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RESUME

L'utilisation des pesticides en agriculture a des impacts sur l'environnement et la santé humaine, en particulier dans les régions tropicales où les conditions pédoclimatiques favorables aux maladies et aux bioagresseurs, motivent leur utilisation tout au long de l'année. L'Analyse du Cycle de Vie (ACV), une méthodologie normalisée par l'ISO, est largement utilisée pour quantifier la performance environnementale des systèmes agroalimentaires mais la prise en compte des impacts liés aux pesticides y représente un défi majeur. Une analyse bibliographique a permis d'identifier les caractéristiques qui déterminent les émissions de pesticides et leurs impacts associés dans les conditions tropicales, et d'évaluer dans quelle mesure les modèles d'inventaire et d'évaluation de l'impact doivent être adaptés pour mieux tenir compte de ces conditions. Le principal objectif de cette thèse était d'aller vers une meilleure modélisation des émissions et impacts des pesticides agricoles dans les conditions tropicales afin d'améliorer les bases scientifiques de l'évaluation environnementale des systèmes agroalimentaires tropicaux. Tout d'abord, grâce à une analyse de sensibilité du modèle d'émission des pesticides PestLCI Consensus, nous avons identifié les aspects qui devraient être développés en priorité. Ensuite, la distribution initiale des émissions de pesticides a été affinée en développant un ensemble cohérent de fractions d'interception foliaire en fonction des caractéristiques de la culture et des techniques de pulvérisation pour les cultures tropicales. De plus, des mesures de la dérive due aux méthodes d'application utilisées ont été extraites d'expérimentation spécifiquement menées dans des conditions tropicales. Ainsi, un jeu de fractions d'émission de pesticides a été produit pour une utilisation directe par les praticiens de l'ACV. Un couplage cohérent des modèles d'émission et d'impact des pesticides a été proposé pour tous les contextes agricoles, incluant la toxicité humaine due à l'exposition aux résidus de pesticides dans les produits récoltés. La proposition a été testée de façon satisfaisante sur l'ACV de la production de tomate plein champ en Martinique (Antilles françaises) en paramétrant le modèle aux conditions locales. De plus, pour évaluer la durabilité environnementale des pratiques agricoles, la modélisation de la gestion de la couverture du sol dans le modèle d'émissions des pesticides a également été proposée. Ces progrès méthodologiques, scientifiques et opérationnels constituent une étape importante vers une modélisation plus fiable des émissions au champ de pesticides, y compris l'émission dans la partie consommée de la culture, et leur conversion cohérente en impacts d'(éco)toxicité, dans le cadre de l'ACV des systèmes agroalimentaires des régions tropicales. Pour améliorer encore l'évaluation des pesticides agricoles dans le cadre de l'ACV, en particulier pour les conditions tropicales, il est nécessaire de mieux prendre en compte les processus liés à la pluie dans le modèle d'émission des pesticides.

Mot clés : substance active, modèles, cultures tropicales, pratiques agricoles, (éco-)toxicité, ACV Figure 14: Contribution of cradle-to-farm gate stages to freshwater ecotoxicity and human toxicity impacts per kg tomato harvested for six scenarios, based on initial emission distributions for organic substances (a, c) and for metal-based substances (b, d). Dotted processes belong to pesticides, horizontally dashed processes belong to field operations, and diagonally dashed processes belong to other aspects. Scenarios A-F indicate different combinations of climate, soil and agricultural practice (see Table 9). ....................... 84 Figure 15: Difference for freshwater ecotoxicity and human toxicity impacts for organic substances contrasting initial distribution fractions, secondary emission fractions, and the common assumption of 100% of applied pesticide being emitted to agricultural soil as underlying approach. Scenarios A-F indicate different combinations of climate, soil and agricultural practice (see Table 9). For the comparison of initial and secondary, the difference was calculated as: variation(%)= (sec -initial)/ sec, where 'sec' is for (eco-)toxicity using secondary emission fractions and 'initial' for (eco-)toxicity using initial distribution fractions; for the comparison of 100% soil and initial, the difference was calculated as: variation(%)=(initial-100%soil)/initial where 100%soil is for (eco-)toxicity using an emission fractions of 100% to soil." ...... 87 (Perrin et al. 2015), Rwanda in open-field (Basset-Mens et al. 2016), and Morocco in cold greenhouse [START_REF] Payen | LCA of local and imported tomato: an energy and water tradeoff[END_REF] Table 1: 3: Recommendations for improving the adapted PestLCI model, USEtox and dynamiCROP to be suitable for assessing pesticides under tropical conditions, and more generally for agricultural LCA. ..... 29 Table 4: Factors influencing pesticide emissions under tropical conditions, and how they are currently considered in the adapted PestLCI model (as part of primary pesticide distribution or as part of secondary emissions) based on conclusions and improvements proposed by previous studies applying this model .. 32 Table 5: Input variables for PestLCI Consensus initial distribution and secondary emissions indicating whether the variable is mandatory (*) or optional (**). Details on PestLCI variables, units and definitions are presented in the Supplementary Material (SM), Table S2.1 Table 17: Main characteristics of the case study and the 2 scenarios, grapevine and tomato production 138 Table 18: Initial and secondary emission fractions for the tomato and grapevine production, for two crop growth stages, 𝑓intercept,crop = 0.3 and 𝑓intercept,crop = 0.8, for the effective area fraction of crop-free field that is covered by cover crop representing the two cover crop types with 𝑓eff,cover = 0.35 and 𝑓eff,cover = 0.7 (mean across scenarios). . Table 19: Impact score (IS in PAF m 3 d/kgapplied) of the average scenarios with a cover crop for each environmental compartment (continental: rural air, freshwater, natural soil and agricultural soil), for the two scenarios: tomato and grapevine and %-change (eq. 5.17) when not using a cover crop (i.e. bare soil), for the application of two pesticides (mancozeb and pyriproxyfen). 

TABLE OF FIGURES

TABLE OF TABLES

STRUCTURE OF THE THESIS

A brief introduction presents the thesis scientific context and the importance of modeling pesticide emissions and associated impacts on crops grown in tropical conditions through the Life Cycle Assessment (LCA) approach.

First, a state-of-the art of pesticide Life Cycle Inventory (LCI) and Life Cycle Impact Assessment (LCIA) models regarding their consideration of tropical conditions introduces the thesis work, and first recommendations of possible model refinements are proposed (Chapter 1article published in Int J Life Cycle Assess).

This first chapter allows detailing the research questions and related objectives of the thesis and provide a summary of challenges and ways forward to adapt LCI and LCIA models to tropical conditions.

Second, the sensitivity of the pesticide emission model's outputs (i.e. PestLCI Consensus) and the related (eco-)toxicity impacts to the pesticide emission model's inputs is analyzed and the most important inputs and processes on which focusing adaptations to tropical conditions are identified (Chapter 2presented as an article).

Third, the coupling of the pesticide emission and impact models is proposed and illustrated with a case study on tomato production in Martinique (Chapter 3article published in J Clean Prod).

Four, the development of a set of crop growth stages and associated foliar interception fractions for crops grown under tropical conditions and the implementation of deposition curves defined in tropical conditions are presented (Chapter 4article to be submitted).

Five, the inclusion of an important farming practice influencing pesticide transfers: the ground cover management is proposed in the PestLCI Consensus model (Chapter 5article to be submitted).

Finally, a discussion and outlook part is presented and followed by a general conclusion.

The thesis is presented in English, except for the general conclusion which is in French.

INTRODUCTION WHY AND HOW TO ASSESS PESTICIDES FOR AGRI-LCA IN TROPICAL

REGIONS?

Pesticides use on crops grown in tropical conditions leads to environmental and human health impacts

The tropical agricultural systems show a wide diversity of production situations, including export value chains to European markets, periurban cropping systems around cities in developing countries or cropping systems in French overseas departments, with contrasted challenges in terms of environmental impacts and health risks. In tropical regions 1 , the growing demand for crop products on both the international and the domestic markets offers an opportunity for farmers to increase their activities and revenues [START_REF] Weinberger | Diversification into horticulture and poverty reduction: a research agenda[END_REF]. Moreover, a quick growing of cities in developing countries is leading to largely uncontrolled periurban productions of fruits and vegetables with high applications of pesticides 2 (Perrin et al. 2015). It is important to notice that in Latin America, sub-Saharan Africa, and South and East Asia, farm households have on average less than five hectares of agricultural land and ensure food security by producing more than 70% of the food calories in theses regions [START_REF] Samberg | Subnational distribution of average farm size and smallholder contributions to global food production[END_REF]. To ensure the crop yield and to fight the pests, diseases and weeds, a wide diversity of pesticides can be used at a high frequency (Lewis et al. 2016), in particular in horticultural production systems (Racke et al. 1997), and almost all year round (Daam and van den Brink 2010) (Figure 1). In these tropical contexts, persistent pesticides are still used. In particular, in tropical developing countries, farmers use old chemicals with a high risk for the environment and human health (Sanchez-Bayo and Hyne 2011). Pesticides as all chemicals are widely disseminated in the environment and are responsible for human and ecosystem exposure and contamination [START_REF] Landrigan | The Lancet Commission on pollution and health[END_REF], notably in tropical conditions (Arias-Estévez et al. 2008;[START_REF] Aktar | Impact of pesticides use in agriculture: their benefits and hazards[END_REF]Lesueur Jannoyer et al. 2016). Pesticides can be detected in all environmental compartments in tropical regions, i.e. in the air (Fuhrimann et al. 2020), surface water [START_REF] Bocquené | Pesticide contamination of the coastline of Martinique[END_REF]Mottes et al. 2017a), groundwater [START_REF] Sorensen | Emerging contaminants in urban groundwater sources in Africa[END_REF], soil [START_REF] Dickinson | Pollution of tropical plantation crops by copper fungicides: a copper budget for Kenyan coffee plantation[END_REF]Pillai 1986) and even in food crops [START_REF] Hossain | Health risk assessment of selected pesticide residues in locally produced vegetables of Bangladesh[END_REF]Kariathi et al. 2016). Pesticide applications lead to non-target exposure of terrestrial ecosystems, on birds and mammals, on pollinating insects, and on marine and freshwater ecosystems (Daam and van den Brink 2010;Alves et al. 2013;[START_REF] Woodcock | Country-specific effects of neonicotinoid pesticides on honey bees and wild bees[END_REF]. Several routes of human pesticide exposure exist: directly by contact and inhalation at the pesticide manufacture level and for professional or domestic uses, and indirectly by inhalation of air, through the contact with contaminated surfaces and through water and food consumption (INSERM 2013). Fantke and Jolliet (2016) identified the ingestion of pesticide residues in harvested crop components as the dominating exposure pathway for the general population. The risk of pesticide residues in food crop is often attributable to the non-compliance with the authorized pre-harvest period after the last application, the use of prohibited pesticides [START_REF] Weinberger | Diversification into horticulture and poverty reduction: a research agenda[END_REF] and also to the non-compliance with the approved dose and frequency of application. The risk of ingestion of pesticide residues is increased for fruits and vegetables commonly consumed in fresh form [START_REF] Weinberger | Diversification into horticulture and poverty reduction: a research agenda[END_REF]. Some active ingredients used in agriculture and present in food are neurotoxic (as organophosphate pesticides), endocrine disruptors, carcinogenic etc. and there is strong evidence that chemicals and pesticides are responsible for 'a global pandemic of neurodevelopmental toxicity' [START_REF] Landrigan | The Lancet Commission on pollution and health[END_REF].

To reduce the effects of pesticides on the environment and human health, it is critical to understand the relationship between farmers' pest management and associated impacts.

Life Cycle Assessment for food and agriculture evaluation

Life Cycle Assessment (LCA) is an ISO-standardized methodology (ISO 14040 2006;ISO 14044 2006) to evaluate the environmental performance of product systems or services. LCA is aiming to identify the most environmentally friendly way(s) of fulfilling a function between different options, and constitutes a relevant tool for decision-makers. An LCA is divided in 4 steps (Figure 3). First, (i) "the goal and scope definition" phase, where the objectives of the study are defined, the system boundary is described and a functional unit is chosen with a definition of the product and its life cycle. Then (ii) the "Life Cycle Inventory (LCI)" phase in which physical fluxes of matter and energy are estimated over the whole life of the studied function, generally from "cradle-to-grave" or from "cradle-to-farm-gate" depending on the goal and scope of the study. These inventory fluxes are then aggregated and converted into indicators of potential environmental impacts by applying characterization factors and finally expressed per functional unit, at the "Life Cycle Impact Assessment (LCIA)" phase (iii). Results can be expressed at two levels: as midpoint and endpoint indicators. At midpoint level, there are 15 recommended impact categories (European Commission and Joint Research Centre 2010) (e.g. freshwater ecotoxicity and human toxicity regarding pesticide emissions). At the endpoint level, representing the ultimate objects to protect, the so-called areas of protection, they are three categories: abiotic resources, human health and ecosystem quality. The fourth step (iv) corresponds to the interpretation of the results in which the robustness of the results is discussed in relation to the objectives of the study and methods, and data used.

To evaluate the potential environmental and health impacts of crop production systems in relation to their function as part of a global environmental assessment, LCA is widely used [START_REF] Dijkman | LCA of Food and Agriculture[END_REF]Poore and Nemecek 2018). A review on LCA study at the farm stage on perennial crops presented more than 70
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LCA studies with some tropical crops such as sugarcane, coconut, banana, coffee and cocoa (Bessou et al. 2013) and other reviews presented LCA of vegetable products (Perrin et al. 2014). LCAs of food products or agricultural production systems generally aim at comparing the environmental performance of different production modes or farming practices fulfilling the same function and to identify for each production mode the margins of progress. For example, LCA is applied for comparisons between locally-grown and imported products (Basset-Mens et al. 2016b), or for eco-labelling and eco-design of new agricultural practices (Rouault et al. 2020). However, in the transition towards more agro-ecological practices, the LCA methodology is questioned for its completeness and relevance in comparing conventional, organic and agroecological production systems (Meier et al. 2015;van der Werf et al. 2020). One of the main challenges remains the proper accounting of the impacts due to the pesticide applications in conventional and organic (e.g. metal-based substances) cropping systems. 

A generally simplified assessment of pesticides in agri-LCA studies

Along the life cycle of pesticides (Figure 4), impacts come from the chemical manufacturing, the application at the farm stage, the ingestion of pesticide residues by consumers and the end of life treatment (Fantke 2019). In the LCA of agricultural products, pesticide applications are generally one of the main contributors to human and ecosystem toxicity impacts in cradle-to-farm-gate LCA studies (Bessou et al. 2013). Nevertheless, in many current LCA studies, pesticide emissions and related-impacts are not assessed (Perrin et al. 2014). When pesticides are considered, 100% of the pesticides applied are assumed to be emitted to the agricultural soil (e.g. Nemecek and Schnetzer 2011) or a generic distribution between air and soil is assumed (e.g. Oliquino-Abasolo 2015) without considering any crop characteristics, application method, farming practices, soil or climate conditions. These field conditions and practices are highly influencing pesticides transfer to the environment, but differently in tropical conditions than in temperate ones (Sanchez-Bayo and Hyne 2011). Indeed, in tropical conditions, higher temperatures enhance degradation and volatilization of pesticides (Racke et al. 1997;Daam and van den Brink 2010). Intense rainfalls cause more runoff and leaching, leading to emissions to surface water and groundwater compartments (Sanchez-Bayo and Hyne 2011). Due to this pedoclimatic conditions, crop canopy and associated application methods differ from those under temperate conditions. Furthermore, some exposure pathways are frequently omitted, such as exposition by ingestion of pesticide residues in harvested crop components (Fantke et al. 2011b).

Overall, there is a need to evaluate the environmental performance of crop production including the (eco-)toxicity impacts due to pesticide applications (Perrin et al. 2014;Meier et al. 2015;Knudsen et al. 2019;van der Werf et al. 2020), notably due to pesticide residues (Fantke et al. 2011b). A set of the most updated models allows assessing more consistently pesticide emissions and related-impacts, considering notably the crop characteristics, application methods, soil and climate conditions. 

Most-up-to-date pesticide LCI-LCIA models and challenges

A brief overview of the available state-of-the-art pesticide emission and toxicity-related characterization models applicable for LCA, namely PestLCI Consensus, USEtox, and dynamiCROP, is given in the following (Figure 5).

Based on the framework proposed by Hauschild (2000), the LCI model PestLCI (Birkved and Hauschild 2006;Dijkman et al. 2012) estimates emission fractions to air, field soil, field crop, groundwater and off-field surfaces from pesticide application in open-field. It has been further advanced into PestLCI Consensus (Fantke et al. 2017a) and into a web-tool accessible from the web address https://pestlciweb.man.dtu.dk/. PestLCI uses two levels of emission distributions: initial (or primary) mass distribution covering initial processes within minutes after pesticide application and secondary emission distribution covering more continuous processes on crop leaves (degradation, volatilization, plant uptake)

and soil (e.g. volatilization, leaching) within a longer period (e.g. 1 day) after application.

As a scientific consensus model, USEtox is a global and generic continental-scale model, to predict fate and exposure to chemicals. USEtox is widely applied in LCA for (eco-)toxicity characterization of chemical emissions in LCIA (Rosenbaum et al. 2008;[START_REF] Westh | The USEtox story: a survey of model developer visions and user requirements[END_REF]Fantke et al. 2018a, b). In USEtox, human exposure factors matrix considers air inhalation, drinking water, exposed produce (= leaf, fruit and cereals), unexposed produce (= root crops), meat, dairy products and fish and recently pesticide residues in crop consumption (with the integration of dynamiCROP model).

The dynamic plant uptake model dynamiCROP was developed to assess pesticide residues exposure in crops through food consumption for LCA (Fantke et al. 2012b;Fantke and Jolliet 2016). The model is based on a "crop-specific multi-compartment system", describing pesticide transfers across compartments (e.g. fruit surface deposit, stem, root-zone soil) over time. To calculate human impacts of pesticide through food ingestion, dynamiCROP follows the general LCIA cause-effect chain by combining factors representing environmental fate, human exposure and health effects into characterization factors (Fantke et al. 2011).

These three models were developed in temperate conditions and have been further completed, implementing worldwide climate and soil database. Nevertheless, few studies have used these LCI models (PestLCI and dynamiCROP) in tropical contexts (Ingwersen 2012;Fantke et al. 2012b). Furthermore, LCA studies usually do not couple state-of-the-art pesticide emission with (eco-)toxicity impact and pesticide crop residue models to ensure a consistent modeling from application to impacts (Martínez-Blanco et al. 2011;van Zelm et al. 2014;Perrin et al. 2014;Fantke 2019). In order to define more specific research questions for the thesis and related objectives, we undertook a bibliographic review (chapter 1) to identify the characteristics and processes that determine pesticide emissions and related impacts under tropical conditions, and to assess to what extent LCI and LCIA models need to be adapted to better account for these conditions. 

Introduction

Tropical conditions are located mainly between the Tropic of Cancer and the Tropic of Capricorn.

They are characterized according to Köppen-Geiger climate classification by warm temperatures with an alternating rainy and dry season, or by an equatorial climate with humid conditions prevailing all year round (Kottek et al. 2006;Beck et al. 2018). These conditions are very suitable for diversified agricultural production. A common characteristic of tropical crop farming is the possibility to grow crops all year round without interruption by a cold season, as is the case in temperate climates. However, such environmental conditions are also favorable for the occurrence of pests (insects, weeds, fungi, etc.).

To fight pests and to preserve high crop yields and quality, most farmers use a wide diversity of pesticides at high frequency (Racke et al. 1997;Lewis et al. 2016) and sometimes all year round (Daam and van den Brink 2010; Mottes et al. 2017b). In many tropical contexts, farmers have received no or little training about proper pesticide application and have a limited awareness of pesticide risk (Williamson et al. 2008;[START_REF] Raksanam | Factors associated with pesticide risk behaviors among rice farmers in rural community, Thailand[END_REF]. Therefore, farmers often do not respect good application practices (Settle et al. 2014;[START_REF] Houbraken | Multi-residue determination and ecological risk assessment of pesticides in the lakes of Rwanda[END_REF]Elibariki and Maguta 2017), practice excessive use and misuse of pesticides [START_REF] Montes | Pollution by organochlorine pesticides in Navachiste-Macapule, Sinaloa, Mexico[END_REF][START_REF] Pouokam | A pilot study in Cameroon to understand safe uses of pesticides in agriculture, risk factors for farmers' exposure and Management of Accidental Cases[END_REF]. Furthermore, structural adjustment policies e.g. in African countries, led to a decline in compliance control services and an increase in reported misuses, including the use of unauthorized pesticides (de Bon et al. 2014). Under such circumstances, pesticide uses lead to increased environmental and health pressure (Arias-Estévez et al. 2008;[START_REF] Aktar | Impact of pesticides use in agriculture: their benefits and hazards[END_REF]. As in all cultivated areas in the world, pesticides can be detected in all environmental compartments in tropical regions, including groundwater [START_REF] Sorensen | Emerging contaminants in urban groundwater sources in Africa[END_REF]. For example, [START_REF] Bocquené | Pesticide contamination of the coastline of Martinique[END_REF] found pesticides in water and sediment from rivers in Martinique, Pillai (1986) in soil and air in India, and [START_REF] Dickinson | Pollution of tropical plantation crops by copper fungicides: a copper budget for Kenyan coffee plantation[END_REF] in non-agricultural plants and soils in Kenya. Moreover, Arias-Andrés et al. ( 2018) observed ecotoxicity effects of pesticides on freshwater organisms in Costa-Rica, and [START_REF] Peters | Ecotoxicology of tropical marine ecosystems[END_REF] on marine organisms in tropical conditions. Pesticides have also been detected in food crops grown in tropical regions, which might exceed the recommended maximum residue limits (e.g. tomato (Solanum lycopersicum) in Tanzania: Kariathi et al. 2016, andvegetables in Bangladesh: Hossain et al. 2015). Finally, food crop consumption was identified as main pesticide exposure pathway for the general human population (Fantke and Jolliet 2016). This is particularly relevant for fruits and vegetables, mainly consumed in fresh form, which increases the risk of ingestion of pesticide residues [START_REF] Weinberger | Diversification into horticulture and poverty reduction: a research agenda[END_REF].

To evaluate the potential environmental and health impacts of crop production systems in relation to their function as part of a global environmental assessment, Life Cycle Assessment (LCA) is widely used, and pesticides are generally one of the main contributors to human and ecosystem toxicity impacts in cradle-to-farm-gate LCA studies (Bessou et al. 2013). However, current models for applied to evaluate emissions and toxicity-related impacts of pesticides in LCA were developed and parameterized typically reflecting temperate conditions for climate, soil, application techniques and crops (Rosenbaum et al. 2008;Fantke et al. 2011b;Dijkman et al. 2012;Fantke et al. 2017a), questioning their relevance for tropical conditions. Under tropical conditions, pesticide emissions and impacts are not as well understood or supported by measurements as in temperate regions (Racke et al. 1997;Sanchez-Bayo and Hyne 2011). For example, ecotoxicological tests on aquatic ecosystems are rare in tropical countries (Castillo et al. 1996). Fantke et al. (2017a) highlighted the lack of data and model parameters for characterizing emission patterns under tropical conditions, suggesting to develop specific pesticide application scenarios for tropical regions. However, the development of such scenarios requires pesticide emission and impact characterization models that are able to compare agricultural practices and conditions in tropical regions.

There is an urgent need for adapting and parameterizing existing Life Cycle Inventory (LCI) emission and Life Cycle Impact Assessment (LCIA) toxicity characterization models to better account for pesticide impacts under tropical conditions. This paper, hence, aims at providing an overview of how to adapt currently available LCI and LCIA models to evaluate the use of pesticides in agriculture under tropical conditions, based on addressing three specific objectives. First, we explore factors influencing emission and toxicity impact patterns under tropical conditions. Second, we analyze current LCI and LCIA models with focus on how they currently reflect tropical conditions. Third, we provide insights of model improvements to better account for tropical conditions, and derive specific recommendations for future research to adapt LCI and LCIA models to address emissions and impacts of pesticides applied under tropical conditions.

Methods

Study areatropical conditions and crops

The tropical conditions defined by the Köppen-Geiger climate classification (Kottek et al. 2006;Beck et al. 2018) are divided into three categories: tropical rainforest climate, tropical monsoon climate, and tropical savannah climate with dry summer or winter. These climates, the regions and countries they cover, and the main related crops are summarized in Table 1. In this paper, we always refer to this Köppen-Geiger climate classification. We note that a large diversity of climates might be present even in a small territory, for example in the Martinique Island, where all three above-described tropical climates are present on an area of only 1128 km 2 . Other climatic conditions between the Tropics of Cancer and Capricorn, as arid desert conditions or temperate conditions in highlands (e.g. mountain area in South America), are not considered as tropical conditions, and are hence not addressed in our study.

In some regions, tropical conditions are found only part of the year. Racke et al. (1997), in tropical conditions depending on rain patterns, two types of crop production exist. In equatorial humid climates, the main staple crops are roots and tubers (e.g. sweet potato Ipomoea batatas and cassava), and fruits (e.g. banana), whereas in tropical climates with a dry season, the staple foods are cereals (e.g. rice, maize and sorghum). Beyond the mentioned crops, the production of fruits and vegetables is generally important in these regions for the nutritional balance of people's diet [START_REF] Weinberger | Diversification into horticulture and poverty reduction: a research agenda[END_REF]Williamson et al. 2008). Fruits and vegetables thereby constitute preferential targets for pests, and as nutritional high value crops they usually receive intensive pesticide applications. 

Methodological approach

As first step, available literature was reviewed to analyze the state-of-the-art in data describing pesticide emissions and impacts under tropical conditions. According to the tropical climates from Köppen-Geiger classification, we identified all countries with at least one of the three tropical climates.

Using these countries as spatial scope, we did a bibliographic search (on Agricola, Agris and CAB Abstract) using an "AND" combination of two main search criteria. One criterion was related to pesticides (using search keywords, such as "fungicide", "insecticide", etc.) and one criterion related to Life Cycle Assessment, (eco)-toxicity and environmental dissipation of pesticides (using search keywords, such as "degradation", "leaching", "fate", etc.). More than 600 articles were identified and 576 were selected and organized in three categories by reading the abstracts: environmental processes (n=288), (eco)-toxicity (n=331) and farmers' behavior with pesticide application (n=41). Some articles could appear in more than one category. These articles were analyzed and classified considering different aspects: country or region, crop, pesticide target class, environmental compartments and processes, etc. This bibliographic work enabled us to realize that there were many articles available on the subject. Some key review papers allowed us to identify the major and specific processes of pesticide dissipation in the environment under tropical conditions (e.g. Racke et al. 1997;Sanchez-Bayo and Hyne 2011). Consequently, another, more focused bibliographic search has been conducted, using Web of Science. Subsequently, those publications that were most relevant with respect to the focus on tropical conditions were analyzed in more detail, with 17 articles studying water flow processes (e.g. leaching, runoff), 17 articles focusing on pesticide drift when applying pesticides, and 20 articles analyzing effects of farm management practices on pesticide dissipation. Overall, there is a rich body of risk assessment literature, which could additionally be used to improve and refine existing models applied in LCI and LCIA for pesticides (e.g. Brock et al. 2009;Thorbek et al. 2009).

As a final step, the validity and completeness of state-of-the-art models for characterizing pesticide emissions and toxicity-related impacts in LCA, namely PestLCI, USEtox and dynamiCROP, were assessed based on the references presented in Table 2. Furthermore, the equations, assumptions and database of the PestLCI model were analyzed in detail. Finally, improvement recommendations were derived according to the relevant processes and characteristics identified for tropical conditions and with specific relation to the studied models.

Pesticide modelling in LCA

In order to estimate pesticide impacts in LCA, models are required as well as an exhaustive and reliable inventory of pesticide emissions under various relevant production systems and conditions. We selected the three most up-to-date pesticide emission and toxicity-related characterization models, namely the adapted PestLCI model as pesticide emission inventory model, USEtox 2.1 as general (eco-)toxicity characterization model, and dynamiCROP 3.1 as model characterizing human exposure to pesticide residues in food crops. The models are presented in detail further below, and related references summarized in Table 2. The inter-connections between the considered models along with their inputs and outputs are presented in Figure 6. As part of a global pesticide consensus building effort for LCA (Rosenbaum et al. 2015;Fantke et al. 2017a), some modifications to the PestLCI 2.0 model were proposed, mainly focusing on including additional drift functions and adapting certain model parameters. We refer to this version in the following text as 'adapted PestLCI model'. 

PestLCI to quantify pesticide emissions

The adapted PestLCI model is a model to estimate pesticide emissions for LCA of agricultural products (Dijkman et al. 2012;Fantke et al. 2017a). Based on the framework proposed by Hauschild (2000), this model estimates emissions to air, surface water, groundwater and soil from pesticide application in open fields, through two sets of distributions. Primary distribution covers initial processes within few minutes after pesticide application. When the pesticides have been deposited on crop, soil and off-field surfaces, and emitted to air via wind drift, secondary distribution estimates emissions covering more continuous processes on crop leaves (degradation, volatilization, plant uptake) and soil (volatilization, degradation, leaching, runoff). As result of the secondary distribution, pesticides are emitted to surface water, to groundwater, to soil, to air and to plant compartments (Dijkman et al. 2012).

These processes are captured until the first rainfall event occurs (according to the frequency of rainfall events by month). The model was not developed for pesticide emission quantification for greenhouse production. However, from the same framework by Hauschild (2000), [START_REF] Antón | Comparison of toxicological impacts of integrated and chemical pest management in Mediterranean greenhouses[END_REF] developed a proposition to evaluate pesticide emissions in greenhouses for LCA studies. Depending on the goal and scope of an LCA study, the agricultural soil and the buffer zone may be considered part of the ecosphere (i.e. environment) or the technosphere (i.e. agricultural production system). This will influence the results, as in LCA, an emission is a chemical flow crossing the boundary between technosphere and ecosphere. The interest of using PestLCI has been demonstrated by Vázquez-Rowe et al. (2012, 2017) ; Renaud-Gentié et al. (2015) ; Fantke et al. (2017a); Fantke (2019), in comparison to other methods as e.g. ecoinvent where 100% of the applied dose of pesticides is assumed to be emitted directly to the agricultural soil (Nemecek and Schnetzer 2011). In contrast, PestLCI allows to integrate much more specificity than such generic assumptions, and estimates are derived as function of crop, location, growing season, pesticide, farming practice, and application method (Vázquez-Rowe et al. 2017). The adapted PestLCI model reflects the state-of-the-art in estimating pesticide emissions in LCA. This model is hence used to analyze its suitability for quantifying pesticide emissions under tropical conditions. The LCA study from Ingwersen (2012) of fresh pineapple (Ananas comosus) in Costa Rica constitutes a first application of the PestLCI model to estimate emissions under tropical conditions, which we therefore include in the discussion of model suitability.

USEtox to characterize human toxicity and ecotoxicity impacts

For characterizing human toxicity and ecotoxicity impacts in LCA, the most consensual model is USEtox [START_REF] Hauschild | Identifying best existing practice for characterization modeling in life cycle impact assessment[END_REF]. USEtox was developed as outcome of a global scientific consensus building process aiming to harmonize existing LCIA models for assessing environmental and health exposure to toxic substances (Rosenbaum et al. 2008;[START_REF] Westh | The USEtox story: a survey of model developer visions and user requirements[END_REF]. USEtox is a continental-scale model with six environmental compartments at continental level: urban air, rural air, agricultural soil, natural soil, freshwater and coastal marine waters. This steady-state model allows calculating two impact categories with three indicators, two for human toxicity, namely human cancer toxicity and human noncancer toxicity, and one for freshwater aquatic ecotoxicity of chemical emissions (including pesticides).

Depending on the goal and scope of each LCA, USEtox allows calculating potential impact results at the midpoint level or damage results at the endpoint level. Ecotoxicity impact results are expressed as potentially affected fraction of species (midpoint) and potentially disappeared fraction of species (damage), integrated over exposure time and volume per unit mass of a substance emitted. Human toxicity impact results are expressed as number of disease cases (midpoint) and disability-adjusted life years (damage) per unit mass of a substance emitted. Human exposure factors account for air inhalation, and ingestion of drinking water, exposed produce (= leaf, fruit and cereals), unexposed produce (= root crops), meat, dairy products and fish. The consideration of pesticide residues in food crops was recently included based on the parameterization of the dynamiCROP model for six major food crops (Fantke et al. 2017b).

dynamiCROP to characterize exposure to crop residues

The dynamic plant uptake model dynamiCROP was developed, to include in LCA human exposure to pesticide residues in food crops as a predominant exposure pathway for the general human population [START_REF] Juraske | Life cycle human toxicity assessment of pesticides: Comparing fruit and vegetable diets in Switzerland and the United States[END_REF]Fantke et al. 2012b). This model estimates pesticide plant uptake and residue exposure in open field contexts, but also allows for pesticide greenhouse applications. To calculate human impacts of pesticides residues through food crop consumption, dynamiCROP follows the general LCIA cause-effect chain combining factors representing environmental fate, human exposure and health effects (Fantke et al. 2011b). The dynamiCROP model relates the mass that is ultimately taken in by humans via crop residues to the mass of applied pesticide (Fantke and Jolliet 2016). Food processes, such as peeling of fruits, are taken into account using generic food processing factors. Pesticide fate in plants is mainly influenced by degradation in and on crops, time between pesticide application and crop harvest, overall residence times in soil, and substance molecular weight, based on a detailed analysis of influencing factors (Fantke et al. 2013;[START_REF] Fantke | Estimating half-lives for pesticide dissipation from plants[END_REF]). These five key parameters are responsible for between 80% and 93% of the variation in pesticides residues and allowed to create parameterized exposure models for six important food crops (Fantke et al. 2012b). When combining human exposure estimates with human toxicity effect information, human toxicity results in dynamiCROP are compatible with results from USEtox and are expressed in disease cases (midpoint) or DALY (endpoint) per kg pesticide applied (or per kg emitted based on linking mass applied to mass emitted). Since 2016, parameterized dynamiCROP results are incorporated in USEtox (direct input in intake fraction matrix), but to use the model in its full version, LCA practitioners will need to couple dynamiCROP results with the applied pesticide mass on crops, which is currently not included in LCI databases (Rosenbaum et al. 2015). 

Results and discussion

Environmental characteristics of tropical conditions

Abiotic conditions. Temperature dependent processes, such as degradation, have higher kinetic rates under tropical conditions due to higher average temperatures (Daam and van den Brink 2010), which facilitates higher biological activity (Racke et al. 1997). Increasing temperature also enhances volatilization (Sanchez-Bayo and Hyne 2011) because of higher vapor pressure (Figure 7). Even if vapor pressure is an intrinsic pesticides' characteristic, higher temperatures enhance the ability of a pesticide to turn into vapor and volatilize into the air. Just after pesticide application, a higher sunlight radiation allows for increased photodegradation on plant leaf surfaces compared to that under more average latitudes. Likewise, the photolysis of pesticides on soil surfaces is more important in tropical regions especially for pesticides applied on soil, without shadow from the crop, notably at the beginning of crop growth (Daam and van den Brink 2010).

Pesticide emission patterns are also influenced by rainfall distribution patterns and intensity, especially in tropical conditions, where extreme rainfall events and/or very dry seasons occur frequently (Figure 7). Extreme rainfall causes high runoff and leaching, resulting in more pesticide residues found in surface waters and higher mobility toward groundwater (Sanchez-Bayo and Hyne 2011). In Martinique (French West Indies), where the climate is humid tropical, Mottes et al. (2017) showed high rates of river contamination by pesticides, especially herbicides. In these circumstances, rainfall events directly after pesticide application generated the pollution peaks. Likewise, in Guadeloupe, Charlier et al. (2009) highlighted for cadusaphos that the main contributor to stream contamination is shallow groundwater, due to the permeability of the soil and abundant rainfall.

In such tropical climatic conditions, a huge diversity of soils is present with various characteristics.

One particularity of tropical soils is their substantial anion exchange capacity (Racke et al. 1997;Sansoulet et al. 2007). Soil characteristics (organic carbon content and pH) are also important influencing factors of pesticide distribution under tropical conditions, as demonstrated by e.g. Sanchez-Bayo and Hyne (2011) (Figure 7). In tropical contexts, the decomposition of organic matter is five times higher as compared to temperate environments (Racke et al. 1997). The organic carbon content might be low due to high rainfall and high microbial activity, which results in less adsorption and consequently more availability to be transferred to water and air (Sanchez-Bayo and Hyne 2011). Nevertheless, organic carbon content deficit can be compensated by organic matter inputs from crop residues, leading to soil stabilization; especially where microbial degradation and biomass production occurs all year round. Furthermore, when soil pH is low, which is the case for most soils in Brazil and Southeast Asia, the desorption of acidic herbicides leaves more residues available for leaching (Sanchez-Bayo and Hyne

2011).

