were analyzed from the Pesticide Properties Database (PPDB).
Majority (99.4%) of the farms surveyed apply various pesticide classes that include: organophos-
phates (34.78%), neonicotinoids (15.22%), carbamates (10.87%), pyrethroids (10.87%), organochlo-
rines (8.7%), triazoles (6.5%), copper-based (4.34%), avermectines (2.17%), triazines (2.17%), and
amidines (2.17%), with the use of organic manures (26.3%). Despite the high prevalence of pesticide
application, only 48.28% of farms conduct soil quality monitoring, 77.3% of whom do not have clear
records and schedules for conducting periodic soil analyses. There was a strong positive correlation
between the acreage of operation and the use of herbicides in weed management (r = 0.77; p < 0.05).
In relation to degradation in the environment, 18.42% of the pesticides applied in the study area
were persistent in soil sub-systems while 31.58% are persistent in water. Of the pesticides applied,
18.42% had high chances of bioconcentration in living tissues, 10.53% and 13.16% had the potential
of contaminating groundwater and surface water resources, respectively. The ranked-order human
toxicity potential associated with the used pesticides were teratogenicity (31.58%), neurotoxicity
(28.95%), endocrine disruption (7.9%), carcinogenicity (7.9%), and mutagenicity (2.63%). However,
10.53% of the pesticides possess multiple toxicity potentials. Some farmers (53.70%) surveyed were
not aware of the negative environmental impacts of pesticides with 59.50% having prior training on
the use and handling of pesticides. Despite the availability of Personal Protective Equipment (PPEs)
on larger farms, 31.9% of the farm workers do not adhere to their use during pesticide application.
In conclusion, there is low awareness among farmers of human health and environmental risks as-
sociated with pesticide application. The study recommends training of farm managers, farm own-
ers, and farm workers on pesticide handling and associated health and environmental effects.
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1. Introduction

Pesticides have been used for a long time [1] in many parts of the world in agricul-
tural areas to manage crop pests, and in other non-agricultural establishments for various
public health reasons, including control of disease-causing vectors and ornamental land-
scaping in residential and recreational areas [2-5]. Application of pesticide technology in
agriculture was developed to increase yields by mitigating crop damages associated with
outbreaks of pests and diseases [6-10]. Enhanced pesticide use has also been necessitated
by the increased demand for food for the rapidly growing global human population after
the mid-20th century [5]. Pesticide application is thus expected to continue rising in the
future [4,11], as the global human population is expected to reach 9.1 billion by 2050 [12],
most of which will be in the developing world. The commonly used pesticides in agricul-
tural ecosystems include insecticides, herbicides, fungicides, and growth hormones,
among others [1,6,8,11,13]. For instance, high synthetic fertilizer application is currently
embraced by farmers as it increases grain yield by 68% above the organic manure per
season [14]. Despite the high level of pesticide application in many parts of the world,
their potential human health and ecosystem impacts have been overlooked [15]. Moreo-
ver, long-term monitoring studies have showed that continued use of pesticides can ag-
gravate global warming by contributing to greenhouse gas emissions thus increasing car-
bon, nitrogen, and water footprints [16].

In Africa, the exact time when the use of pesticides begun is not well documented
with some estimates reporting that these chemicals were first introduced to the continent
between 1900 and 1920s [17]. Over time, pesticide application gained popularity among
African farmers, particularly small-holder farmers as some were issued freely or sold at
subsidized costs by governments through commodity boards and extension services [18].
The Kenyan government, just like other East African countries, supports various regional
and national policies that diversify and modernize agricultural production in the face of
evolving global climatic and economic circumstances with an aim of attaining environ-
mental sustainability. Implementation of these policy initiatives, locally, nationally, or re-
gionally has individually or cumulatively increased pesticide use in agro-ecosystems. This
has made the agricultural sector the largest consumer of pesticides, accounting for 85% of
pesticides produced globally [2]. For example, Kenya, imported 17,803 tons of pesticides
valued at USD 128 million in 2018 [19], comprising of varying quantities of fertilizers,
fungicides, insecticides, herbicides, fumigants, rodenticides, growth regulators, surfac-
tants, and defoliators, while the annual national fertilizer consumption has been increas-
ing at 1.6%, reaching 199 million tones by the end of 2019 [20]. Although misconceptions
always designate only insecticides as pesticides, fungicides, rodenticides, herbicides, and
other pest-control chemicals are also considered pesticides [21].

Regardless of the spatial disparities in pesticide application, pesticides have potential
negative health and environmental effects, if not handled properly [1,4,22-27]. For in-
stance, pesticide residues have been reported in various food sources including vegetables
and beverages [6] making the use of pesticides a global public health problem in both
developed and developing economies [28,29]. An estimated three million acute pesticide-
related poisonings are reported annually, most of which are from developing countries
[20,30]. Paradoxically, most of these pesticides are manufactured and sold in large vol-
umes in the developed countries that consume over 85% of the global pesticide production
[31]. High frequencies of pesticide poisoning in the developing world can be attributed to
lack of training, inappropriate protective equipment, and weak enforcement of legisla-
tions governing pesticide use in the developing countries [32]. Numerous audits have re-
ported inconsistencies in handling many pesticide products [11]. The EU indicated that
many farmers do not follow the handling instructions as stipulated by the manufacturers.
Farmers had limited knowledge on the health effects associated with pesticides, while
some labels equally had deficiencies that could be addressed by extension workers. How-
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ever, most of the pesticide toxicity-related investigations have been conducted in the de-
veloped countries [33] are not directly comparable to the tropical regions, due to the dis-
parities in agronomic practices, climatic, and edaphic and human factors.

