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This study develops an objective multi-criteria decision-making framework to evaluate the 

environmental vulnerability of smallholder peri-urban horticultural sites facing intensive pesticide 

use in Togo and Kenya. Based on field surveys and systematic observations across 54 sites, 

comprising 42 perimeters in Togo and 12 in Kenya, the final dataset encompasses 438 individual 

producers, with 324 respondents in Togo and 114 in Kenya. Individual data were spatially 

aggregated and modeled using parallel objective weighting methods, including CRITIC, correlation-

corrected entropy algorithms, and PCA, validated through Kendall’s coefficient of concordance (W 
= 0.796; p < 0.001), and merged via the Borda consensus technique. The results show that exposure 

risks depend on site-specific biophysical factors rather than country-level contrasts. Kenyan sites 

exhibit a uniform aero-hydrological risk pattern driven by sloped terrains (64.91%), overhead 

sprinkler irrigation (61.40%), and immediate residential proximity within 50 meters (43.86%). 

Conversely, Togolese perimeters present highly localized, fragmented hotspots due to flat plots 

(55.17%) established in strict contiguity with fragile waterbodies, with 57.68% of plots located less 

than 5 meters from the water resource. While overall territorial vulnerability remains moderate for 

53.57% of the areas, these distinct transfer pathways highlight the failure of generic national 

guidelines and underscore the urgent need for site-specific mitigation strategies. Ultimately, this 

structural screening index provides agricultural authorities with an operational tool to prioritize local 

field interventions and support safe agroecological transitions in sub-Saharan Africa. 
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Introduction 
 

The rapid expansion of urban and peri-urban horticulture 

has become an important strategy for improving food 

security, generating income, and meeting the growing 

demand for fresh vegetables in developing countries 

(Diédhiou & Ndiaye, 2021; Thomas et al., 2024; Zezza 

& Tasciotti, 2010). However, this intensification is 

frequently associated with widespread and poorly 

regulated pesticide use, raising major concerns for human 

health and environmental sustainability, particularly in 

smallholder production systems (Pretty & Bharucha, 

2015; Slaby et al., 2023). In many sub-Saharan African 

countries, vegetable producers often apply pesticides 

without adequate training or compliance with good 

agricultural practices, including excessive application 

frequency, overdosing, non-compliance with pre-harvest 

intervals, and limited use of personal protective 

equipment (Kanda et al., 2009; Marete et al., 2021). In 

Togo and Kenya, several pesticides currently used in 

horticulture, including some unregistered products, are 

classified as Highly Hazardous Pesticides (HHPs) 

according to FAO/WHO criteria (Kombieni et al., 2026; 

Onyando et al., 2023; PAN, 2024). Because production 

sites are frequently located near residential areas, roads, 

and water bodies, these practices may increase 

environmental contamination and human exposure risks 

(Md Meftaul et al., 2020; Ryberg & Gilliom, 2015; Yera 

& Vasconcellos, 2021; Zhou et al., 2025). 

 

Pesticide risk results from the interaction between 

intrinsic chemical hazards and context-specific exposure 

conditions shaped by agricultural practices and 

environmental vulnerability (Buonsenso, 2025; Damalas 

& Eleftherohorinos, 2011; El Afandi & Irfan, 2024). 

Conventional risk assessment approaches are generally 

based on standardized toxicological indicators, such as 

LD₅₀, NOAEL, or Risk Quotients (RQ), and are widely 
used in regulatory contexts (Lewis et al., 2016; A. Li et 

al., 2022; Solomon et al., 2000). However, these 

approaches often inadequately capture real-world 

exposure conditions in smallholder farming systems 

because they rarely integrate pesticide use practices, site-

specific environmental characteristics, and spatial 

variability of exposure pathways (Galimberti et al., 2024; 

Hendriks et al., 2019; Schäfer et al., 2019). 

Consequently, important determinants of pesticide-

related risks, including irrigation systems, slope, 

proximity to water bodies, and farmer handling practices, 

remain insufficiently considered. Integrated multicriteria 

approaches combining toxicological information, field 

survey data, and geospatial variables are increasingly 

recommended to improve pesticide risk prioritization 

under heterogeneous agricultural conditions (Galimberti 

et al., 2024; Msibi et al., 2023). Nevertheless, few 

studies in sub-Saharan Africa simultaneously integrate 

intrinsic pesticide toxicity, farmer practices, occupational 

exposure, and environmental vulnerability within a 

unified assessment framework. The present study 

addresses this gap by developing a standardized multi-

criteria assessment framework capable of objectively 

modeling the biophysical and geographical vulnerability 

of horticultural territories facing contaminant fluxes in 

Togo and Kenya. 
 

