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ABSTRACT 

	In Korhogo, the Téguéré River watershed is home to intensive peri-urban market gardening. The widespread use of pesticides poses a significant risk to water resource quality.
This study aims to assess the impact of pesticides on the quality of water resources in the Téguéré watershed. To this end, ten water points were sampled, including four surface water sources (river) and six groundwater sources (wells). Physicochemical parameters and pesticide concentrations were measured. Pesticide contamination indices (PCI) and pesticide alteration indices (PAI) were calculated. Principal component analysis (PCA) identified measurement points groups.
The results reveal that the average temperatures of surface water (31.9°C) and groundwater (31.03°C) are higher than the WHO recommended standard (25°C). These waters are acidic, with an average pH of 4.264. Conductivity is higher in surface water (230 µS/cm) than in groundwater (75 µS/cm). Analysis of pesticide residues identified sixteen (16) active molecules belonging to six (6) chemical families: organophosphates, organochlorines, triazines and their metabolites, carbamates, substituted ureas, and pyrethroids. The majority of molecules detected in these waters have concentrations above the WHO guideline value (0.1 µg/L), with a maximum concentration of 3.45 µg/L for chlorpyrifos-ethyl recorded at sampling point No. 4. Triazines and their metabolites dominate surface waters, while organophosphates are most abundant in groundwater. Contamination index (PCI) results indicate that 20.1% of surface waters are of good quality, 47.9% are of poor quality, and 32% are of very poor quality. As for groundwater, 60.86% of samples are classified as good quality and 39.14% as poor quality. The PAI reveals an average value of 5.30 µg/L for surface water, indicating very poor quality, and 1.9445 µg/L for groundwater, indicating degraded quality. The discrimination of pesticide sources by PCA, reveals three distinct poles: intensive agriculture, hydrological interactions, and watersheds with their own characteristics.
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1. INTRODUCTION 

Rapid urbanization in sub-Saharan Africa is exerting increasing pressure on urban water systems through the combined effects of population growth, land-use change, and intensified resource demands (UN-Habitat 2016, McDonald et al. 2020). Urban surface waters, in particular, are highly vulnerable to multiple anthropogenic stressors, including domestic wastewater discharges, solid waste accumulation, and diffuse pollution from urban and peri -urban agriculture (Paul and Meyer 2001, Fletcher et al. 2013). In this context, understanding the interactions between land-use practices and urban water quality has become a central challenge for integrated urban water management.
Urban and peri -urban agriculture has emerged as a critical land-use system in many African cities, contributing significantly to food security, employment, and income generation (Obuobie et al. 2006). In Côte d'Ivoire, peri -urban market gardening plays a particularly important role in supplying fresh vegetables to urban markets, especially in secondary cities where food supply chains remain largely informal (Ducroquet et al. 2017, Coulibaly 2024). In the city of Korhogo , recent studies have emphasized the strategic importance of peri -urban vegetable production, while also highlighting increasing constraints related to land availability, water access, and the availability of agricultural inputs (Ballé 2024, Dosso et al. 2025).
To maintain high productivity under conditions of continuous cultivation and limited space, peri -urban market gardening systems rely heavily on mineral fertilizers and phytosanitary products. Numerous studies across West Africa have documented the widespread use of pesticides in urban and peri -urban agriculture, often characterized by inadequate training, non-compliance with recommended application rates, and limited awareness of environmental risks (Kpan et al. 2019, Mambe-Ani et al. 2019). Such practices increase the likelihood of agrochemical transfer to adjacent environmental compartments, particularly surface waters, through runoff, erosion, and leaching processes (Stehle and Schulz 2015, Carvalho 2017).
Urban rivers are especially sensitive to diffuse agricultural pollution, as they integrate upstream pressures within relatively small and highly modified catchments (Roy et al. 2008). Changes in physico -chemical water quality such as increased nutrient concentrations, altered ionic composition, or elevated conductivity can degrade aquatic ecosystems, reduce the suitability of water for irrigation and other urban uses, and exacerbate public health risks (Kaushal et al. 2018, WHO 2022). Despite these risks, water quality monitoring in rapidly expanding African cities remains limited, and empirical data linking peri -urban agricultural practices to urban river water quality are still scarce (Nyenje et al. 2010).
In Korhogo, the Téguéré River represents a key component of the urban hydrological network, flowing through areas intensively occupied by peri -urban market gardening. While socio-economic and value-chain analyzes have provided detailed insights into the organization, constraints, and performance of the local vegetable sector (Ballé 2024, Dosso et al. 2025), the environmental implications of these activities for urban surface water quality remain poorly documented. In particular, the physico -chemical status of the Téguéré River and its response to peri -urban agricultural pressures have not been systematically assessed, limiting the integration of agriculture-related pressures into urban water management strategies.
Assessing the physico -chemical quality of urban rivers under peri -urban agricultural influence is essential for improving the understanding of land–water interactions in rapidly urbanizing contexts and for supporting evidence-based decision-making in urban water governance (McGrane 2016). Such assessments contribute to the broader objectives of integrated urban water management by identifying degradation processes, informing risk mitigation strategies, and supporting the sustainable coexistence of food production and urban water systems.
The objective of this study is therefore to evaluate the physico -chemical quality of the Téguéré River under peri -urban market gardening pressures in the city of Korhogo, providing empirical evidence to support integrated management of urban surface waters in secondary cities of West Africa.