The screening of pesticides for potential human health and environmental exposure
risks is key to identification of pesticides of greatest risk concerns hence helping in devel-
oping strategies for prevention of accidental poisoning, emergency planning and prepar-
edness, detection, and alert [34]. Various exposure assessment techniques have been ap-
plied in different experimental studies including personal measurements, scenario-based
assessments, and reconstructive analysis of biological measurements [35]. However, there
is no scientific consensus on the diverse screening techniques available [36]. The present
study used GUS (Groundwater Ubiquity Score) and Surface Water Mobility Index (SWMI)
in analyzing environmental exposure and toxicity potential end points in characterizing
the potential hazardous effects to humans and ecology with special focus on carcinogen-
icity, teratogenicity, endocrine disruption, mutagenicity, and neurotoxicity. This ap-
proach has been applied in other empirical studies in other parts of the world [37-39].

In Kenya, despite the strategies being put in place to curb pesticide pollution in the
environment, recent studies have still reported alarming concentrations of pesticide resi-
dues in the environment [40—46]. Moreover, KEPHIS report of 2018 showed that there
were still pesticide residues in vegetable samples collected from different parts of the
country, with 10% of the samples having residue levels exceeding EU maximum allowable
levels [47]. Nevertheless, there is paucity of data on the short-term and long-term human
health and environmental impacts of pesticide exposure in Kenya. Over time, the govern-
ment has developed strategies to mitigate environmental impacts of pesticides through
policy and ratification to international conventions. For instance, Kenya ratified to the
Stockholm Convention in May 2004 and developed a national implementation plan from
2007 and revised from 2014-2019 [48]. Despite national interventions, mismanagement of
pesticides still poses significant threats to farmers, households, wider communities, and
the environment in many parts of the world [49]. The present study was designed to iden-
tify the various types of pesticides applied by large-scale famers in the study area, inves-
tigate environmental exposure, and toxicity potentials of these pesticides to humans
among large-scale famers in Trans-Nzoia County.

2. Materials and Methods

This study was conducted in Trans-Nzoia County in Western Kenya (Figure 1). The
county lies approximately between latitudes 00°52' and 10°18' north of the equator and
longitudes 034°38' and 035°23' east of the great Meridian with a total area of 2495.6 Km?.
It has a total population of 818,757 distributed in five sub-counties: Kwanza, Endebes,
Kiminini, Cheranganyi, and Saboti, and it is producing at least 5 million bags of maize
annually from over 107,000 acres. It is divided into three major agroecological zones
namely the Upper Highland Zones, Upper Midland Zones, and the Lower Highland
Zones.

Trans-Nzoia County in Western Kenya was selected for this study because it is one
of the regions in Kenya with favorable climate supporting large scale agriculture, which
makes it the leading producer of maize in Kenya. Based on its prevailing climate and
large-scale monocultures, the region provides a novel site for screening and prioritizing
studies of agricultural pesticide application for potential human health and environmen-
tal risks. A reconnaissance was conducted to the study area and local authority’s office
(chief’s office) in each ward to obtain permission and contacts of landowners who were to
participate in the survey and plan field operations. The level of precision for the study
was 5% at a 95% confidence interval. Because the population of the farmers in the study
area was unknown, sample size was determined according to the formula proposed by
[50] as shown below.
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_ (zscore)2xpq
n= (Margin of error)2

_ (1.96)2x0.5%0.5)
B (0.05)2

n = 385 respondents

where;

n; is the number of respondents to be involved in the study,
p; is the standard deviation, assumed to be 0.5,
q; is 1-p.

A total of 385 farmers in five sub-counties were involved in the survey conducted
between December 2019 and June 2021. Farm owners and/or managers of these farms
were issued with consent forms. Farm owners/managers that consented to the survey
were issued with questionnaires and engaged in structured interviews on the intensity of
use of agrochemicals within their farms. The filled-in questionnaires were coded, and sta-
tistical data analyses were conducted using SPSS Version 20.0. The researchers also con-
ducted an in-depth examination of the types of pesticides used, handling methods and
disposal of empty containers of leftover pesticides.

Toxicity of the of the identified pesticides was analyzed based on their potential to
persist in various environmental compartments, bioaccumulation potential and their pos-
sibility of causing harm to man, other mammals, aquatic organisms, soil fauna, such as
earthworms, birds, and beneficial insects, such as bees, as indicated on the Pesticide Prop-
erties Database [31]. The main assumption that was made in this analysis was that humans
and other organisms are more likely to be negatively exposed to pesticides that are more
frequently applied without proper protective measures i.e., the use of Personal Protective
Equipment (PPE) and uncontrolled sprays. Toxicity potential (TP) of each pesticide to hu-
mans and mammals was analyzed at four ranked levels ranging from 0—4 based on their
ability to cause health problems such as endocrine disruption, neurotoxicity, teratogenic-
ity, mutagenicity, and carcinogenicity. Those pesticides for which there is no documented
data in relation to TP were ranked 0.

The Environmental Exposure Potential (EEP) of the identified pesticides was based
on their ability to contaminate ground and surface water resources through leaching and
surface run-off respectively. Groundwater contamination potential was determined from
the pesticide’s Groundwater Ubiquity Score (GUS) index [37]. This GUS index was ap-
plied in a logarithmic scale where those pesticides with GUS index below 1.8 had lower
leaching potential while those with GUS index higher than 2.8 were classified to have high
leaching potential. The potential of a pesticide to contaminate surface water resources was
determined from Surface Water Mobility Index (SWMI). This was based on the fact that
by applying the degree of mobility provided by standard pesticide properties database, it
is possible to assess the chances of exposure through surface water sources [39]. Therefore,
pesticides with SWMI tending towards 1 had higher potential to be carried by surface run-
off.
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Figure 1. Digitized map of the study area.

3. Results
3.1. Farming and Cropping Systems

Majority of the respondents involved in the survey were males constituting 54% and
while 46% of the respondents were females. The highest proportion (58.4%) of the re-
spondents were aged 31-40 years, out of whom 46.6% had attained secondary level of
education. In relation to training on the various strategies of handling pesticides, only
41.95% of the respondents had acquired training, while 58.05% had no training.