Materials and Methods 
 

Study area 
 

The study was conducted between September 2024 and 

July 2025 in urban and peri-urban horticultural 

production areas located in Togo and Kenya. In Togo, 

the study covered sites distributed across the five 

administrative regions - Savanes, Kara, Centrale, 

Plateaux, and Maritime - whereas in Kenya, the study 

focused on Kisumu and Siaya counties. These areas were 

selected because of their high concentration of vegetable 

production and intensive pesticide use. Attention was 

given to production sites located near environmentally 

and socially sensitive features, including residential 

areas, water bodies, and road networks, which may 

influence pesticide dispersion and exposure pathways. 

 

Data Collection 
 

A larger number of horticultural sites were initially 

surveyed during field campaigns. However, only sites 

meeting predefined inclusion criteria were retained for 

the final analysis. Site inclusion required: (i) active 

vegetable production during the study period, (ii) 

confirmed use of synthetic pesticides, (iii) availability of 

at least three independent producers for interview, and 

(iv) physical availability of pesticide products for 

verification. Following this rigorous screening process, 

fifty-four horticultural production sites were successfully 

selected for the final analysis, comprising forty-two sites 

distributed across Togo and twelve sites located in Siaya 

and Kisumu counties in Kenya. The final expanded 

sample comprised four hundred and thirty-eight 

individual producers, divided between three hundred and 

twenty-four respondents in Togo and one hundred and 

fourteen in Kenya, with a field density ranging tightly 
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between six and eleven surveyed producers per 

individual horticultural site. 

 

Data were collected through semi-structured face-to-face 

interviews conducted among horticultural producers 

using a respondent-driven sampling approach based on 

peer recruitment from an initial core group of farmers. 

The questionnaire was developed through literature 

review of pesticide exposure studies (L. Y. Li et al., 

2010; Megson et al., 2016). Systematic field observations 

were carried out to document six biophysical and 

geographical variables driving environmental 

vulnerability, including the localization zone, the 

topography of the terrain, proximity to habitations, 

proximity to road networks, the type of plan or course of 

water, and immediate proximity to water bodies. Each 

variable was normalized into three ordinal classes 

corresponding to low (1), moderate (2), and high (3) 

hazard levels (Table 1). 

 

Statistical framework for multi-criteria modeling 
 

Since the number of surveyed producers varied across 

sites, individual responses describing physical and 

operational characteristics underwent spatial aggregation 

by calculating the arithmetic mean of the scores per site. 

This essential step neutralized the bias associated with 

intra-site sampling and provided spatially homogeneous 

geographical units, establishing each horticultural site as 

a single assessment entity. For each criterion, the scoring 

was ordered so that a high value systematically reflected 

a higher level of risk or vulnerability (Table 1). 

 

To eliminate subjectivity related to arbitrary expert 

weight assignments, the relative importance of the six 

environmental descriptors was calculated in parallel 

using three multi-criteria decision-making algorithms. 

The Shannon entropy method measures the intrinsic 

discriminant power of each criterion by evaluating the 

amount of useful information through the diversification 

of normalized scores across the sample (Mazurek & 

Strzałka, 2022; Odu, 2019; Wu et al., 2022). The 

correlation-corrected entropy method applies a statistical 

correction to classical entropy weights by exploiting a 

linear correlation matrix to neutralize the impact of 

informational redundancies among criteria 

(Mukhametzyanov, 2021). Finally, the CRITIC (Criteria 

Importance Through Intercriteria Correlation) method 

simultaneously integrates the intrinsic discriminant 

capacity of each variable through its standard deviation 

and its degree of conflict with other criteria using the 

linear correlation coefficient, thereby overweighting 

highly variable and weakly correlated descriptors 

(Diakoulaki et al., 1995; Odu, 2019). In addition, a 

Principal Component Analysis (PCA) was conducted to 

geometrically validate the variance-covariance structure 

of the environmental data, retaining principal 

components with an eigenvalue greater than or equal to 

one according to the Kaiser criterion (Dugger et al., 

2022a, 2022b; Guan et al., 2024). The coherence and 

structural convergence of the ranking grids derived from 

the three weighting methods were statistically tested 

using Kendall’s coefficient of concordance (Field, 2005; 

Franceschini & Maisano, 2021; Kraska-MIller, 2013), 

which was subsequently validated by a Chi-squared test.  