2. material and methods 

The Téguéré River watershed is located in Korhogo , in the northern region of Côte d'Ivoire, in the Savanes district, approximately 568 km north of Abidjan and 331 km from Yamoussoukro, with coordinates of 9°03′N and 5°40′W and an average altitude of 380 m (Traoré 2025)(Figure 1). Part of the Bandama River system, it originates near Mount Korhogo , flows through agricultural areas, and joins other rivers (Dosso et al. 2025). The slightly rugged terrain and soils with low buffering capacity promote the transport of pollutants to surface waters ( Stehle & Schulz, 2015). The climate is characterized by a dry season (November–April) and a rainy season (May–October) with 1,200–1,400 mm of rainfall per year, leading to seasonal flooding between July and September and modulating the hydrological regime, which is also influenced by water withdrawals for irrigation (Goula et al. 2006). The basin includes surface and groundwater that feeds food crops (maize, cassava, rice), intensive market gardening (sweet potatoes, tomatoes, onions, okra), and livestock farming (Tano et al., 2011; Kpan et al., 2019). The ferruginous tropical and sandy-clay soils, which are poor in organic matter and cation retention capacity, are vulnerable to chemical pollutants (Carvalho , 2017). The fine texture, combined with limited vegetation cover, promotes runoff and erosion.
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Figure 1: Map of sampling sites along the Téguéré River basin.

2.1 Study Design and Sampling Sites 

Hydrochemical data were collected during a field campaign conducted on 11 March 2025 and supplemented by laboratory analyses. Both surface water (including a natural spring) and groundwater (from wells and boreholes) were sampled. In situ measurements included temperature, pH, and electrical conductivity.
Sampling sites were selected based on their proximity to peri -urban agricultural areas along the Téguéré River. A total of ten sites were included: six groundwater sites (wells and boreholes) and four surface water sites (Figure 1). Site selection aimed to capture potential gradients of agricultural influence on water quality. This sampling strategy aims to maximize the environmental and health relevance of the study by focusing on areas most likely to exhibit pesticide contamination (Konan et al. 2023). Furthermore, choosing sites near agricultural areas allows for a targeted assessment of the actual impact of local agricultural practices on surface and groundwater quality, while also facilitating the identification of spatial gradients of contamination (Chow et al. 2020). This approach is commonly recommended in environmental monitoring studies aimed at linking diffuse sources of pollution to concentrations observed in aquatic environments (Stehle and Schulz 2015, Chow et al. 2020).

2.2 Field Equipment and Procedures

Field measurements were performed using a Garmin ETrex 32X GPS to record UTM coordinates. The Garmin The eTrex 32x GPS offers a typical position accuracy of less than ±10 meters for geographic coordinates, with potential improvement to <5 meters when using WAAS/EGNOS (Differential Navigation System) corrections under optimal conditions. A multiparameter probe (HI9829-03042, Hanna Instruments) was used to measure temperature, pH, and electrical conductivity directly on site. The HI9829-03042 probe provides high accuracy (±0.02 pH, ±1% EC, ±0.15 °C) for field measurements, making it a reliable instrument for the physicochemical characterization of surface and groundwater. For sampling , 500 mL polyethylene bottles were used , carefully labeled with site- specific codes using adhesive tape and permanent markers (Shelton 1994). Surface water samples were collected by filling the bottles directly using a clean sampling cup. Groundwater from wells was collected using a stainless-steel ladle. After collection, all samples were stored in cooled containers and transported to the laboratory for chemical analysis (Koparan et al. 2019).

