


Assessment of Phytosanitary Risks in Cocoa Rubber and Rice Production via the Quebec Pesticide Risk Indicator in central west Ivory Coast


ABSTRACT

	Agricultural chemicalization poses critical threats to sustainable resource management in tropical regions. In Ivory Coast, a global agricultural leader, intensive production of cocoa, rubber, and rice depends heavily on pesticides, endangering biodiversity, water resources, and human health. This study addresses the crucial gap in standardized risk assessment tools by pioneering the adaptation and application of the Quebec Pesticide Risk Indicator (QPRI) to West African tropical agro-ecosystems. We employed the QPRI to evaluate health (HRI) and environmental (ERI) risks associated with 37 pesticides used by 160 farmers in the Lakota department. Our findings demonstrate extreme risk levels from insecticide mixtures, particularly neonicotinoid-pyrethroid combinations (e.g., CABOS PLUS 50 SC, HRI=2109). Triazole fungicides (e.g., cyproconazole, ERI=495) and herbicides containing triclopyr emerged as significant threats to aquatic ecosystems, especially the Gazolilié dam, due to their high persistence and mobility. The research uncovered alarming disparities between regulatory frameworks and field practices, including improper waste disposal and inadequate protective measures. We establish that the adapted QPRI serves as an essential tool for evidence-based policy and sustainable agricultural transition. Our study provides a scientifically-grounded framework for prioritizing pesticide regulation, promoting eco-friendly alternatives such as biopesticides, and implementing targeted awareness campaigns. This work offers a replicable model for achieving sustainable agriculture and effective natural resource management in Ivory Coast and comparable tropical agro-ecosystems, directly contributing to conservation objectives, agricultural sustainability, and the UN Sustainable Development Goals through improved pesticide risk assessment and management strategies.
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1. INTRODUCTION 

Cocoa, rubber, and rice are cornerstone crops in Ivory Coast, contributing significantly to national revenues and the livelihoods of local populations (Bene et al., 2024). However, maintaining their yields relies heavily on pesticide use, a practice with multifaceted consequences including acute and chronic toxicity for farmers and consumers, bioaccumulation in the food chain, and soil and water pollution, as evidenced by the contamination of aquatic systems like Lake Labo (Tudi et al., 2021). Despite the ban on certain highly toxic products like atrazine and chlorpyrifos-ethyl, their use persists, revealing a concerning gap between regulations and on-field practices (Traoré and Haggblade, 2017). This situation is exacerbated by a lack of standardised tools for assessing the health and environmental risks of pesticides in a local context (Milhorance et al., 2024), necessitating the adoption of rigorous methodologies to quantify these risks and guide policy towards sustainable agriculture. This study aims to address this gap by applying the Quebec Pesticide Risk Indicator (QPRI), a proven model for pesticide risk assessment (Samuel, 2007), adapted here for the first time to the specific socio-economic and environmental conditions of central-western Ivory Coast, representing a novel approach for tropical risk assessment. The primary objective is to quantify the health (HRI) and environmental (ERI) risks of pesticides used on cocoa, rubber, and rice crops to identify the most hazardous substances. The results will help prioritise corrective actions, such as promoting less toxic alternatives (e.g., Bacillus subtilis, HRI=1.6) and strengthening local regulations (Bouagga et al., 2016), thereby supporting the transition to a more sustainable and resilient agricultural model that balances productivity with environmental conservation and public health.

2. material and methods 

2.1 Study Area

The study was conducted in the department of Lakota (Lôh-Djiboua region, Ivory Coast), an area characterized by a humid tropical climate with average temperatures of 25–30°C and abundant rainfall from April to October (Ahipo, 2024). Seven localities were targeted for their agricultural diversity: Lakota, Akabréboua, Nassalilié, Grand-Déboua, Gazolilié, Niakpalilié, and Dahiri. Dominant crops include cocoa (725.25 ha), rubber (193 ha), and rice (14.25 ha), with production systems ranging from intensive plantations to polycultural systems (Bene et al., 2024). The presence of the Gazolilié hydro-agricultural dam and Lake Labo underscores the critical challenges of water contamination by pesticides (Figure 1). 
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2.2 Sampling

A stratified sample of 160 farmers was interviewed to reflect the regional crop distribution (Table 1). The sample was dominated by cocoa growers (117 farmers, 73.1%), followed by rubber growers (32 farmers, 20%) and rice growers (11 farmers, 6.9%), accurately mirroring the main agricultural activities
 of the Lakota department. The localities of Gazolilié and Dahiri accounted for 37.5% of the surveyed farms, highlighting their significance in local agricultural production.