 

Multi-criteria rank aggregation and consensual 

vulnerability classification 
 

The synthesis of the three independent weighting 

approaches was operated through the Borda consensus 

voting technique, specifically adapted for the fusion of 

multi-criteria rankings. For each individual weighting 

method, the evaluated horticultural sites received a total 

number of points inversely proportional to their 

respective exposure rank. Under this voting convention, 

the horticultural site exhibiting the highest risk profile 

was allocated the maximum number of points, equivalent 

to the total number of sites in the sample, while the least 

critical perimeter was assigned a single point (Herrero & 

Villar, 2021; Saari, 2023). The global consensual Borda 

score for each specific horticultural site was subsequently 

derived by calculating the direct linear sum of the points 

accumulated across the three separate statistical methods, 

namely the points derived from the CRITIC method, the 

correlation-corrected entropy method, and the PCA 

(Franceschini & Maisano, 2021; Mohammadi & Rezaei, 

2020; Saari, 2023). The monitored horticultural sites 

were then organized in descending order based on their 

cumulative global scores to generate the final definitive 

Borda rank. 

 

To standardize the mathematical outputs, the aggregated 

Borda scores underwent a linear scale transformation to 

be projected into a Consensual Intrinsic Vulnerability 

Index (CIVI), which establishes a continuous evaluation 

scale bounded strictly between zero and one hundred 

(Dua et al., 2024). Within this standardized indicator, a 

value of zero corresponds precisely to the least 

threatened horticultural site identified within the 

agricultural sample, whereas a value of one hundred 

isolates the most critical territory. This normalization 
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procedure effectively neutralizes the scaling effects and 

mathematical heterogeneities inherent to each distinct 

algorithm while strictly preserving the ordinal structure 

of the consensual ranking. To prevent any arbitrary 

threshold adjustments or subjective segmentation, the 

classification of the geographic units was derived directly 

from the empirical distribution of the consensual index 

through the statistical calculation of the first quartile, the 

median, and the third quartile (Reus et al., 2002). This 

mathematical partitioning divides the entire territorial 

sample into four intervals of strictly equal sizes, defining 

entirely objective vulnerability classes. These relative 

boundaries outline the low vulnerability class extending 

from zero to the first quartile, the moderate vulnerability 

class running from the first quartile to the median, the 

high vulnerability class spanning from the median to the 

third quartile, and the very high vulnerability class 

grouping all sites positioned between the third quartile 

and the maximum value of one hundred. This relative 

categorization framework allows to rigorously isolate the 

most critical production areas within the upper quartile, 

thereby completing the comprehensive environmental 

vulnerability profiling of the horticultural sites. 

 

Results and Discussion 

 

Hydrological characteristics and irrigation 

techniques 
 

The comparative analysis highlights highly significant 

structural differences between the horticultural 

ecosystems of Kenya and Togo regarding water supply, 

distances, and distribution techniques. Surface 

watercourses such as rivers predominate in both 

countries, accounting for 54.39% of water intakes in 

Kenya and 41.80% in Togo. Secondary strategies diverge 

sharply, as Togo relies heavily on groundwater via 

boreholes and wells for 31.58% and dams for 17.65%, 

whereas Kenya mobilizes artificial water ponds for 

17.54% and lakes for 7.02%. Togolese gardeners display 

an extreme spatial proximity to water resources, with 

79.31% of cultivated plots established less than 25 

meters from the water intake, including 57.68% within 

less than 5 meters, while more than a third of Kenyan 

producers are located at distances exceeding 100 meters. 

Mechanically, Kenya is dominated by overhead sprinkler 

irrigation with 61.40%, which involves an aerial spraying 

of water over the crops, while the Togolese landscape is 

structured around the manual bucket system for 59.13% 

and the watering can for 33.44%. 