Biotic conditions. In tropical regions, biodiversity in terrestrial and freshwater aquatic ecosystems is generally higher than in temperate regions, mainly due to less limiting aspects related to rain and temperature (Brown 2014). Few studies exist, however, on the specificity of environmental impact of pesticide use under these conditions. In their study, [START_REF] Kwok | Comparison of tropical and temperate freshwater animal species' acute sensitivities to chemicals: Implications for deriving safe extrapolation factors[END_REF] compared the sensitivity of tropical and temperate freshwater organisms for 18 chemical substances, and demonstrated that tropical aquatic organisms seem to be more sensitive to some organic chemicals and less sensitive to metals.

Furthermore, the potential effect of pesticides on aquatic organisms might be reinforced by potentially high pesticide concentrations in water due to pesticide distribution processes in tropical environments (e.g runoff) (Sanchez-Bayo and Hyne 2011). For pesticide impacts on terrestrial ecosystems, it has been reported that different pesticides show negative effects on non-target tropical species (e.g. Alves et al. 2013). Arias-Andrés et al. (2018) presented specific acute toxicity data with tropical native species (earthworm). A recent study also synthetized available toxicological data of freshwater shrimps for insecticides and fungicides under tropical conditions [START_REF] Daam | Freshwater shrimps as sensitive test species for the risk assessment of pesticides in the tropics[END_REF]. These data were compared to data for temperate species (Daphnia magna and aquatic invertebrates), showing that the shrimps were less sensitive to sodium channel modulator insecticide, e.g. lindane, cypermethrin and to acetylcholinesterase inhibiting fungicides and insecticides e.g. diazinon. In their review, [START_REF] Aktar | Impact of pesticides use in agriculture: their benefits and hazards[END_REF] also warned against the risks for soil microorganisms, insects, plants, aquatic organisms and birds, associated to the use of organochlorine pesticides in India, which are usually phased out and not used anymore in temperate regions dominated by developed countries.

Agricultural practices and farmers' behavior

Thanks to the particular environmental conditions of tropical cropping systems and according to the crop production target for export (e.g. palm oil, cocoa (Theobroma cacao), rice, banana), local market (e.g. fruits and vegetables, rice) or self-sufficiency (e.g. roots and tubers, fruits and vegetables), farming systems and associated crops cultivated are highly diversified (Biénabe et al. 2016). While in certain cropping systems one single crop is grown intensively and years after years over a vast and flat area (e.g. sugarcane), in small-scale farming systems, agro-forestry systems cash crops (e.g. coffee (Coffea spp.), cocoa can be combined with fruit trees (e.g. avocados (Persea americana), guava tree (Psidium guajava) and/or vegetable crops) in intercropping in mountain areas. Thus, application methods and farm management practices can vary a lot depending on cropping systems and environmental characteristics.

Due to these different types of cropping systems and practices, pesticide emissions to the environment also greatly differ from temperate conditions. Tropical crops also have specific characteristics that can influence pesticide distribution. Their canopy might have a greater volume compared to temperate crops and due to faster crop growth in the tropics, several production cycles can be run one after the other and generally all year round.

Pesticide use and application methods.

In tropical agriculture, one of the main application methods used is the hand operated sprayer, such as the backpack sprayer or knapsack sprayer as for horticulture production (Charlier et al. 2009) and for cash crops such as coffee and cocoa as shown by [START_REF] Matthews | A survey of pesticide application in Cameroon[END_REF] in Cameroon. Hand operated sprayers constitute for instance over 90% of the spraying equipment in Kenya [START_REF] Mitoko | Occupational pesticide exposure among Kenyan agricultural workers : an epidemiological and public health perspective[END_REF]. More conventional boom sprayers and air blast sprayers are also used, respectively, in monocultures such as soybean (Bueno et al. 2017) and in fruit production (Alves and da Cunha 2014). Aerial application is banned in certain countries but is still in use in others, in particular in huge tropical banana or sugar cane cropping systems. Therefore, since pesticide applications are mainly done directly by hand or with manual applicators, occupational exposure might be higher in the tropics especially in developing countries where farmers often have a reduced education on pesticides' risks for their health. In addition to that, the warm and humid conditions make the wearing of personal protective equipment (PPE) difficult [START_REF] Raksanam | Factors associated with pesticide risk behaviors among rice farmers in rural community, Thailand[END_REF]. Furthermore, due to generally high diversity of crop productions and pests under tropical conditions, there are certain pests for which no authorized pesticides are currently available [START_REF] Laplace | L'usage des phytosanitaires dans le bassin amazonien : entre problèmes spécifiques à l'agriculture en zone tropicale et fragilité de l'écosystème[END_REF]. These orphan uses represent a major risk for human health and the environment, since farmers might be tempted to use unauthorized plant protection products for their crops.

Due to a low level of knowledge about pesticide use (no or little training in pesticide application) and weak awareness of pesticide risk (Settle et al. 2014;[START_REF] Houbraken | Multi-residue determination and ecological risk assessment of pesticides in the lakes of Rwanda[END_REF]Elibariki and Maguta 2017), non-compliance with the approved dose and/or with the frequency of application is also common in tropical regions. The non-compliance with the minimum required pre-harvest period after the last application and the use of prohibited pesticides [START_REF] Weinberger | Diversification into horticulture and poverty reduction: a research agenda[END_REF][START_REF] Montes | Pollution by organochlorine pesticides in Navachiste-Macapule, Sinaloa, Mexico[END_REF][START_REF] Pouokam | A pilot study in Cameroon to understand safe uses of pesticides in agriculture, risk factors for farmers' exposure and Management of Accidental Cases[END_REF]) further increase human and ecological risks under tropical conditions.

Agricultural practices. Specific agricultural practices in the tropics affect pesticide emissions at the field and catchment scales (Mottes et al. 2014), in particular practices influencing the hydraulic processes in and on the soil, and concern mostly tillage and ground cover management (Figure 7). For example, the implementation of cover plants or crops between crop rows allows to reduce runoff, as shown for banana plantations in intercropping with pineapple [START_REF] Abbasi | Soil loss and runoff measurement from banana-pineapple intercroping system[END_REF]. Likewise, the use of crop residues as straw in sugar cane production [START_REF] Pereira-Junior | Effects of soil attributes and straw accumulation on the sorption of hexazinone and tebuthiuron in tropical soils cultivated with sugarcane[END_REF] or biochars [START_REF] Kookana | The role of biochar in modifying the environmental fate, bioavailability, and efficacy of pesticides in soils: a review[END_REF][START_REF] Mendes | Animal bonechar increases sorption and decreases leaching potential of aminocyclopyrachlor and mesotrione in a tropical soil[END_REF]) increases herbicide sorption and reduces leaching. In conclusion, these specificities of tropical conditions and farm management practices are expected to strongly influence emission patterns and should therefore be accounted for in modelling pesticide emissions.

Improvements to better model pesticides under tropical conditions in LCA

The results of our critical analysis of the models' validity for tropical conditions are summarized in Table 3, providing specific recommendations for model improvement, which are either specific to tropical conditions or considered generally applicable for all contexts. Subsequently, margins of improvements and proposals for further research for the adapted PestLCI model, the impact model USEtox and the dynamiCROP model are presented. -Adding tropical climate and soil types  -Adding specific pesticides characteristics depending on tropical conditions and crops  -Complementing substance data (e.g. half-lives) under tropical conditions  "" for aspects that require limited effort "" for aspects that require substantial model adaptations and additional research.

General limitations of the use of models

There are some general limitations of the discussed models, which reduce the possible extension of their validity to assess pesticides under tropical conditions. The uncertainty of toxicity impact results increases dramatically when generic or average values across pesticides belonging to a certain chemical family are used or when applying an averaged characterization factor across pesticides as proxy for certain substances (Basset-Mens et al. 2019). In emission and impact modelling, biological/natural substances, metal-based pesticides or inorganic substances are currently not included (Meier et al. 2015), such as copper pesticide (Peña et al. 2018). Likewise, active substances' metabolites, which may have even higher toxic effects than their parent compounds (e.g. diuron) are not accounted for in practice (Oturan et al. 2008).

Beyond the improvements relevant for each model, the interface between emission and impact characterization models is not perfect; as presented in Figure 6. More research is needed on the best way to deal with the soil, which could in fact belong to both the ecosphere and the technosphere, which affects both the modeling of emissions and related impacts on humans and ecosystems (van Zelm et al. 2014). Despite remaining research needs, preliminary recommendations have been proposed to achieve a coherent use of LCI and LCIA models for pesticides (Rosenbaum et al. 2015;Fantke et al. 2016Fantke et al. , 2017aFantke et al. , 2018a)). The recommendations mainly refer to the delineation between technosphere and ecosphere and what to include in LCI or LCIA in order to model pesticides in a consistent way. However, the adapted PestLCI model and the impact model USEtox have different spatiotemporal boundary systems [START_REF] Dijkman | LCA of Food and Agriculture[END_REF]. To avoid omissions or double counting of mass transport processes, only the primary pesticide distribution from the adapted PestLCI model was recommended to be used as direct input for the LCIA model USEtox and the recommended timeframe of the adapted PestLCI model to consider environmental processes was one day. This, however, means that processes beyond the considered timeframe are currently not considered in LCI emission models for pesticides. This affects for example leaching and run-off, two processes that are particularly relevant in tropical contexts (Racke et al. 1997).

Instead, these rather long-term processes are currently considered in USEtox and dynamiCROP, which do not have the spatial level of disaggregation of the emission model to account for variations in soil and climate characteristics. Consequently, soil and climate characteristics influencing these processes are not taken into account properly, while the calculation of emission fractions is exclusively depending on drift curves and crop stage. One possible solution is to extend the temporal coverage of environmental processes in the emission modeling. Another possible solution is to spatialize the impact assessment modeling as recently proposed by Wannaz et al. (2018). Moreover, the use of the primary distribution only in the adapted PestLCI model to estimate pesticide emission fractions in a tropical context is even less relevant, since the drift curves are defined for temperate crops, climates and application methods.

In conclusion, some of these recommendations do not allow a good consideration of pesticides in LCA, by excluding key factors influencing pesticide emissions.

Emission modeling for tropical conditions

The proposed improvements that were summarized in Table 3 are detailed in Table 4 according to the relevance of the processes for modelling pesticide emissions under tropical conditions. Adaptations and recommendations from previous case studies using PestLCI 1.0 and PestLCI 2.0 are also presented in Table 4. In open fields, PestLCI 2.0 has been tested only under temperate conditions by Dijkman 4). A first analysis of the equations and parameters used in the emission model highlights that some parameters rely on fixed default or average values. As highlighted by Renaud-Gentié et al. (2015) based on a sensitivity analysis, some of these parameters have a strong effect on final results. In certain contexts, results might be sensitive to the fraction of continuous macropores in the soil (e.g. in vineyard soils Renaud-Gentié et al. 2015), to the volume fraction of water in soil, and to the fraction intercepted by leaves. Consequently, the Leaf Area Index and associated fraction intercepted by leaves should be adapted for all crops and growth stages, with a correspondence table as done by Linders et al. (2000) but including the main tropical crops. Furthermore, Renaud-Gentié et al. (2015), argue for the possibility to add the user's own dataset on climate and soil, because soil and climate characteristics have strong influences on results. Furthermore, some equations for important processes of pesticide distribution in tropical conditions are based on Danish circumstances as the calculation of the length of a rainfall event in case of macropores flow, which is used to estimate the leached fraction. A deeper understanding is necessary of how and to what degree certain aspects like temperature influence emission results, in order to extend the applicability of the model to tropical conditions. Further research is also required on modelling the emissions of metals and other inorganic substances. These substances can largely increase impact on freshwater ecosystems (Vázquez-Rowe et al. 2012), but another approach is required to integrate their specific behavior in the environment into the adapted PestLCI model (Renaud-Gentié et al. 2015a;Peña et al. 2018). Adapting the PestLCI model for special cropping systems is finally relevant, for example for flooded crops as rice, with specific pesticide field emissions, getting inspiration from models specifically parameterized for such cropping systems (Capri and Miao 2002;Inao et al. 2018). Primary drift distribution. In the primary distribution, the spray drift allows to estimate the fraction of pesticides dropped out of the field within few minutes after field application. This corresponds to the transfer by air of spray droplets out of the treated field, which could be on water surfaces, vegetation, soil or urbanized area. Current drift curves available in the adapted PestLCI model mainly consider German [START_REF] Ganzelmeier | Studies on the spray drift of plant protection products[END_REF] and Dutch (Holterman and van de Zande 2003) conditions. These drift curves were calibrated for crops present in these two countries and for the application methods prevalent in these countries, and more generally in Europe. While drift curves are mainly categorized according to application methods, several factors that vary widely between tropical and temperate conditions influence wind drift, such as crop density, soil conditions, and rain patterns.

Hence, currently implemented drift curves focus on a temperate climate, defined as oceanic climate (Kottek et al. 2006) studied drift curves for an air blast sprayer on bean production in Brazil. Due to differences on the methodology of drift measurements, a more in-depth analysis of these studies is required to validate their potential integration into the adapted PestLCI model as additional drift curves for tropical conditions. Drift models should also be explored, since several could be relevant for tropical conditions.

In conclusion, research is still needed on the mechanisms of pesticide drift during field application under tropical conditions. New drift curve estimates are required to best estimate pesticide field emission in these contexts.

Secondary emission distribution.

In the adapted PestLCI model, water flows are not adequately modelled in secondary distribution estimates. After the first rainfall event, no more biophysical processes occur whereas, in the reality, runoff and leaching continue to occur several days or months after the pesticide has been applied depending on its persistence in the environment. This is particularly relevant under tropical conditions and must be considered, especially where farm management practices have an effect on pesticide transfers to water. Ground cover management is particularly critical in tropical conditions. Weeds are present almost all year, soil moisture should be maintained in the dry season and soil erosion due to heavy rainfall events should be reduced as much as possible. As presented in Table 4, some farm management practices are already modelled in the adapted PestLCI model, as tillage, buffer zone and pipe drainage. However, other farm management practices, which also influence the mobility of pesticides to the environment, are not yet considered (see Table 4). PestLCI 2.0 was customized for viticulture to take into account the effect of cover plants (grass) between the rows of vines (Vitis vinifera) on pesticide distribution (Renaud-Gentié et al. 2015a). This adaptation is not yet included in the available adapted PestLCI model. This specific module could be extended to tropical productions, such as banana [START_REF] Abbasi | Soil loss and runoff measurement from banana-pineapple intercroping system[END_REF], with the possibility to choose the type of ground cover between rows by either a cover crop, a cover plant or a mulch. Other farm management practices have a strong influence on pesticide drift, such as the control of the tractor speed or the compliance of recommended climatic conditions to apply pesticides (Arvidsson et al. 2011). However, in general, this level of detail of information cannot be accounted for in LCA, and some uncertainty from the farmers practice remains. Furthermore, some practices already integrated in the model could be improved by adding more possibilities, such as drainage ditches. Finally, the diversity of cropping systems should be integrated in the model, such as intercropping.

(Eco-)toxicity characterization for tropical conditions

Built as a mechanistic model, USEtox is based on averaging conditions across all continents, yielding recommended factors for a generic average continent. However, while continental and subcontinental parameterizations are available, they are only recommended for sensitivity analysis and do not reflect the specific conditions of tropical regions, where e.g. the ecotoxicity effects on tropical species or temperature dependent processes are considered. More specifically, information on effects on tropical ecosystem species is required to assess pesticides in tropical conditions. When such information is missing, pesticides cannot be characterized, leading to a possible underestimation in results whenever such pesticides are used, but not considered in related impact scores (Vázquez-Rowe et al. 2017) In [START_REF] Pennington | Multimedia fate and human intake modeling: spatial versus nonspatial insights for chemical emissions in Western Europe[END_REF], the authors highlighted that the uncertainty of toxicity characterization factors evaluated with a non-spatial model (IMPACT 2002) is at least of 2 to 3 orders of magnitude for some chemicals. As a consequence, Ingwersen (2012) proposed to customize USEtox to the Costa Rican environment in his LCA study of fresh pineapple. USEtox could use spatial differentiation considering tropical conditions and ecosystems (e.g. mangrove) on the one hand and temperate conditions on the other, as already proposed in other spatial differentiation models (e.g. Wannaz et al. 2018). However, the benefit of applying spatial differentiation impact assessment models relies on the availability of spatial data for underlying input parameters, such as species distribution, life cycle emissions and background exposure levels, which is often not available in LCA studies with a tropical context. Given that in many LCA studies, spatially explicit data are often not available, current models are not primarily designed for regionalized toxicity characterization. In cases, where spatial data are becoming available, the models should be adapted to account for spatial aspects, which is discussed e.g. in Peña et al. (2018Peña et al. ( , 2019)). More generally, for all pedo-climatic contexts, some impacts are not adequately taken into account or not included at all in some models, such as terrestrial and marine ecotoxicity (Notarnicola et al. 2017). As recommended by Fantke et al. (2018), efforts are required on on-field impacts and missing impact categories including terrestrial/pollinator ecotoxicity; especially so in tropical conditions (Brown 2014). USEtox could have a groundwater compartment to better distribute emission fractions from the adapted PestLCI model to surface water and groundwater, currently fully allocated to the freshwater compartment by default (Fantke et al. 2018a) (see Figure 6 ), but also to take into account ecotoxicity in groundwater where biodiversity is specific (Danielopol et al. 2000). Whereas groundwater is relevant in most climate conditions, it plays a particular role in tropical contexts with plenty of rain and high water flow rates. Although a different sensitivity of tropical species has been demonstrated for some active substances compared to that of temperate species studies [START_REF] Kwok | Comparison of tropical and temperate freshwater animal species' acute sensitivities to chemicals: Implications for deriving safe extrapolation factors[END_REF]Daam and van den Brink 2010), ecotoxicological data for tropical species is scarce and current knowledge in ecotoxicology mainly comes from Europe and North America with temperate conditions [START_REF] Kwok | Comparison of tropical and temperate freshwater animal species' acute sensitivities to chemicals: Implications for deriving safe extrapolation factors[END_REF]. The few data available on tropical species sensitivity to pesticides (Alves et al. 2013;Arias-Andrés et al. 2018;[START_REF] Daam | Freshwater shrimps as sensitive test species for the risk assessment of pesticides in the tropics[END_REF] should be integrated into the model. However, [START_REF] Kwok | Comparison of tropical and temperate freshwater animal species' acute sensitivities to chemicals: Implications for deriving safe extrapolation factors[END_REF], Daam and van den Brink (2010), and [START_REF] Leboulanger | Sensitivity of two mesocyclops (Crustacea, Copepoda, Cyclopidae), from tropical and temperate origins, to the herbicides, Diuron and Paraquat, and the insecticides, Temephos and Fenitrothion[END_REF] highlighted the need for further development of toxicity tests with indigenous species in tropical conditions. In priority, for a better estimation of pesticide environmental impacts in tropical conditions, further research on indigenous species in tropical conditions and organisms' sensitivity to pesticides from tropical origins is required. Some pesticides exposure pathways in agriculture are missing as occupational exposure (when preparing and applying pesticides) (Ingwersen 2012), residential bystanders and family of exposed workers (Ryberg et al. 2018). This is of particular concern in tropical conditions, where human exposure to pesticides might be higher because of the proximity of dwellings to treated plots, the mainly manual use of pesticides without, most of the time, personal protective equipment and skills to apply them, and the frequent storage of pesticides in households (Williamson et al. 2008). A framework for assessing residential bystander exposure to field pesticide applications (potatoes) in LCIA has been recently presented by Ryberg et al. (2018).

However, this work must be further adapted and extended to additional tropical crops and application methods, in particular to hand-operated spraying, which is important under tropical conditions. Other sources of pesticide exposure and contamination could be added as post-harvested treatment and seed treatment, that can have environmental impact (e.g. seed treatment on terrestrial ecosystem -worms Alves et al. 2013) and impacts on human health (e.g. pesticide residues from post-harvest treatments Bajwa and Sandhu 2014).

Crop residue modeling for tropical conditions

In dynamiCROP, the development of a user interface to change easily default values on climate data (e.g. average relative humidity, mean temperature in air, precipitation rate during wet period), soil data (e.g. pH, soil organic carbon content), and plant characteristics (e.g. leaf area index, density of fruit) would be useful to optimize the use of dynamiCROP for tropical (and other) contexts. Furthermore, important crop archetypes relevant for tropical contexts are missing as for example banana or soybean production. As part of a study on passion fruits cultivated in Colombia (Juraske et al. 2012), the passion fruit crop model has been parameterized into dynamiCROP, and constitutes the unique tropical crop.

Archetypes already modelled should be used carefully for assessments focusing on tropical conditions, because crop growth and varieties are different and could imply differences in pesticide distribution in the modeled plant-environment system. Hence, plant characteristics should always be checked prior to their use in related models. For example, to model the uptake of pesticides by taro (Colocasia esculenta) crops (a tuber), currently the user must choose the potato archetype, whereas the crops' family and farm management practices are widely different from taro. Currently, data for pesticide dissipation half-lives in plants can be estimated based on [START_REF] Fantke | Estimating half-lives for pesticide dissipation from plants[END_REF], where dissipation from plant is influenced by active substance properties, plant characteristics and environmental conditions (mainly temperature).

However, differences in rain, sunlight and other conditions relevant for tropical regions are currently not considered in such estimates and, hence, further research is required to measure half-lives on plants for tropical crops and conditions. Furthermore, the estimation of human intake due to the late application of pesticides before harvest should be improved. This is particularly important in many tropical agricultural productions, where harvesting takes place throughout the year with plants and fruits/legumes at different stages of maturity in the same plot (e.g. vegetable production). Finally, 

dynamiCROP

Conclusions

The present study showed that processes driving pesticide emission and impact patterns under tropical conditions are specific in relation to soil, climate, cropping practices and crops. The three most up-to-date and consensual LCI and LCIA models commonly reflect temperate conditions for climate, soil, application techniques and crops and are not yet suited for the evaluation of the impacts of pesticides in LCA of crops cultivated in tropical regions. Under tropical conditions, higher temperatures, sunlight radiation, and microbial activity enhance degradation and volatilization of pesticides. Heavy and frequent rainfall events lead to higher leaching and runoff. Tropical crops, cropping systems and practices also widely differ as compared to temperate regions in relation to natural and human drivers, and we demonstrated how these aspects can alter the transfers and impacts of pesticides. In developing countries with a tropical climate, pesticides are most often applied manually or with a hand operated sprayer. Farmers generally have less awareness of pesticides' danger and less training on good practices of application leading to higher risks of transfers and impacts on the environment and human health.

Under tropical conditions, certain practices, such as ground cover management, can play a major role in the transfer of pesticides to the water compartment by affecting the soil hydraulic processes.

Furthermore, biodiversity is naturally higher in tropical regions and preliminary research revealed a different sensitivity of tropical species to pesticides compared to species in temperate regions, while in most ecotoxicity experiments they are currently not represented.

We provided a set of recommendations to better account for the specificities of pesticide emissions and impacts in tropical conditions in the three discussed models. Databases need to be extended to integrate tropical crops characteristics, soil and climate specificities for tropical conditions, and active substances' chemical characteristics. In the primary distribution of the adapted PestLCI model, the addition of specific drift curves for tropical conditions has the potential to make a difference on the results and to reduce uncertainty. In the secondary emission distribution, specific features of tropical cropping systems and farm management practices should be included, especially ground cover management (e.g. mulching) in combination with a better accounting of the leaching process over time.

In dynamiCROP, the development of a user interface to change easily default values on climate, soil and plant characteristics would be useful and important crop archetypes for tropical conditions should be added. The estimation of human intake due to the late application of pesticides before harvest should also be improved to account for characteristics of cropping systems in the tropics.

Additional perspectives for the future include the need to test in combination PestLCI, USEtox and dynamiCROP in real LCA case studies under tropical conditions, in order to contribute to their better understanding and parametrization.

In summary, emission and impact evaluation processes are not as well understood for tropical conditions as they are for temperate conditions, with fewer measurements available for the former.

Further experimental research in these contexts is therefore urgently needed. 

THESIS RESEARCH QUESTIONS AND OBJECTIVES

The initial research question asked in this thesis was "Why and how to assess pesticides for agri-LCA in tropical regions?" So, the first chapter presented a bibliographic review highlighting the most important issues for currently assessing pesticides of crops grown in tropical conditions, at both emission (LCI) and impact (LCIA) stages. The most up-to-date and consensual LCI and LCIA models commonly reflect temperate conditions for climate, soil, application methods and crops, and not those reflecting crops cultivated in tropical regions. The LCI parameters driving variability in pesticide emission and impact score results need to be defined and the model's parametrization have to be tested for crops grown in tropical conditions. To assess pesticide emissions, tropical crops and associated growth stages are not represented, therefore, foliar interception fractions are unknown when applying pesticides. There is no application method and its drift defined for crops grown in tropical conditions. In the secondary emission distribution, specific features of tropical cropping systems and farm management practices should be included, especially ground cover management. In order to fully assess pesticide emissions and related impacts in tropical conditions and more generally for all agricultural contexts, a consistent combination of LCI and LCIA models is required, with the inclusion of plant uptake and residue exposure in crop.

Hence, the overarching goal of the thesis is:

Advancing emission and impact modeling for agricultural pesticides under tropical conditions, to improve scientific foundation of the environmental evaluation of tropical agrifood systems.

The thesis aims to answer the following research questions and specific objectives:

✓ Which LCI parameters are driving variability in pesticide emission and impact score results?

To answer to the research question, specific objectives are defined with the following questions:

How do changes in emission model inputs affect outputs at emission and impact results level? Which of the tested input variables are most relevant to assess pesticide emissions of crops grown specifically under tropical conditions? Is the sensitivity of emission results to model input data representative of processes occurring in tropical conditions? (Chapter 2)

✓ Is it possible to consistently assess emissions and (eco-)toxicity impacts from pesticide applications under tropical conditions in LCA considering pesticide residues in consumed crop?

In chapter 3, we will propose a consistent combination of state-of-the-art emission and impact models for characterizing pesticides in LCA, including exposure to pesticide residues in crops. The model coupling will be illustrated with real-life case study on open-field tomato production in Martinique, testing different methodological choices.

✓ How to quantify initial pesticide emission fractions for crops grown under tropical conditions?

To provide LCA practitioners with a set of emission fractions for different crops grown in tropical conditions, we will develop a consistent set of crop growth stages and associated foliar interception fractions according to crop growth and spraying technique under tropical conditions. In addition, drift deposition curves defined for tropical crop conditions and application methods will be proposed in the PestLCI Consensus model (Chapter 4).

✓ How to account for agroecological practices in pesticide emission modeling?

To assess and compare different production systems, such as conventional agriculture and more agro-ecological agriculture, we will propose a framework for considering ground cover management (GCM) in a state-of-the-art pesticide emission model (i.e. PestLCI Consensus model). Our approach will be tested in a case study using different GCM types under temperate and tropical conditions and the effect of GCM on distributions of emissions and related freshwater ecotoxicity impacts will be analyzed (Chapter 5).

by multiplying them with corresponding characterization factors according to the relevant environmental compartments, using freshwater ecotoxicity and human non-cancer toxicity as indicators.

As most influential input variables, we identified the foliar interception fraction and application method for initial pesticide distribution fractions within minutes after application, and pesticide, soil and climate type for secondary emission distribution fractions that also consider processes within 24 hours after application. These variables should hence be the focus for adaptation of the emission model for tropical conditions. The main compartments contributing to overall impact scores per pesticide are emissions to off-field surfaces, groundwater and field soil that are allocated to agricultural soil and freshwater in the impact assessment. For freshwater ecotoxicity, impacts based on secondary emission distributions are substantially higher than those based on initial distributions. For human non-cancer toxicity, impact results are similar for both emission distribution levels.

In order to estimate pesticide emissions for agri-food systems under tropical conditions in LCA, we identified aspects that should be in priority developed in future research efforts. These include application method, crop interception fractions and processes occurring in soil influencing emissions to water bodies, in particular for foreground LCA studies. Our results furthermore emphasize that impacts from ingestion via crop residues should be included to cover an additionally relevant pathway for human toxicity impacts, aligned with current pesticide emission outputs. Overall, our sensitivity analysis constitutes a viable starting point for further improving and refining the assessment of pesticides in a life cycle assessment context, with special emphasis on pesticides applied under tropical conditions.

Keywords: Active ingredient, pesticide modeling, Life Cycle Assessment, tropical crops, scenario analysis

Introduction

Life Cycle Assessment of agricultural products requires the estimation of pesticide emissions to quantify their toxicity-related impacts on humans and ecosystems. Based on the framework proposed by Hauschild (2000), the pesticide life cycle inventory (LCI) model PestLCI estimates pesticide emissions in various compartments: air, soil, crop, groundwater and off-field surfaces. Several versions followed, starting with PestLCI 1.0 (Birkved and Hauschild 2006), then PestLCI 2.0 (Dijkman et al. 2012), which was further adapted for grapevine production (Renaud-Gentié et al. 2015b) considering cover crops in a specific version, and finally the PestLCI Consensus version building on global recommendations derived in the Glasgow Consensus process (Rosenbaum et al. 2015). PestLCI

Consensus was recently implemented as a web-tool (Fantke et al. 2017a).

Along the updates done on PestLCI, several sensitivity analyses have been conducted on the different versions of the model. A sensitivity analysis consists of varying the input variables and observing how this influences the variability of model outputs (Faivre et al. 2013;[START_REF] Pianosi | Sensitivity analysis of environmental models: A systematic review with practical workflow[END_REF], allowing to test the robustness of a model toward its input parameters. Birkved and Hauschild (2006) did a first sensitivity analysis on PestLCI 1.0 for emission fractions to air, surface water and groundwater, and the largest influence on all emission fractions were due to variables related to solar radiation of the month of application, pesticide dissipation in soil and soil characteristics. Next, Dijkman et al. (2012) and Fantin et al ( 2018 Several modifications were introduced in the PestLCI Consensus model, mainly related to the overall mass balance of applied pesticide, on the drift deposition estimation and on processes occurring few days after pesticide application (secondary emissions) such as volatilization, leaf uptake or even degradation on crops leaves (Fantke et al. 2017a). A sensitivity analysis of this new version has not yet been performed, and due to modifications from the previous versions, conclusions of latest sensitivity analyses need to be updated. Furthermore, initially developed for application to temperate regions, the model was extended with worldwide databases on soil and climate conditions. Processes driving pesticide transfers to the environment are specific to soil, climate, crop and farming practices (Racke et al. 1997;Daam and van den Brink 2010;Sanchez-Bayo and Hyne 2011;Mottes et al. 2014). In a bibliographic review, the use of PestLCI Consensus model for crops grown in tropical conditions was recently evaluated (Gentil et al. 2020b), and first recommendations were derived to better account for the specificities of pesticide emissions under tropical conditions. To refine those recommendations and to evaluate how inputs used in PestLCI Consensus affect both emission results as well as impact scores derived from combining those emission results with state-of-the-art toxicity characterization results, a sensitivity analysis of emission model inputs at the level of emission and impact results is required, with special emphasis on aspects relevant for tropical conditions. This will help to identify the most important variables for crops grown under tropical conditions in pesticide emission modeling, and better assess the environmental performance of agri-food systems in tropical regions for LCA.

In response to these needs, we aim in the present study at answering the following three questions:

(1) How do changes in emission model inputs affect outputs at emission and impact results level? (2)

Which of the tested input variables are most relevant to assess pesticide emissions of crops grown specifically under tropical conditions? (3) Is the sensitivity of emission results to model input data representative of processes occurring in tropical conditions?

Materials and methods

To test the robustness of the PestLCI Consensus model for estimating emissions from application of pesticides in tropical conditions and to identify which input variables are most relevant under tropical conditions, a sensitivity analysis using different scenarios was carried out, evaluating how varying emission model inputs affect variability of emission and related impact results. For assessing impact results-level sensitivity, we combined emission results from PestLCI Consensus with characterization factors derived for human toxicity and freshwater ecotoxicity with the scientific consensus model USEtox (Rosenbaum et al. 2008) into impact scores per emission compartment. Combining impact scores across emission compartments allows us to assess the relative contribution of the different environmental emission compartments to the total impact score and the effect of the choice of emission distribution used.

PestLCI model characteristics

PestLCI Consensus (https://pestlciweb.man.dtu.dk) is a life cycle inventory (LCI) mass balance model, which proposes two types of emission distributions for pesticides applied to agricultural fields, namely the initial (primary) distribution considering the first minutes after the pesticide application and the secondary emissions considering additional processes within 24 hours after application. Few minutes after pesticide application, pesticides are distributed to air, field soil surface, field crop leaf surface and off-field surfaces (Dijkman et al. 2012;Fantke et al. 2017a). After pesticide deposition, additional distribution and removal processes lead to secondary emission fractions to air, field soil, field crop leaf surface, groundwater, off-field surfaces, as well as to field crop leaf uptake, and degradation in field crop and soil (Figure 8) 3 . To define these emission fractions, the model is composed of three categories of input variables, (i) mandatory user inputs, (ii) optional user inputs (default values given where no user value is provided) and (iii) default model parameters (user adjustable, where advanced process refinement is needed), being either continuous or categorical variables (Table 5). 

Sensitivity analysis approach

We tested the sensitivity of emission results (derived using PestLCI Consensus) and impact score results (derived combining emission results with toxicity characterization results using USEtox) to both continuous and categorical PestLCI Consensus input variables. A scenario analysis was performed using the Mean Absolute Deviation (MAD) method, which is an index of the change of model outputs (emission results and combined emission and impact characterization results) between a given pesticide "application scenario" and a pre-defined "reference scenario". The MAD method is defined as the arithmetic mean of the absolute deviations of a set of application scenarios from a reference scenario (i.e. from a reference scenario of pesticide application with defined values for all input variables), which is used as reference point across application scenarios for each set of tested variables. Mathematically, it is described as:

𝑀𝐴𝐷 = ∑ |𝑥 𝑖 -𝑥 ref | 𝑛 𝑖=1 𝑛 (2.1)
for a set of 𝑥 𝑖 ∈ {𝑥 MAD has the same unit as the application scenario results. To get the percent deviation from the reference scenario, we can calculate the mean relative difference 𝑟𝐷 ref from the reference scenario as:

𝑟𝐷 ref = 100 × 𝑀𝐴𝐷 𝑥 ref (2.2)
𝑟𝐷 ref has the unit of % of the reference scenario unit.

The reference scenario corresponded to a typical situation of pesticide application on a tomato openfield production in Martinique and set of tested input variables are summarized in Table 6. Overall, 282 scenarios were simulated, changing the value of one input variable at a time. For the continuous input variables (e.g. field slope), ten contrasted values within a realistic range were selected. For the categorical input variables (e.g. soil type), a set of different categorical variables were tested. To assess secondary emissions, a running time of the model was set at 7 days, in order to consider, for all climates and months tested, the effect of one rain event in the modeling of pesticide emissions.

Pesticide impacts calculation

The emissions were converted into impacts with the corresponding USEtox continental-scale emission compartments, namely agricultural soil, natural soil, freshwater and rural air (Rosenbaum et al. 2008;Fantke et al. 2018b). The environmental compartments from PestLCI Consensus and USEtox differ. To align the compartments, the emissions to groundwater from PestLCI Consensus were linked to the freshwater emission compartment of USEtox, and the off-field surfaces compartment from PestLCI Consensus was linked to 3 different compartments in USEtox, namely agricultural soil, natural soil and freshwater, according to the statistical soil occupation in our reference scenario in Martinique (Figure 8). Due to the absence of a plant that is modeled in USEtox as environmental emission compartment, emissions to field crop have not been assigned to any compartment, and related impacts due to direct pesticide ingestion have not be assessed in the present study. The impact score (IS) of each scenario simulation was calculated, multiplying the emission fractions of each USEtox compartment by the corresponding characterization factors (CF), for the freshwater ecotoxicity and the human noncancer toxicity. No tillage; Reduced tillage active ingredients were missing for these two impact categories and consequently, these active ingredients were removed from the analysis (for the freshwater ecotoxicity: tricosane, endothion, kasugamycin hydrochloride hydrate, cyhalofop-butyl and 1,2-dibromoethane; for the human non-cancer toxicity: tricosane, endothion, kasugamycin hydrochloride hydrate, cyhalofop-butyl and 1,2dibromoethane, fuberidazole). Details of CF are presented in SM, Table S2.3.

The total (eco)-toxicity impact scores and the relative contribution of the different environmental compartments for the freshwater ecotoxicity and human non-cancer toxicity were analyzed summing the median of all scenarios for each emission compartment. 