While some respondents engage in mixed farming (56.9%), some specialize in crop
farming (43.1%). Various animals reared included cattle, poultry, sheep, and goats while
the key plants were maize, sugarcane, horticultural crops, potatoes, hay, and coffee. Most
of the respondents cited interdependence between crop and animal husbandry as the ma-
jor reason behind mixed farming. Certain products from animal production units such as
organic manure are used in boosting crop productivity. The participants involved in the
study practiced farming for various durations ranging from one year to over 15 years.
Only 15.81% had engaged in farming for five years or less.

Majority of the respondents (69.25%) practice farming for commercial purposes while
only 8.27% for domestic purposes. However, 22.38% of the farmers undertake farming for
both subsistence and commercial purposes. A limited proportion of the farmers engage in
farming for reasons that could not be clearly stated. Various proportions of the produce
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are either sold or retained by the respondents for consumption. Most of the respondents
(71.41%) market more than 75% of their produce while only 27.59% market less than 75%
of the produce.

Farmers involved in the survey had different sizes of land on which they practice
farming. Only 18.39% had farm sizes of over 30 acres while 33.62% of the respondents had
farm with sizes ranging between 20-30 acres. However, certain farms like the Seven Ag-
ricultural Development Corporation (ADC) farms are in thousands of acres. Among the
farms, both local and hybrid varieties of crops with various maturity periods are culti-
vated. Most of the respondents (87.89%) cultivate hybrid varieties while only 12.11% plant
local varieties. Noted brands of maize varieties cultivated include those supplied by West-
ern Seed Company (Kitale, Kenya), Seedco (Machakos, Kenya), and Kenya Seed Company
(Eldoret, Kenya). The most dominant varieties and crop types cultivated in the region
have a maturity period ranging between 3-9 months (92.2%). These crops included maize,
horticultural crops, cereals, and potatoes. Only 3.4% and 1.9% of the famers grow crops
with a maturity period of less than three months and more than one year respectively. The
key crop types with longer maturity periods cultivated included bananas, cassava, grass,
and sugarcane.

Despite the many varieties of the crops cultivated in the region, about half of the
respondents (50.6%) plant their crops only in one season while 2.5% of them cultivate their
crop in three seasons. The most dominant crop (maize) in the area is planted only once
per year while some horticultural crops with irrigation are cultivated in two or more sea-
sons. However, certain crops with long maturity periods such as grass and sugarcane
could not easily be classified on the basis of seasonality.

There are various types of cropping systems practiced in the region, including inter-
cropping and monoculture. Some of the farmers, however, practice both intercropping
and monoculture on their farms. About 60.63% of the respondents practice monoculture
while 39.08% practice intercropping. The most dominant monoculture crop in the region
is maize. Commonly intercropped varieties include maize and beans/peas and mil-
let/beans/peas in certain cases. Monoculture is common among the respondents with very
large farms, ranging above 20 acres.

3.2. Soil Quality Monitoring and Management

There are existing strategies for managing soil quality and management of soil fertil-
ity among the farmers involved in the survey. Some of the soil fertility management prac-
tices include; fallowing, minimum tillage, intercropping, crop rotation, and use of agro-
chemicals. Conservation agriculture is also rapidly gaining momentum in the region.
Slightly over half of the farm owners and managers (51.72%) do not undertake routine
monitoring of soil quality, while 38.79% monitor soil quality. However, 8.91% of the re-
spondents do not have any knowledge on the need for monitoring of soil quality within
the farms.

Among the farmers who engage in monitoring of soil quality, 9.2% have employed
experts within the farms in charge of soil monitoring while 29.02% utilize the services of
extension officers. External soil analysis services are sourced from commercial laborato-
ries located in the nearby towns, notably Kitale and Eldoret. However, 59.77% of farm
owners do not have specific institutions where soil analysis services are procured. Various
soil quality parameters that are monitored by the farmers include nutrient type and levels,
pH, electrical conductivity, and pollutants. However, only 7.18% of the respondents had
interest in analysis of all soil quality parameters. Besides, in 77.3% of the famers, there is
no clear schedule for conducting soil analyses. Many managers and farm owners lack rec-
ords of the previous soil analysis results.

The soil quality parameters that are of value to many farmers are pH and nutrient
levels. Pollutant levels and soil microbiology are the least analyzed parameters in the re-
gion. About 0.29% of the farmers have interest in in understanding the soil pollution sta-
tus, while only 0.58% of the farmers undertake monitoring of soil microbial status.
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Traditional methods of soil fertility management that include fallowing and crop ro-
tation are also applied by the farmers in the regions. Some (66.95%) of the farmers practise
crop rotation while others (33.05%) do not. The commonly rotated crops include maize
and sugarcane in certain sub-counties, maize and beans, and grass and maize, among oth-
ers. Fallowing is not very common among the farmers in the region. Despite the value of
this practice in natural restoration of soil nutrients, only 7.18% of the farmers practice fal-
lowing while 89.08% do not. The most commonly used strategy for the management of
soil fertility is through the use of agrochemicals and organic fertilizers. All the farmers
involved in the survey apply various types of agrochemicals in their farms that include
inorganic fertilizers and pesticides.

3.3. Intensity and Frequency of Pesticide Application

Majority of the farmers involved in the survey (99.4%) apply various pesticides at
various stages of production that include insecticides, fungicides, herbicides, acaricides,
preservatives, and growth hormones. In all the farms surveyed, inorganic fertilizers are
applied at various stages of crop production. However, the use of organic manures is not
a common practice among the large-scale farmers with only 26.3% of the farmers report-
ing that they use organic manures. The proportions of the respondents utilizing the vari-
ous pesticides are as shown in Table 1.

Table 1. Types of pesticides used by farmers.