Topography and territorial proximity indicators 
 

Biophysical and territorial characteristics also reveal 

marked geographic disparities between the two countries. 

The topography of the sites displays statistically inverse 

configurations. Kenyan horticulture is established mostly 

on sloped terrains at 64.91%, accentuating surface runoff 

risks, whereas Togolese activity takes place 

preferentially on flat reliefs for 55.17%. In both 

countries, the activity is intrinsically peri-urban, grouping 

89.47% of sites in Kenya and 74.61% in Togo. In 

contrast, the distance separating the plots from the 

nearest habitations shows a critical divergence. In Kenya, 

43.86% of the plots are located within 50 meters of 

dwellings, marking immediate proximity, while in Togo, 

the distance class greater than 500 meters remains the 

most represented with 40.56%, despite the persistence of 

34.32% of sites within 100 meters of houses. Road 

infrastructures border or cross the site for a large 

majority of respondents in both contexts, showing 

comparable distributions without a statistically 

significant gap. 

 

Multi-criteria analysis and vulnerability mapping 
 

The weight allocation matrices highlight the theoretical 

complementarities of the statistical approaches exploited. 

Methods based on classical and corrected entropy 

designate the localization zone as by far the most 

discriminant variable of the model, capturing between 

54.86% and 56.25% of the total importance, followed by 

site topography with a share oscillating between 17.46% 

and 19.18%. The CRITIC algorithm rebalances 

dispersion by prioritizing relief and hydrological 

proximity variables, placing the immediate proximity to 

water bodies at 19.04% and topography at 17.56% at the 

head of the risk factors. The Principal Component 

Analysis geometrically confirms this structuration, as the 

first two factor axes explain 54.3% of the total 

cumulative variance of the geographical profiles, equally 

distributed between the first axis for 27.8% and the 

second axis for 26.5% (Figure 1).  

 

The statistical concordance test validates a very strong 

and highly significant structural coherence among the 

three ranking grids with a concordance coefficient of 

0.796, fully justifying the merging process. The analysis 

of the Consensual Vulnerability Index reveals that the 

moderate tier dominates on a global scale with 53.57% of 

the sites, (29 horticultural perimeters). The remaining 
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sites are distributed among the low vulnerability class 

(16.67%; 9 sites), the very high vulnerability class 

(11.11%; 6 sites), and the high vulnerability class 

(18.52%; 10 sites) 

 

Spatial analysis by country highlights deeply contrasted 

territorial dynamics. The Kenyan sample falls mainly in 

the moderate category, accounting for 58.33% (7 sites), 

followed by the high category at 33.33% (4 sites).  The 

North Sarkwa perimeter in Siaya County is the only site 

presenting very high vulnerability, representing 8.33% (1 

site) (Figure 2). Conversely, the Togolese context 

displays broader distribution of vulnerability classes, 

with the moderate tier accounting for 52.38% (22 sites), 

the low tier for 28.57% (12 sites), the high tier for 9.52% 

(4 sites), and the very high tier for 9.52% (4 sites) 

(Figure 3). The absolute ranking of the ten sites showing 

the highest biophysical frailties highlights the Togolese 

perimeters of Kara in the first position, Agbédrafo in the 

third position, Alédjo-Kadara in the fourth position, 

Avépozo in the sixth position, and Kpogan in the seventh 

position, alongside the Kenyan site of North Sarkwa in 

the second position within the very high vulnerability 

tier. The sites of Atakpamé in Togo, Kolwa Central in 

Kenya, Watchalo in Togo, and Kévé in Togo complete 

this selective list within the high vulnerability category. 

 

The hydrological, topographic, and irrigation disparities 

observed between Togo and Kenya do not imply a simple 

binary opposition between a well-managed country and a 

poorly managed one but rather reveal two distinct 

structural profiles of pesticide vulnerability. These 

findings address three interconnected critical issues 

namely terrain-driven transport, peri-urban residential 

exposure pathways, and the systemic validity of multi-

criteria consensus vulnerability indices. Overall, the field 

data align strongly with established literature showing 

that urban and peri-urban horticultural systems located 

near surface waterbodies and relying on unmonitored 

irrigation practices favor rapid pesticide transfers toward 

the water, soils, and adjacent riparian populations 

(Loughlin et al., 2017; Tachie-Menson et al., 2025; 

Weiss et al., 2023). Rather than analyzing risk through a 

generic country-level contrast, these results support a 

site-level interpretation where specific combinations of 

biophysical variables and agricultural choice’s structure 

localized environmental fates (Dabrowski et al., 2002; 

Hendriks et al., 2019; Ochoa-Cueva et al., 2021). 