2.3 Laboratory Equipment and analytical Methods

Chemical analyses were conducted at the Central Hygiene Laboratory Food and Agro-industry (LCHAI). A Shimadzu HPLC system was used, including a TRAY reservoir with 10 mL methanol (mobile phase), a DGU-20A5 degasser, a SIL-20A autosampler , an LC-20AT pump, a CTO-20A column oven, and an SPD-20A UV/Vis detector. Data acquisition and preliminary processing were performed using LC Solution software (Lipps et al. 2023). Spatial analyzes were conducted using ArcGIS 10.2.2.
Pesticides were extracted from water samples using solid-phase extraction (SPE) with C18 cartridges. Columns were conditioned with 10 mL methanol and equilibrated with 10 mL deionized water. A 10 mL water sample was passed through the column to retain pesticides. After 30 minutes of drying, adsorbed pesticides were eluted with 5 mL methanol. The eluate was analyzed by HPLC-MS to identify and quantify multiple residues simultaneously (Nakhjavan et al. 2021, Von Ameln Lovison et al. 2021). Detection limits ranged from 0.002 µg/L to 0.0058 µg/L (Casado et al. 2018, Meng et al. 2024). Some parameters, including temperature, pH, and electrical conductivity, were measured directly on site to prevent alteration during transport (Ruiz-Gil et al. 2008). These measurements provide essential baseline data for interpreting laboratory analyses.
2.4 Data Analysis

Descriptive statistical analyzes were performed to determine the minimum and maximum values, means, and standard deviations of the measured parameters, in accordance with the methodological practices used in similar studies on the quality of water contaminated by pesticides (Kouamé et al. 2022, Konan et al. 2023).
Assessment of water quality with respect to pesticide contamination was further refined using two specific indices: the Pesticide Contamination Index (PCI) and the Pesticide Alteration Index (PAI) (Mark et al. 2006). These indices provide a comprehensive and quantitative evaluation of pollution levels based on the concentrations of detected active substances (Rocha et al. 2015). The assessment of water quality with respect to the presence of active substances was supplemented by the calculation of synthetic indices such as the Pesticide Contamination Index (PCI) and the Pesticide Alteration Index (PAI), recognized for their ability to quantitatively summarize the level of pesticide pollution in aquatic environments (Atto and Monde 2020, Kouamé et al. 2022). The concentration of each active substance was calculated using:

CP: Concentration of active substance (mg/L); SC : peak area of sample; Se : peak area of standard; C e : concentration of standard (mg/L); V1 : volume to be purified (L); V 2 : volume after purification (L); Vf : final volume (L); Me : sample volume (L); F: dilution factor.

2.5 Principal Component Analysis (PCA)

To explore the relationships between sampling sites and pesticide contamination patterns, and to identify the main factors controlling the spatial distribution of contaminants within the Téguéré River watershed, a principal component analysis (PCA) was applied to the analytical dataset. PCA is a multivariate statistical technique widely used in environmental sciences to reduce data dimensionality, identify correlations among variables, and discriminate potential pollution sources in complex hydrochemical datasets (Helena et al. 2000, Jolliffe and Cadima 2016). The PCA was performed on a data matrix composed of pesticide concentrations measured in both surface water and groundwater samples. Prior to analysis, all variables were standardized using z-score normalization (mean = 0, standard deviation = 1) to minimize the influence of differences in units and magnitude among the analyzed compounds, ensuring that each pesticide contributed equally to the formation of the principal components (Reimann et al. 2011).
The analysis was based on the correlation matrix, and principal components with eigenvalues greater than 1 were retained according to the Kaiser criterion (Aydin Uncumusaoğlu and Akkan 2017). The cumulative variance explained by the retained components was used to assess the adequacy of the factorial solution (Aydin Uncumusaoğlu and Akkan 2017). Factor loadings were examined to identify the pesticides most strongly associated with each principal component, while factor scores were used to evaluate the similarities and contrasts among sampling sites (Shrestha and Kazama 2007). Graphical representations, including biplots of variables and sampling sites, were employed to facilitate the interpretation of PCA results. These diagrams allowed the identification of clusters of sites characterized by similar contamination profiles, as well as the discrimination of chemical signatures associated with distinct pesticide families and potential sources. Such an approach is particularly effective for distinguishing diffuse agricultural inputs from localized contamination and for highlighting the role of hydrological connectivity between surface water and groundwater systems (Hussain et al. 2025). The interpretation of PCA outputs was further supported by spatial analysis using a geographic information system (GIS), enabling the integration of multivariate statistical results with the spatial distribution of sampling points. This combined statistical and spatial approach enhances the environmental relevance of the analysis and provides a more comprehensive understanding of pesticide transport processes, accumulation patterns, and source apportionment within the watershed (Helena et al. 2000). 