Pesticides % Applying % Not Applying Total
Inorganic fertilizers 100.00 0.00 100.00
Fungicides 46.35 53.65 100.00
Insecticides 82.18 17.82 100.00
Growth hormones 43.10 56.90 100.00
Acaricides 48.56 51.44 100.00
Preservatives 100.00 0.00 100.00
Herbicides 79.48 20.52 100.00

The timing and frequency of pesticide applications during the growing seasons vary
from one farm to another as shown in Figure 2. Majority of the farms (56.0%) apply the
pesticides twice between planting and harvesting.

56
8
o
S
e 38.8
o)
Q.
(72]
9]
—
Yy
S)
o
R
-g 3.7 1.4
&
& Once Twice Thrice More than
thrice

Frequency of pesticide application

Figure 2. The frequency of pesticide application during growing season.
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3.4. Types of Pesticides Applied in Large-Scale Farms

There are various pesticides applied by the farmers as illustrated in Table 2. All the
respondents utilize inorganic fertilizers for various purposes including planting and top-
dressing. Phosphatic, NPK, nitrogenous, and urea fertilizers from different manufacturers
are applied in various quantities based on the farmers’ financial ability to purchase the
products and the perceived effect of the input on the output. There is no common standard
on the amount and the number of times the fertilizers are applied on the farms.

Table 2. Proportions of the commonly used pesticides by large-scale famers.

Fungicides % Proportions Insecticides % Proportion Herbicides % Proportion  Acaricides % Proportion
thiomethoxam  2.12
c'opper oxychlo- 13.49
ride
azoxystrobin 517 imidacloprid ~ 23.58
difenoconazole 5.17 A-cyhalothrin ~ 4.07
carbendazim 32.94 diazinon 20.40
B-cyfluthrin 1.44 a-cypermethrin 5.46
chlorpyrifos 1.44 chlorpyrifos 10.60
fludioxonil 2.33 mefenoxam 5.75 S-Metachlor 28.17
mancozeb 2.23 profenophos  5.75 mesotrione 13.88
epoxiconazole  17.62 p-cyfluthrin 2.65 terbuthylazine 1.72
tebuconazole 0.58 B-cyahalothrin 10.86 acetochlor 19.11
trifloxystrobin ~ 0.58 lufemuron 0.29 Atrazine 1.43
propoxur 1.15 actamiprid 0.29 bipyridylium 2.14
imidacloprid 0.10 carbosulfan 2.01 larr}bda—cyhalo— 3.43
thrin
cypermethrin ~ 4.13 abamectin 7.14 Glyphosate 25.52
triazophos 413 carbaryl 4.02 Bentazon 2.30 Cypermethrin 21.84
«cyhalothrin 4.13 acephate 1.44 Glycine 1.15 Chlorpyrifos  21.84
acetamiprid 1.15 heptachlor 1.15 21t1}11;11‘1mur0n 1.15 Amitraz 56.32

In relation to the use of herbicides, there is a positive correlation between the acreage
of operation and the use of herbicides in weed management (r = 0.77, n = 348, p < 0.05).
Large-scale famers with over 30 hectares mainly apply herbicides for weed management.
The most commonly applied pesticides include; carbendazim (32.94%), imidacloprid
(23.58%), diazinon (20.40%). S-metachlor (28.17%), mesotrione (28.17%), and copper-ox-
ychloride (13.49%), shown in Table 2.

The choice of the preferred pesticides applied in the farm depends on a number of
factors as shown in Figure 3. These factors include: cost, ease of usage, effectiveness, avail-
ability, and quantity of the specific brand (Figure 3). However, the effectiveness (31.5%)
of the pesticide is the most common factor that influences its choice for application, while
cost (5.7%) is the least determining factor.
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Figure 3. Proportions of pesticide classes applied by large-scale farm.

The choice of the preferred pesticides applied in the farm depends on number of fac-
tors as shown in Figure 4. These factors include cost, ease of usage, effectiveness, availa-
bility, and quantity of the specific brand (Figure 4). However, the effectiveness of the pes-
ticide is the most common factor influencing the effectiveness of the pesticide to be ap-
plied (31.5%) while cost is the least determining factor (5.7%).
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Figure 4. Factors influencing the choice of preferred pesticides.

3.5. Environmental Exposure Potential of Pesticide Application

Analysis of environmental exposure potential of the various pesticides identified are
as summarized in Table 3. Pesticides applied by famers in the study area had different
levels of persistence in soil and aquatic ecosystems. While 18.42% were not persistent in
soil systems, 31.58% were potentially persistent in aquatic ecosystems. Due to ubiquity
and mobility, 10.53% and 13.16% of the pesticides were highly transferable to ground and
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surface water resources, respectively. However, 18.42% of the used pesticides had higher
potentials for bioconcentration in the living tissues. These included acetamiprid, hepta-
chlor, amitraz, chlorimuron ethyl, azoxystrobin, and copper oxychloride.

Table 3. Environmental Exposure Potentials of the commonly used pesticides (Key: 0-No data; 1-
No effect; 2-Less; 3-Moderate; 4-High; symbol * means property of interest; Source: Lewis et al.