 

The extreme proximity of Togolese agricultural plots to 

water resources represents a major signal of 

environmental vulnerability, as the physical distance to 

riverbanks or extraction sources acts as a direct 

determinant of contaminant transfers via surface runoff 

and airborne drift (Pappalardo et al., 2022; Tachie-

Menson et al., 2025). Advanced modeling studies 

indicate that riparian buffer strips located within five to 

twenty meters of intensive cultivation remain particularly 

exposed to heavy spray contamination and rapid 

hydrological transport, which provides strong 

environmental plausibility to the high risks documented 

when more than half of the Togolese plots sit within less 

than five meters of a waterbody (Pappalardo et al., 2022).  

 

Empirical field data globally confirm that peri-urban 

horticulture can heavily contaminate adjacent small 

freshwater streams. For instance, in a comparable small-

scale horticultural basin in Argentina, thirty percent of 

water samples exceeded ecotoxicological risk thresholds 

for aquatic biota by more than a thousand times 

(Loughlin et al., 2017), while severe lethal and sublethal 

impacts were observed on benthic fauna due to high 

insecticide accumulations (Loughlin et al., 2017).  

 

Under tropical climates, monitoring campaigns have 

tracked active insecticide concentrations, such as 

chlorpyrifos and cypermethrin, exceeding chronic water 

quality standards by more than a hundredfold across all 

monitored catchment sites, proving that diffuse transfer 

pathways can span the entire cultivated landscape (Weiss 

et al., 2023).  

 

This high connectivity emphasizes that critical risk 

mapping must be interpreted at the broader catchment 

scale rather than focusing on isolated plots, particularly 

within fragmented peri-urban matrices (Pappalardo et al., 

2022). 

 

Conversely, the topographic and technical configuration 

of Kenyan horticulture shifts the vulnerability profile 

toward an aero-hydrological risk pattern. The 

significantly higher proportion of sloped farmlands 

documented in Kenya directly accelerates overland water 

flow, soil detachment, and off-site particle-bound 

transport during heavy tropical rainfall events (Commelin 

et al., 2022; Tang et al., 2012). In African smallholder 

settings, steep slope gradients are repeatedly identified as 

key spatial controls driving pesticide runoff and 

downstream aquatic accumulation, as particle-bound 

chemicals can persist and erode well beyond the initial 

application periods (Chen et al., 2024; Dabrowski et al., 

2002; Hendriks et al., 2019). 
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Figure.1 Principal Component Analysis (PCA) of environmental risk descriptors. 

 

 
 

Figure.2 Spatial distribution and territorial mapping of environmental vulnerability classes across 

horticultural sites in Kenya. 
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Figure.3 Spatial distribution and territorial mapping of environmental vulnerability classes across 

horticultural sites in Togo. 
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Table.1 Hydrographic factors and plot irrigation techniques in Kenyan and Togolese horticultural systems. 

 

Site characteristics Frequency (%) Statistical test and p-

value Kenya Togo 

Water supply source 

River 54.39 41.80 %) Fisher; p < 0.001 

Borehole/Well 12.28 31.58 

Dam 7.02 17.65 

Water pond 17.54 6.81 

Lake 7.02 0.00 

Mixed (River + Well) 1.75 2.17 

Irrigation system practiced 

Watering can 38.60 33.44 Fisher; p < 0.001 

Overhead sprinkler 61.40 3.72 

Flexible hose ("baladeur") 0.00 59.13 

Perforated pipe 0.00 3.72 

Distance to the water source 

[0 - 5 m] 43.86 57.68 Fisher; p < 0.001 

]5 - 25 m] 0.00 21.63 

]25 - 100 m] 21.05 20.06 

> 100 m 35.09 0.63 

Note: Percentages were calculated using the total number of surveyed producers in each country as the denominator (Togo: n = 

323; Kenya: n = 114). 
 