3. results and discussion

3.1 Results 

3.1.1 Physical characteristics of surface water and groundwater

Table 1 provides an overview of the main physicochemical parameters, including temperature, pH, and electrical conductivity, measured in both surface water and groundwater at several sampling sites. These parameters provide essential information on water quality and the environmental factors that influence it. 
Table 1: Physicochemical Characteristics of Surface Water and Groundwater
	Water Type
	Variable
	Min
	Max
	Standard Deviation
	Mean

	Surface Water
	Temperature (°C)
	29.9
	33.1
	1.395
	31.90

	
	pH
	3.83
	4.76
	0.421
	4.335

	
	Conductivity (µS/cm)
	40.00
	370.00
	139.28
	230

	Groundwater
	Temperature (°C)
	27.90
	35.40
	3.20
	31.03

	
	pH
	3.45
	5.06
	0.58
	4.22

	
	Conductivity (µS/cm)
	20.00
	180.00
	60.25
	75.00



Surface water temperatures ranged from 29.9 to 33.1°C, with an average of 31.90°C and a relatively low standard deviation of 1.395, indicating limited thermal variation between sites. This low range suggests that surface water temperature is mainly controlled by ambient temperature and solar radiation, with limited influence from site-specific factors. In contrast, groundwater temperatures showed greater variability, ranging from 27.9 to 35.4°C, with an average of 31.03°C and a higher standard deviation of 3.20. pH values indicate that both surface water and groundwater are acidic. The pH of surface water ranged from 3.83 to 4.76, with an average of 4.34 and a standard deviation of 0.421, while the pH of groundwater ranged from 3.45 to 5.06, with an average of 4.22 and a standard deviation of 0.58. The slightly higher variability of pH in groundwater suggests heterogeneity in the geochemical conditions of the subsoil. Electrical conductivity, which reflects the ion content and overall mineralization of water, shows notable differences between surface water and groundwater. Surface water has values ranging from 40 to 370 µS/cm, with an average of 230 µS/cm and a standard deviation of 139.28. Groundwater, on the other hand, has lower conductivity values, ranging from 20 to 180 µS/cm, with an average of 75 µS/cm and a standard deviation of 60.25, suggesting lower mineralization and reduced influence from surface contaminants.

3.1.2 Water contamination by active molecules 
3.1.2.1 Water contamination by active molecules in surface water

Pesticide concentrations in surface water vary significantly depending on the family and molecules. Among insecticides, the maximum values recorded range from 0.01 µg/L for deltamethrin to 3.45 µg/L for chlorpyrifos –ethyl (Table 2). The averages indicate that the molecules most frequently detected at significant levels are chlorpyrifos -ethyl (1.17 µg/L) and dimethoate (0.83 µg/L), while deltamethrin and carbosulfan remain at very low levels (0.01 and 0.02 µg/L respectively). The relatively high standard deviations, particularly for chlorpyrifos -ethyl (1.59) and parathion-ethyl (0.47), indicate high spatial or temporal variability. Herbicides follow a similar trend, with maximum levels observed for terbutryn (2.23 µg/L), atrazine, and prometryn (1.03 µg/L each). The averages reveal that certain molecules, such as terbutryn (0.56 µg/L) and prometryn (0.51 µg/L), are present at relatively high levels, while metazachlor (0.07 µg/L) and diuron (0.20 µg/L) appear in low concentrations. The high standard deviations for terbutryn (1.12 µg/L) and prometryn (0.53 µg/L) indicate a heterogeneous distribution, probably linked to localized agricultural applications or hydrological variations. Finally, the fungicide vinclozolin is detected at very low concentrations (mean 0.01 µg/L, standard deviation 0.01 µg/L), highlighting.
Table 2: Summary Statistics of detected pesticides by family and compound in surface water
	Pesticide Group
	Active Compound
	Min (µg/L)
	Max (µg/L)
	SD (µg/L)
	Mean (µg/L)