[bookmark: _Hlk207647408]Table 1: Distribution of farms by crop and locality in Lakota department (Ivory Coast).
	LOCALITIES
	COCOA
	RUBBER
	RICE
	TOTAL

	Lakota
	14
	5
	1
	20

	Akabréboua
	17
	3
	0
	20

	Nassalilié
	16
	4
	1
	20

	Grand Deboua
	13
	6
	2
	20

	Gazolilié
	25
	4
	2
	30

	Niakpalilié
	20
	0
	0
	20

	Dahiri
	12
	12
	5
	30

	TOTAL
	117
	32
	11
	160



2.3 Data Collection

Data were collected using a detailed questionnaire covering five key aspects: (1) crop-specific phytosanitary problems, (2) an inventory of used products (trade names, active substances, dosages), (3) application methods (protective equipment, spreading techniques), (4) residue management (packaging and surplus treatment), and (5) knowledge of local pesticide regulations. Systematic farm visits were conducted to verify the concordance between declarations and actual practices, and working sessions with professional applicators enabled data triangulation to ensure reliability. Data were compiled in an Excel database and checked for consistency.

2.4 Quebec Pesticide Risk Indicator (QPRI)

The Quebec Pesticide Risk Indicator (QPRI) is a tool developed by Quebec ministries for a dual assessment of pesticide-related risks (Samuel, 2007; Samuel et al., 2012):
· QPRI-Health: Evaluates health risk (acute and chronic toxicity).
· QPRI-Environment: Measures ecological impact (persistence, bioaccumulation, effects on biodiversity).




2.4.1 QPRI-Health

The Health Risk Index (HRI) quantifies human health danger by integrating acute toxicity (LD₅₀, irritation), chronic toxicity (carcinogenicity, neurotoxicity), environmental persistence (Fper), and bioaccumulation potential. The HRI for an active substance is calculated as shown in Equation 1 (Bouagga et al., 2016; Boudraa, 2025; Soudani et al., 2020):

HRIactive substance = TRI × FPf × FCP) / 10 		(1)

where:
· TRI: Toxicological Risk Index.
· FPf: Formulation weighting factor.
· FCP: Factor related to the applied dose.
Alternatively, it can be calculated as per Equation 2 (Bouagga et al., 2016; Boudraa, 2025; Soudani et al., 2020):

HRIactive substance = [Σ (Acute effects) + (Chronic effects × Fper)]²		 (2)


where:
· Acute effects: LD₅₀, skin/eye irritation.
· Chronic effects: Carcinogenicity, endocrine disruption.
For a commercial product, the total HRI is the sum of the HRIs of its active substances.

2.4.2 QPRI-Environment

The Environmental Risk Index (ERI) assesses ecological impacts by considering toxicity to species (invertebrates (T), birds (O), aquatic organisms (A)), mobility (M), persistence in soil (P), and bioaccumulation (B). The ERI for an active substance is calculated using Equation 3 (Bouagga et al., 2016; Boudraa, 2025; Soudani et al., 2020):

ERIactive substance = [1.75 × (T + O) + A + M + P + B + 1]² 		(3)

This tool, validated against international databases (PPDB, 2024; SAgE Pesticides, 2024), enables informed management of phytosanitary risks. Calculations were automated using Excel 2019 and R 4.3.0 for statistical analyses (ANOVA, correlations).

2.5 Data Processing and Statistical Analyses

The calculated indices were cross-referenced with the PPDB (University of Hertfordshire) and SAgE Pesticides (INRAE) databases, EU and WHO regulatory thresholds, and reviewed by agronomic experts to validate the adaptation of QPRI to the Ivorian context. This rigorous methodology ensured a reliable risk assessment, combining a quantitative approach with external validation. 