2016).
. Bioaccu-
. . ... Volatil- . . .
Persistence in Solubllltyity Ease of Transfer Potentially Toxic to mulation
Pesticides Ease
Soil Water GUS In- SWMI Birds Mam-  Aquatic in- Bees Earth-
dex Score mals vertebrates worms
thiomethoxam 1 3 4 1 4 4* 4% 4% 4% 4* 1 2
copperoxychlo- 2 0 0 3 3 3 3 3 4+
ride
azoxystrobin 3 3 2 1 3 3 3 2 3 3 3 3%
difenoconazole 3 3 2 3 2 3 3 3 3 3 3 3
carbendazim 3 4% 3 4* 4* 3 1 2 3 3 4% 1
p-cyfluthrin 1 4 2 3 2 1 4 4 4* 4* 3 2
chlorpyrifos 3% 1 2 3 2 2 4* 4% 4% 4* 3 2
fludioxonil 4* 3 2 2 2 1 3 2 3 2 3 2
mancozeb 1 3 2 3 2 3 3 2 4% 2 3 2
epoxiconazole 3 3 2 3 3 3 3 4* 4% 4% 4% 1
tebuconazole 3 4% 2 2 3 3 3 4 3 3 3 2
trifloxystrobin 1 1 2 2 2 2 4 2 4% 3 2 2
Propoxur 4* 2 4* 4* 4* 4* 4* 4% 4* 4% 4% 2
Triazophos 3 4% 2 2 2 3 4 4 4 3 3 2
acetamiprid 1 4% 4% 4* 1 4* 4* 3% 3% 0 4* 4*
imidacloprid 4% 4% 4% 1 4* 3 4* 4* 3 4% 3 2
A-cyhalothrin 1 1 2 4 2 1 3 4 4* 4* 3 2
diazinon 1 4* 3 4* 2 3 4% 3 4* 3 3 2
a-cypermethrin 1 4% 3 3 1 4* 1 4% 4* 4* 3 2
profenophos 1 4* 2 2 2 3 4* 3 3 4* 4* 2
s-metachlor 3 3 3 2 3 3 2 2 3 3 3 2
lufemuron 1 3 1 2 2 2 3 2 3 2 3 4*
carbosulfan 1 1 2 1 2 3 3 3 4* 4* 4* 2
carbaryl 1 1 2 4% 3 3 3 4* 2 4% 4% 2
acephate 1 1 4 4 2 3 2 3 2 2 2 2
heptachlor 4% 1 2 4% 2 1 3 4% 4% 4* 3 3%
mesotrione 2 3 4 2 2 3 2 4* 2 2 3 2
terbuthylazine 3 4 2 2 2 3 3 3 3 3 3 2
acetochlor 1 4 3 3 3 3 3 4% 3 3 3 2
atrazine 3 3 2 3 3 3 2 3 3 3 3 1
glyphosate 1 2 3 3 1 3 3 3 3 3 3 2
bentazon 2 3 4% 4% 3 4% 3 3 3 3 3 2
chlorimuron 5= 3 1 3 3 1 2 1 31 4+
ethyl
amitraz 4% 1 1 2 2 2 3 3 3 3 3 3%
cypermethrin 3 3 2 3 1 2 2 3 4* 4% 3 2
malathion 4* 4* 3 3 2 3 3 3 4* 4* 1 2

In relation to impact on non-target animals, the pesticides applied have varying de-
grees of toxicity to mammals, birds, aquatic invertebrates, and the soil-dwelling earth-
worms, as illustrated in Figure 5. Most of the pesticides (39.47%) are highly toxic to aquatic
invertebrates, while 18.84% are highly toxic to earthworms.
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Figure 5. Proportions of pesticides highly toxic to non-target organisms.

3.6. Human Toxicity Potentials of the Pesticides Applied in the Study Area

Analysis of the toxicity potentials from the pesticide properties database showed that
all the pesticides applied in the study area are potentially harmful to human health if not
properly used. The proportions of the pesticides classified under different toxicity poten-
tials include endocrine disruption, neurotoxicity, teratogenicity, mutagenicity, and car-
cinogenicity as summarized in Table 4. Some pesticides (10.53%) had the potential for
more than one human toxicity problem.

Table 4. Human toxicity potentials of pesticides applied in the study area.

% Proportion

E 1
of Pesticides xamples

Toxicity Potential Class

Multiple toxicity poten- mancozeb, acephate, heptachlor, epoxicona-

10.53

tial zole

Endocrine disruption 7.90 mancozeb, carbaryl, acephate
Carcinogenicity 7.90 carbaryl, heptachlor, epoxiconazole
Mutagenicity 2.63 Acetachlor

cabendazim, alpha-cypermethrin, chlorpyri-

fos, carbaryl, heptachlor, acetochlor, imida-

chloprid, epoxiconazole, tebuconazole, in-

fluxystrobin, mancozeb, S-metachlor

acephate, chlorpyrifos, diazinon, beta cyfluth-

Neurotoxicity 28.95 rin, amitraz, hepachlor, meta-cyhlothrin, mala-
thion, profeofos, triazophos, mesotrione

Teratogenicity 31.58

3.7. Handling and Awareness of Potential Environmental Impacts of Pesticides

Despite the continued use of pesticides by farmers in the region, 53.7% of the re-
spondents are not aware of the negative environmental impacts of continued use of these
inputs. All the larger farms surveyed have invested in personal protective equipment
(PPEs) that are used by the farm workers during the application of agrochemicals. These
Personal Protective Equipment (PPEs) include those that protect the workers from harm-
ful fumes, gases, and corrosive solutions, among others. However, only 68.1% of the re-
spondents regularly use the PPEs while doing major operations.
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A small percentage of the respondents (59.5%) have prior training on the application
and handling of pesticides while 0.3% were not aware of the existence of such training
opportunities. Many farm workers involved in the actual pesticide application in the
farms have limited information on the chemical composition and active ingredients of the
products. This is further illustrated in the disposal methods of the packages or containers
in which these products are purchased. Various disposal options are applied by the farm
workers, including destruction/puncturing, return to suppliers, and re-use for other pur-
poses. The proportions of the respondents applying the various disposal methods are as
illustrated in Figure 6.
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Figure 6. The disposal options of pesticide packages and containers.

Majority of farms surveyed (69.8%) prefer destruction and puncturing as the best
method for disposing of used agrochemical containers. This involves destroying the pes-
ticide container and dumping them at a specific site. Punctured containers are less attrac-
tive and hence not preferred for reuse. However, in 18.1% of the farms, selected containers
are reused for other purposes while 12.1% of the farms return them to the suppliers. In
most of the surveyed farms, large piles of previously used pesticide containers could be
seen in specific locations within the farm stores. Most of these packages and containers
are those that are perceived to be less dangerous to human and animal health.