Table.2 Topography, localization zone, and proximity factors of horticultural production sites. 
 

Site characteristics Frequency (%) Statistical test and p-value 

Kenya Togo 

Site topography 

Slope 64.91 45.51 2 = 6.17; p = 0.013 

Flat 35.09 54.49 

Localization zone 

Peri-urban 89.47 74.61 2 = 2.94; p = 0.086 (ns) 

Urban 10.53 25.39 

Distance to the nearest house 

[0 - 50 m] 43.86 25.70 2 = 20.67; p < 0.001 

]50 - 100 m] 21.05 13.62 

]100 - 500 m] 28.07 20.12 

> 500 m 7.02 % 40.56 

Presence of a road on the site 

Crosses the site 31.58 17.03 2 = 4.93; p = 0.085 (ns) 

Nearby 40.35 48.30 % 

No 28.07 34.67 % 

(ns): non-significant difference at the 5% threshold. Note: Percentages were calculated using the total number of surveyed 

producers in each country as the denominator (Togo: n = 323; Kenya: n = 114).
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Table.3 Operational scoring matrices, safety classifications, and scientific justifications for the six environmental vulnerability 

parameters integrated into the entropy, CRITIC, and principal component analysis models 

 

Variable 1 (Low risk) 2 (Moderate risk) 3 (High risk) Justification 

Site location - Peri-urban area Urban / densely 

populated area 

Proximity to populations and infrastructure 

increases potential exposure and off-site 

pesticide dispersion 

Proximity to 

water bodies 

> 100 m 50–100 m < 50 m Shorter distances increase risks of runoff and 

contamination of aquatic systems. 

Water bodies No water body 

nearby 

Well River, stream, lake, 

reservoir, dam, or 

water retention 

pond 

Presence of an aquatic environment potentially 

exposed to pesticides transported by runoff, 

drift, or drainage. 

Proximity to 

residences 

> 100 m 50–100 m < 50 m Nearby populations are more exposed to spray 

drift and contaminated dust. 

Proximity to 

roads 

> 100 m 50–100 m < 50 m Public exposure may occur through drift and 

accidental contamination. 

Topography Flat terrain Gentle slope Steep slope Steep slopes increase erosion and surface 

runoff, facilitating pesticide dispersion. 
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This topographic risk is critically exacerbated by the 

technical dominance of overhead sprinkler irrigation in 

Kenya (61.40%), which creates a risk profile heavily 

oriented toward atmospheric drift and direct worker 

exposure, since contact with aerial water droplets and 

chemical mists constitutes a primary pathway for dermal 

and respiratory occupational toxicity (Damalas & 

Koutroubas, 2016). Furthermore, because high-slope 

areas require significantly wider vegetative buffer strips 

than flat terrains to effectively attenuate runoff toxicity 

(Yorlano et al., 2022), the spatial overlap of sloping 

fields and overhead sprinkler systems in Kenya 

magnifies off-target dispersion even when plots are 

physically farther from the primary water source than in 

Togo. 

 

The massive concentration of these agricultural 

perimeters within peri-urban areas across both nations 

demonstrates that pesticide risk is simultaneously an 

ecological threat and a severe public health issue. 

Populations living near treated agricultural lands 

systematically exhibit higher non-dietary pesticide 

exposure than those residing farther away, with 

measurable chemical drift impacts commonly detected 

within surrounding radii ranging from thirty to seven 

hundred and fifty meters (Galimberti et al., 2024; 

Teysseire et al., 2021). Consequently, the large share of 

Kenyan plots located within less than fifty meters of 

active residential dwellings points to an elevated 

potential for direct community contamination 

(Dereumeaux et al., 2020; Howe et al., 2025; Teysseire 

et al., 2021). While the Togolese residential pattern 

appears more spatially dispersed, the substantial fraction 

of sites maintaining a strict proximity of less than one 

hundred meters to surrounding households still indicates 

a meaningful local exposure risk (Dereumeaux et al., 

2020; Habran et al., 2024). On the other hand, the 

manual irrigation techniques dominant in Togo, such as 

buckets, watering cans, and mobile hoses, suggest less 

broad atmospheric drift but induce a high risk of 

localized, repetitive chemical contact with the 

immediately adjacent banks and soils. In these manually 

irrigated systems, water is applied frequently and 

intensively, which can accelerate the direct leaching and 

localized runoff of persistent molecules toward fragile 

aquatic environments (Tachie-Menson et al., 2025). 