3. results and discussion

3.1 Farmers' Phytosanitary Practices

Farmers' profiles and practices are summarised in Table 2. Most growers were men (81.9%), with a predominant age of 41-50 years. A significant proportion (50.6%) had no formal education, and advice from neighbours was the primary source of information for product selection (58.1%). While 80.6% considered pesticides dangerous, only 11.9% were well-informed about the risks. Critical gaps were observed in practices: 73.3% lacked dedicated storage, minimal personal protective equipment (PPE) was used (e.g., only 6.5% wore full equipment), and 56.9% did not respect recommended doses. Waste management was also inadequate, with 47.5% burying empty packaging and 16.3% discharging product residues into the environment.

Table 2: Phytosanitary practices in the department of Lakota (Ivory Coast).
	CATEGORY
	SUBCATEGORY
	MAIN RESULTS
	KEY DATA

	

STAKEHOLDER PROFILE
	Demographics
	81.9% of growers are men
	Predominant age: 41-50 years (25.6%) for producers; 31-40 years (38.7%) for applicators

	
	
	100% of male applicators
	

	
	Education and Training
	50.6% of growers without formal education
	Main supervisory structure: ANADER (31.9%)

	
	
	61.3% of trained applicators
	

	SOURCING
	Selection Criteria
	58.1% follow neighbors advice
	46.3% obtain their supplies through cooperatives

	
	
	30% listen to retailers
	

	

KNOWLEDGE
	Perceived Risks
	80.6% consider pesticides dangerous
	Main concern: human health (46.3%)

	
	
	Only 11.9% are well informed about the risks
	

	
	Motivations for Use
	70% use them out of production necessity
	

	
	
	17.5% due to a lack of alternatives
	

	

PRACTICES
	Storage
	73.3% do not have dedicated storage
	15% use unequipped buildings

	
	Application Equipment
	Atomizers (45.2%) >
Sprayers (38.7%)
	52.5% use certified applicators

	
	Personal Protection
	32.3% use masks + boots (minimal PPE)
	Only 6.5% wear full equipment

	
	Application Schedule
	46.3% apply in the morning (6 a.m.-11 a.m.)
	26.9% do not have a specific time

	
USAGE
	Frequency and Dosage
	45.6% apply 1-2 treatments/year
	8.8% perform 5-6 treatments annually

	
	
	56.9% do not respect the doses
	

	

WASTE MANAGEMENT
	Product Residues
	56.9% do not respect the doses
	16.3% discharge into the environment

	
	
	34.4% bury
	

	
	Empty Packaging
	47.5% bury the packaging
	Only 1.9% return them to retailers

	
	
	21.3% abandon them
	





3.2 Health Risks (HRI)

The assessment of Health Risk Indices revealed significant variations, with insecticides posing the most concern. HRIs frequently exceeded 2000, particularly for neonicotinoid-pyrethroid mixtures like CABOS PLUS 50 SC (imidacloprid/bifenthrin, HRI=2109) and CACAO GOLD 45 EC (acetamiprid/bifenthrin/imidacloprid, HRI=1983), due to their neurotoxicity and persistence. Fungicides presented moderate to high risks, notably triazoles such as cyproconazole (ALTO 100 SL, HRI=1296) and difenoconazole (DIFEZOLE 250 EC, HRI=773), warranting increased monitoring for their endocrine-disrupting effects. Although generally less toxic, some herbicide mixtures showed alarming HRIs, such as CALRIZ 432 EC (propanil/triclopyr, HRI=2528). Glyphosate-based herbicides showed moderate HRIs (≤78) but remain controversial regarding long-term impacts (Table 3).

3.3 Environmental Risks (ERI)

The analysis of Environmental Risk Indices revealed distinct threats. The persistence of neonicotinoids like imidacloprid (CAO-NET 30 SC, ERI=319) and thiamethoxam (ACTARA 240 SC, ERI=148) poses a lasting impact on non-target organisms due to their bioaccumulation potential. Water resources were significantly threatened by herbicides containing triclopyr (GARIL 432 EC, ERI=237) and particularly by the insecticide fipronil (REGENT 3 GR, ERI=625), compromising ecosystems like the Gazolilié dam. Pyrethroids such as bifenthrin (ERI=361) exerted acute toxicity on terrestrial invertebrates and birds. Glyphosate, with a low ERI (≤1), raises questions about its intensive use, including weed resistance and delayed ecological effects (Table 3).
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Table 3: Health and environmental risk assessment of pesticides (QPRI) by type, crop and commercial product.
	Pesticide Types
	Crops
	Commercial Product Name
	Active Ingredients
	
	QPRI-Health
	QPRI-Environment

	
	