4. Discussion

Agriculture is one of the sources of livelihood in Kenya, employing many rural com-
munities [29,51]. In Kenya, Trans-Nzoia County has been known for its high agricultural
potential spanning from the colonial period due to its favorable prevailing climatic con-
ditions and edaphic characteristics that support large-scale production of different animal
and crop varieties that include dairy, cereal, and other cash crop production [52]. Most of
the farms were formerly owned by the white colonists before independence, hence the
reason why most of the farms surveyed had higher acreages under commercial produc-
tion. Even previously smaller farms have been expanded over the years due to the in-
creased demand for food supplies. This is in line with global trajectory of rapid expansion
of agricultural systems through conversion of natural or native vegetation to cultivated
agricultural landscapes over the past few centuries [53] and that currently, over one third
of the world’s land is under agriculture [54]. Most of the large farms surveyed are pri-
vately owned, apart from a few that are owned by the government through the Agricul-
tural Development Corporation (ADC). Due to the existence of limited data on soil prop-
erties in areas of low intensity farming [55], large-scale farming catchments provide novel
sites for studying pesticide application and associated health and environmental impacts.

Continuous cultivation in large-scale farming catchments, most of the structurally
fragile agricultural soils have been depleted of essential nutrients [55], polluted [51,56],
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and exposed to harsh weather conditions leaving little or no time for natural restoration
of soil quality. Sustaining crop yields among farms have involved the combination of tra-
ditional methods and use of pesticides. However, traditional soil fertility management
practices, such as crop rotation, mixed farming, fallowing, and intercropping, are per-
ceived by farmers to have not significantly impacted the restoration of soil fertility. Crop
rotation, despite its low prevalence in the study area, is one of the key practices in organic
farming. Organic farming has been advocated for due to its potential to maintain soil fer-
tility and structure by enhancing soil ecosystem services, carbon sequestration, organic
matter content, and controlling some pests, weeds, and diseases. For example, in Thai-
land, a comparative study on the impacts conventional (CF) and organic (OF) rice farming
on soil organic carbon showed that even though climate change will negatively impact on
soil organic carbon (SOC), organic farming will have minimum negative effects compared
to conventional rice farming [57]. From the 20th century, the rotation of cereals and leg-
umes has been understood to boost soil nitrogen and organic matter content [58]. Higher
soil organic carbon levels were reported [59] in seven years of treatments compared to
where rotation had been done for two years. However, with increased global industriali-
zation that increased industrial sources of nitrogen and development of pesticide technol-
ogy for controlling pests, crop rotation has become less popular among farmers [60]. Even
in temperate regions, crop rotation has been declining since the 1950s as monocultures
and short rotations started being practiced [61]. Fallowing is perceived as economically
unproductive with only 10.92% of the farms embracing it. This is despite the fact that fal-
lowing, if well practiced, facilitates stabilization of crop production through natural par-
tial compensation of nutrients [62] by restoring soil organic matter content [55] and allow-
ing decomposition of both above and below-ground plant biomass [58], hence restoring
soil fertility in the next season. Decreasing farm sizes due to rising human population and
competing land uses in the study area have raised the demand for agricultural land, mak-
ing fallowing less economically feasible.

Majority (99.4%) of the farmers surveyed routinely apply pesticides to manage
emerging crop pests, thus boosting productivity (Table 1). At the global scale, there is an
estimated 70,000 pest species comprising mites and insects, plant pathogens, and weeds
that account for 14%, 13%, and 13%, respectively, of crop damage [63]. Most of the large-
scale farmers have embraced the use of chemical pesticides for controlling pests such as
rodents, insects, fungi, and weeds, hence helping to enhance crop performance, thus
boosting productivity. Due to enhanced crop performance resulting from pesticide use,
many farm owners pay little attention to monitoring soil quality with only 38.79% moni-
toring soil physicochemical status, while 8.91% of the respondents do not have any
knowledge on the need for routine monitoring of soil quality. Soil quality, an integration
of the physical, chemical, and biological properties [64] in the study area is not docu-
mented despite the various land management systems practiced by the farms surveyed.
This knowledge gap inevitably means that the edaphic and biotic concentration levels of
persistent pesticides residues and their impacts on soil physicochemical conditions in the
study area remains poorly understood. However, soil quality monitoring is an important
exercise that helps in mitigating negative environmental and health impacts of agricul-
tural contaminants due to absorption by cultivated crops [65]. Human exposure to pesti-
cides and heavy metals through consumption of edible plants grown in contaminated
soils has been a global concern due to potential to cause toxicity and disease in humans
and animals. Maize grain harvested from soils contaminated with heavy metal has been
found not fit for human consumption due to high degree of exposure to heavy metal con-
tamination [66].