Results and discussion

Scenario analysis at pesticide emission results level

We first analyzed the sensitivity of the diverse initial and secondary emission fractions to each emission model input variation. The sensitivity of output emission fractions to input variations is detailed in SM, Table S2.4.

The sensitivity analysis results using the MAD approach on initial distribution fractions are presented in Table 7. According to the tomato case study reference scenario, the most influential variables for the initial distribution were the crop foliar interception fraction, the application method and its drift reduction, and the field width; mostly affecting field crop and soil fractions in PestLCI Consensus. Application method and its drift reduction were the only variables influencing pesticide distribution to air. For off-field surfaces, the most influential inputs were the field width, followed by the presence of a buffer inside the field and then by the application method. Finally, for initial fractions reaching field crop and field soil surfaces, the most influential variable was the foliar interception fraction, followed by the application method. The sensitivity analysis results using the MAD approach on secondary emissions fractions are presented in Table 8. According to the tomato case study reference scenario, the most influential variables were the foliar interception fraction, the pesticide, the climate and soil types, and the application method and its drift reduction; mostly affecting emissions to field soil and the degraded fraction (i.e. in field crop and soil), and the fraction taken up into the crop leaves. Emissions to air were mostly influenced by the pesticide, mostly influencing volatilization occurring after initial distribution.

For off-field surfaces, the most influential inputs were similar to those for initial distributions, i.e. field width, presence of a buffer inside the field and, application method and its drift reduction. Most input variables had limited influence on groundwater emissions, which were mainly influenced by the tillage type. For field soil and degraded fraction (i.e. in field crop and soil) and crop leaf uptake, the most influential variable was the foliar interception fraction, followed by the pesticide, the climate and the soil type. Default variables are only used for secondary emission processes estimation. Among the 8 default variables, 5 did not influence any emission fractions, which was of particular concern. 4 The three others (soil material density, fraction macropores and Q-value) had low influence, mainly on field soil. The lack of sensitivity of emission fractions to drainage, irrigation and field length variables was likewise of concern and revealed several limitations of the current PestLCI model, mainly regarding water fluxes modeling in soil during the secondary emissions calculation.

Overall, the most influential input variables on emission fraction results were the foliar interception fraction and the pesticide. Figure 9 illustrates the variation of emission fractions (kg emitted/kg applied)

for a set of scenarios simulated by varying only one input variable at a time compared to the reference scenario, for (a) the foliar interception fraction and (b) the pesticide. The foliar interception fraction is the fraction of pesticide that the crop leaves can intercept from an applied pesticide amount, which depends on the crop type and its growth stage, as defined by Linders et al. (2000) using the growth stages with the BBCH-scale (Meier 2018). According to the foliar interception fraction, the fraction emitted to field soil varied from 0.1 to 0.82 and the fraction degraded (i.e. in field crop and soil) and taken up by the crop leaves varied from 0.11 to 0.84. According to pesticide characteristics (e.g. soil DT50), the fraction emitted to field soil varied from 0.01 to 0.78 and the fraction degraded (i.e. in field crop and soil) and taken up by the crop leaves varied from 0.06 to 0.93, which means that defining these input variables properly is absolutely crucial as these results range from almost zero to almost 100%.

Moreover, the soil and climate did not have a strong influence on secondary emission fractions, contrary to what we might expect under tropical conditions. 

Propagation of the scenario analysis to impact score level

The emission results were combined with impact results into impact scores based on linking emissions into above-defined compartments with the respective characterization factors for the corresponding USEtox continental compartments, namely agricultural soil, natural soil, freshwater and rural air. The total impact scores from the different environmental compartments for (a) the freshwater ecotoxicity and (b) human non-cancer toxicity are presented in Figure 10.

For freshwater ecotoxicity, using either initial or secondary distributions, impacts came from two main compartments, namely agricultural soil and freshwater. With the initial distribution, the agricultural soil compartment was the main contributor to overall impact scores (72%). Whereas, when using the secondary emissions, the freshwater compartment was the most important contributor with 75% of the total impact, while the agricultural soil was the second most important compartment with 21% contribution to overall impact scores. These impacts to agricultural soil and freshwater compartments came from pesticide distribution on field soil, off-field surfaces compartments for initial distribution, and emissions to groundwater in secondary emissions. For the human non-cancer toxicity, the major contributor to impact scores was the agricultural soil compartment, using either initial or secondary emissions, representing for both around 90% of the total impact scores.

With our tomato case study as reference scenario, the freshwater ecotoxicity impact was three times higher when using the secondary emissions than when using the initial distribution. For human noncancer toxicity, the most influential compartments in USEtox being the same regardless of the distribution from PestLCI, the difference of impact when using the initial or secondary emissions was almost zero. These results must be relativized compared to the high uncertainty of the pesticide characterization factors for which uncertainties of one to three orders of magnitude apply, depending on emission compartment and impact pathways considered (Rosenbaum et al. 2008). The emission fractions to freshwater from off-field surfaces and to groundwater were very small, being respectively 1.5% and 0.2% for the secondary emissions (median of the 282 scenarios). However, the freshwater compartment contributed to 75% of freshwater ecotoxicity. These results are mainly explained by the high freshwater ecotoxicity characterization factors for freshwater compartments, and because the ecotoxicity impact category targets freshwater organisms.

As already mentioned, pesticide emissions on field crop were not assigned to any environmental impact compartment. Consequently, impacts from pesticide residues in edible field crops and on remaining pesticide fractions in unharvested cover crops from pesticide on crop were not considered in the present study. This is a limitation of our sensitivity analysis, since across the 282 scenarios with the tomato case study as reference scenario, on average 46.4% of the pesticides were distributed on crop leaves. With that, neglecting emissions and subsequent impacts from residues in food crops may lead to underestimations of overall impacts from any product system in LCA.

Proposition to better consider tropical conditions for pesticide assessment

According to the identified influential variables in pesticide emission modeling, the foliar interception fraction is the most sensitive variable for both initial and secondary emission processes.

This fraction depending on crop growth stages is defined according to Linders et al. (2000) for a wide diversity of crops including some that can grow both in temperate and tropical conditions (e.g. tomato, bean, tobacco). However, various crops growing in tropical conditions are missing, such as banana or pineapple. A set of crop growth stages and associated foliar interception fractions for crops grown under tropical conditions should therefore be developed to accurately consider the most relevant model input variable in pesticide emission modeling.

For initial distribution fractions, the second most influential variable was the application method and its drift reduction. Currently in PestLCI Consensus model, among the application methods and its associated drift deposition curve, none have been developed under tropical conditions. Moreover, the aerial application method, common in tropical regions is not available, regardless of the region of application. A bibliographic review on drift deposition under tropical conditions should be done to explore whether the corresponding curves could be integrated into the model.

Furthermore, some farming practices might strongly influence pesticide emissions to freshwater (Mottes et al. 2014) such as tillage and ground cover management (Reichenberger et al. 2007;Alletto et al. 2010). Currently, among the farming practices (e.g. tillage) considered in PestLCI Consensus model, none had a substantial influence on pesticide emissions, which was not expected, and might be mostly attributable to remaining refinement needs in the model related to secondary environmental processes.

Moreover, some rain-related processes are defined with temperate climate and soil data. A refinement of these processes influencing pesticides transfer to water bodies would be relevant, in particular under tropical conditions where intense rainfall are causing more runoff and leaching than in temperate conditions (Sanchez-Bayo and Hyne 2011). To this end, processes related to soil and climate data would have to be analyzed in a dedicated effort to assess the validity of those processes for tropical conditions.

Overall, aspects predominantly relevant for crops grown in tropical conditions are currently not well reflected in the emission model under investigation, and should be carefully refined in order to render the model applicable also to tropical cropping practices.

Current pesticide impact assessment should be complemented with a terrestrial ecotoxicity impact category to better assess impacts from emissions to field soil, building on actual soil organism effect data and considering various soil characteristics that might influence field emissions as well as environmental fate (such as degradation). Moreover, impacts from pesticide residues in edible field crops and on remaining pesticide fractions in unharvested cover crops from pesticide on crop should be assessed to avoid underestimations and bias when assessing overall environmental performance of agrifood systems. The impacts from ingestion via crop residues could be considered by aligning the pesticide emission model PestLCI, and the plant uptake and crop residue exposure model, dynamiCROP (Fantke et al. 2011b), recently adjusted for LCA (Fantke and Jolliet 2016).

Limitations of the present study

We used the MAD approach to test the sensitivity of emission outputs and related impact scores to PestLCI Consensus inputs variations. This approach allowed accounting for the sensitivity to both continuous and categorical input variables. However, continuous data are also aggregated into categorical variables, such as pesticide (e.g. solubility, soil DT50), climate (e.g. average temperature, rain frequency) and soil input (e.g. soil composition of sand, silt and clay) variables. Sensitivity to these continuous variables should also be evaluated, notably to better assess the validity of the model for tropical conditions, especially climate conditions. Contrary to previous PestLCI model versions, the development of the model as a web-tool does not allow yet to do a sensitivity analysis on all variables and detailed parameters. Moreover, to complete the sensitivity analysis, the possible covariance between variables should be assessed.

For the reference scenario, one active ingredient and on crop type have been selected, i.e. the insecticide abamectin on a tomato crop. However, abamectin is an organism-derived pesticide with unclear half-lives and properties, consequently for the reference scenario a substance whose properties are better known should be chosen. Furthermore, knowing the high sensitivity of impact results to the choice of pesticide, the scenario analysis should be repeated with reference scenarios using contrasted pesticides in terms of characterization factors per compartment and impact category and contrasted crops, to confirm the most influential variables regardless of the intrinsic characteristics of the pesticide, at least at the level of emission results. This is also to allow for better considering agricultural management practices (e.g. emission reduction technologies), which have a greater influence on emission results than chemical properties, given that pesticides are applied in aqueous or oily formulations, with what the properties of the actual active ingredients have limited effect on at least initial emission distributions.

When analyzing the results at impact level, certain characterization factors were missing and it was not possible to assess the sensitivity at impact level to all active ingredients selected. Despite these limitations, our analysis already provides important insights into the most influential parameters influencing emission and impact results for the most recent version of PestLCI.

Conclusions

To improve the assessment of agri-food systems with LCA in tropical regions, our study aimed to test the sensitivity of emission results and impact scores to PestLCI Consensus input variables in relation to tropical conditions.

The sensitivity analysis using different scenarios highlighted the most influential variables for each emission distribution level used. By order of importance, for the initial distribution, it was the fraction intercepted by crop leaves and the application method and its drift reduction; for the secondary emissions, it was the foliar interception fraction, the pesticide, climate and soil type and then the application method and its drift reduction. Multiplying the emission fractions to each compartment by the respective characterization factor for freshwater ecotoxicity and human non-cancer toxicity, revealed the relative contribution of the different environmental compartments to the total impact score. The main influential compartments were agricultural soil and freshwater compartments in USEtox, corresponding to emission results for the off-field surfaces, groundwater and field soil compartments in PestLCI. For the freshwater ecotoxicity, the impacts obtained with the secondary emissions were higher than those obtained with the initial distribution. For the human non-cancer toxicity, results were similar with both emission distribution levels.

In order to estimate pesticide emissions for agri-food systems in LCA, aspects that should be developed in priority for tropical conditions are application method, crop interception fractions and soil processes influencing emissions to water bodies, in particular for foreground LCA studies, including farming practices such as ground cover management.

Overall, our sensitivity analysis constitutes a viable starting point for further improving and refining the assessment of pesticides in a life cycle assessment context, with special emphasis on pesticides applied under tropical conditions.

Development Fund (MQ0003772-CIRAD) and by ADEME France via the OLCA-Pest project (grant agreement no. 17-03-C0025). This includes the production of tomato (Solanum lycopersicum), a highly demanded vegetable in Martinique with an average annual local production of 1800 tonnes, but difficult to produce locally due to various diseases, weeds and pests that affect plant health and production. In support of improving local crop production, there is a need to evaluate the environmental performance of locally grown produce including the characterization of pesticide emissions and associated (eco-)toxicity impacts (Perrin et al. 2014;Meier et al. 2015;Knudsen et al. 2019;van der Werf et al. 2020).
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Life cycle assessment (LCA) is an ISO-standardized methodology to evaluate the environmental performance of product systems. However, in many current studies, pesticide emissions and relatedimpacts are not assessed as demonstrated in the review on LCA of vegetables of Perrin et al. (2014);

while in cradle-to-farm gate LCA studies, one of the main contributors to human and ecosystem toxicity is generally pesticide (Bessou et al. 2013). Completing the reviews from Perrin et al. (2014) and Bessou et al. (2013), an analysis of most recent LCA studies (presented in the Supplementary Material (SM), Section S3.11) confirmed that, when pesticides are considered, emissions are instead derived from generic emission fractions, assuming that all pesticides are either going 100% to agricultural soil (e.g.

Nemecek and Schnetzer 2011) or follow a generic distribution between air and soil (e.g. Oliquino-Abasolo 2015). Indeed, generally, only the amount of pesticides applied on the field is known (Fantke et al. 2012a;Fantke and Jolliet 2016). This approach is simpler but according to our previous work is very likely to lack accuracy, especially in tropical conditions (Gentil et al. 2020). Such generic emission fractions ignore differences across application methods, crops and other important characteristics influencing pesticide emission distributions, such as in tropical conditions with higher temperature enhancing degradation and volatilization of pesticides (Racke et al. 1997;Daam and van den Brink 2010), with intense rainfall causing more runoff and leaching, leading to emissions to surface waters and groundwater compartments (Sanchez-Bayo and Hyne 2011) or crop canopy and associated application methods. Furthermore, some exposure pathways are frequently omitted, such as exposition by ingestion of pesticide residues in harvested crop components (Fantke et al. 2011b). LCA studies usually do not couple state-of-the-art pesticide emission with (eco-)toxicity impact and pesticide crop residue models to ensure a consistent modeling from application to impacts (Martínez-Blanco et al. 2011;Perrin et al. 2014;van Zelm et al. 2014).

A brief overview of the currently available state-of-the-art pesticide emission and toxicity-related characterization models applicable for LCA, namely PestLCI, USEtox, and dynamiCROP, is given in the following. The pesticide life cycle inventory (LCI) model PestLCI (Dijkman et al. 2012) estimates emission fractions to air, field soil, field crop, groundwater and off-field surfaces, and has been further advanced into PestLCI Consensus (Fantke et al. 2017a). PestLCI uses two levels of emission distributions. Initial (or primary) mass distributions cover initial processes within minutes after pesticide application, whereas secondary emission distributions also consider additional transport and degradation processes within a given period (e.g. 1 day) after application. The scientific consensus model USEtox is widely applied in LCA for (eco-)toxicity characterization of chemical emissions in life cycle impacts assessment (LCIA) (Rosenbaum et al. 2008;[START_REF] Westh | The USEtox story: a survey of model developer visions and user requirements[END_REF]Fantke et al. 2018a, b). For characterizing human toxicity impacts from pesticides, Fantke and Jolliet (2016) identified ingestion of pesticide residues in harvested crop components as dominating exposure pathway for the general population, which is of particular concern for freshly consumed fruits and vegetables [START_REF] Weinberger | Diversification into horticulture and poverty reduction: a research agenda[END_REF]Fantke et al. 2012a). Specific pesticide residues in crops scenarios can be assessed using a dedicated LCIA plant uptake and crop residue exposure model, such as dynamiCROP (Fantke et al. 2011a, b, van Zelm et al. 2014).

Those models have been primarily developed for temperate conditions, the suitability of these models to evaluate pesticide-related impacts for crops grown under tropical conditions has recently been questioned (Gentil et al. 2020b), with only two studies applying these models separately in a tropical context, namely PestLCI for pineapple production in Costa Rica (Ingwersen 2012) and dynamiCROP for passion fruit production in Colombia (Juraske et al. 2012). Furthermore, all these models were designed separately with different system boundaries and considered compartments (Gentil et al. 2020), leading to potential overlaps and gaps between LCI and LCIA (van Zelm et al. 2014;Rosenbaum et al. 2015). Combining these models in a consistent way, hence, constitutes a challenge for practitioners on the most consistent way to assess pesticides.

Assessing pesticide-related emissions and impacts, therefore, requires a consistent coupling of these models and a parameterization to tropical conditions. The purpose of our study is to propose a consistent combination of emission and impact models with a case study on an open-field tomato production LCA in the tropical conditions of Martinique.

To address these challenges, we aim at answering the question "How can emissions and (eco-)toxicity impacts from pesticide applications under tropical conditions be consistently evaluated in 

Materials and methods

Overview of the followed approach

To assess pesticide emissions and impacts according to the relevant ISO norms (ISO 14040 2006;ISO 14044 2006), we developed a cradle-to-farm gate LCA on open-field tomato production in Martinique. We used SimaPro (version 9.0.0.35) as LCA software and USEtox 2.11 as (eco-)toxicity characterization method. In the following, we refer by the term "pesticide" to the active ingredient in a given plant protection product formulation. We transferred the life cycle inventory pesticide data from PestLCI outputs to SimaPro with the ELDAM software [START_REF] Coste | ELDAM, a new quality management system for LCI datasets exchange and review[END_REF], to ensure data set quality and review.

We separately evaluated freshwater ecotoxicity and human toxicity impacts for organic and metal-based substances for best-possible transparency according to current recommendations, since the characterization of metals and organics follows different approaches for fate, exposure and effect modeling (Frischknecht and Jolliet 2019). While non-cancer effect information was available for all considered pesticides, cancer data were only available for deltamethrin showing no carcinogenic effects.

According to USEtox guidelines, we calculated missing characterization factors for emission-and crop residue-based human toxicity and freshwater ecotoxicity, with model input data for these pesticides given in the SM (Sections S3.1 and S3.2).

The considered life cycle stages include production, transport to the farm and use on the farm of all inputs (fertilizers, pesticides, field materials, pesticide spray equipment, irrigation system and packaging manufacturing). Due to the lack of consistent and valid model for tropical conditions, we didn't account for field emissions of heavy metals from fertilizers. Background processes for the manufacturing and transport of farm inputs, such as fertilizers, pesticides, field material, and packaging boxes, were obtained from ecoinvent 3.5 LCI database (cut-off version). We defined the functional unit (FU) as 1 kg of fresh tomatoes produced in Martinique (French West Indies). For illustrative purposes, we used a mass-based FU, whereas a more nutrition-oriented FU might be more appropriate in actual food-related LCAs (Weidema and Stylianou 2019).

Coupling emission and impact models for pesticides

As starting point, the impact score for (eco-)toxicity impacts of pesticide emissions related to our tomato production, 𝐼𝑆 (impact/functional unit), is calculated as:

𝐼𝑆 = ∑ (𝑚 emi,𝑝,𝑐 × 𝐶𝐹 𝑝,𝑐 ) 𝑝,𝑐 (3.1) 
where 𝑚 emi,𝑝,𝑐 (kgemitted/FU) is the total emitted mass of pesticide 𝑝 from the tomato production into a given environmental compartment 𝑐, and 𝐶𝐹 𝑝,𝑐 (impact/kgemitted) is the corresponding characterization factor for a given impact category (i.e. human toxicity or ecotoxicity).

Emission mass is usually not known to LCA practitioners (Rosenbaum et al. 2015), but can be obtained from the pesticide mass applied to the tomato fields, 𝑚 app,𝑝 (kgapplied/FU), which we collected from farmers using semi-directive interviews (i.e. interviews using open-ended and targeted questions)

and the related mass fraction that is emitted into different environmental compartments, 𝑚𝑓 𝑝,𝑐

(kgemitted/kgapplied):

𝑚 emi,𝑝,𝑐 = 𝑚 app,𝑝 × 𝑚𝑓 𝑝,𝑐 (3.2) 
When pesticides contain metal ions, they cannot be characterized as organic substances, since characterizing metals requires to consider speciation and other metal-relevant characteristics (Dong et al. 2014). Emission fractions for pesticides, which need to be characterized as metal ions, hence require a correction factor that accounts for the mass contribution of the metal ion to the overall mass of the emitted pesticide molecule:

𝑚 emi,𝑝,𝑐 = 𝑚 app,𝑝 × 𝑚𝑓 𝑝,𝑐 × 𝑀𝑊 𝑖∈𝑝 × 𝑛 𝑖 𝑀𝑊 𝑝 (3.3) where 𝑀𝑊 𝑖∈𝑝 (g/mol) is the molecular weight of the metal ion 𝑖 found in pesticide 𝑝, 𝑛 𝑖 is the number of metal ions apparent in the pesticide molecule, and 𝑀𝑊 𝑝 (g/mol) is the molecular weight of the pesticide (an example is presented in SM, Section S3.3).

In most LCAs, applied mass is derived from reported doses applied to a certain crop area, summed over different treatments, and is assumed to reach only field soil, i.e. 𝑚𝑓 𝑝,𝑐 = 1 for 𝑐 = field soil, and 𝑚𝑓 𝑝,𝑐 = 0 for all other compartments across pesticides (Nemecek and Schnetzer 2011).

This approach, however, is too simplistic and can be misleading, since relevant emission fractions might reach other compartments and field crop surfaces. Instead, we apply a mass-balance model that accounts for pesticide distribution processes after field application, considering crop and field characteristics (e.g. 𝐶𝐹 𝑝,𝑐 = 𝐹𝐹 𝑝,𝑐 × 𝑋𝐹 𝑝,𝑐 × 𝐸𝐹 𝑝 = 𝑖𝐹 𝑝,𝑐 × 𝐸𝐹 𝑝 (3.4) where 𝐹𝐹 𝑝,𝑐 (kgin compartment per kgemitted/d) is the fate factor denoting the increase in pesticide mass in compartment 𝑐 for an emission into any compartment, 𝑋𝐹 𝑝,𝑐 (kgintake/d per kgin compartment or kgdissolved/kgin compartment) is the exposure factor relating population intake (for human exposure) or dissolved pesticide mass (for ecosystem exposure) to total mass in the given compartment, and 𝐸𝐹 𝑝 (impact/kgintake or impact/kgdissolved) is the effect factor finally relating exposure to impacts. For human toxicity, fate and exposure factors can be summarized into human population intake fractions, 𝑖𝐹 𝑝,𝑐

(kgintake/d per kgemitted/d).

For human toxicity, impacts are expressed as population-level disease incidence risk, which is denoted as incidence or disease 'case' when cumulatively exceeding 1, and for ecotoxicity, impacts are expressed as potentially affected fraction (PAF) of exposed species, integrated over compartment volume and the pesticide's residence time in the environment. We applied the following mapping of PestLCI Consensus to USEtox compartments for consistently combining initial distribution and secondary emission fractions to respective characterization factors (see Figure 11). Air (PestLCI Consensus) is assigned to continental rural air (USEtox), field soil surface and field soil are assigned to continental agricultural soil, and groundwater is assigned to continental freshwater. Off-field surfaces are assigned to continental agricultural soil, natural soil (including urban areas) and freshwater according to the area share of each compartment in a given region (i.e. respectively 29%, 70% and 1% in Martinique). Other initial distribution and emission compartments (crop components and degradation)

are not linked to USEtox.

Eq. 3.4 is valid when characterization factors relate to emitted pesticide mass. Impacts related to pesticide mass ending up in the harvested components of the treated field crops (tomato in our case study) consumed by humans are a major contributor to human disease burden, but are usually missing in LCA studies (Fantke et al. 2012b), and related emissions to field crop surface (output of PestLCI Consensus) are hence not characterized. To consider such impacts, we applied the dynamiCROP model (Fantke et al. 2011a, b), recently integrated for some parameterized scenarios into USEtox (Fantke and Jolliet 2016). We used dynamiCROP, version 3.12 (https://dynamicrop.org), to obtain residue-related characterization factors for crop 𝑥 (i.e. impacts from intake of pesticide residues in consumed crop components) as:

𝐶𝐹 𝑝,𝑐 = ℎ𝐹 𝑝,𝑐 (𝑡) × 𝑃𝐹 𝑓 × 𝐸𝐹 𝑝 = 𝑖𝐹 𝑝,𝑐 × 𝐸𝐹 𝑝 (3.5) where ℎ𝐹 𝑝,𝑐 (𝑡) (kgin crop harvest/kgemitted) is the harvest fraction relating pesticide residues at harvest time 𝑡 (d) in crop components that are harvested for human consumption to pesticide mass emitted into a given environmental compartment, 𝑃𝐹 𝑓 (kgin processed food/kgin crop harvest) is a residue reduction factor due to food processing step 𝑓 (e.g. washing, cooking), and 𝐸𝐹 𝑝 (impact/kgintake of processed food) is the human toxicity effect factor as defined in eq. 3.4. Harvest fraction and food processing factor can be combined into residue-related intake fractions, 𝑖𝐹 𝑝,𝑐 (kgintake/kgemitted), consistent with intake fractions from USEtox (see eq. 3.4). Assuming that tomatoes are mainly consumed freshly, we applied a washing-related 𝑃𝐹 𝑓 = 0.56 across pesticides [START_REF] Kaushik | Food processing a tool to pesticide residue dissipation -A review[END_REF]). The harvest fraction as originally defined in dynamiCROP refers to total pesticide residues in crops (via all emission compartments) and relates to mass applied (see e.g. Fantke et al. 2013). Related characterization factors for pesticide residues in crops, however,

would not be consistent with using initial distribution or secondary emissions into different environmental compartments as defined in eq. Combining residue-related characterization factors (dynamiCROP) with characterization factors for environmentally mediated exposures of the general population (USEtox) finally ensures that all relevant initial distribution and emission fractions (PestLCI Consensus) are accounted for, building on a consistent combination of the three underlying models (see Figure 11). Connecting compartments between PestLCI Consensus and dynamiCROP for secondary emission fractions requires further research as there are currently potential overlaps in modeled plant uptake processes (light gray arrows in Figure 11). Occupational exposure of farmers to pesticides are currently not considered within the existing models. 

Assessing sensitivity of different choices

PestLCI and dynamiCROP were customized with site-specific climate and soil data, using local data from Météo France and FAO soil (for details, see SM, Section S3.6).

The sensitivity of different methodological choices has been tested. The sensitivity of (eco-)toxicity impacts has been tested against three emission estimation methods, namely applying the common hypothesis of 100% of pesticide being emitted to agricultural soil, using initial distribution fractions from PestLCI Consensus (only considering processes within first minutes after application), and using secondary emission fractions from PestLCI Consensus (considering processes over a longer timeframe after application). For secondary emissions, we defined the modeled time between pesticide application and emission output as 5 days based on the highest rainfall frequency for all months for the three considered climates in our case study. For copper sulfate, we only derived initial distributions, since secondary emission processes are currently not adapted for metal speciation. Further, we compared the sensitivity of residue-related impacts using initial distribution fractions parametrized to tropical conditions with generic distribution fractions that were available in dynamiCROP. With a test of Wilcoxon's signed ranks, initial and secondary emission fractions were compared for both human toxicity and freshwater ecotoxicity.

Pesticide life cycle inventory data

From a sample of six conventional farms in Martinique we collected primary data. To assess the variability of the secondary emission fractions, farms were distributed as follows: three farms in the North Caribbean (Municipality of Le Prêcheur) and three in the South Atlantic (Municipalities of Vauclin and Sainte-Anne), for the years 2017 and 2018. These two areas of production feature contrasted soil and climate conditions. In this sample, we considered, one field plot per farm, which is six field plots, with one production cycle each. The field plot farms are referred to as scenarios, indicated by letters A to F in our study. Table 9 summarizes the characteristics of the different scenarios, with details on the study system and applied pesticides in SM (Sections S3.7 and S3.8). Required variables for determining initial distribution fractions are the application method (i.e. a knapsack sprayer for all scenarios), the crop and its growth stage, the presence of a buffer zone, field dimensions (variables represented with a gray background in Table 9), and the active ingredient and its applied dose for the impact assessment, including crop characteristics for residue calculations. 

Results

Emission and impact factors from coupled LCI and LCIA models

Consistently coupling pesticide initial distribution fractions from PestLCI Consensus with characterization factors for environmental emissions from USEtox and for exposure to pesticide residues in crops from dynamiCROP yields a set of aligned LCI and LCIA results for all six considered tomato production scenarios. The variability of initial emission distribution fractions across pesticides and scenarios is summarized in Figure 12. After initial distribution (i.e. some minutes after application), pesticides were mainly deposited on field soil (up to 89% for glufosinate-ammonium at pre-emergence)

and field crop (up to 60% across several pesticides) surfaces, varying according to application time in relation to crop growth stage. According to the considered application method (knapsack sprayer without drift reduction system), we fixed an airborne fraction at 5% across scenarios. Fractions reaching offfield surfaces vary only slightly as function of field characteristics and are generally low (<10%). In Figure 13, initial distribution fractions are combined with pesticide-specific mass applied per kg tomato harvested, and plotted against impact characterization results (incidence risk per kg emitted) across our six scenarios. Combining these results yields impact scores in terms of impact per kg produced tomato, plotted along diagonal equi-impact lines in Figure 13, where data points on the same diagonal line indicate equal impact, either driven by emissions (x-axis), characterization results (y-axis)

or a combination of both. Human toxicity impacts are mainly related to pesticide residues in crops and high emission fractions to agricultural soil, with highest impact scores for metaldehyde, glufosinateammonium, acetamiprid and spinosad. This demonstrates the importance of considering exposure to pesticide residues in crops in LCA. However, impacts span a wide range across pesticides, showing the importance of physicochemical substance properties. Emissions to agricultural soil and for some pesticides to freshwater (via off-field surfaces deposition) and air drive freshwater ecotoxicity. Copper sulfate dominates ecotoxicity impacts, but might be overestimated and depend on the chosen water chemistry that influences metal speciation. Highest impact scores across organic substances are found for lambda-cyhalothrin, azoxystrobin and mancozeb. With exceptions, there is a trend that pesticides applied and emitted in high quantities (e.g. herbicides) are less toxic than pesticides with low application dose (e.g. some insecticides). 

Freshwater ecotoxicity impacts across tomato production scenarios

Based on initial distribution as underlying emission estimation approach and combining impact scores for pesticides applied to tomato fields in Martinique with life cycle impacts of other scenario inputs yields cradle-to-farm gate results per FU (i.e. 1 kg fresh tomatoes harvested). Figure 14 summarizes the contribution of cradle-to-farm gate stages to total freshwater ecotoxicity and human toxicity impacts across our six scenarios, separately plotted for organic substances and metal-based substances in line with current recommendations. Aggregated average freshwater ecotoxicity impacts were 0.13 PAF m 3 d/kg tomato for organic substances and 92 PAF m 3 d/kg tomato for metal-based substances across scenarios.

With >50%, pesticide field emissions constitute the main contributor to freshwater ecotoxicity from organic substances, varying by a factor 1800 between the lowest (F) and highest (B) scenario.

Dominating pesticides are the fungicides azoxystrobin and mancozeb, and the insecticide lambdacyhalothrin, with average application doses between 3 and 150 g/ha. The small doses of lambdacyhalothrin were compensated by higher characterization factors (for individual characterization factors see Figure 13 and SM, Section S3.2). Fertilizer and packaging manufacturing represent the second most important contributors with an average contribution to total impacts of ~13% each, and reaching up to 36% for fertilizer manufacturing in scenario E and 45% for packaging manufacturing in scenario D.

Fertilizer and packaging manufacturing furthermore constitute the greatest contributors to freshwater ecotoxicity from metal-based substances with respectively 37% and 34%, dominated by aluminum-, iron-and copper-related emissions. Pesticide field emissions only represent ~4%, reaching up to 12% for scenario B due to application of copper sulfate. Overall, copper sulfate dominated freshwater ecotoxicity from pesticide field emissions, with in average impacts 2 orders of magnitude higher than impacts from organic substances.

We divided impacts from pesticide field applications into three stages: field emissions, manufacturing and spray equipment. For the latter two, variability across scenarios follows the same trend for organic and metal-based substances, with manufacturing only contributing on average < 2%

to freshwater ecotoxicity across substances. Impact variations was mainly driven by active ingredient and applied quantity. Pesticide spray equipment (knapsack sprayer in all scenarios) contributes on average < 1% to freshwater ecotoxicity for organic substances and 4% for metal-based substances.

Variation of knapsack sprayer impacts is mainly due to variation in the number of pesticide applications per scenario (5 to 23 pesticide applications per crop cycle) and area sprayed.

Freshwater ecotoxicity from processes belonging to field operations (tillage, field material and irrigation system) is on average 5.7 PAF m 3 d/kg tomato for metal-based substances and three orders of magnitude lower for organic substances, representing respectively 6% and 3% of total impacts.

Freshwater ecotoxicity from processes belonging to other aspects (i.e. transport of inputs, fertilizer manufacture and packaging manufacturing) represents respectively 14% and 85% of the total impact for organic and metal-based substances. 9).

Human toxicity impacts across tomato production scenarios

Figure 14 further presents the contribution of cradle-to-farm gate stages to total human toxicity impacts across scenarios. Average human toxicity impacts range from a cumulative population incidence risk of 2 × 10 -7 cases/kg tomato for organic substances to 3 × 10 -8 cases/kg tomato for metal-based substances.

Ingestion of pesticide residues in crops is the main contributor (68.7%) for organic substances, ranging from < 1% (scenario F) to 99% (scenario B). The second most important contributor is fertilizer manufacturing, representing ~19% of human toxicity from organic substances. Packaging manufacturing and input transportation represent less than 5% of impacts each for organic substances.

Fertilizer manufacturing drives with 45% contribution human toxicity from metal-based substances, with substances containing zinc, mercury, lead, arsenic and cadmium as main contributors.

We divided impacts from pesticide field applications into four stages: residues ingestion, field emissions, manufacturing and spray equipment, of which the latter three on average contributed with less than 3% each across substances.

Human toxicity from processes belonging to field operations (tillage, field material and irrigation system) were a factor 10 lower for organic than for metal-based substances, and represent respectively less than 1% and 23% of total impacts. Human toxicity from processes belonging to other aspects (i.e. transport of inputs, fertilizer manufacture and packaging manufacturing) represent respectively 3% and 73% of total impact for organic and metal-based substances.

With respect to impacts related to ingestion of pesticide residues in crops, we find a wide variation across scenarios (see Figure 14c, dominating contributor in left-most column per scenario), with degradation in crops, time between pesticide application and crop harvest, overall residence time in soil and substance molecular weight as main influencing factors, as detailed in Fantke et al. (2012b).

In our case study, application dose, toxicity potency, and tomato yield were additional aspects driving impact variability. Low residue-related impact in scenario F are mainly explained by low application doses, up to 10 times less than recommended doses. Residue-related impacts are driven by different pesticides in each scenario, namely mancozeb (scenarios A and F), glufosinate-ammonium (B), pymetrozine (C), acetamiprid (D), and spinosad (E). Except for using metaldehyde in scenario C, the European maximum residue limits (MRLs) were respected according to our residue estimates. This indicates that our considered Martinique's tomato producers generally respected the recommended preharvest interval and homologated doses. It is important to note here that although MRLs are respected, there is still a potential impact on humans, even though related risks are considered "acceptable" as per regulatory definitions. Residues are assumed to be generically further reduced by 44% by applying a washing-related reduction factor across pesticides.

Sensitivity of impact results to methodological choices

We tested the sensitivity of (eco-)toxicity impacts comparing the emission inventory methodology, comparing initial distribution fractions, secondary emission fractions, and the common assumption of 100% of pesticide being emitted to agricultural soil (Nemecek and Schnetzer 2011).

Figure 15 summarizes the sensitivity of our impact results, contrasting as underlying emission inventory approach initial distribution fractions (i.e. initial minutes after application) against secondary emission fractions (i.e. longer timeframe after application, with climate, soil and agricultural practices as additional influencing aspects) and for field pesticides, and against the common assumption of 100% of applied pesticide being emitted to agricultural soil. Using the secondary emission fractions, freshwater ecotoxicity was significantly higher in all scenarios (test of Wilcoxon's signed ranks, p-value < 0.05), except for scenario A. Human toxicity results were not significantly different using initial or secondary emission fractions (p-value > 0.05). However, assuming uncertainties of pesticide emission results of at least a factor 5 to 10 (more accurate estimates are currently missing) and using reported uncertainties in characterization results of two to three orders of magnitude (Rosenbaum et al. 2008), differences in impacts using primary versus secondary emissions are mostly not significant. When assuming that 100% of applied pesticides are emitted to agricultural soil, impact results decrease up to a factor 20 for the metal-based substance copper sulfate and up to a factor 10 for organic substances (e.g. freshwater ecotoxicity for the insecticide acetamiprid). Using a model providing emission distribution fractions into different compartments is, hence, relevant for improving the estimation of pesticide impacts in LCA (see detailed impact results per scenario and pesticide in SM, Section S3.9). 9). For the comparison of initial and secondary, the difference was calculated as: variation(%)= (secinitial)/ sec, where 'sec' is for (eco-)toxicity using secondary emission fractions and 'initial' for (eco-)toxicity using initial distribution fractions; for the comparison of 100% soil and initial, the difference was calculated as: variation(%)=(initial-100%soil)/initial where 100%soil is for (eco-)toxicity using an emission fractions of 100% to soil."