	
	Active Substances
	TRIactive substance
	HRIactive substance
	HRIcommercial product
	ERIactive substance
	ERIcommercial product

	Insecticide
	Cocoa
	ACTARA 240 SC
	Thiamethoxam
	992.25
	232
	232
	148
	148

	Insecticide
	Cocoa
	AZUDINE 50 SC
	Thiamethoxam / Deltamethrin
	992/342
	280/420
	700
	156/192
	348

	Insecticide
	Cocoa
	BELLE-CABOSSE 50 EC
	Acetamiprid / Bifenthrin
	900/4556
	157/411
	569
	76/284
	361

	Insecticide
	Cocoa
	CABOS PLUS 50 SC
	Imidacloprid/Bifenthrin
	6084/4556
	1521/588
	2109
	333/361
	694

	Insecticide
	Cocoa
	CACAO GOLD 45 EC
	Acetamiprid / Bifenthrin / Imidacloprid
	900/4556/6084
	191/499/1292
	1983
	76/353/326
	756

	Insecticide
	Cocoa
	EXCELL 25 EC
	Thiamethoxam / Deltamethrin
	992/3422
	280/420
	700
	156/192
	348

	Insecticide
	Cocoa
	CACAOSUPER 40 EC
	Acetamiprid / Bifenthrin
	900/4556
	157/411
	569
	76/284
	361

	Insecticide
	Cocoa
	CALLIFAN MAX 100 EC
	Bifenthrin / Acetamiprid
	4556/900
	411/157
	569
	284/76
	361

	Insecticide
	Cocoa
	CALLIFAN SUPER 40 EC
	Acetamiprid / Bifenthrin
	900/4556
	157/411
	569
	76/284
	361

	Insecticide
	Cocoa
	CAOFINE SUPER 50 SC
	Imidacloprid / Bifenthrin
	6084/4556
	1521/588
	2109
	333/361
	694

	Insecticide
	Cocoa
	CAO-NET 30 SC
	Imidacloprid
	6084
	1064
	1064
	319
	319

	Insecticide
	Cocoa
	CATAPULTE 25 EC
	Imidacloprid / Bifenthrin
	6084/4556
	1064/411
	1476
	319/284
	604

	Insecticide
	Cocoa
	CATAPULTE SUPER 25 EC
	Imidacloprid / Lambda-cyhalothrin
	6084/4225
	1064/455
	1519
	225/196
	421

	Insecticide
	Cocoa
	CONQUERANT 40 EC
	Acetamiprid / Cypermethrin
	900/2916
	157/323
	481
	76/144
	220

	Insecticide
	Cocoa
	CROTALE 46 EC
	Acetamiprid / Indoxacarb
	900/1089
	157/109
	266
	76/210
	286

	Insecticide
	Cocoa
	GAWA SUPER 45 EC
	Imidacloprid / Lambda-cyhalothrin
	6084/4225
	1064/455
	1519
	319/196
	515

	Insecticide
	Cocoa
	GOUROU SUPER 45 EC
	Acetamiprid / Cypermethrin
	900/2916
	157/323
	481
	76/144
	220

	Insecticide
	Cocoa
	GROSUDINE SUPER 50 EC
	Imidacloprid / Bifenthrin
	6084/4556
	1521/588
	2109
	333/361
	694

	Insecticide
	Cocoa
	SUPER CHAMP 40 EC
	Acetamiprid / Bifenthrin
	900/4556
	225/588
	813
	76/361
	437

	Insecticide
	Cocoa
	TOPCABOSS SUPER 50 EC
	Imidacloprid / Bifenthrin
	6084/4556
	1064/411
	1476
	319/284
	604

	Insecticide
	Cocoa
	TRESFORT GOLD 50 EC
	Bifenthrin / Imidacloprid
	4556/6084
	411/1064
	1476
	284/319
	604

	Insecticide
	Cocoa
	TONNERRE 88 EC
	Cypermethrin / Acetamiprid
	2916/900
	462/225
	687
	150/76
	226

	Fungicide
	Cocoa
	MAXICABOSS 660 WP
	Metalaxyl-M / Copper Oxide
	2500/1156
	500/500
	1000
	213/0
	213