These West African irrigation choices are primarily 

dictated by water availability and immediate operational 

costs rather than environmental risk management (Obour 

et al., 2025), forcing urban farmers to utilize 

heterogeneous, low-quality, or waste-impacted water 

sources due to a lack of safe agricultural infrastructures 

(Abdulai et al., 2025; Ashie et al., 2024; Tuffour et al., 

2023). 

 

On a methodological level, the results of multi-criteria 

mapping make solid theoretical sense. Entropy-based 

algorithms effectively capture variables holding high 

discriminatory information and eliminate the biases of 

arbitrary expert weightings, while the CRITIC method 

properly prioritizes variables that exhibit high intrinsic 

variance and weak correlation with the rest of the 

environmental system (Das & Behera, 2024; Tanim et 

al., 2022). The strong concordance coefficient (W = 

0.796) calculated in this study strongly justifies the 

multi-method rank aggregation, as multi-algorithm 

agreement represents the exact requirement to make 

consensus spatial mapping defensible in territorial 

vulnerability studies (Das & Behera, 2024; Ochoa-

Cueva et al., 2021; Rossetto et al., 2020). Furthermore, 

the overwhelming dominance of the moderate 

vulnerability class, coupled with a narrow, distinct set of 

very high-vulnerability hot spots, is typical of regional 

risk modeling where most territorial units cluster around 

intermediate categories while a limited number of 

critical hot spots concentrate the maximum 

environmental fragility (Das & Behera, 2024; Ochoa-

Cueva et al., 2021; Taiba et al., 2025). While Kenya 

appears more uniformly exposed through its combined 

slope gradients and residential proximity factors, Togo 

contains a more spatially heterogeneous distribution 

marked by sharper local hot spots, which explains why 

several specific Togolese perimeters still rank at the 

absolute top of the global vulnerability hierarchy 

(Ochoa-Cueva et al., 2021; Parker et al., 2019). The 

primary interpretive limitation of this research is that our 

framework describes a structural, intrinsic vulnerability 

index rather than quantified chemical residue 

concentrations. Past monitoring efforts show that even 

when irrigation water quality parameters appear 

acceptable, adjacent soils and vegetable crops can 

accumulate pesticide contaminants far above safe 

regulatory thresholds, meaning that spatial screening 

indices must be validated by multi-matrix environmental 

measurements over time (Gosa, 2026; Navarro et al., 

2026). Ultimately, the structural contrasts documented 

between Togo and Kenya justify highly differentiated 

territorial mitigation strategies. For the flat, water-

contiguous hot spots of Togo, management priorities 

must focus on mandatory riverbank controls and the 

establishment of dense, grassed vegetative buffer strips 

to block immediate vertical and horizontal runoff 
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(Pappalardo et al., 2022; Tachie-Menson et al., 2025). 

Conversely, for the sloped, residential perimeters of 

Kenya, mitigation policies must prioritize strict technical 

training on overhead sprinkler calibrations, the 

deployment of anti-drift technologies, and the 

enforcement of residential setbacks to minimize non-

occupational community (Lorenz et al., 2026; Teysseire 

et al., 2021). 

 

In conclusion this study establishes an objective multi-

criteria framework mapping pesticide vulnerability in 

Togo and Kenya without subjective expert weights. The 

results show that exposure risks depend on site-specific 

factors rather than country-level contrasts. Kenyan sites 

face uniform aero-hydrological risks from sloped 

terrains, sprinkler irrigation, and residential proximity, 

whereas Togolese perimeters present local hotspots due 

to flat plots in immediate contiguity with fragile water 

bodies and their proximity to water resources. While 

overall vulnerability remains moderate, these distinct 

transfer pathways require site-specific policies instead of 

generic national guidelines. Mitigating risks demands 

enforcing riverbank setbacks and vegetative buffers in 

Togo, while prioritizing sprinkler drift reduction and 

residential barriers in Kenya. Ultimately, this structural 

index offers agricultural authorities an operational 

screening tool to prioritize local field interventions and 

support safe agroecological transitions in sub-Saharan 

Africa. 
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