We tested the sensitivity of impacts from pesticide residues in the harvested part of the crop comparing a parametrization of the emission model for tropical conditions against fixed emission fractions as described in the default plant uptake model. Across scenarios, residue impacts are on average a factor 25 higher when using initial distribution fractions parametrized to tropical conditions (up to a factor 147 for some substances; see details of residue impact per scenario and pesticide in SM, Section S3.10). With the new coupling of emission fractions and the parametrization of plant uptake processes to tropical conditions, we could, hence, significantly reduce the uncertainty associated with climate and soil characteristics in impact estimates due to residues, which in several scenarios dominate LCA human toxicity impacts at the product system level.

Discussion

Applicability and limitations of our approach

Our approach of coupled LCI and LCIA models, covering the different emission-and cropresidue related exposure pathways is applicable in LCA studies focusing on evaluating the environmental performance of crop production. Coupling the different models helps to overcome currently prevailing assumptions for pesticide emissions (leading to overestimation of freshwater ecotoxicity when considering field soil part of the ecosphere) and to consider pesticide residues in crops as contributor to human toxicity, which is currently mostly missing in LCA studies (leading to underestimation of human toxicity impacts). Coupling the different LCI and LCIA models required the adaptation of these models at different levels. We modified the dynamiCROP model to account for variable emission fractions from PestLCI Consensus as starting point instead of using generic estimates.

This combination of models and the parametrization to local conditions (in particular tropical conditions) allows a consistent mass flow of pesticides from application to residues at crop harvest time. The coupling of secondary emission fractions to dynamiCROP requires further research related to removing overlaps in the modeled processes.

Although initial distribution fractions are less refined than secondary emission fractions, they can be consistently combined with existing steady-state LCIA models like USEtox. This approach is hence generally suitable for LCA studies, where the farm stage is both in the background and foreground system (consideration of application method and its drift). Using the secondary emission fractions is more demanding in primary data but seems more appropriate for LCA studies where the farm stage is part of the foreground system and where the purpose is to discriminate more specifically pest management practices and/or climate and soil characteristics. Nevertheless, current secondary emission modeling does not yet discriminate well enough farming practices and local conditions, such as soil and climate, in particular for tropical conditions. Especially water flux characteristics and related-processes should be better considered for tropical conditions and constitutes a current limitation (Gentil et al. 2020b). However, even if secondary emission fractions allow for better consideration of field properties and regional aspects associated with the pesticide application scenario not captured in generic LCIA models, the (eco-)toxicity impacts were not significantly different, mainly due to high uncertainty of characterization factors and missing characterization factors accounting for tropical conditions (i.e. tropical species' sensitivity to ecotoxicity effects). This, hence, constitutes another limitation of our approach, and requires further efforts to adapt characterization models to tropical conditions.

Furthermore, coupling secondary emissions with LCIA models requires additional research to address current overlaps in modeling processes between application time and the time of secondary emissions, potentially leading to double counting of e.g. degradation and leaching (Rosenbaum et al. 2015).

LCA comparisons and limitations

Various LCA studies focusing on one or more aspects of tomato production exist (Bojacá et et al. 2015) and Benin (Perrin et al. 2015), we updated (eco-)toxicity impacts from tomato production using USEtox 2.1 for organic substances (Figure 16) to facilitate a comparison with results from our present study. Across other studies, we applied the current assumption of 100% of applied pesticide mass is emitted to agricultural soil. Across studies, freshwater ecotoxicity was higher than in our openfield tomato study in Martinique. For tomato grown in cold greenhouses in Morocco [START_REF] Payen | LCA of local and imported tomato: an energy and water tradeoff[END_REF] and in open-field in Martinique (this study) emissions of organic pesticides represented the major contributor to ecotoxicity impacts, dominated by insecticides and fungicides, in line with conclusions from other studies in [START_REF] Bojacá | Evaluation of pesticide residues in open field and greenhouse tomatoes from Colombia[END_REF] and Kariathi et al. (2016). It was not possible to compare total human toxicity impacts for tomato in Martinique with results from Benin and Rwanda, since pesticide residues in tomato were not included in any of the other case studies. When only comparing results without residues, our study shows the lowest impacts across studies, mainly due to ingestion-related impacts from agricultural soil emissions in other studies. However, when including residue-related impacts, our toxicity impacts exceed impacts from all other studies. When ignoring residue-related impacts, the cradle-to-farm gate (eco-)toxic impacts per kg tomato for our sample of farms appeared relatively low compared to those from Rwanda, Benin and Morocco, despite high pests and weeds pressure on tomato crop in Martinique and relatively low yields (around 22 tonnes/ha on average). This can partly be explained by applying pesticides with higher toxicity potential in Rwanda and Benin as compared to Martinique, of which the latter only applied pesticides that are registered for agricultural use in the European Union. Furthermore, farmers in Martinique generally respect the European recommended application doses and pre-harvest intervals, which is often not respected in other tropical countries, leading to over-and misuse of pesticides ; such as in Tanzania, where 18% of farmers overdosed pesticides (Kariathi et al. 2016) or in urban gardens as in Benin [START_REF] Perrin | The variability of field emissions is critical to assessing the environmental impacts of vegetables: A Benin case-study[END_REF], potentially increasing the risk for pest resistance and high accumulation of residues in tomato and in the environment. Moreover, this detailed data on pesticide practices of Martinique tomato producers is a pioneering achievement and could not be compared with other quantitative data on pest management for tomato in Martinique. This highlights the drastic lack of quantitative data on pesticide practices in vegetable crops in Martinique in particular and under tropical conditions in general.

Pest management on tomato crop in Martinique still presents some margins of improvement. In our sample, two types of pesticide treatment strategies can be distinguished, curative and preventive.

Some farmers apply a pesticide preventively every week alternating a fungicide and an insecticide.

Better using crop rotations and associations and training farmers to identify pests early and then only apply a curative treatment, if necessary, could lead to a reduction in the number of applications per production cycle. Furthermore, the copper sulfate (Bordeaux mixture) is generally not considered as a chemical pesticide, being authorized in organic agriculture. However, we have shown that copper sulfate has a significant impact on freshwater ecosystems. Therefore, we propose that this substance is systematically included in the assessment of ecotoxicity impacts in LCA studies, especially when comparing conventional with organic farming practices.

Despite a diversified sample of farms (in the North and South of the island with 2 distinct soil types and 3 climate types), only 6 farms could be surveyed. Identifying tomato production farms was difficult, as well as involving farmers in the semi-directive survey. Since we cannot evaluate the representativeness of our sample by lack of existing data on pest management on tomato in Martinique, an extrapolation of our results remains difficult. However, our estimates can be used along with other LCA studies to get an overview of the range of impacts related to pesticide use in tomato production systems. Results on specific pesticide practices thereby should be kept as detailed as possible whenever pest management practices are in focus in a given LCA study in order to highlight related hotspots and target processes for emission and impact reduction. Whenever pest management practice is just one out of many aspects that are evaluated, related processes can be aggregated for better comparison with other considered aspects or processes.

Future research needs

The main current limitations of the presented approach require additional research efforts as detailed in the following. The crop uptake and secondary emissions for metal-based substances cannot be evaluated with the current models. Adaptation from USEtox for environmental processes could be considered, but further research is required to consider metal speciation and equilibrium partitioning in emission distribution and plant uptake processes, which might additionally depend on the emission location (Peña et al. 2018). Coupling secondary emission fractions with LCIA models and addressing the potential overlap in modeled processes should furthermore be developed.

Pesticide emission and impact models are mainly parametrized for European conditions and have been extended to the whole world, using global databases of soils and climates. However, their validity for crops grown under tropical conditions remains questionable (Gentil et al. 2020b), which is confirmed in our present study. Drift curves developed under real tropical crop conditions are currently not implemented, and neither are growth phase-specific interception fractions for crops under tropical conditions. Furthermore, common farming practices under tropical conditions, such as ground cover management, could not be considered, while weeding between tomato rows is frequent in these conditions where the plots may feature a large slope (25%). Agro-ecological practices, such as ground cover management to reduce pesticide uses and emissions through soil protection (e.g. mulch), will have to be integrated in pesticide emission assessment. A dedicated module to include ground cover management in PestLCI Consensus is currently under development based on the work initiated by Renaud-Gentié et al. (2015). Associated with intense rain events all year round in humid tropical conditions, these aspects will have consequences on water fluxes, which require further model adaptation (Sanchez-Bayo and Hyne 2011; Mottes et al. 2017b).

Tropical species' sensitivity to ecotoxicity effects and related characterization results should be further developed in order to reduce the main remaining uncertainty in impact results for pesticides.

Finally, sources of uncertainty in pesticide emission and fate modeling are numerous, and their estimations are challenging [START_REF] Dubus | Sources of uncertainty in pesticide fate modelling[END_REF]. Improving these aspects will ultimately help making LCA results for pesticides more reliable, and help linking product life cycles to targets for reducing chemical pollution [START_REF] Fantke | Goods that are good enough: Introducing an absolute sustainability perspective for managing chemicals in consumer products[END_REF].

Conclusions

The main purpose of this study was to combine state-of-the-art LCI and LCIA models for assessing the emissions and (eco-)toxicity impacts due to pesticide applications, associated with the production of open-field tomato in Martinique as part of a complete cradle-to-farm gate LCA study. We developed an approach for consistently combining PestLCI Consensus, USEtox and dynamiCROP to allow an operational assessment of pesticide (eco-)toxicity impacts including the consideration of the main route of exposure for human health, namely pesticide residues in crops ingestion. Our formalization for properly connecting the models will help practitioners evaluate these impacts in their LCA studies. This will provide a more consistent estimation of pesticides' uptake into crops and an easier consideration of pesticide residues in crops in LCA studies of agricultural products. Regarding the use of PestLCI Consensus for LCA studies, where the agricultural stage is part of the foreground system, the secondary emission fractions allow to take into account farming practices, climate and soil conditions. However, the relatively small differences in impact results based on using initial distribution fractions versus secondary emission fractions indicate that using the former is suitable as a first proxy, while uncertainties in impact characterization should be addressed in complement of further refining emission estimates. With the presented model coupling, the initial distribution of PestLCI is fully consistent with USEtox and dynamiCROP, taking into account already application, active ingredient and the mass applied.

Applied to the best possible sample of open-field tomato plots in Martinique, the use of these three models together revealed that despite a high pest and disease pressure in tropical humid conditions, the freshwater ecotoxicity and human toxicity impacts were low compared to impacts for other tomato production systems. Our sample of tomato farmers in Martinique respected the homologated doses, preharvest interval and consequently did not exceed MRLs. However, pesticide management is a good starting-point to further improving the environmental performance of tomato production in Martinique.

Further pesticide use data should be collected to validate our results. As already demonstrated by Fantke and Jolliet (2016), the use of dynamiCROP allows highlighting the major impact of pesticide residues in crops on human toxicity. Analyzing separately organic and metal-based substances allows highlighting dominating contributors in both substance categories. Further adaptation of PestLCI Consensus remains necessary, especially on the inclusion of agro-ecological practices and a better accounting of water flows and on other specificities of tropical conditions and its crops. Yet, our proposed approach constitutes a valuable starting point for improving the assessment of pesticides in LCA. Next steps to advance and further refine our approach are to develop and implement additional drift deposition functions, account for ground cover management and address data gaps in the existing models, for example to consider inorganic substances.

van der Werf HMG, Knudsen MT, Cederberg C (2020) Towards better representation of organic agriculture in life cycle assessment. Nature Sustainability factors influencing drift, as well as the type of crop and its canopy shape [START_REF] Garcerá | Spray pesticide applications in Mediterranean citrus orchards: Canopy deposition and off-target losses[END_REF][START_REF] Gil | First attempts to obtain a reference drift curve for traditional olive grove's plantations following ISO 22866[END_REF]). Thus, a refinement of drift deposition curves under tropical conditions is necessary (Gentil et al. 2020b), in particular to refine off-field surfaces emission estimates. Moreover, crop pesticide interception is another key variable of initial distribution of pesticides. It is influenced by the application method, the crop canopy and planting configuration, and also the crop growth stage [START_REF] Larbi | Model to predict spray deposition in citrus airblast sprayer applications: part 2, spray deposition[END_REF], which depend on climatic and agronomic conditions (Lammoglia et al. 2016). The foliar interception fraction is defined as the fraction that the crop leaves can intercept from an applied pesticide amount. In the current PestLCI Consensus model, these fractions were defined based on Linders et al.

(2000) using the growth stages with BBCH-scale (Meier 2018). A wide diversity of crops including those that can grow both in temperate and tropical conditions (e.g. tomato, bean, tobacco) were determined, whereas various crops growing in tropical conditions are missing, such as banana or pineapple. Furthermore, the foliar interception fraction from Linders et al. (2000) are mostly calculated considering a default fraction of the dosage to the air of 0.1, whereas the foliar interception fraction in PestLCI Consensus is used to determine the pesticide fraction reaching the field area only, i.e. the field crop leaves according to the growth stage (and its related leaf area index: LAI) and then the soil. Few data exist on crop foliar interception for tropical crops. As considered by [START_REF] Mottes | Evaluation des effets des systèmes de culture sur l'exposition aux pesticides des eaux à l'exutoire d'un bassin versant. Proposition d'une méthodologie d'analyse appliquée au cas de l'horticulture en Martinique. AgroParisTech Pettigrew WT[END_REF], the spraying technique must be considered to define the crop foliar interception fraction, which determines the fraction that reaches crop leaf surfaces versus field soil surfaces. A first important step to better account for tropical conditions in LCI emission modeling for pesticides is to refine the initial distribution of PestLCI Consensus, considering drift deposition curves defined in tropical conditions and foliar interception fractions for tropical crops.

To address this aspect, we aim in the present study at answering the question "How can the calculation of initial pesticide emission fractions be adapted for crops grown under tropical conditions?"

To answer this question, we defined three specific objectives: (i) To develop a consistent set of crop growth stages and associated foliar interception fractions according to crop growth and spraying technique under tropical conditions (ii) To propose drift deposition curves defined for tropical crop conditions and application methods (iii) To implement these data in the PestLCI Consensus model and to calculate related emission fractions for different crops grown in tropical conditions for LCA practitioners.

Materials and methods

Emission fraction mass balance and foliar interception fraction calculation

With a set of input variables, the initial distribution of PestLCI Consensus web-tool estimates pesticide depositions on crop and soil according to the foliar interception fraction, on off-field surfaces by drift according to application method, and airborne emissions via wind drift. The input variables influencing the output fractions are presented in Table 10, and related calculation steps are presented in the following. Figure 17 presents the initial emission fractions to air (𝑓 air ), off-field surfaces (𝑓 dep ), to field soil (𝑓 field→soil ) and field crop (𝑓 field→crop ) according to the spraying technique. As a starting point, within minutes after pesticide application, a certain fraction of the pesticide mass is deposited to off-field surfaces ( 𝑓 dep ) derived from drift deposition functions specific to each application method and crop type (Eq. 4.2). Another fraction remains airborne and undergoes wind drift (𝑓 air ), derived as default fraction per application method and crop. The remaining fraction deposits on the field (𝑓 field , Eq. 4.3), derived as follows (Eq. 4.1):

1 = 𝑓 field + 𝑓 air + 𝑓 dep (4.1)
The drift deposition fraction obtained from the integration of any given drift deposition curve 𝑓(𝑥) as a function of distance 𝑥 (m) to the field edge is calculated as (𝑓 dep ):

𝑓 dep = ∫ 𝑓(𝑥) 𝑑𝑥 𝑥 2 𝑥 1 × 1 𝑥 2 × 𝐴 dep 𝐴 field with 𝐴 dep = 𝐿 𝑓 × 𝑍 2 𝐴 field = 𝐿 𝑓 × 𝑊 𝑓 (4.2)
where 𝐴 dep is the off-field deposition area in downwind direction from the treated field (m²), and 𝐴 field is the agricultural field area relevant for the pesticide application (m²), with 𝐿 𝑓 as field length (m) parallel to the edge between treated field and deposition area, 𝑊 𝑓 as field width (m) perpendicular to the edge between treated field and deposition area and 𝑍 2 as upper validity limit of the drift deposition curve (m), which corresponds to the position of the last collector during the experiment. We realize that drift functions are generic across field dimensions based on the defined setup of the underlying drift experiments, which derive drift deposition for a sufficiently large treated field area, so that any increase in treated area does not further increase drift deposition. A default square field with 𝐿 𝑓 = 𝑊 𝑓 = 100 m was hence assumed across our scenarios.

After re-arranging eq. 4.1, we obtain the fraction that deposits on the field surface area (𝑓 field ) as:

𝑓 field = 1 -(𝑓 air + 𝑓 dep ) = 𝑓 field→crop + 𝑓 field→soil (4.3)
The fraction reaching the field surface area (𝑓 field ) is partly depositing on crop leaves (𝑓 field→crop , Eq. 4.4) according to foliar interception fraction 𝑓 intercept,crop derived from the crop growth stage, the application method and the pesticide spraying technique (details on Table 11), calculated as:

𝑓 field→crop = 𝑓 field × 𝑓 intercept,crop (4.4)
The remaining part of the fraction reaching the treated field is assumed to deposit on the field soil surface (𝑓 field→soil , Eq. 4.5), calculated as:

𝑓 field→soil = 𝑓 field × (1 -𝑓 intercept,crop ) (4.5)
The crop foliar interception fractions (𝑓 intercept,crop ) are defined as fractions that the crop can capture via its leaf surface area. The foliar interception fraction was derived from the fraction of field area that is covered by crop leaves, 𝑓𝑟 field-covered , according to the main crop growth stages, using the leaf area index (LAI) and the pesticide spraying technique (Figure 17 and Table 11). The LAI is defined as the ratio of the leaf surface area (one side) per unit of ground surface area (m² m -²).

The fraction of field covered by crop leaves (Eq. 4.6-4.7) was calculated from [START_REF] Mottes | Evaluation des effets des systèmes de culture sur l'exposition aux pesticides des eaux à l'exutoire d'un bassin versant. Proposition d'une méthodologie d'analyse appliquée au cas de l'horticulture en Martinique. AgroParisTech Pettigrew WT[END_REF] using the reported relation by [START_REF] Haverkort | Relationships between ground cover, intercepted solar radiation, leaf area index and infrared reflectance of potato crops[END_REF] and [START_REF] Cadersa | Relationship between canopy cover and light interception in potato in a tropical climate[END_REF] with a default light extinction coefficient for cropland, 𝑘 𝑒𝑥𝑡 = 0.62 (-) [START_REF] Zhang | A meta-analysis of the canopy light extinction coefficient in terrestrial ecosystems[END_REF], and a 'maximum soil cover' LAI of 𝑎 = 3 m² m -² (Allen and Pereira 2009 from the FAO-56 procedure); setting 𝑓𝑟 field-covered to 1 for 𝐿𝐴𝐼 ≥ 𝑎. For 𝐿𝐴𝐼 < 𝑎, 𝑓𝑟 field-covered was calculated as:

𝑓𝑟 field-covered = 1.18437 × (1 -𝑒 -0.62×𝐿𝐴𝐼 ) (4.6)
where 𝐿𝐴𝐼 is defined by a bibliographic review from [START_REF] Mottes | Evaluation des effets des systèmes de culture sur l'exposition aux pesticides des eaux à l'exutoire d'un bassin versant. Proposition d'une méthodologie d'analyse appliquée au cas de l'horticulture en Martinique. AgroParisTech Pettigrew WT[END_REF], and completed for missing crops.

All data are presented in the Supplementary Material (SM), Table S4.1. LAI could be refined according to specific LAI functions available as reported for six major crops in Fantke et al. (2011).Varying our default values for 𝑘 𝑒𝑥𝑡 and 𝑎 across crops, respectively, affected the resulting 𝑓𝑟 field-covered by less than 10%, which falls within the combined uncertainty of these parameters of at least a factor of 2 (Fantke et al. 2012b). However, if users find for a given crop very different 𝑘 𝑒𝑥𝑡 and 𝑎, 𝑓𝑟 field-covered can be calculated as:

𝑓𝑟 field-covered = 1-𝑒 (-𝑘 𝑒𝑥𝑡 ×𝐿𝐴𝐼) 1-𝑒 (-𝑘 𝑒𝑥𝑡 ×𝑎) (4.7)
Each crop growth stage, namely (0) installation, (1) development, and (2) reproductive phase, corresponds to a range of growth stages according to the BBCH-scale of respectively 0-20, 30-50 and 60-80 for the first three (Meier 2018). A senescence phase ( 3) can be considered for BBCH-scale stage of 90. However, in tropical regions this phase is generally replaced by a physical destruction of the crop after few years of production (e.g. banana production) or after few months for vegetables, which is usually not relevant for pesticide application. Foliar interception fractions for a pesticide application at the senescence phase can also be estimated from the LAI, while the default LAI defined for the development stage ( 1) can be used where a more specific LAI is not available.

Then the spraying technique, i.e. the part of the field receiving the pesticide application related to the application method, is required to define the foliar interception fraction (𝑓 intercept,crop ). The different spraying techniques as defined in [START_REF] Mottes | Evaluation des effets des systèmes de culture sur l'exposition aux pesticides des eaux à l'exutoire d'un bassin versant. Proposition d'une méthodologie d'analyse appliquée au cas de l'horticulture en Martinique. AgroParisTech Pettigrew WT[END_REF] and in Mottes et al. (2014) are presented in Figure 17 and related calculation of the foliar interception fractions are detailed in Table 11.

Table 11: Pesticide spraying technique with corresponding application methods and calculation

Spraying technique

Corresponding application methods

Calculation

Application over the canopy

Aerial applicators, boom sprayers, air blast sprayers (e.g. on motorized field)

𝑓 intercept,crop = 𝑓𝑟 field-covered

Application under the canopy

Hand-operated sprayers (e.g. application of herbicide against weeds)

𝑓 intercept,crop = 𝑓𝑟 field-covered × 0.05

Soil application

Granular or powder applicators, soil injectors (e.g. against soil insects)

𝑓 intercept,crop = 0

Plant-by-plant application

Hand-operated sprayers* (e.g. on vegetable fruits)

𝑓 intercept,crop = 𝐿𝐴𝐼 if 𝐿𝐴𝐼 < 0.95, else 𝑓 intercept,crop = 0.95 *Hand-operated sprayers include several application methods, such as electric or manual air-pressure knapsack sprayer, backpack mist-blower (motorized) and low volume or ultra-low volume sprayer.

The spraying techniques are: (1) application over the canopy, where all sprays can reach the crop into the field according to 𝑓𝑟 field-covered , (2) application under the canopy, where the pesticide is not applied on the main crop, although it is assumed that a small emission fraction reaches the crop, (3) soil application, where pesticide is applied on or in the soil, around the base of the crop (e.g. powder application), and (4) plant-by-plant application, done with a hand application method, where pesticides are applied plant-by-plant on all or part of the plant (e.g. only on fruits). Hand application is a common application method on crops grown in tropical conditions, generally on non-mechanized fields or crops such as horticulture production (Charlier et al. 2009) or on family farming systems. The spraying techniques are related to pesticide target classes. Application over the canopy is usually used for insecticides and fungicides, but can at times also be used for herbicides in specific crop production systems (e.g. on sugar cane at the beginning of the growth or on genetically modified glyphosate-tolerant crop [START_REF] Cuhra | Review of GMO safety assessment studies: glyphosate residues in Roundup Ready crops is an ignored issue[END_REF]). Application under the canopy is usually used for herbicides in mono-cropping systems, but can also be used for insecticides or fungicides for double-or multi-cropping systems. Soil applications are composed of insecticides (generally in granular or powder). Plant-by-plant application is used for insecticides and fungicides to protect the whole crop or part of the crop (e.g. fruits).

For each pesticide spraying technique related to a set of application methods, foliar interception fractions were estimated for a range of crops or crop classes growing under tropical conditions as defined by climate A of the Köppen-Geiger classification (Kottek et al. 2006;Beck et al. 2018); for crops for which a drift deposition curve is available (i.e. bean, soybean, coffee) and for most important tropical crops according to area harvested in FAOSTAT (2020) (i.e. banana, pineapple, sugar cane, tubers, vegetable fruits, tropical fruit trees).

Drift deposition curves and application methods

According to a bibliographic research (detail in SM in Table S4.2) and a set of pre-defined criteria, drift deposition curves were selected. The criteria were defined as follows:

(i)

The drift deposition curves had to be developed under tropical weather conditions, mainly between the Tropic of Cancer and the Tropic of Capricorn. According to Köppen-Geiger climate classification, these weather conditions are characterized by warm temperatures with alternating rainy and dry seasons, or by an equatorial climate with all year round humid conditions (Kottek et al. 2006;Beck et al. 2018) S4.4.

(iii)

The drift deposition curve had to be applicable to open-field production (i.e. excluding greenhouse production systems, which have different drift deposition conditions and profiles).

Among the 8 identified studies, several application methods were tested to derive drift deposition functions, namely aerial application, hand-operated application, air blast sprayer and boom sprayer, with a diversity of operational techniques (e.g. atomizer, flat fan, nozzle types) and crop stages. Table 12 presents the identified studies, application methods, crops, experimental conditions and compliance to ISO norm. All drift deposition curves were developed under tropical savanna climate and mostly in South America. The identified drift deposition curves 𝑓(𝑥) allow to estimate deposited pesticide fractions to off-field surfaces (𝑓 dep ). The fractions emitted to air (𝑓 air ), corresponding to airborne emissions associated to a crop-application method pair, were not available in the corresponding studies.

To derive fractions emitted to air for the considered scenarios, generic fractions available in PestLCI Consensus were adopted. These drift deposition curves 𝑓(𝑥) developed for crops grown in tropical conditions were compared to similar application methods and associated drift deposition curves defined in temperate conditions. These drift deposition curves are ultimately expressed as a drift deposition fraction, as a function of the 𝑥 distance from the field edge and are usually calculated as 𝑓(𝑥) = 𝛼𝑥 𝛽 (Ganzelmeier and Rautmann 2000) or 𝑓(𝑥) = 𝛼 0 𝑒 -𝑥𝛼 1 + 𝛽 0 𝑒 -𝑥𝛽 1 (Holterman and van de Zande 2003;

García-Santos et al. 2016)), with 𝛼 𝑥 and 𝛽 𝑥 as coefficients according to the application method and the crop (see details of the drift deposition curves in SM Table S4.3). 

Results

Pesticide foliar interception fractions for crops grown in tropical conditions

Table 13 presents the foliar interception fractions by crop or crop class according to the growth stage and related LAI, and the spraying technique. Since pesticides are applied as formulations, initial distribution fractions and leaf interception are not influenced by properties of the active ingredients, but only by formulation, type application method and crop growth stage.

For the soil application, the foliar interception fraction by the crop is zero for all crop types and growth stages. For application under the canopy, with a hand-operated sprayer, where the pesticide is not applied on the main crop, a small emission fractions reaching the crop was estimated to be always less than 5% of the total pesticide mass applied, with a median of 4% considering all crops and growth stages. Applications over the canopy by aerial applications, boom sprayers or air blast sprayers are fully dependent on the LAI. When the fraction of field area covered by crop canopy (𝑓𝑟 field-covered ) is equal to 1, the crop leaves can intercept all the pesticide mass reaching the field, which is always the case during the reproductive phase (2) of the crop and sometimes also during the development phase ( 1), e.g. sugar cane and pineapple. Semi-perennial crops (i.e. banana, sugar cane, pineapple, cotton) and perennial crops (i.e. coffee) are grown for several years and therefore are most of the time at the crop growth stage

(2), which can be defined as the default growth stage in case of lack of information on the growth stage of those crops. 

Drift deposition curves for pesticide applications on crops grown in tropical conditions

Figure 18 presents the drift deposition curve results for crop-application method pairs in tropical conditions, for (a) the aerial applications, (b) hand-operated applications, (c) air blast applications and (d) boom sprayer applications. The deposition dose fraction (kg deposited/ha deposition area per kg applied/kg treated area) per distance from the field edge (m) is represented and compared to cropapplication method pairs defined in temperate conditions (represented by black lines). The drift deposition curves using the 90 th percentile of observed data are drawn with dotted lines and the drift deposition curves using means or medians of observed data are drawn with solid lines. This is to highlight that the latter are preferred for the comparative purpose of LCA. The drift deposition curves defined with the 90 th percentile represent the upper limit of the drift emission and are generally not used for LCA purposes as they are difficult to compare and do not respect the overall pesticide emission mass balance. However, since drift deposition fractions usually are small compared to fractions reaching the field, a small overestimation of the former is acceptable in cases where no median deposition results are available. Details on each drift deposition curve equation, data used to define the curves (means, medians or 90 th percentile of observed data), the coefficient of determination (R²), and the lower and upper validity limits according to the experimentation and application method are presented in Table 14.

Emission fractions to air (𝑓 air ) associated to an application method and a crop are details in SM table S4.5. The drift deposition curves were mostly defined according to two curve models, from the German [START_REF] Ganzelmeier | Studies on the spray drift of plant protection products[END_REF] 

Aerial applications

The drift deposition curves for aerial application in tropical conditions were developed with means 15). The difference between the two studies might be related to the height above crop canopy when spraying at, respectively, 3 m and 5 m. In the absence of drift deposition curves for aerial application in temperate conditions, those drift deposition curves developed for tropical conditions might be used carefully for crops grown in temperate conditions according to differences in crop and application method characteristics. Aerial applications with rotary atomizer, electrostatic system and atomizer at 55° angle were leading the lowest drift deposition in comparison of other aerial applications. compared to cropapplication method pairs defined in temperate conditions in black lines, with the drift deposition curves using the 90 th percentile of observed data in dotted lines and the drift deposition curves using means or medians of observed data in solid lines. 

Hand-operated applications

Drift deposition curves for hand-operated applications in tropical conditions were defined with means of observed data with an equation type 𝑓(𝑥) = 𝛼 ln(𝑥) + 𝛽. The drift deposition fractions were twice as high with the knapsack sprayer compared to the ultra-low volume centrifugal cane sprayer.

Until 5 m from the field edge, the drift deposition fractions were higher with the knapsack sprayer for potatoes in temperate conditions (García-Santos et al. 2016) (black curve), than those for cotton in tropical conditions [START_REF] Gouda | Comparison of drift of two types of sprayers used in cotton production in Benin[END_REF] for both spraying heights (1 m and 1.5 m). These results might be due to crop height variations between cotton (>1 m) and potatoes (~20 cm), and the corresponding distance between knapsack sprayer nozzles and crop canopy. In fact, a pesticide application with a knapsack sprayer on low height crops may lead to higher drift than on taller crops [START_REF] Franke | Spray drift from knapsack sprayers, A study conducted within the framework of the Sino-Dutch Pesticide Environmental Risk Assessment Project PERAP[END_REF], due to a higher distance between nozzles and crop canopy (van de [START_REF] Van De Zande | Spray techniques: how to optimise spray deposition and minimise spray drift[END_REF]). In the experiment on cotton in Benin, the less high the crop, the higher the drift [START_REF] Gouda | Comparison of drift of two types of sprayers used in cotton production in Benin[END_REF]. Furthermore, Gouda et al. ( 2018) stated that beyond a certain height, reaching the crop canopy with a knapsack sprayer is more difficult, leading to more drift, in particular with the ultra-low volume application method.

Applying pesticides with a knapsack sprayer results in a total drift deposition fraction to off-field surfaces of less than 1% on potatoes in temperate conditions (García-Santos et al. 2016), and even less on cotton in Benin [START_REF] Gouda | Comparison of drift of two types of sprayers used in cotton production in Benin[END_REF]. The ultra-low volume application method could not be compared with those defined in temperate conditions, since this application method is exclusively used in tropical conditions for crops such as cotton and rice. Until 15 m from the field edge, the drift deposition fractions were between 3.3% and 7.5% for the ultra-low volume centrifugal cane drift deposition curves. In contrast to the knapsack sprayer, for the ultra-low volume centrifugal cane, the taller the crop, the higher the drift, with a drift deposition fraction to off-field surfaces of 1.4% at 1 m and 2.1% at 1.5 m. The ultra-low volume application method induces more drift than the knapsack sprayer, which can partly be explained by the smaller droplets generated with an ultra-low volume application [START_REF] Gouda | Comparison of drift of two types of sprayers used in cotton production in Benin[END_REF].

Air blast applications

Drift deposition for air blast sprayer application in tropical conditions was estimated with means and 90 th percentile of observed data according to the German fitting model for coffee in Brazil (Alves and da Cunha 2014), and with 90 th percentile observed data with equation type 𝑓(𝑥) = 1 (𝛼 + 𝛽𝑥 2 ) ⁄

for papaya in Mexico [START_REF] Hernández-Hernández | Comparative ecological risks of pesticides used in plantation production of papaya: Application of the SYNOPS indicator[END_REF]). These drift deposition curves were compared with: "Air blastperennial crop -late stage (in leaf)" (Holterman and van de Zande 2003) and "air blast sprayer with axial fan + hollow cone nozzles, 90%ile, Olives" [START_REF] Gil | First attempts to obtain a reference drift curve for traditional olive grove's plantations following ISO 22866[END_REF], with respectively a total drift deposition fraction to off-field surfaces of 3.4% and 3.3%. The drift deposition fractions from the two drift deposition curves defined for coffee production (using mean data) are lower than the selected drift deposition curves defined in temperate conditions. The total drift deposition fraction to off-field surfaces is slightly higher when using nozzles without air induction as compared to using air induction nozzles, with respectively 2.9% and 2.7%. Indeed, air induction nozzles produce larger droplets less prone to drift, than nozzles without air inductions; consequently, the risk of drift is lower with air induction nozzle, as already discussed by [START_REF] Combellack | A comparison of the drift potential of a novel twin fluid nozzle with conventional low volume flat fan nozzles when using a range of adjuvants[END_REF] and Grella et al. (2019).

In the papaya case study, no median deposition results were available; using the 90 th percentile lead to a small overestimation of drift deposition fractions. From those drift deposition curves, the total drift deposition fractions to off-field surfaces were higher than results from other drift deposition curves developed in temperate and tropical conditions, with 5.2% at early stage and 8.2% at late stage.

Differences between early and late stages are mainly due to crop height and canopy interception capacity.

Boom sprayer applications

For boom sprayer application, the drift deposition curves defined in tropical conditions were estimated with means and 90th percentiles of observed data according to the Dutch fitting model applied on bean and soybean production in Brazil (Bueno et al. 2016(Bueno et al. , 2017)). These drift deposition curves were compared with four curves of boom sprayer: "Boom sprayer -standard flat fan -low crop < 20 cm"using medians or 90 th percentile observed data and "boom sprayer -standard flat fan -field crops that are > 20 cm"using medians or 90 th percentile observed data from van de Zande et al. 2015; with respectively a total drift deposition to off-field surfaces of 1.1% and 1.2% for low crop < 20 cm, and 1.3% and 1.6% for crops > 20 cm. Drift deposition fractions to off-field surfaces were slightly higher on bean production compared to soybean production, regardless of the type of boom sprayer, with respectively "2.7-2.9%" and "2.5-2.6%" . Drift deposition fractions from boom sprayer in tropical conditions (bean and soybean) were around twice as high as in temperate conditions, regardless of the type of nozzle. Nevertheless, we observed a slight overestimation of drift deposition fractions using the 90 th percentiles of observed data; this emphasizes that median observed data should be in priority used for comparative assessments, such as LCA.

In conclusion, drift deposition fractions close to the field edge are generally higher with non-aerial applications than with aerial ones. Conversely, drift deposition fractions are higher with aerial applications with off-field emissions far from the field edge measured up to 2000 m (Baio et al. 2019), while drift deposition fractions are measured up to 20 m with hand-operated applications (García-Santos et al. 2016). The drift deposition fractions to off-field surfaces vary from less than 1% with a knapsack sprayer on cotton up to 20% with aerial application on soybean, with intermediate values for air blast sprayers around 3% on coffee and 5-8% on papaya, and less than 3% on bean and soybean with a boom sprayer. Overall, drift deposition fractions to off-field surfaces are generally higher in temperate conditions compared to that in tropical ones, except with the boom sprayer. However, due to different crop-application method pairs in these different regions, a more systematic comparisons of drift deposition curves developed for tropical conditions with those developed for temperate conditions is required to arrive at justifiable conclusions. 

Pesticide emission fractions for crops grown in tropical conditions

Table 15 presents the set of pesticide emission fractions for the considered application methods, spraying technique and crops grown in tropical conditions (according to the previously selected studies)

with the emitted fraction to air (𝑓 air ), to off-field surfaces (𝑓 dep ), to field crop (𝑓 field→crop ) and to field soil (𝑓 field→soil ). The ranges of values are presented for each application method, highlighting the variations related to the specific characteristics of the application methods (e.g. nozzle type).