	Insecticides
	Parathion-methyl
	0.00
	0.07
	0.03
	0.02

	
	Chlorfenvinphos
	0.01
	0.83
	0.37
	0.28

	
	Parathion-ethyl
	0.03
	0.95
	0.47
	0.51

	
	Profenofos
	0.15
	0.91
	0.37
	0.36

	
	Dimethoate
	0.37
	1.03
	0.31
	0.83

	
	Chlorpyrifos-ethyl
	0.02
	3.45
	1.59
	1.17

	
	Carbosulfan
	0.00
	0.04
	0.02
	0.02

	
	Lambda-cyhalothrin
	0.03
	0.49
	0.23
	0.15

	
	Deltamethrin
	0.00
	0.01
	0.01
	0.01

	Herbicides
	Metolachlor
	0.02
	0.71
	0.30
	0.29

	
	Metazachlor
	0.01
	0.13
	0.05
	0.07

	
	Atrazine
	0.00
	1.03
	0.48
	0.33

	
	Prometryne
	0.04
	1.03
	0.53
	0.51

	
	Terbutryn
	0.00
	2.23
	1.12
	0.56

	
	Diuron
	0.09
	0.42
	0.15
	0.20

	Fungicide
	Vinclozolin
	0.00
	0.01
	0.01
	0.01



3.1.2.2 Concentration of active molecules in groundwater

Pesticide concentrations in groundwater are generally low, but vary considerably depending on the molecule. Among insecticides, the highest concentrations are observed for profenofos (1.04 µg/L) and dimethoate (1.022 µg/L), while molecules such as deltamethrin and lambda- cyhalothrin have very low values (0.02 and 0.021 µg/L, respectively) (Table 3). The averages confirm this disparity: dimethoate (0.685 µg/L) and profenofos (0.428 µg/L) appear to be the most significantly present insecticides, while deltamethrin and parathion-methyl remain virtually negligible (0.003 and 0.004 µg/L). The high standard deviations for certain molecules, particularly profenofos (0.468) and dimethoate (0.406), reflect a high variability in concentrations, probably linked to local differences in application or hydrological factors. Herbicides show more consistent concentrations and are generally lower than those of insecticides. The highest maximum levels are for diuron (0.192 µg/L) and metolachlor (0.202 µg/L), while terbutryn is detected at very low levels (0.012 µg/L). The averages indicate that metolachlor (0.078 µg/L), metazachlor (0.060 µg/L), and diuron (0.065 µg/L) are the most prevalent herbicides, with other molecules detected at low concentrations. The standard deviations are relatively close.

Table 3: Summary Statistics of detected pesticides by family and compound in groundwater 
	Pesticide Family
	Active Compound
	Min (µg/L)
	Max (µg/L)
	SD (µg/L)
	Mean (µg/L)