Among the conventional soil quality parameters, nutrient levels are the main param-
eter of interest tested by famers. This is despite the fact that nutrient levels are not the only
indicator of soil ecosystem health and fertility. All biological and physical characteristics
of the soil are important in soil fertility assessments. Pesticide overload in soils may influ-
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ence other soil chemical characteristics like pH that directly affect the mobility and ad-
sorption of other pollutants such as heavy metals. Soil acidification has been reported to
increase mobility of Cd, Zn, and Pb in the order of Cd > Zn > Pb [67]. It is reported that
apart from Copper, the combined effect of pH and organic matter strongly influenced
availability of heavy metals, and that Cadmium uptake in maize plant issues depended
on soil pH and organic matter. Application of inorganic fertilizers is not regulated in many
of the farms surveyed with the frequency only being determined by the nature of the crop
and financial ability of the famers to purchase the input. Many farmers believe that crop
yields are directly proportional to the amount of fertilizer applied. Organic manures, de-
spite the high nutrient levels and limited environmental harm, are not commonly used by
the farmers. Only 26.3% of the farms surveyed embrace the use of these manures. Appli-
cation of animal waste as manure reduces environmental contamination from precursor
wastes, minimize waste treatment costs, and boosts agricultural productivity. Organic fer-
tilizers also have high organic matter content that provides energy for active and healthy
soil microbial environment [68] that stabilize nutrients and makes them available. Many
previous studies have proved that microbial activities within the soil improve soil nutrient
levels. When integrated in soil sub-system, they are important in determining nutrient
cycling, thus biogeochemical cycles. RDA analysis by [69] also reported that soil bacterial
community diversity in fish-rice faming integration was positively correlated with some
important soil properties. Some bacterial communities also facilitate degradation of pes-
ticides hence promoting soil ecosystem health. For example, the Bacillus species and the
Staphylococcus species isolated from pineapple and sugarcane cultivated soils in Kenya
were reported to enhance degradation of hexazinone [70]. However, the collection,
transport and application of manure is viewed as being labor-intensive and time-consum-
ing by some farmers in the study area. Besides, it is perceived that manure is crop-selective
and does not have immediate impact on the soil quality due to low or slow rates of de-
composition.

Despite the positive impact of inorganic fertilizers on crop yields, overuse of these
inputs can cause environmental pollution [71]. For example, excessive application of fer-
tilizers to waterlogged soils potentially leads to their infiltration to groundwater while
some fertilizer residues are carried by storm waters to aquatic ecosystems, thus creating
surface water pollution. Nitrate (NOs") from the application of nitrogenous fertilizers has
high leaching potentials to groundwater making agriculturally-induced nitrate loading to
groundwater sources a global problem [72]. In China, for example, over-application of
chemical fertilizers to increase crop yields resulted in elevated NOs~ levels. Over 50% of
groundwater samples collected and analyzed from agricultural fields, even in areas with
deeper groundwater, showed high concentrations of up to 300 mg L' of nitrates [73]. In-
filtration and surface water transfer of fertilizer residues can be very rapid in the study
area based on the high rainfall amounts (1000 mm to 1700 mm) received in the region and
topography that facilitates overland run-off.

Many factors influence the choice of pesticides brand used by the farmers including
availability, ease of use, cost, and effectiveness of the pesticide (Figure 4). However, effec-
tiveness in controlling the target pests in large-scale farms remains the key factor deter-
mining the choice of the pesticide brand applied in the agroecosystems. This explains the
high frequencies of the use of the organophosphates, pyrethroids, and neonicotinoid pes-
ticides (Figure 3). Organophosphate pesticides, which are usually esters of ortho-trio and
pyrophosphoric acids, have been adopted in pest management due to their high effective-
ness as contact pesticides and perceived low persistence in the environment. Although
organophosphate and carbamate pesticides are considered less persistent in the environ-
ment compared to organochlorines, most of them are partially harmful to humans if not
well handled. Pyrethroids, despite having low human health impacts, pose more danger
to surface and groundwater pollution, and are toxic to insects which have other important
ecological roles to play in ecosystems. Trans-Nzoia County being found in a tropical re-
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gion with a high diversity of insects that act as pollinators and dispersers within the agri-
cultural ecosystems. With pyrethroid-based pesticides being used (10.87%), 36% of which
are potentially toxic to honey bees (Figure 5; Table 3), the population of these important
pollinators may be affected by improper application of the pesticides. In some cases, long-
term exposure of honey bees to pesticides may initiate genetic changes and co-evolution
among plant pollinator species. For example, it is revealed that pyrethroid insecticides are
commonly used in controlling mosquito vectors that cause malaria disease [74]. However,
intensive use of the pesticide reduces its effectiveness in controlling the vector due to de-
velopment of resistance. It is recently reported that imidacloprid, chlorpyrifos, and esfen-
valerate in nectar, deltamethrin in nectar and pollen pose potential acute risk to honey
bees [75].

There is high probability of deposition of pesticide residues in the environmental
compartments including surface and ground water due to lack of clear guidelines regard-
ing their application. About 13.16% and 10.53% of the pesticides used are having higher
potentials of being transported to surface water and groundwater, respectively (Table 3).
Therefore, surface and groundwater resources in the study area are more susceptible to
pollution. Five (5) pesticides applied in the study area have high GUS hence high ease of
groundwater contamination including thiomethoxam, carbendazim, propoxur, imidaclo-
prid and bentazon. However, five pesticides, including Thiomethoxam, Triazophos, Pro-
puxur, alpha cypermethrin, and Bentazon, have high SWMI, thus high chances of pollu-
tion of surface water resources. From the survey, nine pesticides are also not easily de-
graded in water medium, implying they may have long-term effects in aquatic ecosys-
tems. This poses a higher risk to aquatic invertebrates as 39.7% are also highly toxic to
aquatic invertebrates. The soil-water transfer of such pesticide residues can be enhanced
by the prevailing climatic patterns in the study area. For example, high annual rainfall
ranging between 1000 mm to 1700 mm received in the Western parts of Endebess, Saboti
and Kiminini Sub Counties and Northwestern parts of Cherang’any Sub County can pro-
mote leaching of pesticide residues to groundwater and transport to surface waters by
surface run-off. In India, it was reported that river Deomoni of the Terai region is polluted
with organochlorine and organophosphate pesticides from runoffs that affect aquatic en-
vironment, hence potential negative effects on aquatic organisms and humans [76].