The fractions emitted to air (𝑓 air ) do not vary across the crops and their growth stages, since they were estimated from the existing airborne emission fractions in PestLCI Consensus.

Within a given application method, drift deposition fractions (𝑓 dep ) do not differ across crops, with slight variations only, which are mainly due to differences in e.g. tested nozzle types. Drift is influenced by the nozzle type and its dimension (van de Zande et al. 2012). In particular, the coarser the size of the droplets, the less the drift to off-field surfaces (e.g. boom sprayer application on soybean and bean (Bueno et al. 2016(Bueno et al. , 2017))). Indeed, coarser droplets are heavier and less prone to drift compared to fine droplets (van de Zande et al. 2012;[START_REF] Chen | Effect of Droplet Size Parameters on Droplet Deposition and Drift of Aerial Spraying by Using Plant Protection UAV[END_REF]). Nevertheless, fine droplets allow a better coverage of leaves with pesticides, which is important for contact pesticides such as fungicides [START_REF] Franke | Spray drift from knapsack sprayers, A study conducted within the framework of the Sino-Dutch Pesticide Environmental Risk Assessment Project PERAP[END_REF]. For an aerial application on soybean, the drift was reduced using rotary atomizers (da Cunha et al. 2017a) and hydraulic nozzles associated with the electrostatic system (da Cunha et al. 2017b). For the air blast application on coffee, the drift was reduced with air-induction nozzles (Alves and da Cunha 2014). The drift is higher with the ultralow volume centrifugal than with the knapsack sprayer in the cotton production [START_REF] Gouda | Comparison of drift of two types of sprayers used in cotton production in Benin[END_REF], due to smaller droplets prone to drift. The fraction reaching the crop leaves (𝑓 field→crop ) is directly dependent on the foliar interception fraction (𝑓 intercept,crop ), which is dependent on the growth stage (LAI) and the spraying technique. For the pesticide applications where the pesticide has to reach the crop itself, i.e. the applications over the canopy with the aerial application, boom sprayer and air blast sprayer and the plant-by-plant application with a hand-operated sprayer, the higher the foliar interception fraction, the higher the fraction emitted to the crop ( 𝑓 field→crop ) and the lower the fraction emitted to field soil ( 𝑓 field→soil ). When 𝑓 intercept,crop = 1, the fraction emitted to field soil is zero. For the applications under the crop canopy, the fraction emitted to the crop is less than 5% regardless of the crop growth stage. For the soil application, the pesticides are assumed to be 100% incorporated to soil, and with that the initial distribution is assumed to be 𝑓 field→soil = 1, hence 𝑓 air = 𝑓 dep = 𝑓 field→crop = 0. 

Discussion

Applicability and limitations of the presented approach

The development of foliar interception and drift deposition fractions for a set of common crops grown in tropical conditions allows to estimate related pesticide emissions for several crops grown in tropical regions. For this purpose, we proposed to define foliar interception fractions not only as a function of crop growth stage (as done in e.g. Linders et al. 2000), but also as a function of spraying technique. This is particularly important for hand-operated applications, which allow to apply pesticides either under crop canopy or plant-by-plant, leading to very different foliar interception fractions. Compared to foliar interception defined by Linders et al. (2000) (Table 16), our approach allows to consider the precision of hand application sprayers when spraying plant-by-plant. When information on the spraying technique is missing, for hand operated applications, herbicide applications can by default be considered as applications under the canopy, while insecticide and fungicide applications can by default be considered as plant-byplant applications. Nevertheless, by grouping the 10 main growth stages (from the BBCH scale, Meier 2018) of crops into 3 stages, the foliar interception fractions are less specific. When applying pesticides with known growth stage and LAI, more specific foliar interception fractions can be calculated using eq. 4.6 to derive the fraction of field area covered by crop canopy, and by selecting the corresponding spraying technique. We introduced 29 drift deposition curves in PestLCI Consensus for crop-application method pairs commonly found in tropical regions, with a set of diverse nozzle types that have generally a marginal influence on the off-field surfaces deposition fractions. However, several crop-application method pairs relevant for tropical regions are currently missing and require further research, such as boom sprayer on pineapple, and more generally application methods on banana, pineapple, sugar cane, vegetables and tubers.

Usually, aerial application is less sensitive to crop types than other application methods. This is in line with earlier studies (Baio et al. 2019) that have developed a generic drift deposition curve for aerial application CHAPTER 4 120 that is also applicable to other crops (cotton, millet, sorghum, soybean and corn). This drift deposition curve is likely to be also applicable to several tropical crops where aerial applications are frequently used and respective crop-specific drift deposition curves are missing, such as banana. Drift deposition fractions to off-field surfaces with knapsack sprayers are very low, less than 1% in both considered studies, on cotton in tropical conditions [START_REF] Gouda | Comparison of drift of two types of sprayers used in cotton production in Benin[END_REF]) and on potato in temperate conditions (García-Santos et al. 2016).

Due to the proximity between the sprayer and the crop, the climatic conditions have no substantial influence on drift deposition, as opposed to the height of the crop. Consequently, knapsack sprayer drift deposition curves might be extrapolated to other crops with similar crop height. In most of the considered drift deposition curves, the crop growth stage does not influence drift-related off-field emissions, whereas it may be relevant in particular for fruit tree production (e.g. on papaya in Hernández-Hernández et al. 2007 and for orchards (Ganzelmeier and Rautmann 2000;Holterman and van de Zande 2003;[START_REF] Holterman | Development of a spray drift model for spray applications in fruit orchards[END_REF].

Our drift deposition estimates are mainly limited by the scope of available experimental drift functions.

Hence, drift fractions that were extrapolated across crops will come with higher uncertainty. Depending on the application method and crop height, drift deposition curves might be carefully extrapolated, particularly for hand application methods and boom sprayers. All considered drift deposition curves are defined for specific experimental conditions, considering upper and lower validity limits of the fitted curve.

In pesticide emission modeling in LCA, drift experiment results are used to estimate pesticide drift to off-field surfaces, nevertheless they are not based on a mass balance approach. Indeed, the drift experiments are not designed for a specific field size, but rather for a single sufficiently large field area to estimate drift without further increase of drift off-field surfaces. Further experiments are required to validate that the default square field of one hectare well represents pesticide drift deposition to off-field surfaces using drift experiments results in a mass balance approach.

Overall, the new foliar interception fractions for crops grown in tropical conditions and related drift deposition curves allow to improve the estimation of pesticide emissions and related impacts in LCA studies with a focus on tropical regions.

Providing emission fractions for a set of crops grown in tropical conditions

We provided a set of emission fractions for crops grown in tropical conditions, considering the respective foliar interception fractions and application methods to identify the related drift deposition curves.

A diversity of specific application scenarios (e.g. different nozzles types) was proposed for use where such information is available and relevant. Our emission fractions are directly available for LCA practitioners with little access to data on phytosanitary practices, without using over-simplifying assumptions, such as all of the applied pesticide mass being emitted to field soil.

CHAPTER 4 121 Nevertheless, emission fractions for pesticide applications with air blast sprayer must be carefully extended to other crop productions. Indeed, the proposed approach is valid for fruit trees with a continuous canopy, which is often not the case in reality. Orchards are generally treated by application methods such as air blast sprayers, requiring to pass between the rows of the crops (i.e. inter-row) to reach vertical and horizontal leaves. Foliar interception fractions for applications with air blast sprayer on orchards should therefore be improved to consider this specificity of air blast application of orchards, as well as standard protocol (ISO 22866:2005) to be more adapted to orchards specificities (Grella et al. 2017b). For an interrow application with air blast sprayers, the foliar interception fraction of insecticides or fungicides on orchard fruits and leaves is highly variable according to the application method, the LAI, the main row width (i.e. tractor path), the adjacent row width, the space between trees in the same row, etc. [START_REF] Soheilifard | Chemical footprint of pesticides used in citrus orchards based on canopy deposition and off-target losses[END_REF], and cannot be defined using only the LAI. Furthermore, ground deposit inside the field (tractor path and adjacent row) is also highly variable and can reach up to 25% in an apple orchard (van de Zande et al.

2008

), 55% in a citrus orchard [START_REF] Soheilifard | Chemical footprint of pesticides used in citrus orchards based on canopy deposition and off-target losses[END_REF] and almost 80% in a papaya plantation [START_REF] Hernández-Hernández | Comparative ecological risks of pesticides used in plantation production of papaya: Application of the SYNOPS indicator[END_REF]. In direct relation to foliar interception fractions, pesticide fractions reaching field soil must be detailed. Furthermore, airborne emissions are highly variable depending on the crop-air blast sprayer method, with emission fractions to air on citrus of 6 to 14% [START_REF] Salyani | Spray Deposition and Mass Balance in Citrus Orchard Applications[END_REF]) and 17 to 23% [START_REF] Garcerá | Spray pesticide applications in Mediterranean citrus orchards: Canopy deposition and off-target losses[END_REF], and on apple orchards of 8 to 20% (Ganzelmeier and Rautmann 2000). Similar data are needed to refine airborne emission fractions. In general, we recommend for the purpose of LCA to report airborne emission fractions in a way that they can be used in a mass balance approach.

The airborne emission estimations for these identified (Table 12) crop-application method studies/pairs in tropical conditions were not available, which represents a limitation of our proposed approach. Airborne emissions can reach up to 25% with aerial applications, and their estimation and modeling are limited (Gil and Sinfort 2005). Indeed, airborne drift is dependent on the application method and its specific characteristics (e.g. nozzle size), on the spray physical properties and formulation and on climatic conditions (Gil and Sinfort 2005).

Overall, we present for the first time a set of emission fractions as a suitable starting point for consistently deriving emission fractions in LCA under tropical conditions, a very useful data set for LCA practitioners.

Future research needs

Our results highlight the need for additional drift experiments, for example for pneumatic cannon sprayers in tropical crops. Indeed, further experimental studies are required on pesticide drift losses to offfield surfaces. Important crop-application method pairs in tropical conditions are missing (e.g. on banana CHAPTER 4 122 production, on vegetable fruits or on orchards). Further research is needed particularly on orchard/ fruit tree production and associated pesticide emission to off-field soil, to field soil and also to define the crop foliar interception fraction. For an application done with a passage between the rows of crops without spraying only the top of the canopy, more experimentations or modeling of pesticide emissions are required in tropical conditions. Generally speaking, further research and experimental studies are necessary to assess properly the initial emission fractions of pesticide application with an air blast sprayer. For the purpose of LCA, these experimentations and drift deposition curve developments should report new drift deposition curves using median observed values, and provide the fitting coefficients and final fitting equation for deposition that is either expressed in kg deposited/m² deposition area per kg applied/m² treated area or in units that can be converted into this unit. During initial distribution, bystander exposure pathway should be added to the inventory (Ryberg et al. 2018), and particularly with hand-operated applications (García-Santos et al. 2016).

Furthermore, measurements of airborne emissions in tropical conditions are necessary and more generally in all agricultural contexts.

Finally, drift functions used and recommended in our study should be flexibly updated in line with revised or new drift experiments for both temperate and tropical conditions. This will also help to increase crop coverages and account for regional differences in drift.

Conclusions

In the present study, we provided a set of pesticide initial distribution fractions to various environmental compartments for a diversity of crops and application methods, based on implementing drift deposition curves and deriving foliar interception fractions for various crops grown under tropical conditions. With that, our approach helps to consistently deriving emission fractions for several crops commonly grown in tropical regions.

Drift deposition depends on the combination of crop and application method, particularly on crop height.

Application method characteristics, such as nozzle types, have limited influence on the overall emission mass balance. Emission fractions vary for each combination of crop and application method, and part of combinations differs substantially from emission fractions obtained under temperate conditions. The drift deposition curves selected in this study might be carefully extended to other crops with similar characteristics and height, considering on which crops the drift deposition curves were initially developed.

The foliar interception fraction method can be extended to other crops by adding the LAI of the corresponding crop growth stages. With that, the emission fractions developed for a set of crop-application CHAPTER 4 123 method pairs are directly available for use by LCA practitioners with little access to data on phytosanitary practices.

The selected drift deposition curves allow to estimate off-field surfaces emissions, while estimating the associated airborne drift fractions requires further research. Furthermore, some relevant crop-application method combinations are still missing and require additional experiments to derive drift deposition estimates, such as boom sprayer on pineapple. Specifically, pesticide application with air blast sprayer are highly dependent on trees' organization in the field and crop growth stages, so crop-air blast application pairs need to be further refined.

Overall, our proposed foliar interception fractions for crops grown in tropical conditions and related drift curves allow to estimate pesticide emissions in support of assessing the environmental performance of agrifood systems in LCA with focus on tropical regions. Based on our initial emission distribution fractions for tropical regions, secondary processes could also be estimated integrating climate, soil and farming practices, to better assess pesticide emission of diverse farming systems under tropical conditions.

pesticides applied to tomato in Martinique and to grapevine in the Loire Valley (France). Our results show that the presence of a cover crop decreased on average the pesticide emission fraction reaching field soil by a factor of 3 compared to bare soil, independently of field crop and its growth stage, and cover crop occupation and density. When considering cover exported from the field, ecotoxicity impacts were reduced by around 65% and 90% compared to bare soil, respectively for grapevine and tomato, regardless of the emission distribution used. Since additional processes may influence emission distributions under GCM, such as run-off, leaching or preferential flow, further research is required to incorporate these processes consistently in our proposed GCM approach. Considering GCM in pesticide emission modeling highlights the potential of soil cover to reduce pesticide emissions to field soil and related freshwater ecotoxicity. The consideration of GCM as common farming practice furthermore opens the path towards the modeling of pesticide emissions in intercropping systems.
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Introduction

A transition towards more agro-ecological cropping systems is urgently needed to ensure sustainable food production systems and consequently sustainable food security, based, for example, on biological pest control, reduced tillage, intercropping, cover crops or agroforestry [START_REF] Tscharntke | Global food security, biodiversity conservation and the future of agricultural intensification[END_REF]Wezel et al. 2014). This corresponds to the goal number 2 of the Sustainable Development Goals (SDGs) proposed by the United Nations [START_REF] Griggs | Agroecological and other innovative approaches for sustainable agriculture and food systems that enhance food security and nutrition[END_REF][START_REF] Hlpe | Agroecological and other innovative approaches for sustainable agriculture and food systems that enhance food security and nutrition. A report by the High Level Panel of Experts on Food Security and Nutrition of the Committee on World Food Food Security[END_REF]. One central key practice in agro-ecological cropping systems is ground cover management (GCM). It is defined as the field soil occupation between crop rows and under the crop canopy. GCM can be provided by several farming practices, using either living cover (i.e. spontaneous or planted cover crops) or dead cover (e.g. mulch composed of crop residues and residues from the previous crop, impervious mulch such as plastic mulch) (Mottes et al. 2014).

These ground covers (GC) are used to provide several agricultural and environmental benefits. They limit weeds and consequently herbicide applications, they improve soil fertility and bearing capacity (CIRAD 2009;Wezel et al. 2014). They also reduce erosion [START_REF] Zuazo | Soil-erosion and runoff prevention by plant covers. A review[END_REF] and runoff as well as pesticide (i.e. the active ingredient in a pesticide formulation, hereafter referred to as pesticide) transfer to surface water (Reichenberger et al. 2007;[START_REF] Alletto | Tillage management effects on pesticide fate in soils. A review[END_REF]Mottes et al. 2014).

Among these multiple benefits, the reduction of pesticide applications and transfers is particularly important in tropical conditions, where the use of pesticides occurs all year round, due to high pest pressures and to crop all along the year (Lewis et al. 2016;Mottes et al. 2017b). GC practices exist in all cultivated areas, in temperate and tropical conditions. For example in 2011, 49% of French vineyards were cover cropped [START_REF] Ambiaud | Moins de désherbants dans les vignes[END_REF], with e.g. spontaneous vegetation, oats, clover, fescue (Renaud-Gentié et al. 2015a). In the tropical conditions of Martinique (French West Indies), 23.2% of banana farmers were using cover crops in 2015 (DAAF Martinique 2018), composed of diverse species mixed or separated, e.g. Brachiaria decumbens, Stylosanthes guianensis [START_REF] Tixier | Model evaluation of cover crops, application to eleven species for banana cropping systems[END_REF].

Life Cycle Assessment (LCA), an ISO-standardized methodology to evaluate the environmental performance of product systems, is widely applied to agri-food systems [START_REF] Andersson | LCA of food products and production systems[END_REF][START_REF] Roy | A review of life cycle assessment (LCA) on some food products[END_REF]Poore and Nemecek 2018), to quantify the environmental performance of farming management practices (Bessou et al. 2013;[START_REF] Rouault | Life Cycle Assessment of viticultural technical management routes (TMRs): comparison between an organic and an integrated management route[END_REF][START_REF] Renaud-Gentié | Addressing organic viticulture environmental burdens by better understanding interannual impact variations[END_REF]). In the context of agro-ecological transition, there is an urgent need to address these practices, such as GCM, in LCA studies to compare different farming systems, such as conventional, integrated and organic farming (Meier et al. 2015) as well as to better inform eco-design (Rouault et al. 2020). As a prerequisite to consider GCM in LCA, pesticide emission distributions need to be properly modeled. However, while many LCA studies do not yet consider pesticide emissions and related-impacts (Perrin et al. 2014), other approaches assume that 100% of pesticides applied are emitted to agricultural soil (e.g. Nemecek and Schnetzer 2011). More detailed approaches exist, such as a generic distribution of pesticides applied between air and soil (e.g. [START_REF] Neto | Life cycle assessment of the supply chain of a Portuguese wine: from viticulture to distribution[END_REF]Oliquino-Abasolo 2015) or modeling pesticides emissions based on a consistent mass balance, as in the PestLCI model (Birkved and Hauschild 2006;Dijkman et al. 2012) and its subsequent PestLCI Consensus version (Fantke et al. 2017a). However, none of these approaches currently considers GCM practices. Renaud-Gentié et al. (2015) developed an initial approach to consider the effect of living GCM for the cover crops between vine rows, by replacing the single crop intercepted fraction by a combination of vine and cover crop interceptions according to their respective development stages. However, this first accounting of a cover crop for grapevine has never been extended to other types of GCM or crops. Therefore, the influence of GCM on the environmental performance of different cropping systems can currently not be properly evaluated. To fill this gap, GCM needs to be integrated into state-of-the-art pesticide emission models.

To extend the modeling of GCM to other types of GC and crops in pesticide emission modeling, the definitions of the cover crop occupation and its canopy development were first proposed. In the present study, GCM composed of spontaneous or planted cover crops without being a cash crop were considered.

The fraction intercepted by the cover leaves was estimated and processes occurring on those leaves were simulated (volatilization, degradation and uptake), considering as far as possible the cover family (e.g.

Fabaceae)

. Furthermore, pesticide plant uptake modeled by the crop exposure model dynamiCROP (Fantke et al. 2011b), was recently coupled with the initial distribution of PestLCI Consensus (Gentil et al. 2020a).

Another fraction goes to the air by wind drift (𝑓 air ) as a default fraction per application method and crop, and a last fraction goes to the field (𝑓 field ):

1 = 𝑓 field + 𝑓 air + 𝑓 dep (5.1) Figure 19 presents the pesticide distribution to the various compartments.

After re-arranging eq. 5.1, the fraction reaching the field surface area (𝑓 field ) was obtained:

𝑓 field = 1 -(𝑓 air + 𝑓 dep ) = 𝑓 field→crop + 𝑓 field→rest (5.
2)

The fraction reaching the field surface area (𝑓 field ) is partially deposited on crop leaves (𝑓 field→crop ) according to crop intercepted fraction 𝑓 intercept,crop and calculated as:

𝑓 field→crop = 𝑓 field × 𝑓 intercept,crop (5.3) 
Then, the fraction left on the field after crop interception (𝑓 field→rest ) is calculated as:

𝑓 field→rest = 𝑓 field × (1 -𝑓 intercept,crop ) = 𝑓 field→cover + 𝑓 field→soil (5.4)
The fractions of pesticide reaching the cover leaves (𝑓 field→cover ) and the field soil (𝑓 field→soil ) are then calculated according to the effective area fraction of crop-free field that is covered by cover crop (𝑓 eff,cover ):

𝑓 field→cover = 𝑓 field→rest × 𝑓 eff,cover 𝑓 field→soil = 𝑓 field→rest × (1 -𝑓 eff,cover ) (5.5) 
(5.6)

Where 𝑓 eff,cover is calculated by multiplying the area fraction of crop-free field that is cover crop (𝑓 soil→cover )

and the area fraction of cover crop that is covered by leaves (𝑓 intercept,cover ):

𝑓 eff,cover = 𝑓 soil→cover × 𝑓 intercept,cover (5.7) 

Secondary emission fractions

From the initial distribution fractions, secondary emissions processes occur. All processes defined in PestLCI for the main crop leaves were also applied to cover crop leaves, i.e. degradation, uptake and volatilization. The fraction degraded and volatilized were aggregated with the respective processes occurring on the main crop, ultimately affecting fractions emitted to air and to field soil. A new emission output fraction, 𝑓 cover-sec , was created to consider the uptake fraction by the cover leaves and the fraction remaining on cover leaves and not yet taken up by the cover leaves.

The degradation on cover crop leaves was integrated in the total degraded fraction of pesticide. To consider the cover family (e.g. Pooideae), the degradation rate constant for pesticides on cover leaves (𝑘 degCover ) in (d -1 ) was calculated. Based on a database of measured dissipation half-lives [START_REF] Fantke | Variability of Pesticide Dissipation Half-Lives in Plants[END_REF], the pesticide dissipation half-life (d) on leaf cover at the average temperature in the month of application (DT50 cover,𝑇 ) was used as a proxy. From these data, a dissipation half-life model was derived, using a temperature correction coefficient [START_REF] Fantke | Estimating half-lives for pesticide dissipation from plants[END_REF] to correct for actual field temperature as: development and 𝑓 intercept,crop = 0.8 for flowering (Linders et al. 2000). Two types of cover crop were considered, a planted cover crop on the row of the main crop, 𝑓 soil→cover = 0. required to estimate the pesticide degradation on leaves (see eq. 5.8). Pesticide dissipation from leaves is generally faster than from soil [START_REF] Juraske | Estimating half-lives of pesticides in/on vegetation for use in multimedia fate and exposure models[END_REF]) and varies according to plant family [START_REF] Fantke | Variability of Pesticide Dissipation Half-Lives in Plants[END_REF]. Two pesticides homologated on tomato and grapevine were tested with contrasted dissipation halflives on soil and plant, namely the insecticide pyriproxyfen and the fungicide mancozeb. Their relevant physicochemical properties are detailed in SM, Table S5.1.

Pesticide emissions were assigned in the impact assessment model USEtox. The off-field deposition fraction was shared according to prevailing surface compartments in the region of each scenario. In Martinique, the off-field deposition fraction was allocated as follows: 29% to agricultural soil, 70% to natural soil and 1% to freshwater and in Loire Valley, 67% to agricultural soil, 31.2% to natural soil and 1.8% to freshwater.

Based on the calculation framework for emission distributions under GCM conditions, and the related calculation of ecotoxicity impacts, in the case study, we analyzed the effect of GCM on emission and related freshwater ecotoxicity impact results. 

Analysis of GCM effect on pesticide emissions and related impacts

To assess cover crops effects on initial and secondary distributions, control scenarios without cover (i.e.

with bare soil) for each combination of pesticide, crop and intercepted fractions (i.e. 8 control scenarios with 𝑓 eff,cover = 0) were designed and simulated. Distribution fractions are presented as a function of continuously increasing cover crop area fractions. After an analysis of the influence of the effective area fraction of cover crop (𝑓 eff,cover ) on initial distribution fractions, a second analysis was carried out on the secondary emission fractions and particularly on processes involved on cover leaves, namely degradation, volatilization and uptake.

At the impact level, scenarios with and without a cover crop were compared by calculating the percentage of change of impact scores (IS) for freshwater ecotoxicity (PAF m 3 d/ kgapplied), for each considered environmental emission compartment. The percentage of change (% -change) was calculated as:

% -change = [ IS without cover -IS with cover IS without cover ] × 100 (5.17) When pesticide emissions to cover leaves are assigned to the agricultural soil compartment as field soil surface emissions, this corresponds for initial distribution fractions to a scenario without considering any cover. Therefore, the initial emission fraction reaching cover leaves, 𝑓 field→cover , was not linked to the impact assessment but considered as a removal process as for the pesticide emission on crop leaves. For secondary emissions, two agronomic situations were considered for the fraction taken up by the cover and left on cover leaves (𝑓 cover-sec ). One situation considered that the cover crop was exported from the actual field crop, i.e. mowed and transferred outside the field. Hence, 𝑓 cover-sec was not linked to the impact assessment. The second situation considered the cover buried into the field soil by e.g. a tillage practice, so 𝑓 cover-sec was assumed to reach agricultural soil as emission. In summary, 3 situations were analyzed: (i) initial distribution with cover exported from the field, (ii) secondary emissions with cover exported from the field and (iii) secondary distribution with cover buried into the field soil.

Resultsmodel application on the case study

Emission results

Across a range of effective area fractions of cover (𝑓 eff,cover ) for the tomato and grapevine scenarios, the variability of initial and secondary distribution fractions is presented in Figure 21. Emission fractions for the two cover crops (𝑓 eff,cover = 0.35 and 𝑓 eff,cover = 0.7) are detailed in Table 18.

At initial distribution, air-assisted sprayer in grapevine shows higher off-field surfaces emissions, 𝑓 dep = 0.04 and higher emission to air, 𝑓 air = 0.08, than the knapsack sprayer used in tomato production with 𝑓 dep = 0.02 and 𝑓 air = 0.06.

The initial pesticide distributions to soil and cover crop depend on the main crop intercepted fraction and the effective area fraction of cover. The higher the fraction intercepted by the crop (reproductiveflowering phase), the lower the fraction distributed under the crop canopy (i.e. to the field soil and cover crop). Indeed, in our case study, when the main crop is starting to grow, the fraction of pesticide distributed between the soil and the cover crop was 3.5 times higher than when the main crop is at the flowering stage (Table 18). The presence of a cover crop decreased on average the fraction reaching field soil by a factor of 3 compared to a bare soil regardless of the field crop, its growth stage, and the effective area fraction of cover. The variation of the fraction reaching field soil among scenarios was mainly due to different effective area fractions of cover, driven by the area fraction of crop-free field that is cover crop and the area fraction of cover crop that is covered by leaves corresponding to the cover leaves density. The higher the effective area fraction of cover, the lower the fraction distributed to field soil. The effect of cover crop on pesticide initial distribution fractions to field soil and cover crop was propagated to the secondary emission fractions.

When including secondary emission distribution processes, cover crop leaf uptake contributed with more than 99% to cover crop-related processes, yielding an average leaf uptake fraction of 0.22 across all scenarios. The total degraded fractions (on soil, on field crop and cover leaves) in our case study were highest when there was no cover crop. This is explained by the fact that despite faster degradation in crops and cover crops compared to soil, the even faster plant uptake into both crop and cover crop drives the overall pesticide distribution within 24 hours that are considered in the emission model. Consequently, most of the pesticide is taken up into crop, while degradation processes will drive subsequent fate processes that are modeled as part of the impact assessment. The degraded fractions on cover leaves showed only slight differences between the cover crop families, i.e. Pooideae vs Fabaceae for grapevine scenarios and Panicoideae vs Fabaceae for tomato scenarios. Indeed, degradation on Fabaceae leaves was lower than on

Pooideae and Panicoideae, due to longer dissipation half-lives on Fabaceae (see detail of DT50 in SM, Table S5.3). On leaves, the only process considering crop and cover family is degradation. The fraction degraded on cover leaves was on average below 0.1%, but could reach a maximum of 0.65% for mancozeb application with full coverage of Fabaceae (i.e. 𝑓 eff,cover = 1). The fraction taken up by the cover that depends on the initial distribution fraction on cover leaves reached up to around 18% when the crop growth stage was on maturation (𝑓 intercept,crop = 0.8), and up to around 60% when the crop growth stage was on installation (𝑓 intercept,crop = 0.3) for both scenarios.

The presence of a cover crop did not modify initial distribution fractions to air, crop and off-field surfaces. It did not modify either secondary emission fractions to off-field surfaces, crop uptake and fraction left on crop leaves. For secondary distribution scenarios, processes that are by default initiated after the first day after application were not included in our study but require further analysis to ensure consistency with our proposed GCM processes and to evaluate emissions eventually reaching groundwater or surface water.

With that, the fractions emitted to off-field surfaces did not vary with the presence or absence of a cover crop in our case study.

Overall, during initial and secondary distributions, the introduction of a cover crop with its own leaf surface area reduced the fraction reaching the field soil.

A. Initial distribution fractions 

B. Secondary distribution fractions

Impact results

The impact scores for the scenarios with a cover crop and the percentage of change compared to the scenarios without a cover (i.e. bare soil) are presented in Table 19. The contribution of the USEtox environmental compartments to the total impact scores calculated for the scenarios with and without cover crop for tomato and grapevine are presented in Figure 22 according to the distribution used (initial or secondary).

Pesticide initial distribution fractions were assigned to the environmental compartments of the impact assessment model (i.e. USEtox), except the emission fractions to crop and cover leaves, because the plant compartment does not exist in the model. Only the impacts due to agricultural soil emissions were affected by the consideration of a cover crop, with a reduction of around 100% regardless of crop type. As a consequence, the total impact scores using initial distribution fractions were reduced by 65% for grapevine and by 90% for the tomato crop with the use of a cover crop.

Two connections were assessed between secondary emission fraction to cover and USEtox compartments. First, as for the connection with the initial distribution, no link to any USEtox compartment was assumed for the emission fraction to cover, considering cover exported from the field. Second, the fraction taken up by and present on cover leaves was assigned to agricultural soil, considering the cover buried into the field soil.

Using either initial or secondary distribution fractions, impact scores due to emissions to the natural soil were not affected by cover crops, they are unrelated to emissions from off-field surfaces. In our two scenarios, the variation of impact scores to air with or without a cover was very small (% -change = 10 -5 %). A variation of one order of magnitude was observed on the impact score due to emissions to air across scenarios due to the vapor pressure of the two pesticides tested (see details of pesticide characteristics in SM, table S5.1). Impact scores for emissions to continental freshwater (including emissions to ground and surface water) were not affected by the presence of a cover crop. In all scenarios, impact results based on secondary emission fractions, were mainly due to emissions to the continental agricultural soil compartment (Figure 22).

In all scenarios with and without cover crop, the total impact scores were higher on grapevine than on tomato. This is mainly due to the higher emission fractions to off-field surfaces for grapevine, with higher off-field surfaces water area fraction in Loire Valley (1.8%) than in Martinique (1%), and with higher characterization factors (CF) on emissions directly into the freshwater compartment than into other compartments (detail of CFs in SM, table S5.2).

Overall, across the two scenarios, the modeling of GCM demonstrated the potential to reduce emissions to field soil and related freshwater ecotoxicity impacts. Moreover, when considering the cover exported from the field and consequently not assigned to any environmental compartment in the impact assessment, total impact scores were reduced by around 65% (grapevine) and 90% (tomato) compared to bare soil scenarios for initial and secondary emissions. Conversely, when considering the cover buried into the field soil, total impact scores were similar compared to bare soil, reduced by only 1% (grapevine) and 3% (tomato). 

Discussion and outlook

Applicability and limitations of the presented approach

The modeling of GCM in pesticide emission analysis was considered, by defining an effective area of cover and cover family, for initial and secondary pesticide distributions as derived with the PestLCI Consensus model. Within 1 day of assessment time after pesticide application, processes on cover leaves, i.e. degradation, uptake and volatilization were modeled. The modeling of GCM fills a gap in the consideration of common farming practices, and demonstrated the potential of GCM to reduce emissions to field soil and related freshwater ecotoxicity impacts. Following our proposed approach for considering GCM processes, our emission results reproduce well the effect of GC on pesticide distribution as observed in cocoa farm systems by [START_REF] Vaikosen | Kinetic field dissipation and fate of endosulfan after application on Theobroma cacao farm in tropical Southwestern Nigeria[END_REF], where the reduction of bare soil surface with a GC of fallen leaves of the main crop decreased emission to the top soil. The higher the fraction of effective area of cover (composed of living or dead cover), the lower the fraction distributed to field soil.

Estimating pesticide interception by the crop or the cover crop is important to estimate pesticide losses to the environment (Lammoglia et al. 2016). Defining 𝑓 eff,cover with the cover crop occupation fraction and the cover crop canopy fraction according to the growth stage of the cover allows estimating the pesticide interception by the cover crop, which could reach up to 60% during the installation phase of the main crop in our case study. Defining the crop intercepted fraction according to the leaf area index and the pesticide spraying technique for each crop family allows defining the intercepted fraction separately for the crop and the cover along the whole crop cycle and pesticide applications. As a consequence, the more precisely the fraction intercepted by the crop and the cover is defined, the better the estimate of the pesticide distribution for a living cover. The effective area fraction of cover should preferably be defined by observation. However, LCA practitioners rarely know the GCM and its characteristics. If the studied field cannot be visited, for crops grown in rows (e.g. orchards, grapevine) an effective area fraction of cover crop of 𝑓 eff,cover = 0.35 can be assumed for a planted cover at its maximum development and an effective area fraction of 𝑓 eff,cover = 0.7 for a spontaneous cover crop. Furthermore, a set of common living cover crops should be developed according to the main crop characteristics (e.g. on banana production at leaf development stage), defining the cover effective area fraction and the cover family.

After pesticide application, processes of degradation, uptake and volatilization occur on the crop and cover leaves. To estimate the dissipation half-lives on leaves, which are crop dependent [START_REF] Fantke | Estimating half-lives for pesticide dissipation from plants[END_REF], the cover family (mostly composed of Pooideae, Panicoideae or Fabaceae) has to be defined. For multispecies cover (e.g. weeds development of multiple species), the dominant cover crop family should be selected as reference.

In our two scenarios, the assignment of the emissions on the cover crop (uptake and left on leaves) to agricultural soil (considering the cover crop buried into the field) was compared with no assignment to any compartment (considering the cover exported from the field). The importance of the differences obtained with these two calculations (impact score reduced by 65% for grapevine and by 90% for tomato when cover not assigned to any environmental compartments as emission compared to assigned to field soil) needs to be relativized compared to the high uncertainty of the pesticide characterization factors for which uncertainties of one to three orders of magnitude apply (Rosenbaum et al. 2008). This is notably due to the absence of modeling of the impact on soil life and pesticide metabolites (Notarnicola et al. 2017;van der Werf et al. 2020).

In the absence of complete sets of measured emission fractions to the environment, our proposed approach can only be qualitatively discussed, notably exploring other models design. Most pesticide transfer models at field scale (e.g. GLEAMS, MACRO, PEARL, PRZM) do not consider cover crop, and rather consider GC as plant residues (e.g. GLEAMS, PRZM) (Mottes et al. 2014). Few models consider cover crops and associated pesticide transfer (i.e. R-pest, WATPPASS) as proposed in this study. The R-pest model coupled with SIMBA allows simulating banana and diverse cover crops and defining an indicator of pesticide risk exposure to surface and groundwater [START_REF] Tixier | Rpest-An indicator linked to a crop model to assess the dynamics of the risk of pesticide water pollution[END_REF][START_REF] Tixier | Model evaluation of cover crops, application to eleven species for banana cropping systems[END_REF]. The WATPPASS model, an hydrological model for small tropical volcanic catchments, allows to consider various types of ground cover, modifying environmental characteristics and thus pesticide transfers [START_REF] Mottes | Evaluation des effets des systèmes de culture sur l'exposition aux pesticides des eaux à l'exutoire d'un bassin versant. Proposition d'une méthodologie d'analyse appliquée au cas de l'horticulture en Martinique. AgroParisTech Pettigrew WT[END_REF][START_REF] Mottes | Hydrological and pesticide transfer modeling in a tropical volcanic watershed with the WATPPASS model[END_REF]. As in those two models, the consideration of GCM in our proposed approach allows considering an important farming practice and its effects on pesticide transfer to the environment. Nevertheless, the outputs from those models cannot be compared to our emission fractions, mainly because they are not based on an emission mass balance as PestLCI Consensus.

To generalize our conclusions on GCM pesticide emissions and related impacts, a sensitivity analysis should be performed notably testing the GCM modeling with a wide range of pesticides with diverse characteristics (e.g. DT50) and including additional environmental processes, climate conditions and field crop as well as cover crop types (see 4.2). Overall, our proposal for modeling GCM raises awareness of the fraction of pesticides reaching living cover inside the field crop, which can affect the distribution of pesticides to the environment with its possible (eco-)toxicity impacts through agricultural soil emissions.