	Insecticides
	Parathion-methyl
	0.000
	0.023
	0.009
	0.004

	
	Chlorfenvinphos
	0.000
	0.850
	0.330
	0.202

	
	Parathion-ethyl
	0.000
	0.870
	0.353
	0.149

	
	Profenofos
	0.000
	1.040
	0.468
	0.428

	
	Dimethoate
	0.010
	1.022
	0.406
	0.685

	
	Chlorpyrifos-ethyl
	0.012
	0.420
	0.156
	0.152

	
	Carbosulfan
	0.000
	0.240
	0.091
	0.056

	
	Lambda-cyhalothrin
	0.000
	0.021
	0.010
	0.009

	
	Deltamethrin
	0.000
	0.020
	0.008
	0.003

	Herbicides
	Metolachlor
	0.020
	0.202
	0.072
	0.078

	
	Metazachlor
	0.013
	0.154
	0.053
	0.060

	
	Atrazine
	0.000
	0.050
	0.022
	0.022

	
	Prometryne
	0.010
	0.042
	0.013
	0.022

	
	Terbutryn
	0.000
	0.012
	0.005
	0.002

	
	Diuron
	0.000
	0.192
	0.078
	0.065

	Fungicide
	Vinclozolin
	0.000
	0.022
	0.010
	0.008



3.1.2.3 Concentration of different pesticide families in surface waters and groundwater

The table 4 presents descriptive statistics for the concentrations of pesticide families in groundwater, including minimum and maximum values, mean, and standard deviation. These data allow us to assess both the magnitude of the concentrations and their variability across chemical families. Organophosphates and triazines, as well as their metabolites, stand out with the highest mean concentrations, at 0.453 µg/L and 0.466 µg/L, respectively. These two families also exhibit high standard deviations, 0.713 µg/L for organophosphates and 0.700 µg/L for triazines, reflecting a marked dispersion of values depending on the sampling site and period. The maximum concentrations observed confirm this variability, reaching 3.450 µg/L for organophosphates and 2.230 µg/L for triazines and their metabolites. These results suggest that these pesticide families contribute most to the chemical load of the studied groundwater and that their presence is likely to be significant at specific points. Substituted ureas, pyrethroids, and carbamates have lower mean concentrations, ranging from 0.024 to 0.202 µg/L, and relatively modest standard deviations, ranging from 0.018 to 0.167 µg/L. This indicates that the distribution of these pesticides in groundwater is more homogeneous and that concentration peaks are less pronounced. However, the maximum values remain significant for substituted ureas and pyrethroids, at 0.490 µg/L each, which could reflect occasional or localized inputs. Analysis of the minimum values reveals that for four out of six families, concentrations can be zero, suggesting that these pesticides are sometimes undetectable in certain water sources. Organochlorines and substituted ureas are the only families to show minimum values above zero, respectively 0.013 µg/L and 0.087 µg/L, which reflects a near-permanent presence, probably linked to the chemical persistence of these substances in the environment.

Table 4 : Summary of Pesticide Concentrations in Surface Water and Groundwater
	Water Type
	Statistical variables
	Organo-phosphates
	Organo-phosphorines
	Triazines and metabolites
	Carbamates
	Substituted ureas
	Pyrethroids

	Surface Water
	Minimum
	0.00
	0.013
	0.00
	0.00
	0.087
	0.00

	
	Maximum
	3.45
	0.71
	2.23
	0.24
	0.49
	0.49

	
	Standard deviation
	0.713
	0.234
	0.7
	0.018
	0.149
	0.167

	
	Mean
	0.453
	0.175
	0.466
	0.024
	0.202
	0.077

	Ground-water
	Minimum
	0.00
	0.013
	0.00
	0.00
	0.00
	0.00

	
	Maximum
	3.45
	0.71
	2.23
	0.24
	0.49
	0.49

	
	Standard deviation
	0537
	0.159
	0.486
	0.071
	0.126
	0.108

	
	Mean
	0.321
	0.112
	0.195
	0.043
	0.12
	0.077



3.1.3 Water quality index

Surface waters exhibit varying levels of chemical and agricultural pollution. The Chemical Pollution Index (CPI) ranges from 1.31 at River 4 to 2.08 at River 3, with an average of 1.63, corresponding to 20.1% of samples being of good quality, 47.9% of poor quality, and 32% of very poor quality (figure 2). The Agricultural Pollution Index (API) varies from 2.65 µg/L at River 4 to 7.78 µg/L at River 3, with an average of 5.30 µg/L, indicating that 29.7% of samples are of poor quality and 70.3% are of very poor quality (Figure 3).

 (
Figure 
3
 : Spatial distribution of Pesticide Alteration Indices (PAI) in surface waters.
)[image: ]
 (
Figure 
2
 : Spatial distribution of Pesticide contamination indices (PCIs) in surface waters.
)



In the groundwater, the Chemical Pollution Index (pCI) ranges from 1.00 at well 5 to 1.50 at well 3, with an average of 1.28, indicating that 60.86% of the samples are of good quality and 39.14% of poor quality (Figure 4). The Agricultural Pollution Index (API) ranges from 0.307 µg/L at well 5 to 3.085 µg/L at well 3, with an average of 1.945 µg/L, exceeding the limits established by the WHO and European Directive 98/83/EC (Figure 5). This situation reveals that 97.4% of the samples are of poor quality, compared to only 2.6% of good quality, highlighting significant agricultural pressure on groundwater resources.
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Figure 
5
 : Spatial distribution of Pesticide Alteration Indices (PAI) in groundwater.
) (
Figure 
4
 : Spatial distribution of pesticide contamination indices (PCIs) in groundwater
)


3.1.4 Multivariate analysis of site-contaminant relationships

Principal component analysis (PCA) identified three main groups of measurement points based on their contamination profiles, revealing both spatial trends and specific chemical signatures (Figure 6).