	Fungicide
	Cocoa
	CALLICUIVRE
	Copper Oxychloride
	400
	160
	160
	76
	80

	Fungicide
	Rubber
	ALTO 100 SL
	Cyproconazole
	7832
	1296
	1296
	495
	495

	Fungicide
	Rubber
	CALTEX 300 EC
	TCMTB
	2116
	373
	373
	4
	4

	Fungicide
	Rubber
	DIFEZOLE 250 EC
	Difenoconazole
	4422
	773
	773
	272
	497

	Fungicide
	Rubber
	SHAVIT F 720 WG
	Folpet / Triadimenol
	1260/6006
	352/819
	1172
	42/110
	269

	Fungicide
	Cocoa, Rubber
	REVUS 250 SC
	Mandipropamide
	2401
	323
	323
	116
	305

	Herbicide
	Rice
	BON RIZ 200 WP
	Metsulfuron-methyl
	1056
	92
	92
	15
	15

	Herbicide
	Rice
	CALRIZ 432 EC
	Propanil / Triclopyr
	961/3721
	1040/1488
	2528
	132/105
	237

	Herbicide
	Rice
	GARIL 432 EC
	Triclopyr / Propanil
	3721/961
	1488/1040
	2528
	105/132
	237

	Herbicide
	Rice
	HERBIVORE 315 EC
	Propanil / Thiobencarb
	961/1444
	1040/810
	1850
	132/36
	168

	Herbicide
	Rice
	IDEAL 200 WP
	Metsulfuron
	1056
	92
	92
	20
	20

	Herbicide
	Rice
	TITAN 100 WP
	Metsulfuron-methyl
	1056
	132
	132
	27
	27

	Insecticide
	Rice
	REGENT 3 GR
	Fipronil
	6006
	1201
	1201
	625
	625

	Insecticide
	Rice
	TROPIGENT 5 GR
	Fipronil
	6006
	1201
	1201
	625
	625

	Herbicide
	All Crops
	BALEYAGE 480 SL
	Glyphosate
	196
	78
	78
	1
	1

	Herbicide
	All Crops
	BALEYAGE 780 SG
	Glyphosate
	196
	39
	39
	1
	1

	Herbicide
	All Crops
	BALEYAGE SUPER 200 SL
	Glufosinate-Ammonium
	1849
	739
	739
	0
	0

	Herbicide
	All Crops
	BIBANA 480 SL
	Glyphosate
	196
	78
	78
	1
	1

	Herbicide
	All Crops
	BULDOZER 480 SL
	Glyphosate
	196
	78
	78
	1
	1

	Herbicide
	All Crops
	GLYCOT 480 SL
	Glyphosate isopropylamine salt
	144
	57
	57
	1
	1

	Herbicide
	All Crops
	GLYPHOTOP 780 SG
	Glyphosate ammonium
	841
	288
	288
	1
	1

	Herbicide
	All Crops
	HERBALM 720 SL
	2,4-D amine salt
	3080
	546
	546
	7
	7

	Herbicide
	Rice
	HERBASTOP 720 SL
	2,4-D amine salt
	3080
	546
	546
	5
	5

	Herbicide
	All Crops
	LAMACHETTE 480 SL
	Glyphosate
	196
	78
	78
	1
	1

	Herbicide
	All Crops
	RANGRO 480 SL
	Glyphosate isopropylamine salt
	144
	57
	57
	1
	1

	Herbicide
	All Crops
	BIBANA 680 SG
	Glyphosate
	196
	39
	39
	1
	1

	Herbicide
	All Crops
	DETRU HERB EXTRA 780 WG
	Glyphosate
	196
	39
	39
	1
	1

	Herbicide
	All Crops
	GLYCOT 700 SG
	Glyphosate ammonium salt
	841
	288
	288
	1
	1