Future research needs

Additional research efforts are required on the modeling of processes occurring few days after pesticide application (secondary distribution), with minimum redundancy with the impact assessment fate model.

Modeling secondary distribution processes requires the accounting of local field, farming practices, soil and climate conditions, which is of particular interest to assess farming systems diversity. Further research is required to consistently include additional processes, such as run-off, as well as to account for the influence of GCM on pesticide residues in edible field crops and on remaining pesticide fractions in unharvested cover crops.

More specifically, GC may affect water processes, such as run-off, leaching or preferential flow (Reichenberger et al. 2007;[START_REF] Alletto | Tillage management effects on pesticide fate in soils. A review[END_REF]Mottes et al. 2014), hence have a potential influence on impacts. At emission level, GCM should reduce emissions to off-field surfaces and to groundwater [START_REF] Potter | Summer Cover Crops Reduce Atrazine Leaching to Shallow Groundwater in Southern Florida[END_REF], and consequently at impact level, total impact scores might be reduced for scenarios with a GC.

Further research is therefore required to incorporate such processes consistently in our proposed GCM approach.

As recommended in Fantke et al. (2018), pesticide emissions were assigned to continental rural air, freshwater, agricultural soil and natural soil compartments of the impact model USEtox. Recently, PestLCI initial distributions and the plant uptake and crop residue exposure model dynamiCROP (Fantke et al. 2011b), which was recently adjusted for LCA (Fantke and Jolliet 2016), were coupled (Gentil et al. 2020a), allowing to consider human toxicity due to pesticides present in the harvested and consumed part of field crops. The pesticide deposited on non-harvested living or dead plant, inside (e.g. cover crops) or outside the field (e.g. hedge tree), might have (eco-)toxicity impacts (Sharma et al. 2019) and requires further research to be fully considered. Indeed, if crop residues and unharvested cover crop remain on the field, there could be further emissions to field soil and air. The modeling of plant root uptake would be required to assess pesticide emissions to crop and cover crop residues (on the non-harvested stem, roots and leaves). Whenever cover crops are removed from the field, related impacts will depend on the subsequent processes (e.g.

burning).

As for the modeling of pesticide degradation on crop and cover leaves, volatilization and plant uptake should be refined to be modeled as function of crop family, considering in particular leaf characteristics.

Further improvement of GCM should be considered for modeling dead GC. Indeed, mulch or crop residues left on field (e.g. stripping of banana while growing) are largely used in tropical conditions to keep moisture or reduce soil erosion (Lewis et al. 2016). At the initial distribution stage, all types of GC (living or dead mulch) can be modeled, by defining the effective area fraction of cover (𝑓 eff,cover ). At the secondary distribution stage, specificities of the dead cover must be considered and modeled. Mulch is generally modeled as the first soil layer [START_REF] Mottes | Hydrological and pesticide transfer modeling in a tropical volcanic watershed with the WATPPASS model[END_REF] with its own characteristics notably of composition and degradation rate [START_REF] Cassigneul | Nature and decomposition degree of cover crops influence pesticide sorption: Quantification and modelling[END_REF]. Plastic mulches are also used on vegetable production or on pineapple production for example, generating specific water flows and consequently requiring a specific modeling [START_REF] Dusek | Effect of plastic mulch on water flow and herbicide transport in soil cultivated with pineapple crop: A modeling study[END_REF]. The inclusion of dead covers would be an important future step forward for modeling different types of GCM in the estimation of pesticide emissions in LCA and elsewhere.

Overall, the modeling of GC opened the path towards the modeling of pesticide emissions in intercropping systems. This is particularly important since these systems are widely conducted in market gardening in tropical conditions to ensure income stability (Malézieux et al. 2009), increase crop yield per hectare and optimize field conditions for growing certain crops (e.g. banana/cocoa).

Conclusions

The inclusion of GCM in pesticide emission modeling was proposed, defining an effective area of cover and the cover family through initial and secondary pesticide distributions. Across the two scenarios on tomato in Martinique and on grapevine in Loire Valley, the modeling of GCM allowed highlighting the potential of soil cover to reduce pesticide emissions and related freshwater ecotoxicity impacts. Including, a new fraction on and in cover crop leaves, the emissions to field soil decrease by a factor of 3. During the secondary distribution, over the three processes occurring on the cover leaves, the fraction taken up by the cover leaves was predominant with more than 99% contribution to these processes. At both initial and secondary distribution levels, considering the cover exported from the field and consequently not assigned to any environmental emission compartment, total impact scores were reduced by around 65% and 90% compared to bare soil, respectively for grapevine and tomato. Additional processes, such as run-off, should be considered in future efforts, along with accounting for the influence of GCM on pesticide residues in edible field crops and on remaining pesticide fractions in unharvested cover crops. Indeed, if crop residues and unharvested cover crop remain on the field, there could be further emissions to soil and air. The inclusion of dead cover would be an important step forward to achieve the modeling of various types of GCM.

From the initial work on vine of Renaud-Gentié et al. (2015), the consideration of GCM as common farming practice opened the possibility to model it more widely for all crops with living cover crop. The modeling of living cover crop also opened the path towards the modeling of pesticide emissions in intercropping systems, widely conducted in market gardening in particular in tropical regions. With that, our proposed approach constitutes a valuable starting point for addressing GCM practices in emission and impact assessments applied in LCA and elsewhere. 6.1 Progress made to assess pesticide emissions and related impacts for agri-

LCA in tropical conditions -Discussion and context of main thesis results

In Figure 23, the main thesis results to assess pesticides applied on crops grown in tropical conditions are synthetized along the LCI-LCIA chain.

State-of-the-art of pesticide emissions and impacts modeling in LCA for crops grown under tropical conditionsidentification of ways of improvements

Chapter 1 and 2 highlighted that current LCI and LCIA models are not fully suitable for evaluating pesticide emissions and impacts for crops cultivated in tropical regions. Indeed, the models commonly reflect temperate conditions for climate, soil, application methods and crops; whereas processes driving pesticide emission and impact patterns under tropical conditions are specific in relation to these characteristics (Figure 7 in Chapter 1). To address emissions and impacts of pesticides applied under tropical conditions, a first outline of how the models could be adapted was provided (Chapter 1) and the sensitivity of emission results and impact scores to PestLCI Consensus input variables was tested in relation to tropical conditions (Chapter 2). The most important inputs and processes on which focusing adaptations to tropical conditions were identified: (i) the characteristics of tropical crops and related growth stages with the foliar interception fraction, (ii) the application method and its drift, and (iii) soil processes influencing emissions to water bodies. The scenario analysis highlighted that secondary emissions to freshwater contributed on average to 75% of the freshwater ecotoxicity (based on an insecticide application on tomato in tropical conditions as a reference scenario). Therefore, the rain-related processes modeling according to local soil and climate conditions need to be further improved. Moreover, farming practices such as ground cover management influencing pesticide transfer has been identified as key to estimate pesticide emissions for agri-LCA. Furthermore, due to ambiguous boundaries between LCI and LCIA stages (van Zelm et al. 2014;Fantke 2019), reflection and consensus on the conceptual framework of the LCI-LCIA calculation chain were recommended. Besides, a consistent inclusion of plant uptake and crop residue exposure modeling in LCA appeared to be essential. Indeed, food crop consumption was identified as the main pesticide exposure pathway for the general human population (Fantke and Jolliet 2016). Moreover, in the scenario analysis almost 50% of pesticides were distributed to crop leaves with the potential to end up as residues in harvested crop components for human or animal consumption.

Therefore, the thesis work was mainly focused on: (i) the LCI stage, i.e. on pesticide emission modeling, for crops grown in tropical conditions, considering all compartments to which pesticides are emitted after their application; and (ii) on model coupling, in order to fully assess pesticide emissions and related impacts in tropical conditions, including those from plant uptake and crop pesticide residues exposure.

A coupling of pesticide emission and impact models for LCAconsideration of pesticide residues exposure in crop on human toxicity

In the chapter 3, the state-of-the-art LCI and LCIA models were coupled for assessing the emissions and (eco-)toxicity impacts due to pesticide applications. Their combined use was illustrated with a case study on tomato production in Martinique (Figure 11 in Chapter 3). In response to the current separate use of the models (presented in Figure 5 in the general introduction), the thesis work provided a consistent coupling of the three models. These improvements are presented in Figure 23. An operational assessment of pesticide (eco-)toxicity impacts was developed, including the consideration of the main route of exposure for human health, namely crop pesticide residues ingestion (Fantke and Jolliet 2016), with the dynamiCROP model. This formalization will help practitioners to use PestLCI Consensus, dynamiCROP and USEtox consistently and evaluate the (eco-)toxicity impacts in their LCA studies in all conditions, not only tropical.

Moreover, this approach, using pesticide initial distribution, is suitable for LCA studies where the farm stage is either in the background or in the foreground part of the system (consideration of application method and its drift, and crop characteristics of interception). For LCA studies where the farm stage is part of the foreground system, the use of secondary emission fractions seems more appropriate to compare farming systems, practices and/or soil and climate conditions. Nevertheless, secondary emission calculations are CHAPTER 6 159 more demanding in input data and not fully satisfactory yet regarding the modeling of rain-related processes.

In the tomato case study, freshwater ecotoxicity impacts were higher using secondary emission fractions than when using the initial distribution. Furthermore, freshwater ecotoxicity and human toxicity impacts for organic and metal-based substances were evaluated separately for best possible transparency according to current recommendations (Frischknecht and Jolliet 2019) and to allow highlighting dominating contributors in both substance categories. The cradle-to-farm-gate LCA study of tomato production in Martinique highlighted that the major contributor to human toxicity was pesticide residues in crop and freshwater ecotoxicity impacts were dominated by pesticide field emissions from emission to agricultural soil and freshwater. This confirms the need in LCA to assess pesticide emissions and impacts, including plant uptake and crop pesticide residues exposure modeling.

Pesticide initial distribution fractions for crops grown in tropical conditions

In support of evaluating pesticide emissions under tropical conditions, the initial distribution has been refined to crops grown in tropical conditions, providing a set of foliar interception fractions as function of the crop, the growth stage and the spraying technique (i.e. application over and under canopy, plant-by-plant and soil application) (in Chapter 4). This approach considering the spraying technique, i.e. the part of the field receiving the pesticide application related to the application method, is particularly important for hand operated application. Indeed, these applications are either under crop canopy or plant-by-plant for knapsack sprayer, producing different foliar interception fractions according to the spraying technique. Furthermore, knowing the LAI of the crop during pesticide application, the foliar interception fraction can be adapted to the studied field and growth stage. As the most influent input variable in pesticide emission modeling, the refinement of foliar interception fractions of a set of crops grown in tropical regions (banana, bean, coffee, cotton, pineapple, soybean, sugar cane, tropical fruit trees, tubers and vegetables fruits), helps to consistently evaluating emission fractions for these crops in tropical regions. Furthermore, drift deposition fractions were introduced for a set of common crop-application method combinations in tropical conditions, with 29 drift deposition curves for boom sprayer, knapsack sprayer, air blast sprayer, ultra-low volume and aerial application. According to the development of foliar interception fractions and application methods for tropical crops, initial distribution fractions were provided for a set of crop-application methods with all crop growth stages and possible spraying techniques. It is particularly useful for LCA practitioners with little access to data on phytosanitary practices replacing the default over-simplifying assumption of 100% of pesticide applied being emitted to soil. Finally, chapter 5 proposed a framework to introduce a common agricultural practice, i.e. the ground cover management (GCM), in the modeling of pesticide emissions, through initial distribution and secondary emissions. The development was performed for a living cover, defining an effective area fraction of cover and the cover family, for all crop types and conditions. The modeling of this practice for crops grown in tropical conditions is particularly important, because there are often no bare soil areas in the cultivated plots in tropical agriculture. Indeed, a common characteristic of tropical crop farming is the possibility to grow crops almost all year round without interruption by a cold season, as it is the case in temperate climates. In a context of agro-ecological transition (Wezel et al. 2014;[START_REF] Hlpe | Agroecological and other innovative approaches for sustainable agriculture and food systems that enhance food security and nutrition. A report by the High Level Panel of Experts on Food Security and Nutrition of the Committee on World Food Food Security[END_REF], the modeling of GCM allows to better compare different farming systems, such as conventional, integrated and organic farming (Meier et al. 2015) and to support eco-design of new agricultural practices (Rouault et al. 2020).

This will allow to better inform stakeholders and decision-makers on agricultural practices and related (eco-)toxicity impacts in LCA. The proposed approach also constitutes a step forward to the modeling of pesticide emissions in intercropping systems, widely conducted in market gardening in particular in tropical regions (Malézieux et al. 2009).

In conclusion, this thesis produced methodological, scientific and operational advances for assessing pesticide emissions and impacts of crops grown in tropical conditions, in particular by developing foliar interception fractions for tropical crops and by including drift deposition curves for a set of cropapplication method combinations defined in tropical areas. More generally for all agricultural contexts, a consistent coupling of LCI-LCIA models was proposed, including human toxicity due to exposure to pesticide residues in crops. A framework to account for ground cover management in the modeling of pesticide emissions was proposed to evaluate the environmental sustainability of agricultural practices.

However, this thesis work has limitations and some points initially identified could not be developed.

The second part of the discussion will present the main limitations of the thesis work and further development on pesticide emission and impact modeling in tropical conditions will be proposed.

6.2 Limitations and recommendations for future developments on pesticide emission and impact modeling in tropical conditions

Refinements of initial pesticide emissions distribution

Providing foliar interception fractions and application methods for crops grown in tropical conditions helps to enhance the estimation of pesticide emissions in these conditions. However, certain margins for further improvements remain. By grouping the 10 main growth stages (from the BBCH scale (Meier 2018))

of crops into 3 stages (installation, development and reproductive phase), the foliar interception fractions are less specific. Furthermore, the proposed crop-application method combinations and related drift deposition fractions are likely to be applicable to several tropical crops. This is in particular the case for aerial application drift deposition fraction from Baio et al. (2019) which was defined for various crops (i.e.

cotton, millet, sorghum, soybean and corn). Nevertheless, in relation to the application method, drift deposition to off-field surfaces is highly dependent on crop height and should be carefully extrapolated to other situations of application in which crop characteristics are unknown. Specifically, pesticide application with air blast sprayer is highly dependent on trees' organization in the field and on crop growth stages.

These aspects should ideally be accounted for in the estimation of drift deposition.

The sensitivity analysis (chapter 2) showed that field width was influent on the estimation of emissions to off-field surfaces, but not the field length. The use of field dimensions as input variables is questioned since it does not seem relevant in relation to drift experiment results used to estimate pesticide drift to offfield surfaces. Indeed, drift deposition measurements are not based on a mass balance approach and they are not designed for a specific field size or shape. Instead, they are designed for a single sufficiently large field area to estimate drift without further increase of drift to off-field surfaces in relation to an increase or change of plot size. For using drift experiments results in a mass balance approach (i.e. in PestLCI Consensus), further experiments would be required to validate that the default square field of one hectare that was defined, well represents pesticide drift deposition to off-field surfaces. This approach using a default square field of 1 ha would also be relevant with common LCA functional unit (per surface in ha or per yield in kg/ha) and primary data known by the LCA practitioners (rather the pesticide doses per hectare than the field characteristics). In addition, for the purpose of LCA, these experimentations and drift deposition curve development should report new drift deposition curves using median observed values. As one of the most influent parameters in pesticide emissions modeling (chapter 2), pesticide application methods are associated with pesticide drift losses to off-field surfaces and more drift experiments are required, in particular for tropical crops. Some relevant crop-application method combinations are still missing and require additional experiments to derive drift deposition estimates, such as boom sprayer on pineapple and more generally application methods on banana, pineapple, sugar cane, vegetables and tubers.

In all agricultural contexts, further research and experimental studies are also necessary to assess airborne emissions during pesticide application, because their estimation and modeling are limited (Gil and Sinfort 2005), in particular in tropical regions. To assess pesticide emissions of flooded crops such as rice, specific developments are necessary as recently proposed by (Inao et al. 2018;[START_REF] Tang | Developing a management-oriented simulation model of pesticide emissions for use in the life cycle assessment of paddy rice cultivation[END_REF]).

Need to fully adapt rain-related processes in PestLCI

Tropical frequent and intense rainfalls were identified to drive emissions to surface water and groundwater (Figure 7-chapter 1). However, water flows modeling in secondary distribution estimates was initially questioned in the bibliographic review and then along all thesis chapters, and not only for tropical conditions. The following paragraphs present how rain-related processes are considered in the current PestLCI Consensus model (illustrated in Figure 24), and what are the resulting issues. Then, suggestions for improvement are provided.

In PestLCI, initial distribution is followed by the secondary emission processes occurring over few days, and by default within 24 hours after pesticide application (Fantke et al. 2017a). The model uses the occurrence of one rain event (i.e. according to the monthly average rain frequency) as boundary condition for related environmental processes. According to the climate and the month of application, the first rain event after application can occur beyond 1 day and up to several days or even weeks after pesticide application. Consequently, by considering by default one day after pesticide application for secondary emission processes, rain-related processes have generally not yet begun and are omitted. Furthermore, even using several days of simulation, the model considers only one rain event and related processes (i.e. one runoff, one preferential flow) regardless of the water status of the soil and without accounting for any threshold effect. To evaluate these processes, the amount of precipitation per rain event is averaged along all rain events occurring during the month of application, while in tropical conditions, intense rainfall events are responsible for high runoff and leaching leading to pesticide distributions to surface water and groundwater compartments (Sanchez-Bayo and Hyne 2011). By simulating a sufficient number of days for one rain event to occur, the modeling of rain-related processes can result in pesticide losses to surface and groundwater, with either an overestimation (i.e. by considering rain-related processes occurring necessarily after each pesticide application) or an underestimation (i.e. by omitting the high rain intensity responsible for more runoff notably). As discussed in Lammoglia et al. (2016), the use of an average rainfall intensity may be inappropriate to estimate runoff. Furthermore, in the model, water processes are modeled successively, whereas certain water processes occur simultaneously in the soil, such as the infiltration into the soil and the runoff [START_REF] Alletto | Tillage management effects on pesticide fate in soils. A review[END_REF]. A modified framework of PestLCI Consensus with a full rain-based mass balance considering all related processes (run-off, leaching, preferential flow, and even root uptake) could be an interesting development.

Furthermore, the approach could consider the averaged processes according to the climatic characteristics related to the month of application, instead of using the average rainfall to estimate rain-related processes.

This approach could allow to better estimate rain-related processes in pesticide emission modeling and could avoid the dependency on a minimum simulation time to generate rain-related processes with the apparition of a rain event. To guarantee a consistent use of the model in LCA, the model should not offer any choice in simulation time. Scenarios could be consistently compared to each other according to their own climate CHAPTER 6 165 characteristics, regardless of the rain frequency (and related number of days required to have a rain event for a given climate). As part of this rain-based mass balance approach, a more specific runoff estimation could be proposed by using the curve number approach considering the farming practice, the cropping systems, the soil texture and the surface water conditions [START_REF] Ponce | Runoff Curve Number: Has It Reached Maturity?[END_REF]. Furthermore, it is the only approach including tropical cropping system archetypes (i.e. for purely tropical crops such as sugar cane, pineapple, coffee, and for crop archetypes as minor crops (garden or truck crops) and grass [START_REF] Cooley | Modified runoff curve numbers for sugarcane and pineapple fields in Hawaii[END_REF][START_REF] Sartori | Reference Curve Numbers and Behavior for Sugarcane on Highly Weathered Tropical Soils[END_REF]USDA 2012). Lastly, the modeling of rain-related processes would make it possible to consider processes occurring with a GCM, which is of particular interest, since GCM can reduce runoff and consequently pesticide transfer to surface water (Reichenberger et al. 2007;[START_REF] Alletto | Tillage management effects on pesticide fate in soils. A review[END_REF]Mottes et al. 2014).

A full coupling of emission and impact models with secondary emission fractions

Pesticide LCI and LCIA models were designed separately with different system boundaries and considered compartments leading to potential overlaps and gaps between LCI and LCIA phases (van Zelm et al. 2014;Rosenbaum et al. 2015). As a consequence, combining these models in a consistent way constitutes a challenge for practitioners (Fantke 2019). In this thesis (chapter 3), a consistent coupling of these LCI-LCIA models (i.e. PestLCI, dynamiCROP and USEtox) was provided using initial distribution, i.e. pesticide distribution few minutes after application, considering only crop characteristics and application method. Nevertheless, when estimating secondary emission fractions, PestLCI considers some fate processes (e.g. degradation, rain-related processes such as runoff). These potential overlaps with impact assessment should be quantified to propose a complete alignment of fate processes in PestLCI and in USEtox models. A possible way to quantify the importance of overlaps between models' processes would be to make USEtox' fate factor dynamic. This would make it possible to compare the pesticide fate to the environmental compartments within the first days or weeks after pesticide application from USEtox and calculated with the modified framework of rain-related processes in PestLCI. Furthermore, the proper coupling of the secondary emission fractions of PestLCI Consensus with dynamiCROP requires further research also in relation to potential overlaps in plant uptake processes.

Providing tools and guidance for LCA practitioners

According to the previous limitations presented, for current LCA studies where the agricultural stage is in background, to assess pesticide emissions, LCA practitioners might use the initial distribution modeling available on the web-tool or the default initial distribution fractions provided for a set of common crop-

GENERAL CONCLUSION (IN FRENCH)

La demande en ACV de produits agricoles et alimentaires, notamment en provenance des régions tropicales, est aujourd'hui très forte à la fois pour soutenir l'éco-conception des systèmes de production et Chapter 2 -Supplementary Material -New insights for PestLCI Consensus model in tropical conditions with a sensitivity analysis Application method associated to a crop type 28 application methods

-

Application drift reduction

Drift reduction factor according to the application method -- North and the soil called "BV" for Vertic Cambisol for the vertic soils in the South. The required data for each soil layer (up to 1m) are the pH, the fraction of clay, sand, silt and organic carbon, and the soil bulk density. Due to the use of an equation developed in temperate conditions, the calculation of field capacity was causing miscalculations for our local tropical soils (TV and BV). So the field capacity equation was corrected with an equation estimated with tropical soil from Pollacco (2008).

Buffer
Some active ingredients data were missing in the model's own database such as e.g. solubility, molecular weight, so the PestLCI pesticide database was completed with data from international database (PPDB, BPDB, AGRITOX, Efsa, HSBD, SAgE pesticides, PAN pesticide database, Ineris) for 11 active ingredients. Furthermore, the emissions and impacts of a bio-insecticide, Bacillus thuringiensis, could not be estimated, due to missing effect factors.

The CropWat model (version 8.0) from FAO (available on http://www.fao.org/land-water/databasesand-software/cropwat/en/) was used to estimate the quantity of irrigated water (according to the crop water demand and the quantity of rain) for irrigated plots for which farmers could not provide the amount of water used.

dynamiCROP

The dynamiCROP model was used to estimate the human exposure to pesticide residues in tomato (Fantke et al. 2011a, b). The parametrization of climate and soil data was respectively done using local data from Météo France and FAO soil. Overall, 10 parameters were adapted to the local conditions of tomato crop in Martinique. For the climatic data, it was: mean wind speed at 10m above surface, mean temperature in air, precipitation rate during wet period (intensity of rain event), interval between 2 consecutive rains, average relative humidity in air and annual average precipitation rate. For soil data, it was: pH, soil organic carbon content and depth of soil. Except for copper-sulfate (inorganic substance)

and Bacillus thuringiensis (bacterial insecticide), for each unit-scenario the active ingredient, the applied mass per m², the dates of planting, harvesting, application and fruit growth beginning (15 days after plantation) and the yield were entered into the model, with a food processing factor for washing (corresponding to a simulation of raw eaten tomato, washed with water).

The dynamiCROP model version that is adapted for LCA, calculating all results factors per kg emitted into different environmental compartments, is further described and can be requested from http://dynamicrop.org/model.php.

S3.7 System studied

The study has been carried out in Martinique, a small tropical volcanic island in the Caribbean ocean (1128 km²) with a maritime tropical climate. Temperatures vary slightly during the year with monthly averages between 25 and 28 °C. The relative humidity is high at 70-80% and rainfalls are abundant, with annual rainfall average between 970 mm and over 6000 mm (MétéoFrance). These conditions are favorable to pests (e.g. in tomato production: Trialeurodes vaporarium, Ralstonia solanacearum) and Table S3.9 Sensitivity analysis -PestLCI emission fractionsheat maps

The three tables present the sum of the freshwater ecotoxicity (PAF m³ d/kg tomato harvested) and human toxicity (cases/kg tomato harvested) for each scenario (A to F) and each active ingredient using the initial distribution fractions of PestLCI ( 1), the secondary emission fractions of PestLCI (2) and the hypothesis of 100% of pesticide emitted to agricultural soil [START_REF] Mdw | Impact of pesticides use in agriculture: their benefits and hazards[END_REF]. The color gradient from lightest to red classifies by scenario the active ingredients with the least impact towards the most impact in cases/kg tomato harvest.

The active ingredients with the highest (eco-)toxicity per scenario are nearly the same according to the approach chosen, with copper as the most toxic substance in the scenarios where it is used.

For all scenarios, freshwater ecotoxicity and human toxicity impacts are overestimated with the hypothesis of 100% of pesticide emitted to agricultural soil than using PestLCI distribution fractions.

Then variation between initial and secondary distribution are less significant due to high characterization factors uncertainties. S3.

Sensitivity analysis -dynamiCROP -heat maps

The two tables present the sum of human toxicity due to pesticide residues (cases/kg tomato harvested) for each scenario (A to F) and each active ingredient using the dynamiCROP standard version (1) and dynamiCROP adapted version using initial distribution fractions and parametrized to local tropical conditions (2). The color gradient from lightest to red classifies by scenario the substances with the least impact towards the most impact in cases/kg tomato harvest.

The active ingredients with the highest (eco-)toxicity per scenario are nearly the same according to the approach chosen, with various active ingredients with the highest impact per scenario.

Parametrizing to local conditions and using the initial distribution fractions of PestLCI show up to 2 order of magnitude higher impacts from crop residues in cases/kg tomato harvested than the standard version of dynamiCROP using generic distribution fractions and default climate and soil data. #4 TS=(tropic* or "southern?africa" or "south?africa" or botswana or lesotho or namibia or swaziland or libya or "east?africa" or djibouti or ethiopia or eritrea or sudan or somalia or kenya or rwanda or uganda or burundi or tanzania or malawi or zambia or mozambique or zimbabwe or madagascar or "reunion?island" or mauritius or mayotte or seychelles or comoros or "central?africa" or angola or cameroon or "central?african?republic" or centrafrique or congo or gabon or "equatorial?guinea" or "sao?tome" or chad or zaire or "west?africa" or benin or "burkina?faso" or ghana or mali or mauritania or niger or senegal or togo or "western?sahara" or "cape?verde" or gambia or guinea or "guinea?bissau" or liberia or nigeria or "sierra?leone" or "south?asia" or bangladesh or india or maldives or pakistan or "sri?lanka" or "south?east?asia" or brunei or burma or cambodia or lao or vietnam or "viet nam" or thailand or kampuchea or indonesia or bali or java or sumatra or timur or singapore or malaysia or philippines or "far?east?asia" or china or "hong?kong" or macao or taiwan or caribbean or "anguilla?island" or antigua or bahamas or barbados or cuba or dominica or "dominican?republic" or grenada or guadeloupe or haiti or jamaica or martinique or montserrat or "netherlands?antilles" or "puerto?rico" or "santa?lucia" or "trinidad?and?tobago" or aruba or bonaire or curaco or "turks?and?caicos" or "leeward?islands" or "virgin?islands" or "windward?islands" or "cayman?islands" or "central?america" or belize or "costa?rica" or "el?salvador" or guatemala or honduras or nicaragua or panama or mexico or "south?america" or bolivia or brazil or colombia or ecuador or guyana or "french?guyana" or paraguay or peru or surinam or venezuela or australia or "papua?new?guinea" or malanesia or micronesia or polynesia or "new?caledonia" or fiji or vanuatu or tonga or samoa or tahiti or "salomon?islands" or "gambier?islands" or "society?islands" or "wallis?and?futuna") 
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 31 Characteristics of pesticide emission and impact patterns under tropical conditionsTropical crop production systems and their use of pesticides are very different compared to cropping systems under temperate conditions. To highlight the main differences, we first present the specificities of tropical abiotic and biotic features. Second, agricultural practices and farmers' behaviors are detailed.

Figure 7

 7 Figure 7 summarizes the identified key processes and characteristics influencing pesticide emission distribution under tropical conditions.

Figure 7 :

 7 Figure 7: Key processes and characteristics that influence pesticide emission distribution in the tropics, normal arrows represent the pesticide distribution and dotted arrows represent aspects influencing pesticide distribution under tropical conditions

(

  2013) on barley (Hordeum vulgare) and kiwi (Actinidia deliciosa), by Xue et al. (2015) on maize, by Renaud-Gentié et al. (2015) and Vázquez-Rowe et al. (2017) on vineyard. In tropical conditions, only PestLCI 1.0 has been tested by Ingwersen (2012) on pineapple. More generally, we recommend that PestLCI is made more user-friendly by e.g. running multiple scenarios in a single run and by offering an import/export function to common LCA software formats. Extension of the validity domain of the model. First, the validity domain of the model needs to be extended to account for tropical crop type and cropping systems (e.g. multi-annual banana and sugar cane production and their associated farm management practices, crop morphology), and climate and soil characteristics. When tested in case studies, the model was generally adapted to local conditions (Table

  has never been used in combination with the adapted PestLCI model. The calculation chain between both models could be achieved by using the fraction of drift and volatilization in the adapted PestLCI model to refine the respective fixed fractions lost to air per crop in dynamiCROP. With this step, we could have a consistently estimated fraction of pesticide reaching the plant. The model is currently tested in combination with the adapted PestLCI model and USEtox on open-field tomato production in tropical soils and climates, in the Martinique Island. When related results become available, recommendations are expected how to best align the combined use of the three discussed models.

  ) provided a sensitivity analysis of PestLCI 2.0. They concluded that combining climate and soil variations had an important effect on model output variations. The most influential variables were again the soil characteristics and climate conditions, notably the solar radiation. PestLCI 2.0 was composed of more inputs than PestLCI 1.0. Next, Renaud-Gentié et al. (2015) provided a sensitivity analysis of the version of PestLCI 2.0 for viticulture. The main conclusions revealed that soil and climate characteristics were again the most influential variables, along with canopies development (of vine and cover crop) and the application method characteristics.

Figure 8 :

 8 Figure 8: PestLCI emissions fractions and coupling with USEtox environmental compartments

( a )Figure 9 :

 a9 Figure 9: Box plots representing the variation of secondary emission fractions for a set of scenarios simulated by varying only one input at a time compared to the reference scenario, for (a) the foliar interception fraction and (b) the pesticide.

Figure 10 :

 10 Figure 10: Illustration of the total impact scores from the different environmental compartments for (a) the freshwater ecotoxicity and (b) human non-cancer toxicity (sum of the medians in each environmental compartment of emissions).

  LCA?" We defined three specific objectives: (i) To propose a consistent combination of state-of-the-art emission and impact models for characterizing pesticides in LCA, including exposure to pesticide residues in crops. (ii) To apply the coupled models in a real-life case study on open-field tomato production in Martinique, testing different methodological choices. (iii) To derive recommendations for LCA and define future research needs for an improved evaluation of pesticide emissions and impacts applied under tropical conditions.

  crop growth stage and field width) along with agricultural practices (e.g. application method). Such a model is PestLCI 2.0(Dijkman et al. 2012), which was further adapted and implemented as a web-based tool(Fantke et al. 2017a); details are presented in SM, Section S3.4. Using this adapted PestLCI Consensus model Pesticide, we estimated initial distribution (first minutes after application) and secondary emission (until first rain event) fractions. Emission distribution fractions sum up to ∑ 𝑚𝑓 𝑝,𝑐 𝑐 = 1 for any given pesticide. Emission input data are detailed in SM (Section S3.5).Characterization factors, 𝐶𝐹 𝑝,𝑐 (impact/kgemitted), use the pesticide mass emitted into a given environmental compartment as starting point to evaluate related impacts (either on humans or on ecosystems) based on characterizing for each pesticide its environmental fate, exposure and (eco-)toxicity effects. We apply the scientific consensus model USEtox(Rosenbaum et al. 2008), version 2.11 (https://usetox.org), to obtain (eco-)toxicity-related characterization factors as:

  𝑚𝑓 𝑝,𝑐,leaf (kgemitted to leaf surface/kgemitted to field crop surface) and 𝑚𝑓 𝑝,𝑐,fruit (kgemitted to fruit surface/ kgemitted to field crop surface) are the initial mass fractions emitted to compartment 𝑐 = {field crop surface} reaching respectively crop leaf and fruit surface areas, and 𝐿𝐴𝐼 (respectively the crop-specific leaf and fruit area indices. The dynamiCROP model is currently applicable for assessing organic substances. Further details describing the dynamiCROP model version adapted for LCA are available in the SM (Section S3.6).

Figure 11 :

 11 Figure 11: Connection of the emission compartments of PestLCI to those of dynamiCROP and USEtox according to the pesticide mass applied per kg of the harvested crop; adapted from Fantke (2019).

Figure 12 :

 12 Figure 12: Box-and-Whisker plot indicating the variability of initial pesticide distribution fractions to the different environmental compartments across 80 considered pesticide-field combinations.

Figure 13 :

 13 Figure 13: Characterization factors (left-side y-axes) for (a) human toxicity and (b) freshwater ecotoxicity plotted as function of pesticide initial distribution fractions for six tomato fields in Martinique (x-axis). Diagonal equi-impact lines (right-side y-axes) show the respective impact scores.

Figure 14 :

 14 Figure 14: Contribution of cradle-to-farm gate stages to freshwater ecotoxicity and human toxicity impacts per kg tomato harvested for six scenarios, based on initial emission distributions for organic substances (a, c) and for metal-based substances (b, d). Dotted processes belong to pesticides, horizontally dashed processes belong to field operations, and diagonally dashed processes belong to other aspects. Scenarios A-F indicate different combinations of climate, soil and agricultural practice (see Table9).

Figure 15 :

 15 Figure 15: Difference for freshwater ecotoxicity and human toxicity impacts for organic substances contrasting initial distribution fractions, secondary emission fractions, and the common assumption of 100% of applied pesticide being emitted to agricultural soil as underlying approach. Scenarios A-F indicate different combinations of climate, soil and agricultural practice (see Table9). For the

Figure 16 :

 16 Figure 16: Comparison of (a) human non-cancer toxicity and (b) freshwater toxicity impacts for organic substances for cradle-to-farm gate tomato LCA studies in open-field production in Martinique (our study), Benin in open-field (Perrin et al. 2015), Rwanda in open-field (Basset-Mens et al. 2016a), and Morocco in cold greenhouse (Payen et al. 2015).

Figure 17 :

 17 Figure 17: Conceptual overview of initial emission fractions to air (𝑓 air ), off-field surfaces (𝑓 dep ), field soil surfaces (𝑓 field→soil ) and field crop surfaces (𝑓 field→crop ) for different spraying techniques (application over canopy, under canopy, soil application and plant-by-plant application).