 
Figure 6: Relationship between sampling sites and pesticide concentrations

Group 1 (Wells 1, 2, 4, 6, and River 4) has homogeneous profiles dominated by Dimethoate and Profenofos, two organophosphate insecticides widely used in intensive agriculture. This homogeneity suggests a point source or diffuse source linked to local agricultural practices, as well as hydrogeological conditions favorable to pesticide migration, such as shallow aquifers or highly permeable soils that facilitate infiltration and transport to wells and rivers.
Group 2 (Well 5 and River 2) stands out with a unique profile, marked by Chlorpyrifos-ethyl and Parathion-ethyl, indicating a localized source or specific hydrological connection. The strong contribution of these molecules to the second component (F2) suggests targeted or recent use, and their concomitant presence in the well and river could reflect rapid transfer from the surface to the hydrological network.
Group 3 (Rivers 1 and 3) shows intermediate profiles, dominated by Parathion-methyl and Vinclozolin, pesticides often associated with less intensive agricultural practices or specific crops. The variability observed probably reflects distinct watersheds, different hydrological regimes, and processes of dilution, adsorption, or biological degradation. Certain molecules, such as Terbutryn and Metolachlor, contribute to several axes, indicating multiple sources, complex transfers, or varied environmental behaviors, including persistence in soil and mobility in water.
The discrimination of pesticide sources by PCA, summarized in Figure 7, reveals three distinct poles: intensive agriculture, hydrological interactions, and watersheds with their own characteristics.
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Figure 7: Mapping of sources by PCA

3.2 Discussion

Physico-chemical parameters of water
Analysis of the physicochemical parameters of the waters in the Teguéré River watershed reveals characteristics consistent with those observed in the humid tropical zones of West Africa. The average water temperature, estimated at 31.38 °C (31.9 °C for surface water and 31.03 °C for groundwater), is relatively high and comparable to values reported in the northern and forested regions of Côte d'Ivoire (Ebé et al. 2023, Yao et al. 2023). This temperature increase is explained by prolonged exposure to solar radiation, the absence of vegetation cover, and the shallow depth of the sampling points.
The average pH, 4.335 for surface water and 4.22 for groundwater, indicates marked acidity, linked to the structural acidity of the region's lateritic and granitic formations (Adjiri et al. 2019, Djahadi et al. 2021), exacerbated by the decomposition of organic matter, root respiration, and acid rain (Ossey et al. 2008, Yapo et al. 2016). Local agricultural practices, particularly the use of acidifying fertilizers and deforestation, also contribute to this acidity.
The average electrical conductivity is 230 µS/cm for surface water and 75 µS/cm for groundwater, reflecting higher mineralization at the surface, linked to agricultural runoff, domestic wastewater, and decomposing organic matter (Yapo et al. 2016, Yao and Ahoussi 2020). The low conductivity of groundwater reflects a reduced content of dissolved ions, typical of shallow aquifers on crystalline bedrock, but vulnerable to rapid infiltration of low-mineralized water (Ouattara et al. 2016). These values remain below the WHO limit of 500 µS/cm, but seasonal increases linked to agricultural spreading and rainfall are likely (Akognongbe et al. 2014, Lawani et al. 2017).

Contamination by active molecules
The results reveal widespread water contamination by agricultural active molecules, including organophosphates, organochlorines, triazines and metabolites, carbamates, substituted ureas and pyrethroids. These substances correspond to the most commonly used insecticides, herbicides and fungicides locally, often in an unregulated manner (Garud et al. 2024). Some molecules, such as parathion-methyl, parathion-ethyl, chlorfenvinphos, metazachlor and vinclozoline, are not registered for agricultural use in Côte d'Ivoire, suggesting illicit use (Dibi et al. 2012, Amadou et al. 2020).
In surface waters, several concentrations far exceed the WHO thresholds (0.1 µg/L per pesticide) and the European limits (0.5 µg/L for the total sum) (WHO 2024). Chlorpyrifos-ethyl (3.45 µg/L) and terbutryne (2.23 µg/L) illustrate local but intense inputs linked to local market gardening practices (Doumbia and Kwadjo 2009). Factors contributing to this contamination include the excessive and empirical use of pesticides, the absence of vegetated buffer zones, and intense runoff during the rainy season (Kouadio et al., 2021; Ahouangninou et al., 2011).
In groundwater, concentrations are generally lower, but some substances such as dimethoate (1.022 µg/L) and profenofos (1.04 µg/L) exceed the standards, indicating diffuse contamination through leaching and infiltration from agricultural areas (Kamenan et al. 2020). The total sum of residues in several wells also exceeds 0.5 µg/L, confirming high agricultural pressure on groundwater (Koné et al., 2018). Ecotoxicological effects include the loss of aquatic biodiversity and bioaccumulation in the food web, while health risks concern chronic exposure, which can lead to neurological, endocrine, and carcinogenic disorders ( Mostafalou & Abdollahi , 2017; Mamy & Barriuso , 2018).