High persistence potentials of pesticides residues and their degradation products in
soil sub-systems implies long-term ecological effects in agricultural lands. Six pesticides
used by farmers in the study area have high edaphic persistence rate. Cool temperature
with mean maximum temperatures ranging between 23.4-28.4 °C and mean minimum
temperatures ranging between 11.0-13.5 °C recorded in February and January respec-
tively may facilitate adsorption of some of the pesticide residues. Many previous studies
have reported the existence of residues in the environment many years after their appli-
cation have been banned [77,78]. For example, a study by [78] did not detect heptachlor at
the selected sites of River Nyando watershed but its degradation product, heptachlor
epoxide, was detected at the same sites. Accumulation of pesticides and their degradation
products in agricultural soils may affect soil-dwelling fauna, most of which play im-
portant roles in controlling soil physicochemical qualities. About 18.84% of pesticides
used in the study area are highly toxic to earthworms, which are important ecosystem
engineers. 18.42% of the pesticides applied by farmers in the study area have high poten-
tial of bioconcentration, most of which tend to be hydrophobic thus persisting in the ani-
mal tissues, hampering normal functioning of biological systems [79]. Metachlor and ac-
etachlor, for example, have been banned in some countries due to their perceived persis-
tence in biological systems. These pesticides are, however, still being used at some of the
surveyed farms. Stockholm Convention was an international endeavour that banned the
production, use, and emissions of Persistent Organic Pollutants (POPs), including orga-
nochlorines. Among the banned pesticides are the organochlorine pesticides (OCPs) in-
cluding dichlorodiphenyltrichloroethanes (DDTs), hexachlorocyclohexanes (HCHs), and
endosulfans.
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Awareness on the environmental and health impacts of pesticides remains important
at local and national levels. However, many farm owners, managers, and workers (40.5%)
still have limited information on the chemical composition and active ingredients of the
pesticides applied in the farms. With 53.7% of the farm owners and managers not aware
of the negative environmental impacts of pesticides, there is a high risk of indiscriminate
pesticide application and poisoning among farm workers. This is coupled with the fact
that despite farm owners investing in PPEs, only 68.1% of farm workers embrace regular
use of PPEs during pesticide handling and application. Most of the workers are employed
based not on academic training but the capacity to accomplish certain key activities on the
farms. This is why in 18.1% of the farms surveyed, have agrochemical containers still piled
up at the farm stores and even reused for other purposes. This further explains the irreg-
ular use of PPEs by farm workers during routine operations, making workers vulnerable
to pesticide poisoning through respiratory, dermal, and gastrointestinal pathways. How-
ever, PPEs like face shields, goggles, aprons, and respirators are very important in pro-
tecting farm workers from direct contact with pesticides [80]. While investigating pesti-
cide use practices among smallholder vegetable farmers in Ethiopian Central Rift Valley,
it was found that many farmers apply pesticides and dispose of pesticide containers with-
out considering the recommended safety measures [81].

Analysis from the PPD revealed that the pesticides applied in the study area be-
longed to various toxicity potential classes (Table 4). Many farm workers are thus exposed
to various human health problems associated with pesticide exposure including neuro-
toxicity, teratogenicity, carcinogenicity, endocrine disruption, and mutagenicity. Glypho-
sate-Based Herbicides (GBHs) that have been used extensively in various parts of the
world and have attracted a lot of international attention due to their perceived negative
effect on the environment and human population [82]. Many of the GBHs have been
banned in the developed world due to the perceived carcinogenicity and negative effects
on neurologic, gastroenteric, endocrine, and reproductive systems. For example, in mam-
mals, empirical research has shown that glyphosate can interfere with hormonal function-
ing, especially disrupting steroidogenesis. These GBHs also have the potential to cause
Ca?* overload, hence redox imbalance [83], and some cytotoxicity as they have traces of
certain heavy metals, such as arsenic, chromium, cobalt, lead and nickel. Moreover,
10.53% of the pesticides used including mancozeb, acephate, heptachlor, and epoxicona-
zole have the potential to cause multiple human toxicity problems despite their high us-
age frequency in the study area (Table 2). There is a need for the training of farm owners
and workers on the negative human and environmental risks associated with pesticide
exposure. This can be achieved through capacity building of the workers through training
workshops, mass media, and robust extension services coordinated by the Ministry of
Agriculture at the national level, and Department of Agriculture at the county level.

5. Conclusions

In conclusion, majority of large-scale farmers in the study areas practice mixed farm-
ing for commercial purposes. Most of the crops are cultivated in one season and mono-
culture is the most commonly practiced cropping system. Various strategies are employed
by the farmers controlling crop pests to boost productivity with the use of pesticides being
the most dominant strategy. Monitoring of soil quality conditions is not a common prac-
tice among farmers in the study area. Most farmers use pesticides in controlling crop pest
for higher yields, despite their lack of knowledge on the environmental impacts and the
chemical composition of their preferred brands.

Environmental exposure analysis showed that some pesticides used in the study area
have high chances of contaminating surface and groundwater resources if not properly
used, while others can persist in soil and aqueous media posing long-term threats to
aquatic invertebrates and soil dwelling organisms such as earthworms. Among the faunal
groups that are commonly considered in environmental exposure analysis, mammals,
birds, honeybees, and aquatic invertebrates are the most susceptible to pesticide exposure,
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as higher proportions of the pesticides applied in the study area are highly toxic to them.
However, only 18.42% of the surveyed pesticides are highly toxic to earthworms, demon-
strating their high tolerance to environmental pollution.

Human toxicity potential analysis showed that 10.53% of pesticides applied in the
study area have the potential to cause multiple human health problems. However, the
rank-order of human toxicity potentials of the surveyed pesticides is: teratogenicity >neu-
rotoxicity > carcinogenicity > endocrine disruption > mutagenicity. Lack of knowledge on
the environmental and human health risks associated with pesticide use, limited training
opportunities, infrequent use of PPEs, and poor disposal methods expose farm workers
to potential pesticide poisoning.

The study recommends that there is a need to intensify extension services in the study
area, encourage more farm owners and managers to attend training on handling of pesti-
cides, and develop policies that regulate the use of certain pesticides by famers in the
study area.
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