  (i.e. central estimates) of observed data according to the German fitting model. For the drift deposition curves developed on soybean only(da Cunha et al. 2017a, b), the lower and upper fitting curve validity limits are respectively 20 m and 320 m from the field edge, whereas for the drift deposition curve developed based on experiments for diversity of crop(Baio et al. 2019), the curve is valid between 10 m and 2000 m from the field edge. Total drift deposition fractions reaching off-field surfaces range from 20% to 20.4%(da Cunha et al. 2017a, b) as function of nozzle type on soybean, and 10.3%(Baio et al. 2019) on a set of crops (cotton, millet, sorghum, soybean and corn) (Table

Figure 18 :

 18 Figure 18: Drift deposition curves for aerial applications (a), hand-operated applications (b), air blast applications (c) and boom sprayer applications (d) defined in tropical regions representing the deposition dose fraction (kg deposited/ha deposition area per kg applied/kg treated area) per distance from the field edge (m),

  blast sprayer Air blast/without air induction, nozzle ATR, 90%ile, Coffee Air blast/with air induction, nozzle TVI, 90%ile, Coffee Air blast/turbo fan, early stage, 90%ile, Papaya Air blast/turbo fan, late stage, 90%ile, Papaya Air blast, Late stage, Perennial crop Air blast sprayer with axial fan + hollow cone nozzles,

Figure 19 :

 19 Figure 19: Illustration of initial pesticide distribution fractions to air (𝑓 air ), off-field surfaces (𝑓 dep ), field crop leaves (𝑓 field→crop ), cover crop leaves (𝑓 field→cover ) and field soil surface (𝑓 field→soil )

5 ,

 5 with a high pesticide interception fraction of 𝑓 intercept,cover = 0.7(Renaud-Gentié et al. 2015a), and a spontaneous cover crop covering all field soil between the main crop with 𝑓 soil→cover = 1 and a high pesticide interception fraction of 𝑓 intercept,cover = 0.7. Therefore, the effective area fractions of cover crop are respectively 𝑓 eff,cover = 0.35 and 𝑓 eff,cover = 0.7. Each of the cover crop was composed either of grass from Pooideae or clover from Fabaceae family for the grapevine production, and grass from Panicoideae or Stylosanthes guianensis from Fabaceae family for the tomato production. Covers from Pooideae family are mainly present in temperate and dry climates, whereas covers from Panicoideae family are dominating tropical and sub-tropical areas[START_REF] Zuloaga | Classification and Biogeography of Panicoideae (Poaceae) in the New World[END_REF]. Cover crops of Panicoideae and Pooideae families are grass, either planted or spontaneous, while cover crops from the Fabaceae family are legumes planted. The cover crop family is

Figure 20 :

 20 Figure 20: Cover crop on (a) grapevine in Anjou, in Loire Valley (Credits: Christel Renaud-Gentié) and (b) tomato production in Martinique, in French West Indies (Credits: Sarah Manteaux)

Figure 21 :

 21 Figure 21: Initial (A) and secondary (B) emission distribution fractions for two crop growth stages, 𝑓 intercept,crop = 0.3 and 𝑓 intercept,crop = 0.8, respectively corresponding to the installation (a, c) and flowering stage (b, d) for the grapevine (a, b) and tomato (c, d) for a range of effective area fractions of crop-free field that is covered by cover crop (𝑓 eff,cover ). Vertical lines represent the cover crop setup of the case study with

  area fraction (c) Crop interception fraction: 30% (d) Crop interception fraction: 80%

  and 𝑓 cover-sec were not linked to the impact assessment model used (i.e. USEtox). **𝑓 cover-sec was assigned to continental agricultural soil in the impact assessment model used (i.e. USEtox).

Figure 22 :

 22 Figure 22: Contribution to total impact score in PAF m 3 d/ kg pesticide applied, from each environmental compartment, for the tomato and grapevine scenarios, considering the presence of cover, using either the

  is dedicated to the wider discussion and outlook of the thesis work. The main goal of the thesis was to advance emission and impact modeling for agricultural pesticides under tropical conditions for improving scientific foundation of the environmental evaluation of tropical agri-food systems.

Figure 23 :

 23 Figure 23: Synthesis of the main thesis results along the LCI-LCIA chain for pesticide assessment and proposed connection of the emission compartments of PestLCI to those of dynamiCROP and USEtox

Figure 24 :

 24 Figure 24: Rain-related processes consideration in current PestLCI Consensus model according to the application-to-modeled time

  pour nourrir l'affichage environnemental. Cependant, la prise en compte des impacts liés aux pesticides n'est pas satisfaisante et constitue un enjeu méthodologique majeur pour permettre la comparaison fiable de systèmes conventionnels, labellisés AB ou simplement dits « agroécologiques ». En effet, l'utilisation des pesticides en agriculture a des impacts sur l'environnement et sur la santé humaine, en particulier dans les régions tropicales. Si des modèles d'estimation des émissions au champ et d'impact de la toxicité humaine et de l'écotoxicité existent aujourd'hui pour l'ACV, ceux-ci demeurent trop peu utilisés, leur usage combiné étant à la fois complexe et partiellement incohérent. L'ambition de cette thèse était de faire progresser la prise en compte des meilleures connaissances disponibles sur les émissions de pesticides en conditions tropicales et la mise en cohérence des modèles d'inventaire et d'impact pour améliorer l'évaluation environnementale par l'ACV des systèmes agricoles tropicaux.Sur la base d'une revue bibliographique (chapitre 1), les processus et les paramètres qui déterminent les émissions de pesticides et les impacts associés dans les conditions tropicales ont été identifiés, afin d'évaluer dans quelle mesure les modèles actuels dédiés en ACV doivent être adaptés pour mieux prendre en compte ces conditions. Les questions de recherches qui en ont découlées étaient :-Quels sont les paramètres plus spécifiques de la phase d'inventaire qui déterminent la variabilité des résultats d'émission et d'impact des pesticides ? -Est-il possible d'évaluer de façon cohérente les émissions et les impacts d'(éco-)toxicité des applications de pesticides en conditions tropicales en ACV en prenant en compte l'impact des résidus de pesticides dans les cultures consommées ? -Comment quantifier les fractions initiales d'émissions de pesticides pour les systèmes de cultures en conditions tropicales ? -Comment prendre en compte les pratiques agroécologiques dans la modélisation des émissions de pesticides ? Tout d'abord, grâce à une analyse de sensibilité du modèle d'émission des pesticides, PestLCI Consensus, nous avons identifié les variables d'entrée qui devaient être définies avec le plus de soin (chapitre 2). Puis, ce travail de thèse a principalement été axé sur : (i) le couplage des modèles d'émission et d'impact des pesticides pour les conditions tropicales en considérant les impacts liés à l'ingestion de résidus de pesticides présents dans la partie récoltée de la culture et (ii) la phase d'inventaire par la modélisation des pesticides utilisés sur des cultures en conditions tropicales incluant les émissions vers la plante.Un couplage cohérent des modèles d'émission et d'impact des pesticides valable pour tous les contextes agricoles a été proposé (chapitre 3), pour permettre une évaluation opérationnelle des impacts d'(éco-)toxicité des pesticides, incluant la principale voie d'exposition pour la santé humaine, l'ingestion directe de résidus de pesticides dans la partie consommée de la plante. Notre formalisation pour coupler correctement les modèles aidera les praticiens à évaluer de façon cohérente ces impacts dans leurs études ACV. Cela permettra une estimation plus fiable des émissions au champ de pesticides et une prise en compte plus facile des résidus de pesticides dans les cultures dans les études ACV des produits agricoles. La proposition a été testée sur l'ACV de la production de tomate plein champ en Martinique (Antilles françaises) en paramétrant le modèle aux conditions locales. Ce cas d'étude a montré la contribution majeure des émissions des pesticides au champ à l'ensemble des impacts d'écotoxicité eau douce, ainsi que la contribution prépondérante des pesticides liés à l'ingestion de produit récolté sur la toxicité humaine. Cette étude ACV a également montré que malgré une pression phytosanitaire importante localement, les impacts d'(éco)-toxicité par kg de tomate récoltée étaient modérés par rapport aux impacts d'autres tomates pleinchamp tropicales grâce au respect par les producteurs des doses homologuées et des délais avant récolte. Cette étude approfondie des impacts d'(éco)-toxicité pour la tomate plein-champ de Martinique a constitué un point fort d'une étude ACV plus globale comparant les systèmes de production de tomate locale pleinchamp et sous serre. La distribution initiale des émissions a ensuite été affinée (chapitre 4) en développant un ensemble cohérent de fractions d'interception foliaire en fonction des caractéristiques de la culture (selon l'indice de surface foliaire) et des techniques de pulvérisation pour les cultures tropicales. De plus, des mesures de dérive due aux méthodes d'application utilisées ont été extraites d'expérimentation spécifiquement menées dans des conditions tropicales, pour une large gamme de méthodes d'application (pulvérisation à rampe et à jet porté, application aérienne et application manuelle) et de cultures (dont café, coton, soja, haricot, papaye). Ainsi, un jeu de fractions d'émission de pesticides a été produit pour les praticiens d'ACV ayant peu d'information sur les pratiques phytosanitaires de la culture étudiée. Certaines méthodes d'application sur des cultures tropicales font encore défaut et nécessitent des expérimentations supplémentaires pour obtenir des estimations de dérive plus spécifiques, comme le pulvérisateur à rampe sur l'ananas et plus généralement les méthodes d'application sur la banane, l'ananas, la canne à sucre, les légumes et les tubercules. Dans un contexte de transition agroécologique, la prise en compte de la couverture vivante d'un sol dans le modèle d'émission des pesticides a également été proposée (chapitre 5). Dès son implémentation dans la version en ligne du modèle d'émission PestLCI Consensus, différents systèmes agricoles, tels que l'agriculture conventionnelle, intégrée ou biologique pourront plus facilement être comparés selon leurs pratiques de gestion de la couverture du sol. L'inclusion de couvert tel que le mulch serait un développement intéressant pour étendre la modélisation de la gestion de la couverture du sol. Même si les processus liés à la pluie n'ont pas pu être considérés dans cette thèse, l'approche que nous proposons constitue un point de départ solide pour aborder les pratiques de gestion de la couverture du sol dans les évaluations d'émissions et d'impact associés dans l'ACV. Des premières pistes de travail ont d'ailleurs pu être ébauchées pour une meilleure prise en compte des processus liés à la pluie dans la modélisation des émissions de pesticides, en particulier dans les conditions tropicales. De manière plus générale, de nombreux défis demeurent pour permettre une évaluation exhaustive des impacts liés aux applications de pesticides en ACV. L'exposition des travailleurs agricoles mais également des riverains demeure non prise en compte en ACV, de même que la modélisation des émissions et impacts des métabolites des pesticides parfois plus dangereux que la substance mère. Un certain nombre d'impacts d'écotoxicité sur des organismes vivants ne sont pas considérés, comme sur les abeilles et les autres organismes terrestres. Une grande partie de ces carences est cependant avant tout due à un manque de connaissances fondamentales sur les mécanismes impliqués. Les avancées méthodologiques, scientifiques et opérationnelles de la thèse permettent de faciliter dès à présent pour les praticiens d'ACV et les agronomes l'estimation fiable des émissions de pesticides au champ, y compris vers la partie consommée de la plante, et leur conversion cohérente en impacts, afin d'améliorer l'évaluation des performances environnementales des systèmes agroalimentaires par l'ACV, en particulier dans les régions tropicales.

  Thickness of air boundary layer for evaporation 0.00475 m D(lam) Thickness of the laminar air boundary layer 0.005 m A(p,ref) Reference areic mass of pesticide on plants 0.0001 kg/m² Chapter 3 -Supplementary Material -Coupling pesticide emission and toxicity characterization models for LCA: Application to open-field tomato production in Martinique
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Table 1 :

 1 Presentation of tropical climates, their main characteristics, regions/countries and main crops

	grown					
	Tropical		Main characteristics	Regions/countries	Main	crops
	climates		Temperature Humidity		grown in these
							climates
	Equatorial	Tmin	≥	Pmin ≥ 60 mm	Generally found within 15°	Rice, palm oil,
	rainforest,	+18 °C			North and South of the equator:	roots and tubers
	fully humid				in Central Africa (e.g. Uganda),
						in	Southeast Asia	(e.g.
						Malaysia, Indonesia), parts of
						Central and South America (e.g.
						Colombia, Costa Rica)
	Equatorial			Pann ≥ 25×(100-	Caribbean	islands	(e.g.	Rice, pulses,
	monsoon				Pmin)	Dominican Republic), west and	sorghum, sugar
						central Africa (e.g. Guinea,	cane
						Cameroon), South Asia (e.g.
						Philippines)
	Equatorial			Pmin < 60 mm in	Central and Northern parts of	Rice,	maize,
	savannah			summer or Pmin <	South America (e.g. Brazil),	sorghum,
	with	dry			60 mm in winter	Central Africa (e.g. Tanzania,	pulses,
	summer or				Madagascar), Southeast Asia	groundnuts
	dry winter				(e.g. Thailand, India), Northern	(Arachis
						Australia	hypogaea),
							sugar cane
	Tmin: monthly mean temperature of the coldest month
	Pmin: mean precipitation of the driest month	
	Pann: mean cumulative annual precipitation	

Table 2 :

 2 References used for the analysis of the models PestLCI, USEtox and dynamiCROP

	Models	Original	Consensus publications /	Publications on model case studies
		publications	model update / model	
			analyses	
	PestLCI	Birkved and	Dijkman et al. 2012;	PestLCI 1.0: Vázquez-Rowe et al.
		Hauschild	Dijkman 2013; Fantke et	2012; Salomone and Ioppolo 2012;
		2006	al. 2017a; Fantin et al.	Bojacá et al. 2012; Ingwersen 2012*
			2019; Rosenbaum et al. 2015	PestLCI 2.0: Dijkman 2013; Nordborg et al. 2014, 2017; Xue et al.
				2015; Renaud-Gentié et al. 2015;
				Vázquez-Rowe et al. 2017
	USEtox	Rosenbaum	Henderson et al. 2011;	Juraske et al. 2009; Berthoud et al.
		et al. 2008;	Rosenbaum et al. 2011;	2011; Vázquez-Rowe et al. 2012;
		Fantke et al.	Westh et al. 2015	Dijkman et al. 2017; Hunt et al. 2017
		2017b		

Used in combination with PestLCI or dynamiCROP: Fantke et al. 2011b; Vázquez-Rowe et al. 2012, 2017; Ingwersen 2012; Dijkman 2013; Antón et al. 2014; Xue et al. 2015; Renaud-Gentié et al. 2015; Fantke and Jolliet 2016 dynamiCROP Fantke et al. 2011a,b Fantke et al. 2012b, 2013; Fantke and Jolliet 2016 Juraske et al. 2011; Fantke et al. 2011a; Juraske et al. 2012; Itoiz et al. 2012; Fantke et al. 2012a; Jacobsen et al. 2015; Fantke and Jolliet 2016; Feng et al. 2018 *only one study for tropical conditions

Table 3 :

 3 Recommendations for improving the adapted PestLCI model, USEtox and dynamiCROP to be suitable for assessing pesticides under tropical conditions, and more generally for agricultural LCA.

		Adapted PestLCI model	USEtox	dynamiCROP
	context	-Adding ground cover management and other agricultural practices or	-Adding missing characterization factors for active substances (for	-Adding missing exposure factors for active substances (for organic,
	General	techniques (such as greenhouse production) 	organic, metal, inorganic and biological/natural pesticides)  -Including marine,	metal, inorganic and biological/natural pesticides)  -Improving the estimation
			terrestrial, pollinators and	of human intake due to late
			birds' toxicity 	application of pesticides
			-Adding exposure	before harvest 
			pathways for human	
			toxicity (bystanders,	
			workers) 	
			-Adding groundwater,	
			sediment and plant	
			compartments 	
		-Adding active substances, notably biological/natural substances, metals and inorganics; and
		methods for characterizing additional substances (e.g. inorganic salts and plant-based
		pesticides) 		
		-Offering the possibility to parameterize the models with users' set of data (crop, soil and
		climate) 		
		-Including metabolites emission and impact modelling, notably with guidance 
		-Incorporating seedlings and seeds, and post-harvest pesticide applications 
	Tropical context	pesticide application techniques  -Correction of empirical -Adding tropical crop data (plant development and growth, archetypes)  -Adding drift curves for tropical	-Adding ecotoxicological data specific to tropical biota 	-Adding crop data (plant development and growth, archetypes) for tropical crops 
		equations defined based on		
		temperate conditions 		
		-Allowing modelling of small		
		plots (less than 50 m) 		
		-Integrating processes occurring		
		after the first rainfall event (such		
		as leaching) 		
		-Including drainage ditches 		

Table 4 :

 4 Factors influencing pesticide emissions under tropical conditions, and how they are currently considered in the adapted PestLCI model (as part of primary pesticide distribution or as part of secondary emissions) based on conclusions and improvements proposed by previous studies applying this

model Type Aspect Relevance for modelling pesticides in tropical regions (processes) References for relevance of process Integration in the adapted PestLCI model Distribution in the adapted PestLCI model References with case studies Agricultural practices

  

			Application technique and	Airborne emissions, volatilization	(García-Santos et al.	Missing plant growth/stage	Primary (drift) -	Adapted in
			target	and plant uptake	2016; Lewis et al.	No drift curve from tropical conditions	secondary	(Renaud-Gentié et
					2016)			al. 2015a)
			Ground cover (mulching,	Sorption, dissipation at field scale	(Mottes et al. 2014;	Practices not integrated	Secondary	Developed and
			crops residues, cover crops	and washoff from ground cover	Lewis et al. 2016)			added in (Renaud-
			etc.)					Gentié et al. 2015a)
			Other farm management	Pesticide transport to water	(Pereira-Junior et al.	Practices integrated: tillage, buffer zone	Secondary	
			practices (e.g. tillage,	compartments	2015; Mutua et al.	and pipe drainage		
			buffer zone, biochar,		2016; Mendes et al.	Practices not integrated: biochar,		
			drainage ditches)		2018)	drainage ditches		
			Temperature	Chemical and physical processes	(Daam and van den	Most of the processes are temperature-	Secondary	Adapted in
				that change with temperature to	Brink 2010)	dependent (average temperature in the		(Ingwersen 2012;
				different degrees (e.g.		month of application)		Xue et al. 2015;
				volatilization, degradation on leaf)				Renaud-Gentié et
			Rainfall	Pesticide transport outside the field	(Daam and van den	No modelling of processes occurring	Secondary	al. 2015a; Vázquez-
	Environmental	characteristics	Climate content, pH) Sunlight Soil properties (e.g. OC	by runoff, leaching, drainage, washoff Photodecomposition and volatilization plant uptake, macropores flow Soil adsorption and desorption,	Brink 2010) (Daam and van den Brink 2010) Lewis et al. 2016) (Charlier et al. 2009;	after the first rainfall, Definition of rainfall event questionable Parameter not integrated in the processes Parameters integrated in the model	Secondary Secondary	Rowe et al. 2017)
			Chemical properties (e.g.	Plant uptake and transfer to water	(Racke et al. 1997;	Variability of some chemical properties	Secondary	Completed for
			DT50 soil, DT50 plant,	bodies	Arias-Estévez et al.	due to plant and environmental		missing substances
			solubility, Koc)		2008; Sanchez-Bayo	conditions not integrated (e.g.		in (Xue et al. 2015;
	substances				and Hyne 2011; Fantke and Juraske 2016) 2013; Fantke et al.	biological degradation level, temperature dependency, pesticide-plant species combinations)		Renaud-Gentié et al. 2015a; Vázquez-Rowe et al. 2017)
	Active		Inorganic substances / metals	Integrate toxicity impact of these substances, need to evaluate distribution into the environment	(Peña et al. 2018)	No modelling of inorganic active substance	Primary -secondary	Issue highlighted in (Renaud-Gentié et al. 2015a)

  Reflection and consensus on the conceptual framework of the LCI-LCIA calculation chain and the soil's belonging to ecosphere or technosphere are needed for a better consistency of the modelling of pesticide emissions and impacts in LCA studies focusing on tropical conditions. Current model limitations highlighted in our study are a useful starting point for focusing future research and model refinement efforts, with the aim to help reducing uncertainty in LCA results representing tropical conditions.Arias-Estévez M, López-Periago E,Martínez-Carballo E, et al (2008) The mobility and degradation of pesticides in soils and the pollution of groundwater resources. Agri Ecosyst Environ 123:247-260. doi.org/10.1016/j.agee.2007.07.011 Arvidsson T, Bergström L, Kreuger J (2011) Spray drift as influenced by meteorological and technical factors. Pest Manag Sci 67:586-598. doi.org/10.1002/ps.2114 Awadhwal NK, Cabrido EF, Quick GR (1991) Minimizing drift and exposure from knapsack sprayers. J Environ Sci Health B 26:589-600. doi.org/10.1080/03601239109372758 Bajwa U, Sandhu KS (2014) Effect of handling and processing on pesticide residues in food-a review. J Food Sci Technol 51:201-220. doi.org/10.1007/s13197-011-0499-5 Basset-Mens C, Edewa A, Gentil C (2019) An LCA of French beans from Kenya for decision-makers. Indonesien Journal of Life Cycle Assessment and Sustainibility (in press) Cattan P, Voltz M, Moussa R (2009) Transport of a nematicide in surface and groundwaters in a tropical volcanic catchment. J Environ Qual 38:1031-1041. doi.org/10.2134/jeq2008.0355 da Cunha JPAR, Teixeira MM, Coury JR, Ferreira LR (2003) Evaluation of strategies to reduce pesticide spray drift. Planta Daninha 21:325-332. doi.org/10.1590/S0100-83582003000200019 Daam MA, Rico A (2018) Freshwater shrimps as sensitive test species for the risk assessment of pesticides in the tropics. Environ Sci Pollut Res 25:13235-13243. doi.org/10.1007/s11356-016-7451-1 Daam MA, van den Brink PJ (2010) Implications of differences between temperate and tropical freshwater ecosystems for the ecological risk assessment of pesticides. Ecotoxicology 19:24-37. doi.org/10.1007/s10646-009-0402-6 Danielopol DL, Pospisil P, Rouch R (2000) Biodiversity in groundwater: a large-scale view. Trends Ecol Evol 15:223-224. doi.org/10.1016/S0169-5347(00)01868-1 .org/10.1016/j.jenvman.2016.06.065 Fantke P, Aurisano N, Bare J, et al (2018) Toward harmonizing ecotoxicity characterization in life cycle impact assessment. Environ Toxicol Chem 37:2955-2971. doi.org/10.1002/etc.4261 Fantke P, Bijster M, Guignard C, et al (2017b) USEtox® 2.0 Documentation (Version1) Fantke P, Charles R, Alencastro LF de, et al (2011a) Plant uptake of pesticides and human health: Dynamic modeling of residues in wheat and ingestion intake. Chemosphere 85:1639-1647. doi.org/10.1016/j.chemosphere.2011.08.030 Fantke P, Friedrich R, Jolliet O (2012a) Health impact and damage cost assessment of pesticides in Europe. Enviro Int 49:9-17. doi.org/10.1016/j.envint.2012.08.001 Fantke P, Gillespie BW, Juraske R, Jolliet O (2014) Estimating half-lives for pesticide dissipation from plants. Environ Sci Technol 48:8588-8602. doi.org/10.1021/es500434p Fantke P, Jolliet O (2016) Life cycle human health impacts of 875 pesticides. Int J Life Cycle Assess 21:722-733. doi.org/10.1007/s11367-015-0910-y Bachmann TM, Gold LS, et al (2008) USEtox-the UNEP-SETAC toxicity model: recommended characterisation factors for human toxicity and freshwater ecotoxicity in life cycle impact assessment. Int J Life Cycle Assess 13:532. doi.org/10.1007/s11367-008-0038-4 Rosenbaum RK, Huijbregts MAJ, Henderson AD, et al (2011) USEtox human exposure and toxicity factors for comparative assessment of toxic emissions in life cycle analysis: sensitivity to key chemical properties. Int J Life Cycle Assess 16:710. doi.org/10.1007/s11367-011-0316-4 Ryberg MW, Rosenbaum RK, Mosqueron L, Fantke P (2018) Addressing bystander exposure to agricultural pesticides in life cycle impact assessment. Chemosphere 197:541-549. doi.org/10.1016/j.chemosphere.2018.01.088 Salomone R, Ioppolo G (2012) Environmental impacts of olive oil production: a Life Cycle Assessment case study in the province of Messina (Sicily). J Clean Prod 28:88-100. doi.org/10.1016/j.jclepro.2011.10.004 Williamson S, Ball A, Pretty J (2008) Trends in pesticide use and drivers for safer pest management in four African countries. Crop Prot 27:1327-1334. doi.org/10.1016/j.cropro.2008.04.006 Xue X, Hawkins TR, Ingwersen WW, Smith RL (2015) Demonstrating an approach for including pesticide use in life-cycle assessment: Estimating human and ecosystem toxicity of pesticide use in Midwest corn farming. Int J Life Cycle Assess 20:1117-1126. doi.org/10.1007/s11367-015-0902-y

	Beck HE, Zimmermann NE, McVicar TR, et al (2018) Present and future Köppen-Geiger climate
	classification	maps	at	1-km	resolution.	Scientific	Data	5:180214.
	doi.org/10.1038/sdata.2018.214					
										smallholder
	farmers	in	the	Cagayan	Valley	(Philippines).	Crop	Prot	27:747-762.
	doi.org/10.1016/j.cropro.2007.10.011				
										current
	and	future	climatic	conditions.	J	Clean	Prod	140:644-and
	653./doi.org/10.1016/j.jclepro.2016.05.154 oxathiapiprolin in tomato fields.	J	Agric	Food	Chem	66:8489-8495.
	Bueno MR, da Cunha JPAR, de Santana DG (2017) Assessment of spray drift from pesticide
	applications	in	soybean	crops.		Biosyst		Eng	154:35-45.
	doi.org/10.1016/j.biosystemseng.2016.10.017			
	Capri E, Miao Z (2002) Modelling pesticide fate in rice paddy. Agronomie 22:363-371.
	doi.org/10.1051/agro:2002020					
	reporting	of	experimental	data.	J	Environ		Manage	181:374-384.

In the adapted PestLCI model, mechanisms of pesticide drift during field application, according to tropical conditions and applications methods and mechanisms to account for metals and other inorganic substances should be explored and included. Research on organisms' sensitivity to pesticides from tropical origins is also essential. In current impact models, different exposure populations

(consumers, workers and bystanders) 
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Table 5 :

 5 Beck et al. 2018). The PestLCI Consensus model also allows users to feed the model with their own climate and soil characteristics, as well as adding new pesticides to the existing databases or modifying properties of already included pesticides. Input variables for PestLCI Consensus initial distribution and secondary emissions indicating whether the variable is mandatory (*) or optional (**). Details on PestLCI variables, units and definitions are presented in the Supplementary Material (SM), TableS2.1.

	databases for pesticides, which is a compilation of several pesticide databases (e.g. REACH, EFSA,
	EPISUITE), application methods, soils from the FAO (soil profiles available on
	http://www.fao.org/soils-portal/en/), and climates from the Köppen-Geiger classification (Kottek et al.
	2006;

The current model version is applicable to organic, xenobiotic pesticides. Developments to include metal-based substances are being currently evaluated in the OLCA-Pest project (http://qsa.man.dtu.dk/research/researchprojects/olca-pest), particularly for secondary emission processes. The model is composed of several

  1 , 𝑥 1 , … , 𝑥 𝑛 } emission scenarios, with reference scenario 𝑥 ref as chosen 'measure of central tendency' of application scenario set 𝑋, i.e. 𝑥 ref ≜ 𝑚(𝑋).

Table 6 :

 6 Reference pesticide application scenario and set of categorical and continuous variables tested in the sensitivity analysis of PestLCI Consensus model inputs *Details on climate and soil types tested are presented in SM, Table S2.2.

	The total IS for all scenarios was then calculated as sum over emission compartment-specific impact
	scores:	
	𝐼𝑆 = ∑ (𝑚 emi,𝑝,𝑐 × 𝐶𝐹 𝑝,𝑐 ) 𝑝,𝑐	(2.3)
	where 𝑚 emi,𝑝,𝑐 (kgemitted/kgapplied) is the total emitted mass of pesticide 𝑝 from the tomato production

(reference crop for all scenarios) into a given environmental compartment 𝑐, and 𝐶𝐹 𝑝,𝑐 (impact /kgemitted) is the corresponding characterization factor for freshwater ecotoxicity (in PAF m 3 d/kgemitted) and for human population-level toxicity (incidence cases/kgemitted). The characterization factors for the following

Table 7 :

 7 Influence of emission model input variables on initial pesticide distribution fractions (𝑟𝐷 ref : the mean relative difference from the reference scenario). Example: the foliar interception fraction input deviates the emission to field crop from the reference scenario by almost 30%.

	Input variable \ Emission compartments	Air	Off-field surfaces	Field crop Field soil
	Foliar interception fraction	0	0	27.97%	27.97%
	Application method	2.00%	1.25%	1.63%	2.19%
	Application drift reduction	3.07%	0.93%	1.75%	0.18%
	Field width	0	1.88%	0.94%	0.94%
	Buffer zone width, inside the field	0	1.23%	0.62%	0.62%
	Buffer zone interception fraction, inside the field	0	1.34%	1.09%	0.35%
	Buffer zone width, outside the field	0	0.20%	0.10%	0.10%
	Buffer zone interception fraction, outside the field	0	0.20%	0.10%	0.10%

Table 8 :

 8 Influence of emission model input variables on secondary pesticide emission fractions (𝑟𝐷 ref )

	Emission compartments	Air	Off-field	Groundwater Field soil Degradation
			surfaces			and uptake
	Input variable					
	Foliar interception fraction	0	0.01%	0.11%	22.91%	23.02%
	Pesticide	4.20%	0.01%	0.30%	16.90%	16.71%
	Climate type	0	0.01%	0.08%	5.81%	5.82%
	Soil type	0	0.01%	0.24%	4.53%	4.30%
	Application drift reduction	3.07%	0.93%	0.01%	1.62%	2.50%
	Application method	2.00%	1.25%	0.01%	1.51%	1.73%
	Field width	0	1.88%	<0.01%	0.87%	1.00%
	Buffer zone interception fraction, inside the field	0	1.35%	<0.01%	0.97%	0.41%
	Buffer zone width, inside the field	0	1.24%	<0.01%	0.58%	0.66%
	Tillage type	0	0	0.92%	0.92%	0
	Month of application	0	<0.01%	0.05%	0.88%	0.90%
	Soil material density	0	<0.01%	0.08%	0.43%	0.36%
	Q-value	0	<0.01%	<0.01%	0.27%	0.28%
	Buffer zone width, outside the field	0	0.20%	<0.01%	0.09%	0.11%
	Buffer zone interception fraction, outside the field	0	0.20%	<0.01%	0.09%	0.11%
	Field slope	0	0.16%	<0.01%	0.16%	0
	Fraction macropores	0	0	<0.01%	<0.01%	0

  crop growth stage. Overall, impacts related to pesticide field emissions leading to exposure to pesticide residues in crop harvest are a main contributor to LCA performance results for tomato produced in Martinique, with fertilizer and packaging manufacturing as other dominating aspects. While the proposed approach is applicable to refine currently LCA methods for assessing pesticides, large uncertainties remain. These are mostly related to the parametrization of impact factors for tropical species. Based on our findings, we recommend using initial emission distribution fractions in combination with steady-state characterization factors for environmental emissions and with timedependent characterization factors for pesticide residues in crop harvest in LCA, while further improving the use of secondary emission fractions to allow for better consideration of local field, soil and climate characteristics.
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[START_REF] Aktar | Impact of pesticides use in agriculture: their benefits and hazards[END_REF] Lesueur Jannoyer et al. 2016)

. In Martinique and other remote islands, there is hence a demand for fruits and vegetables that are grown locally and in an environmentally sustainable way.

  3.1. We therefore adapted ℎ𝐹 𝑝,𝑐 (𝑡) to relate to initial distributions and emissions, thereby consistently coupling dynamiCROP with PestLCI Consensus 𝑚 res,𝑝,ℎ (𝑡) (kgin crop harvest/FU) is the pesticide residual mass in crop components ℎ harvested at time 𝑡 (d) for human consumption. Since dynamiCROP uses matrix algebra to simultaneously solve a system of differential equations for 𝑚 res,𝑝,ℎ (𝑡), we realized the adaptation by transforming the input mass vector (i.e. 𝑚 emi,𝑝,𝑐 at time 𝑡 = 0) into a diagonal matrix. Combining these initial conditions diagonal matrix with the fundamental matrix (i.e. mass fractions transferred between compartments at time 𝑡 ) yields emission compartment-specific 𝑚 res,𝑝,ℎ (𝑡) . For details about the underlying matrix solution, seeFantke et al. (2013). Mass applied, 𝑚 app,𝑝 (kgapplied/FU), distribution fractions, 𝑚𝑓 𝑝,𝑐 (kgemitted/kgapplied), emitted to a given environmental compartment matched between PestLCI Consensus (emission output) and dynamiCROP (input for residue calculations), and emitted mass, 𝑚 emi,𝑝,𝑥 (kgemitted/FU) are defined in eq. 3.2. The air compartment (PestLCI Consensus) is assigned to air (dynamiCROP), field soil surface is assigned to soil, and field crop surface is assigned to leaf surface and fruit surface (see Figure11) according to their total crop surface area contributions:

	ℎ𝐹 𝑝,𝑐 (𝑡) =	∑ 𝑚 res,𝑝,ℎ (𝑡) ℎ 𝑚 app,𝑝 × 𝑚𝑓 𝑝,𝑐	=	∑ 𝑚 res,𝑝,ℎ (𝑡) ℎ 𝑚 emi,𝑝,𝑐	(3.6)
	where 𝑚𝑓 𝑝,𝑐,leaf =		𝐿𝐴𝐼 𝐿𝐴𝐼 + 𝐹𝐴𝐼	for leaf surfaces
	𝑚𝑓 𝑝,𝑐,fruit =	𝐹𝐴𝐼 𝐿𝐴𝐼 + 𝐹𝐴𝐼	for fruit surfaces
	results:				

Table 9 :

 9 Characteristics of the considered scenarios of tomato production in Martinique. Required variables for determining initial pesticide distribution fractions are highlighted in gray background.

	Scenario ID (farm)	A	B	C	D	E	F
	Climate*		Npr		Svn		Ssa	
	Soil		Vitric andosol (TV)	Vertic cambisol (BV)
	Practices	Conventional tillage			yes			
		Irrigation***		no			yes	
		Buffer zone width (m)***		2		no buffer zone	
	Field plot	Area (ha)	0.15	0.9	0.05	0.67	0.04	1
	characteristics	Length (m)	60	100	25	90	17	125
		Width (m)	25	90	20	75	25	80
		Slope (%)	5	25	9	7	20	20
	Pesticide	Herbicide	1	2	2	0	1	0
	application	Insecticide	11	19	10	7	8	8
	count**	Fungicide	9	8	3	2	0	8
	Crop yield	Yield (kg/m²)	0.67	1	4	5.2	3.5	2
	*Npr: North Prêcheur, 2300 mm rain/year, 25.4 °C average annual temperature; Svn: South Vauclin, 1200 mm
	rain/year, 27.2 °C average annual temperature; Ssa: South Sainte-Anne, 1600 mm rain/year, 27.2 °C average
	annual temperature							
	**Considered pesticides are detailed in SM (Section S3.8)					
	***Practices not assessed in the present study						

  Initial pesticide mass distribution in PestLCI Consensus considers processes within the first minutes after application, including pesticide deposition on crop, soil and off-field surfaces by drift deposition, and to air by airborne drift, mainly modeled as a function of application method, field characteristics and foliar interception of field crops. The secondary emission distribution in PestLCI Consensus is
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	020-0489-6
	van Zelm R, Larrey-Lassalle P, Roux P (2014) Bridging the gap between life cycle inventory and impact
	assessment for toxicological assessments of pesticides used in crop production. Chemosphere
	100:175-181. doi.org/10.1016/j.chemosphere.2013.11.037 additionally considering processes dependent on farming practices, climate and soil conditions, and
	Weidema BP, Stylianou KS (2019) Nutrition in the life cycle assessment of foods-function or impact? pesticide properties. Drift deposition to off-field surfaces influences both initial and then secondary
	Int J Life Cycle Assess. doi.org/10.1007/s11367-019-01658-y distributions; however, only drift deposition curves defined for crops grown in temperate conditions are
	Weinberger K, Lumpkin TA (2007) Diversification into horticulture and poverty reduction: a research available in the model, mainly from Germany and the Netherlands (Ganzelmeier et al. 1995; Rautmann
	agenda. World Development 35:1464-1480. doi.org/10.1016/j.worlddev.2007.05.002 et al. 2001; Holterman and van de Zande 2003; van de Zande et al. 2015; Gil et al. 2018). Drift during
	Westh TB, Hauschild MZ, Birkved M, et al (2015) The USEtox story: a survey of model developer pesticide application is influenced by several parameters, which might differ under tropical conditions
	visions and user requirements. Int J Life Cycle Assess 20:299-310. doi.org/10.1007/s11367-compared to temperate ones. This includes meteorological conditions, such as temperature (Nuyttens et
	014-0829-8
	Zarei MJ, Kazemi N, Marzban A (2019) Life cycle environmental impacts of cucumber and tomato production in open-field and greenhouse. Journal of the Saudi Society of Agricultural Sciences 4.1 Introduction
	18:249-255. doi.org/10.1016/j.jssas.2017.07.001
	and in the most common approach, ecoinvent, 100% of the applied dose of pesticides is assumed to be
	emitted directly to agricultural field soil (Nemecek and Schnetzer 2011). This approach is simple but
	according to our previous work, is very likely to underestimate emissions reaching vulnerable non-target
	ecosystems, especially in tropical conditions (Gentil et al. 2020b). More sophisticated approaches exist,
	such as the pesticide life cycle inventory (LCI) model PestLCI (Birkved and Hauschild 2006; Dijkman
	et al. 2012), which allows to estimate emission fractions to air, field soil, field crop, groundwater and
	off-field surfaces, and has been further advanced into PestLCI Consensus (Fantke et al. 2017a). However,
	this model was parameterized primarily for temperate conditions, leading to a high uncertainty of results
	representing tropical conditions (Gentil et al. 2020b).