	Herbicide
	All Crops
	LAMACHETTE 757 WG
	Glyphosate
	196
	39
	39
	1
	1

	Herbicide
	All Crops
	PUISSANCE 780 SG
	Glyphosate
	196
	39
	39
	1
	1

	Herbicide
	All Crops
	RANGRO 757 WG
	Glyphosate
	196
	39
	39
	1
	1

	Herbicide
	Cocoa
	TASMAN 757 SG
	Glyphosate ammonium salt
	841
	288
	288
	1
	1



4. DISCUSSION

This study provides the first quantitative application of the Quebec Pesticide Risk Indicator (QPRI) to the complex agricultural landscape of central Ivory Coast, delivering critical data for natural resource management and advancing the agenda of sustainable agriculture. Our results systematically rank pesticide risks, revealing that neonicotinoid insecticides (e.g., imidacloprid, HRI=1521) and their synergistic mixtures (e.g., CABOS PLUS 50 SC, HRI=2109) represent the most significant threat to human health in the region. This finding provides empirical support for regulatory concerns regarding their neurotoxicity and environmental persistence (EFSA et al., 2025). Simultaneously, the assessment demonstrates that triazole fungicides (cyproconazole, HRI=1296) and triclopyr-based herbicides (ERI=237) pose substantial threats to aquatic ecosystems a finding with direct implications for managing water resources like the Gazolilié dam and Lake Labo, and which aligns with research on aquatic contamination risks (Aliste et al., 2021).
The identification of these high-risk substances achieves a primary objective of this research: providing evidence-based guidance for regulatory prioritization to safeguard ecosystem health and move towards sustainable agricultural practices. The persistence of certain banned or high-risk compounds in agricultural practice underscores a critical implementation gap between national regulations and local farm management (Traoré and Haggblade, 2017). This disconnect not only threatens human health but also jeopardizes the long-term sustainability of the natural resources upon which agriculture itself depends. Our ecological risk data further validate international findings on neonicotinoid impacts on invertebrate communities (Main et al., 2021; Tosi et al., 2022) and confirm the concerning persistence of triazole compounds in agricultural soils (Roman et al., 2022), highlighting transcontinental patterns of pesticide impacts that necessitate globally-informed but locally-adapted management strategies.
Notwithstanding these limitations, our findings offer concrete pathways for improving agricultural practices and environmental protection, aligning with the goals of sustainable resource management. Immediate risk reduction could be achieved through targeted substitution of high-risk compounds (HRI>1000) with validated alternatives such as Bacillus subtilis (HRI=1.6), while maintaining awareness of potential trade-offs such as copper accumulation in soils (Mir et al., 2021). Beyond product substitution, we advocate for enhanced farmer training on appropriate protective equipment and application techniques (FAO/WHO, 2018), coupled with strengthened monitoring of vulnerable ecosystems (Pagano et al., 2020). Most importantly, we propose the integration of the QPRI methodology into national pesticide management strategies (Bouagga et al., 2016), creating a science-based framework for ongoing evaluation and regulatory updating that aligns with international standards (EFSA et al., 2025).
This research demonstrates that standardized risk assessment tools like the QPRI can effectively bridge the gap between agricultural production and environmental conservation by identifying priority intervention points for sustainable pesticide management. The findings provide an evidence base for reorienting both policy and practice toward more sustainable pesticide management in Ivory Coast's key agricultural sectors. Future research should focus on longitudinal studies of farmer health (Panis et al., 2024), environmental monitoring to validate model predictions (Pagano et al., 2020), and economic analyses of alternative pest management strategies (Pretty and Bharucha, 2015). Through such integrated approaches, Ivory Coast and similar agricultural nations can pursue their development objectives while fulfilling their stewardship responsibilities toward natural resources and human well-being within a framework of sustainable development.




5. Conclusion

This study confirmed the high risks associated with pesticide use in cocoa, rubber, and rice crops in Lakota department. Insecticides, particularly neonicotinoids like imidacloprid, and triazole fungicides presented the most critical health (HRI) and environmental (ERI) risks, with indices often exceeding 1000. Combined herbicides (e.g., propanil/triclopyr) exacerbated risks, highlighting the urgency of regulating substance mixtures. As the first application of the QPRI in the Ivorian context, this research provides a scientifically validated tool to guide local policies and complements previous work by integrating field data specific to tropical realities. To strengthen the impact of this study, the following avenues are proposed: extending the evaluation to other agricultural regions of Ivory Coast with differentiated pesticide pressures (e.g., cotton basins), integrating socio-economic analyses to assess the cost-benefit of alternatives (biopesticides, agroecological practices) based on established frameworks and developing longitudinal monitoring of chronic exposures among farmers, in partnership with local health structures. This study advocates for an urgent transition to sustainable agricultural practices, combining strict regulation, training of stakeholders, and the adoption of low-risk alternatives to ensure long-term food security and environmental health. The adapted QPRI could serve as a model for other African countries facing similar challenges in their pursuit of agricultural sustainability.
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