Distribution of pesticide families
In surface waters, triazines and metabolites dominate (0.466 µg/L), followed by organophosphates (0.453 µg/L), substituted ureas (0.202 µg/L), organochlorines (0.175 µg/L), pyrethroids (0.077 µg/L) and carbamates (0.024 µg/L), reflecting the intensive use of triazine herbicides and their persistence in soils (Fingler et al. 2021, Gu et al. 2023). In groundwater, organophosphates predominate (0.232 µg/L), followed by organochlorines (0.069 µg/L), substituted ureas (0.065 µg/L), carbamates (0.056 µg/L), pyrethroids (0.035 µg/L), and triazines (0.015 µg/L), due to their solubility and frequent use, which promote leaching (Müller et al. 2002). The persistence of organochlorines, despite the ban, reflects their chemical stability and historical or illicit contamination (Troiano et al. 2001). Minor families, such as pyrethroids and carbamates, also present significant toxicological potential (Daam and Rico 2018). These observations are part of a global context of groundwater pollution by pesticides, exacerbated by intensive agricultural practices and limited regulatory oversight(Malla et al. 2021, Acharya et al. 2025).

Water resource quality indices
The contamination index (CI) and alteration index (AI) confirm a significant deterioration in water quality. For surface waters, the CI ranges from 1.31 to 2.08 (mean 1.63), indicating a significant impact of pesticides (Ariza Restrepo et al. 2023). According to the AI, 70.3% of the samples exhibit very poor quality, with concentrations exceeding WHO and European thresholds (0.1 µg/L per pesticide and 0.5 µg/L for the total). In groundwater, the ICP is between 1 and 1.5 (mean = 1.28), indicating lower but persistent pollution, with 39.14% of samples of poor quality. However, the IAP reveals that 97.4% of wells exceed the limit of 0.5 µg/L, highlighting diffuse and chronic contamination of groundwater, aggravated by unregulated agricultural practices and the absence of integrated management (Soro et al. 2022). These results confirm the urgency of monitoring measures and sustainable agricultural strategies to protect local water resources.

Multivariate analysis of site-contaminant relationships
The spatial structuring of pesticide contamination revealed by PCA in this study aligns well with recent research using similar multivariate techniques. For instance, a 2025 investigation of organophosphorus pesticides in groundwater from the Campania Plain (Southern Italy) identified Dimethoate, Chlorpyrifos, and Parathion as the most prevalent contaminants and demonstrated strong correlations between pesticide distribution, land use, and agricultural intensity using PCA, highlighting contamination hotspots in intensively farmed areas (De Rosa et al. 2025). Studies in other agricultural regions, such as the Júcar River Basin in Spain, also report marked spatial variability in pesticide contamination of groundwater, where concentrations reflect the intensity of agricultural land use (Pérez-Indoval and Romero-López 2024). These patterns support the interpretation that groups of sites with similar contamination profiles share common drivers related to agricultural practices and hydrological connectivity. In a broader context, global reviews of pesticide occurrence in rivers indicate that organophosphorus compounds such as Chlorpyrifos and Malathion remain widespread in aquatic systems worldwide, underscoring their frequent dominance in contamination profiles (López-Benítez et al. 2024). Furthermore, regional monitoring data show that pesticides continue to be detected above regulatory thresholds in both surface water and groundwater across Europe, providing additional evidence of pervasive agricultural contamination (Baran et al. 2022). Collectively, these findings confirm that pesticide distribution is influenced by land use, hydrology, and contaminant properties, and that multivariate statistical methods like PCA are effective tools for discriminating sources and interpreting complex contamination patterns.

4. Conclusion

This study highlights the growing vulnerability of urban and peri-urban water resources in Korhogo, northern Côte d’Ivoire, under the combined pressures of rapid urbanization and intensive peri-urban agriculture. The results demonstrate that both surface water and groundwater are affected by pesticide contamination, with several compounds exceeding World Health Organization guideline values, posing potential risks to human health and ecosystem integrity. The detection of multiple pesticide families across interconnected water compartments underscores the importance of considering surface–groundwater interactions in urban water assessments. Water quality indices and multivariate analysis reveal that agricultural practices represent a dominant pressure on water resources, while local hydrogeological conditions modulate contamination pathways. These findings emphasize the need to integrate peri-urban agriculture into urban water governance frameworks. Strengthening pesticide regulation, improving monitoring programs, and promoting safer agricultural practices are essential to support sustainable urban water management and protect drinking water supplies in rapidly growing secondary cities of sub-Saharan Africa.
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