In tropical contexts, environmental conditions are favorable to grow all types of agricultural products, but they are also favorable for the occurrence of pests (insects, weeds, fungi etc.), requiring adequate pest control measures all year round

(Daam and van den Brink 2010; Mottes et al. 2017b)

.

Indeed, under tropical conditions, most farmers use a wide diversity of pesticides often at high dose and frequency to control pests and to ensure high crop yields

(Racke et al. 1997; Lewis et al. 2016)

, leading to potential pesticide-related environmental and human health impacts

(Arias-Estévez et al. 2008; Lesueur Jannoyer et al. 2016)

. Hence, the crucial need to properly assess emissions and (eco-)toxicological impacts from pesticide applications in Life Cycle Assessment (LCA) of crop production in tropical conditions

(Perrin et al. 2014; Meier et al. 2015; Knudsen et al. 2019; van der Werf et al. 2020)

.

Pesticide emissions in LCA are generally estimated using default factors that do not account for relevant crop or application characteristics (Oliquino-Abasolo 2015;

[START_REF] Wang | Comparative environmental impact assessments of green food certified cucumber and conventional cucumber cultivation in China[END_REF][START_REF] Li | Environmental impact assessment of agricultural production in Chongming ecological island[END_REF] Li et al. ), al. 2006a

), humidity, with a decrease of drift by less evaporation reducing the droplets size

(Nuyttens et al. 2006a;[START_REF] Franke | Spray drift from knapsack sprayers, A study conducted within the framework of the Sino-Dutch Pesticide Environmental Risk Assessment Project PERAP[END_REF]

, and wind speed (not specific to tropical conditions)

(Grella et al. 2017

).

In addition, application methods and nozzle types

(Nuyttens et al. 2006b)

, pesticides and mixtures composition

[START_REF] De Schampheleire | The assessment of spray drift damage for ten major crops in Belgium[END_REF][START_REF] Hewitt | Spray droplet size, drift potential, and risks to nontarget organisms from aerially applied glyphosate for coca control in Colombia[END_REF][START_REF] Langenbach | Strategies for reducing airborne pesticides under tropical conditions[END_REF] 

are other

Table 10 :

 10 Initial distribution input variables related to output fractions in PestLCI Consensus

	Initial distribution input	Range of variables	Output fractions determined by
	variables		initial distribution input variables
	Foliar interception fraction 0 ≤ 𝑥 ≤ 1	𝑓 field→crop ; 𝑓 field→soil
	Crop growth stage	Set of crop growth stages	𝑓 field→crop ; 𝑓 field→soil
	Application method	Set of application methods	𝑓 air ; 𝑓 dep
	Spraying technique	Application over -under	𝑓 field→crop ; 𝑓 field→soil
		the canopy, plant-by-plant	
		application, soil application	

Table 12 :

 12 Identified studies and main characteristics of their drift deposition experiments

	Reference Location Climate	Application	Crop	Wind	Temperature	Relative	Compliance	Comparisons
				method		speed	(°C)	humidity	to ISO 22866	
	Gouda et al.	Benin	Tropical	Ultra-low	Cotton (Gossypium hirsutum)				No	Knapsack-
	2018		savanna	volume						sprayer on
			climate (Aw)	centrifugal cane and		3.0±0.4 m.s -1	35±1 °C	64±4%		potatoes (García-Santos
				knapsack						et al. 2016)
				sprayer						
	Hernández-	Mexico	Tropical	Air blast	Papaya (Carica papaya L.)				No	Air blast sprayer
	Hernández		savanna	sprayer		1.6 m.s -1	35.7±0.8 °C	53.8±7.8%		on perennial
	et al. 2007		climate (Aw)							crops
	Alves and	Brazil	Tropical	Air blast	Coffee (Coffea arabica L.)				Yes	(Holterman and
	da Cunha 2014		savanna climate (Aw)	sprayer		2.9±1.5 m.s -1	21.3±2.9 °C 69.5±14.1%		van de Zande 2003) and on olive trees (Gil
										et al. 2018)
	Bueno et al. 2017	Brazil	Tropical savanna climate (Aw)	Boom sprayer	Soybean (Glycine max)	2.9±0.8 m.s -1	29.8±1.1 °C	46.5±5.2%	Yes	Boom sprayer (van de Zande et al. 2015)
	Bueno et al. 2016	Brazil	Tropical savanna climate (Aw)	Boom sprayer	Bean (Phaseolus vulgaris L.)	m.s -1 3.3±1.4	26.8±3.4 °C 56.8±14.3%	Yes	
	da Cunha et al. 2017a	Brazil	Tropical savanna climate (Aw)	Aerial	Soybean (Glycine max)	From 1.4 m.s -1 to 1.9	25.3 °C From 23.9 to	81% From 74 to	No	n/a
	da Cunha et al. 2017b	Brazil	Tropical savanna climate (Aw)	Aerial	Soybean (Glycine max)	From 1.7 m.s -1 to 2.5	29.1 °C From 26.7 to	71% From 65 to	No	
	Baio et al.	Brazil	Tropical	Aerial	Sorghum (Sorghum bicolor),				No	
	2019		savanna climate (Aw)		Millet (Pennisetum glaucum), Soybean (Glycine max), corn (Zea mays), Cotton (Gossypium	Mean 1.4 m.s -1	Mean 25.6 °C Mean 67.4%		
					hirsutum)					

Table 13 :

 13 Foliar interception fraction according to pre-defined, classified crop growth stages (0: installation; 1: development; 2: reproductive phase) and spraying technique (application over the canopy, under the canopy application and plant-by-plant application)

				Foliar interception fraction according to the spraying
					technique	
		Growth		Application over	Application	Plant-by-plant
	Crop / crop class	stage	LAI	the canopy	under the canopy	application
		0	0.2	0.14	0.01	0.20
	Banana	1	1.9	0.82	0.04	0.95
		2	3.8	1	0.05	0.95
		0	0.3	0.20	0.01	0.30
	Bean	1	1.9	0.82	0.04	0.95
		2	4	1	0.05	0.95
		0	0.4	0.27	0.01	0.43
	Coffee	1	1.6	0.73	0.04	0.95
		2	3.9	1	0.05	0.95
	Cotton	1 2	1.6 3.3	0.75 1	0.04 0.05	0.95 0.95
		0	0.4	0.26	0.01	0.40
	Pineapple	1	4.3	1	0.05	0.95
		2	8.6	1	0.05	0.95
		0	0.3	0.20	0.01	0.30
	Soybean	1	2.0	0.83	0.04	0.95
		2	4.1	1	0.05	0.95
		0	0.3	0.20	0.01	0.30
	Sugar cane	1	3	1	0.05	0.95
		2	6	1	0.05	0.95
		0	0.5	0.32	0.02	0.50
	Tropical fruit trees	1	5	1	0.05	0.95
		2	10	1	0.05	0.95
		0	0.1	0.07	0.004	0.10
	Tubers	1	1.5	0.72	0.04	0.95
		2	3	1	0.05	0.95
		0	0.2	0.14	0.01	0.20
	Vegetable fruits	1	2	0.84	0.04	0.95
		2	4	1	0.05	0.95

Table 14 :

 14 Drift deposition functions proposed to quantify drift-related pesticide emissions in LCA with their lower and upper validity limits.

	Application method	Equation	Data used	R²	Lower	Upper	Reference
					validity	validity	
					limit	limit	
					[m]	[m]	
	Air blast sprayer -without air induction -	f(x)= 33.4101x^(-1.1958)	90 th percentile	0.99	2.5		Alves et al 2014, da
	nozzle ATR						Cunha et al 2015
	Air blast sprayer -air induction -nozzle	f(x)= 8.7734x^(-0.9129)	90 th percentile	0.81	2.5		Alves et al 2014, da
	TVI						Cunha et al 2015
	Air blast sprayer -Turbo fan driven	f(x)=1/(0.01+7.82E-04x^2 )	90 th percentile	0.99	0		Hernández-Hernández
	sprayer						et al 2007
	Air blast sprayer -Turbo fan driven	f(x)=1/(0.01+2.80E-04x^2 )	90 th percentile	0.95	0		Hernández-Hernández
	sprayer						et al 2007
	Boom sprayer -flat-fan deflector standard	f(x)= 20.2565e^(-0.5923x) +	90 th percentile	0.99	2.5		Bueno et al 2016
	-nozzle TT (medium)	0.6914e^(-0.0077x)					
	Boom sprayer -flat-fan standard -nozzle	f(x)= 30.7647e^(-0.4949x) +	90 th percentile	0.99	2.5		Bueno et al 2016
	XR (fine)	1.8279e^(-0.0347x)					
	Boom sprayer -flat-fan venture -nozzle	f(x)= 7.5039e^(-0.5222x) +	90 th percentile	0.99	2.5		Bueno et al 2016
	AIXR (coarse)	0.5485e^(-0.0046x)					
	Boom sprayer -flat-fan deflector venture -	f(x)= 6.77e^(-0.5943x) +	90 th percentile	0.99	2.5		Bueno et al 2016
	nozzle TTI (very coarse)	0.5482e^(-0.0047x)					
	Boom sprayer -flat-fan deflector standard	f(x)= 12.5031e^(-0.6532x) +	90 th percentile	0.90	2.5		Bueno et al 2017
	-nozzle TT (medium)	0.2362e^(-0.0353x)					
	Boom sprayer -flat-fan standard -nozzle	f(x)= 19.276e^(-0.7277x) +	90 th percentile	0.99	2.5		Bueno et al 2017
	XR (fine)	0.2732e^(-0.0353x)					
	Boom sprayer -flat-fan air-induction -	f(x)= 4.2753e^(-0.6477x) +	90 th percentile	0.99	2.5		Bueno et al 2017
	nozzle AXIR (coarse)	0.2092e^(-0.0305x)					
	Air blast sprayer -without air induction -	f(x)= 15.2104x^(-1.0759)	Means	0.98	2.5		Alves et al 2014, da
	nozzle ATR						Cunha et al 2015
	Air blast sprayer -without air induction -	f(x)= 5.0738x^(-0.8128)	Means	0.82	2.5		Alves et al 2014, da
	nozzle TVI						Cunha et al 2015
	Knapsack sprayer (Spraying at 1m)	f(x)= -0.562ln(x) + 2.7812	Means	0.74	0.5		Gouda et al 2018
	Knapsack sprayer (Spraying at 1.5m)	f(x)= -0.723ln(x) + 2.233	Means	0.83	0.5		Gouda et al 2018

Table 15 :

 15 Set of pesticide emission fractions for the application methods (according to the previous selected studies) with the emitted fractions to air (𝑓 air ), off-field surfaces (𝑓 dep ), field crop (𝑓 field→crop ) and field soil (𝑓 field→soil ) according to crop growth stages (0: installation; 1: development; 2: reproductive phase) and the pesticide spraying technique.

	Crop/cr	Applicatio	Pesticide	Crop	𝒇 air	𝒇 dep	𝒇 field→crop	𝒇 field→soil
	op class	n method	spraying	stage				
			technique					
	Bean	Boom sprayer	Over the canopy	0 1 2	0.10	[0.0273; 0.0288]	[0.1751; 0.1754] [0.6961; 0.6973] [0.7142; 0.7154] [0.1571; 0.1573] [0.8712; 0.8727] 0
	Soybean Boom sprayer	Over the canopy	0 1 2	0.10	[0.0254; 0.0256]	0.1758 [0.7265; 0.7266] [0.8744; 0.8746]	[0.6986; 0.6988] 0.1479 0
	Soybean Aerial	Over the canopy	0 1 2	0.25	[0.1030; 0.2040]	[0.1098; 0.1301] [0.4362; 0.5170] [0.4536; 0.5376] [0.0924; 0.1094] [0.5460; 0.6470] 0
	Cotton	Aerial	Over the canopy	1 2	0.25	0.1030	0.4821 0.6470	0.1649 0
	Cotton	Knapsack, ULV*	Soil application	1; 2	0	0	0	1
	Cotton	knapsack ULV*	Plant-by-plant application	1; 2	0.06	[0.0063; 0.0077] [0.0142; 0.0212]	[0.8857; 0.8870] [0.0466; 0.0467] [0.8728; 0.8795] [0.0459; 0.0463]
	Cotton	knapsack ULV*	Under the canopy	1 1	0.06	[0.0063; 0.0077] [0.0142; 0.0212]	[0.0347; 0.0348] [0.8976; 0.8989] [0.0342; 0.0345] [0.8845; 0.8913]
	Cotton	knapsack ULV*	Under the canopy	2 2	0.06	[0.0063; 0.0077] [0.0142; 0.0212]	[0.0466; 0.0467] [0.8857; 0.8870] [0.0459; 0.0463] [0.8728; 0.8795]
	Coffee	Air blast	Over the canopy	0 1 2	0.10	[0.0274; 0.0288]	[0.2390; 0.2394] [0.6322; 0.6332] [0.6376; 0.6386] [0.2336; 0.2339] [0.8712; 0.8726] 0
	Papaya	Air blast	Over the	0	0.20	0.0519	0.2362	0.5119
			canopy	1; 2	0.08	0.0821	0.8379	0
	*ULV: ultra-low volume centrifugal cane				
	Details of all scenarios are presented in SM table S4.5.		

Table 16 :

 16 Comparison of foliar interception fractions for a plant-by-plant application with a hand application method for vegetable fruits and cotton

Foliar interception fraction -plant- by-plant application Installation (0) Development (1) Reproductive phase (2) Vegetable fruits

  

		Linders et al 2000	0.25	0.50	0.70
		This study	0.20	0.95	0.95
	Cotton	Linders et al 2000	0.25	0.60	0.70
		This study	n/a	0.95	0.95

  ). Vertical lines represent the cover crop setup of the case study with 𝑓 eff,cover = 0.35 and 𝑓 eff,cover = 0.7.

		100%	(a) Crop interception fraction: 30%		100%	(c) Crop interception fraction: 30%
	Distribution fractions	0% 25% 50% 75% 100%	(b) Crop interception fraction: 80%	fractions Distribution	50% 75% 0% 25% 100%	(d) Crop interception fraction: 80%	Field soil Cover Crop Off field surfaces Air
		75%						75%				
		50%						50%				
		25%						25%				
		0%	0%	25%	50%	75%	100%	0%	0%	25%	50%	75%	100%
				Effective cover crop area fraction			Effective cover crop area fraction
		100%										
	fractions Distribution	0% 50% 75% 25% 100%										
		75%										
		50%										
		25%										
		0%	0%	25%	50%	75%	100%					
				Effective cover crop area fraction					

Table 18 :

 18 Initial and secondary emission fractions for the tomato and grapevine production, for two crop growth stages, 𝑓 intercept,crop = 0.3 and 𝑓 intercept,crop = 0.8, for the effective area fraction of crop-free field that is covered by cover crop representing the two cover crop types with 𝑓 eff,cover = 0.35 and 𝑓 eff,cover = 0.7 (mean across scenarios).

			Crop →		Tomato			Grapevine
			𝒇 intercept,crop →	0.3		0.8		0.3		0.8
	↓ Distribution	𝒇 eff,cover → Compartment ↓	0.35	0.7	0.35	0.7	0.35	0.7	0.35	0.7
		Air		0.06	0.06	0.06	0.06	0.08	0.08	0.08	0.08
	Initial	Off field surfaces Crop leaves Field soil	0.02 0.28 0.42	0.02 0.28 0.19	0.02 0.74 0.12	0.02 0.74 0.06	0.04 0.27 0.40	0.04 0.27 0.19	0.04 0.71 0.12	0.04 0.71 0.05
		Cover leaves	0.23	0.45	0.07	0.13	0.22	0.44	0.06	0.12
		Air		0.06	0.06	0.06	0.06	0.08	0.08	0.08	0.08
	Secondary	Off field surfaces Groundwater Field soil Degradation	0.02 0 0.35 0.07	0.02 0 0.16 0.03	0.02 0 0.10 0.02	0.02 0 0.05 0.01	0.04 0 0.37 0.04	0.04 0 0.17 0.02	0.04 0 0.11 0.01	0.04 0 0.05 0.01
		Crop uptake	0.28	0.28	0.74	0.74	0.27	0.27	0.71	0.71
		Cover		0.23	0.45	0.07	0.13	0.22	0.43	0.06	0.12

Table 19 :

 19 Impact score (IS in PAF m 3 d/kgapplied) of the average scenarios with a cover crop for each environmental compartment (continental: rural air, freshwater, natural soil and agricultural soil), for the two scenarios: tomato and grapevine and %-change (eq. 5.17) when not using a cover crop (i.e. bare soil), for the application of two pesticides (mancozeb and pyriproxyfen). Calculation of %-change =

	[(IS_without_cover -IS_with_cover)/IS_with_cover]×100			
	Emission distribution and cover crop fate	Crop	IS Rural air	IS Freshwater	IS Natural soil	IS Soil Agricultural	TOTAL
	Initial	Tomato	21 (<1%)	18 (-2%)	10 (1%)	201 (113%) 251 (91%)
	distribution -						
	with cover exported from	Grapevine 26 (<1%)	80 (-1%)	11 (1%)	214 (103%) 331 (66%)
	the field*						
	Secondary emissions -cover	Tomato	21 (<0.1%)	18 (-)	10 (-)	189 (111%) 238 (88%)
	exported from the field*	Grapevine	26 (<0.1%)	79 (-)	11 (-)	209 (100%) 326 (64%)
	Secondary distribution -	Tomato	21 (<0.1%)	18 (-)	10 (-)	414 (-3%) 463 (-3%)
	cover buried into						
	the field soil**						

Table S2 .1 Definition, range of values or default values and units of input variables of PestLCI Consensus model

 S2 

	Input variable	Definition	Range of value or	Unit
			default value	
	Pesticide	Active ingredient in plant protection formulations	1070 organic	-
		indicated with CAS number	pesticides	
	Crop type	16 crop types are defined according to their characteristics. e.g. Vegetable	-
			fruits, Pooideae	
	Foliar interception	Fraction that the crop leaves can intercept from an applied	[0;1]	kg/kg
	fraction	pesticide amount		
	Soil type	Soil characteristics and composition (e.g. pH, bulk	75 soils from FAO -
		density)		
	Climate type	Climate characteristics (e.g. average monthly temperature) 30 climates from	-
			Köppen-Geiger	
	Month	Month of application	-	-
	Application method			

Table S3 .1 Model input data for characterization factors' calculation

 S3 

	CAS number	Name	MW (g/mol)	Chemical Class	Kow (L/L)	Henry constant (Pa m³/mol)	Pv (Pa)	Solubility (mg/L)	kdeg air (1/s)	kdeg water (1/s)	kdeg sediment (1/s)	kdeg soil (1/s)	kdiss tomato (1/s)
	71751-41-2	Abamectin	873.1	neutral	2.5E+04 2.7E-03 3.7E-06 1.2E+00 1.9E-04 3.3E-06 9.0E-08 2.8E-07	N/A
	135410-20-7 Acetamiprid	222.68	neutral	6.3E+00 5.3E-08 1.7E-07 3.7E+03 5.7E-05 1.7E-06 1.9E-07 2.8E-06	N/A
	120116-88-3 Cyazofamid	324.8	neutral	1.6E+03 4.0E-02 1.3E-05 1.1E-01 3.1E-05 1.0E-06 5.9E-07 1.2E-06	N/A
	155569-91-8 Emamectin benzoate	1008.3	neutral	3.0E+05 1.3E-02 4.0E-06 1.1E+02 1.8E-05 9.2E-07 6.7E-08 1.0E-07	N/A
	168316-95-8 Spinosyn A: (131929-60-7)	731.98	neutral	4.1E+04 1.9E-07 3.0E-08 1.6E+02 5.8E-04 3.7E-07 3.0E-08 8.0E-06	N/A
	168316-95-8 Spinosyn D: (31929-63-0)	746	neutral	5.5E+04 2.3E-05 2.0E-08 7.4E+00 6.1E-04 4.0E-07 1.5E-08 8.0E-06	N/A
	173584-44-6 Indoxacarb	527.84	neutral	1.6E+05 4.9E-04 1.6E-08 1.7E-02 3.1E-05 4.5E-08 5.0E-09 4.0E-07 2.3E-06
	91465-08-6	Lambda-cyhalothrin	449.86	acid	1.0E+07 1.5E-01 2.0E-07 5.0E-03 2.4E-05 4.5E-08 5.0E-09 3.2E-07 2.4E-06
	123312-89-0 Pymetrozine	217.23 amphoter 6.6E-01 1.4E-06 1.8E-06 2.9E+02 7.3E-06 2.1E-07 2.4E-08 2.3E-07 2.4E-06
	131860-33-8 Azoxystrobin	403.4	neutral	3.2E+02 7.4E-09 1.1E-10 6.0E+00 3.5E-05 1.3E-07 1.5E-08 4.4E-08 2.0E-06
	108-62-3	Metaldehyde	176.21	neutral	1.3E+00 7.1E-02 9.0E-02 2.2E+02 2.2E-05 5.3E-07 5.9E-08 1.6E-06 3.0E-06
	52918-63-5	Deltamethrin	505.21	acid	1.6E+06 1.2E-04 2.0E-06 2.0E-03 1.8E-05 1.3E-07 1.5E-08 6.7E-08 1.9E-06

Table S3 .2 Mid-point characterization factors for ecotoxicity and human toxicity (* calculated)

 S3 

	Active ingredient Active ingredient Abamectin	Freshwater ecotoxicity [PAF m 3 d/kgemitted] Human toxicity via residues ingestion, non-cancer Human toxicity, non-cancer [cases/kgemitted] [cases/kgemitted] Emission to cont. air Emission to cont. freshwater Emission to cont. natural soil Emission to cont. agricultura Emission to cont. air Emission to cont. freshwater Emission to cont. natural soil Emission to cont. Emission to Emission to Emission to Emission to agricultural soil air soil leaf surface fruit surface l soil 7.7E-05* 1.0E-04* 1.4E-07* 1.1E-03*	Human toxicity, cancer [cases/kgemitted] (For all compartments)
	Abamectin Acetamiprid	1.9E+02* 7.9E-05* 1.0E+05*	1.4E+02* 2.1E-04*	1.4E+02* 2.1E-04*	1.7E-05* 1.2E-03*	1.8E-05*	2.7E-08	1.8E-05*	N/A
	Acetamiprid Azoxystrobin	6.1E+01* 8.2E-07* 1.0E+04*	8.8E+01* 1.3E-05*	8.8E+01* 5.4E-07*	2.3E-06* 4.0E-05*	1.2E-06*	1.1E-08	1.6E-07*	N/A
	Azoxystrobin	1.2E+04		7.7E+04	1.6E+04	1.6E+04	6.3E-07*	1.0E-06*	2.0E-07	7.8E-07*	N/A
	Copper Copper	3.7E+06	9.9E+06 N/A	5.2E+06 N/A	5.2E+06 N/A	3.5E-05 N/A	1.4E-07	7.2E-08	1.1E-04	N/A
	Cyazofamid Cyazofamid	1.8E+02* 2.3E-05* 4.4E+04*	5.8E+01* 5.9E-06*	5.8E+01* 2.4E-05*	3.5E-07* 6.0E-04*	7.4E-07*	1.6E-09*	1.7E-08*	N/A
	Deltamethrin Deltamethrin	1.3E+04 2.7E-05 3.4E+06	8.0E+02 3.0E-09	8.0E+02 7.9E-07	1.3E-06 4.6E-04	7.5E-06	6.2E-09	2.0E-07	0.0E+00
	Emamectin benzoate	2.4E+03*		6.6E+04*	1.1E+04*	1.1E+04*	3.6E-04*	3.7E-05*	2.7E-05*	3.2E-03*	N/A
	Glufosinate-Emamectin benzoate	5.9E+00 1.6E-08* 5.8E+02	4.1E+00 4.5E-06*	4.1E+00 6.0E-14*	3.1E-06 9.4E-09*	2.5E-06	1.8E-08	5.7E-08	N/A
	ammonium Glyphosate Glufosinate-ammonium	9.6E+00 2.7E-04 3.2E+02	7.2E+01 2.6E-05	7.2E+01 1.9E-05	4.0E-08 7.3E-03	1.6E-07	3.6E-08	1.2E-07	N/A
	Indoxacarb Glyphosate	1.1E+03* 1.2E-07 1.6E+05*	4.3E+01* 4.1E-08	4.3E+01* 2.1E-07	2.5E-06* 0	3.6E-05*	1.0E-08*	9.8E-07*	N/A
	Lambda-cyhalothrin Indoxacarb	5.5E+05 6.4E-07* 1.4E+08	9.3E+03 7.4E-07*	9.3E+03 1.7E-07*	4.8E-06* 7.1E-05*	1.1E-04*	8.3E-09*	2.1E-07*	N/A
	Mancozeb Metaldehyde Lambda-cyhalothrin	2.9E+02 2.9E+00 3.4E-07* 5.3E+04 2.5E+02	2.0E+03 2.5E+01 3.6E-10*	2.0E+03 2.5E+01 4.9E-10*	1.1E-07 2.2E-07* 3.1E-05*	2.2E-06 3.8E-06*	8.0E-08 4.0E-07*	2.1E-07 1.3E-06*	N/A N/A
	Pymetrozine Mancozeb	8.6E+01 1.6E-06 8.1E+02	1.7E+02 1.5E-06	2.2E+02 1.1E-05	5.9E-06* 1.2E-04	1.3E-05*	2.7E-06*	7.9E-06*	N/A
	Pyriproxyfen Metaldehyde	4.1E+02	0	1.9E+05	4.0E+01 1.1E-05*	4.0E+01 1.9E-09*	2.0E-07 0	2.2E-06	1.1E-09	2.0E-08	N/A
	Spinosad Pymetrozine	3.6E+02* 1.4E-05* 1.3E+04*	3.5E+03* 4.6E-05*	3.5E+03* 8.8E-06*	3.7E-06* 6.1E-05*	3.3E-06*	2.9E-11*	4.8E-09*	N/A
	Pyriproxyfen	1.5E-05	3.0E-08	2.3E-07	1.6E-03				
	Spinosad	1.2E-05*	2.5E-06*	1.1E-06*	2.2E-03*				

PAF m³ d/kg tomato (100% soil) cases/kg tomato (secondary emissions) PAF m³ d/kg tomato (secondary emissions) PAF m³ d/kg tomato (initial distribution) cases/kg tomato (initial distribution) cases/kg tomato (100% soil) 12 3 Table

 3 

	↓ Substance	Scenario →	A	B	C	D	E	F	A	B	C	D	E	F
	abamectin			2.6E-12	1.2E-13	2.5E-12 2.0E-12 3.3E-15		2.6E-05 2.2E-06 3.0E-05 2.6E-05 3.4E-08
	acetamiprid			8.4E-13		3.1E-13				1.9E-04		6.0E-05		
	azoxystrobin			9.4E-12	2.1E-12	1.2E-12		2.0E-15		1.9E-01 4.5E-02 2.5E-02		4.0E-05
	copper (sulphate) -Cu(II)	8.0E-11 3.4E-10		2.2E-10			3.9E+00 1.7E+01		1.1E+01		
	cyazofamid				4.5E-14						1.2E-04			
	deltamethrin		3.8E-14 2.9E-14	7.2E-14	3.0E-14			8.8E-04 3.1E-04 1.9E-03 3.7E-04		
	emamectin benzoate						3.6E-10						1.3E-03	
	glufosinate-ammonium		1.2E-11						2.5E-04				
	glyphosate		1.5E-12		1.3E-11		6.3E-12		9.5E-04		8.3E-03		4.0E-03	
	indoxacarb			8.2E-13						1.9E-04				
	lambda-cyhalothrin			5.7E-13		1.0E-13		7.4E-16		8.9E-02		1.5E-02		1.2E-04
	mancozeb		1.5E-11 3.1E-12				1.6E-15 1.5E-01 2.8E-02				1.5E-05
	metaldehyde				7.5E-11						1.4E-03			
	pymetrozine		3.0E-11 2.0E-11	3.5E-11	1.6E-11			8.4E-04 5.4E-04 9.9E-04 4.2E-04		
	pyriproxyfen			4.8E-14						1.9E-04				
	spinosad						9.0E-13						5.6E-03	
	Total/scenario		1.3E-10 3.9E-10	1.3E-10	2.4E-10 3.6E-10 7.7E-15 4.1E+00 1.7E+01 5.8E-02 1.1E+01 1.1E-02 1.7E-04
	Total/scenario (organic subst.)	2.7E-07 5.0E-07	6.7E-08	6.6E-09 1.1E-08 4.9E-11 1.5E-01 3.1E-01 5.8E-02 4.1E-02 1.1E-02 1.7E-04
	Total/scenario (metal-based subst.)	8.0E-11 3.4E-10 0.000E+00 2.2E-10 0.0E+00 0.0E+00 3.9E+00 1.7E+01 0.0E+00 1.1E+01 0.0E+00 0.0E+00
	Field emissions (organic subst.)	4.7E-11 5.0E-11	1.3E-10	2.0E-11 3.6E-10 7.7E-15						
	Crop residues (organic subst.)	2.7E-07 5.0E-07	6.6E-08	6.6E-09 1.1E-08 4.9E-11						
	↓ Substance	Scenario →	A	B	C	D	E	F	A	B	C	D	E	F
	abamectin			4.3E-12	2.0E-13	4.4E-12 1.7E-12 4.1E-15		4.0E-05 2.8E-06 4.5E-05 2.5E-05 4.2E-08
	acetamiprid			6.9E-13		2.3E-13				1.2E-04		1.8E-05		
	azoxystrobin			1.8E-11	3.2E-12	1.7E-12		2.4E-15		3.6E-01 6.7E-02 3.4E-02		4.8E-05
	copper (sulphate) -Cu(II)	8.0E-11 3.4E-10		2.2E-10			3.9E+00 1.7E+01		1.1E+01		
	cyazofamid				4.2E-14						1.1E-04			
	deltamethrin		3.5E-14 2.7E-14	6.9E-14	2.6E-14			8.6E-04 3.0E-04 1.9E-03 3.6E-04		
	emamectin benzoate						3.6E-10						1.3E-03	
	glufosinate-ammonium		1.2E-11						2.2E-04				
	glyphosate		1.2E-12		1.2E-11		3.3E-12		7.6E-04		7.4E-03		2.1E-03	
	indoxacarb			1.1E-12						2.2E-04				
	lambda-cyhalothrin			5.6E-13		9.3E-14		6.9E-16		8.9E-02		1.4E-02		1.1E-04
	mancozeb		1.3E-11 2.9E-12				1.6E-15 1.3E-01 3.1E-02				2.1E-05
	metaldehyde				5.5E-11						1.0E-03			
	pymetrozine		2.8E-11 2.0E-11	3.5E-11	1.4E-11			7.8E-04 5.5E-04 9.6E-04 3.7E-04		
	pyriproxyfen			4.1E-14						1.8E-04				
	spinosad						9.2E-13						8.6E-03	
	Total/scenario		1.2E-10 4.0E-10	1.0E-10	2.4E-10 3.7E-10 8.7E-15 4.0E+00 1.8E+01 7.8E-02 1.1E+01 1.2E-02 1.8E-04
	Total/scenario (organic subst.)	2.7E-07 5.0E-07	6.7E-08	6.6E-09 1.1E-08 4.9E-11 1.4E-01 4.8E-01 7.8E-02 4.9E-02 1.2E-02 1.8E-04
	Total/scenario (metal-based subst.)	8.0E-11 3.4E-10	0.0E+00	2.2E-10 0.0E+00 0.0E+00 3.9E+00 1.7E+01 0.0E+00 1.1E+01 0.0E+00 0.0E+00
	Field emissions (organic subst.)	4.3E-11 5.9E-11	1.0E-10	2.0E-11 3.7E-10 8.7E-15						
	Crop residues (organic subst.)	2.7E-07 5.0E-07	6.6E-08	6.6E-09 1.1E-08 4.9E-11						
	↓ Substance	Scenario →	A	B	C	D	E	F	A	B	C	D	E	F
	abamectin			5.8E-12	2.8E-13	7.7E-12 2.8E-12 6.9E-15		4.4E-05 2.1E-06 5.8E-05 2.1E-05 5.2E-08
	acetamiprid			7.4E-13		3.1E-13				4.1E-04		1.7E-04		
	azoxystrobin			2.9E-11	4.9E-12	3.8E-12		4.1E-15		5.7E-01 9.8E-02 7.5E-02		8.1E-05
	copper (sulphate) -Cu(II)	9.3E-10 5.3E-09		2.2E-09			4.3E+01 2.4E+02		1.0E+02		
	cyazofamid				3.3E-14						1.2E-04			
	deltamethrin		6.1E-14 4.0E-14	1.1E-13	4.8E-14			2.4E-04 1.6E-04 4.5E-04 1.9E-04		
	emamectin benzoate						7.6E-10						2.5E-03	
	glufosinate-ammonium		3.4E-12						2.5E-04				
	glyphosate		1.7E-12		1.5E-11		7.0E-12		1.0E-03		9.1E-03		4.3E-03	
	indoxacarb			2.0E-12						8.7E-05				
	lambda-cyhalothrin			3.6E-13		5.2E-14		4.5E-16		1.5E-02		2.2E-03		1.9E-05
	mancozeb		3.3E-11 6.1E-12				3.5E-15 3.1E-01 5.7E-02				3.3E-05
	metaldehyde				1.0E-10						1.9E-03			
	pymetrozine		5.9E-11 3.9E-11	8.8E-11	3.0E-11			1.6E-03 1.1E-03 2.4E-03 8.3E-04		
	pyriproxyfen			6.1E-14						1.2E-04				
	spinosad						2.3E-14						1.7E-02	
	Total/scenario		1.0E-09 5.4E-09	2.1E-10	2.3E-09 7.7E-10 1.5E-14 4.3E+01 2.5E+02 1.1E-01 1.0E+02 2.4E-02 1.3E-04
	Total/scenario (organic subst.)	2.7E-07 5.0E-07	6.7E-08	6.7E-09 1.2E-08 4.9E-11 3.2E-01 6.5E-01 1.1E-01 7.9E-02 2.4E-02 1.3E-04
	Total/scenario (metal-based subst.)	9.3E-10 5.3E-09	0.0E+00	2.2E-09 0.0E+00 0.0E+00 4.3E+01 2.4E+02 0.0E+00 1.0E+02 0.0E+00 0.0E+00
	Field emissions (organic subst.)	9.4E-11 8.6E-11	2.1E-10	4.2E-11 7.7E-10 1.5E-14						
	Crop residues (organic subst.)	2.7E-07 5.0E-07	6.6E-08	6.6E-09 1.1E-08 4.9E-11						

kg tomato (dynamiCROP standard version) cases/kg tomato (dynamiCROP adapted version) 1 2Table S4 .2 Bibliographic research on drift deposition under tropical conditions

 S4 

	#1 #2 #3	TS=(drift) TS=(air or aerial or sediment* or spray) acaracide* or nematicide*) cases/KEYWORDS TS=(pesticide* or insecticide* or herbicide* or fungicide* or		PUBLICATIONS 145 198 1 548 954 227 031
	↓ Substance	Scenario→	A	B	C	D	E	F
	abamectin			4.0E-11	2.6E-11	7.2E-11	5.4E-11	2.9E-13
	acetamiprid			2.9E-10		4.9E-10	
	azoxystrobin			4.3E-10	1.8E-10	7.5E-11		3.0E-14
	cyazofamid				2.8E-10		
	deltamethrin		5.2E-11	1.3E-12	1.5E-10	2.9E-11	
	emamectin benzoate						2.1E-11
	glufosinate-ammonium			1.9E-08			
	glyphosate		1.3E-11		2.9E-11		6.1E-11
	indoxacarb			2.8E-12			
	lambda-cyhalothrin			8.3E-10		9.3E-15		7.1E-13
	mancozeb		5.1E-09	3.7E-11				4.1E-13
	metaldehyde				5.4E-10		
	pymetrozine		5.0E-12	1.9E-12	1.3E-09	1.2E-11	
	pyriproxyfen			1.5E-10			
	spinosad							5.5E-09
	Total/scenario		5.2E-09	2.1E-08	2.5E-09	6.8E-10	5.7E-09	1.4E-12
	↓ Substance	Scenario→	A	B	C	D	E	F
	abamectin			1.9E-09	3.5E-10	7.1E-10	1.8E-11	2.1E-11
	acetamiprid			1.1E-08		5.4E-09	
	azoxystrobin			1.1E-08	9.4E-10	2.4E-10		1.1E-12
	copper (sulphate) -Cu(II)						
	deltamethrin		2.5E-09	4.2E-11	1.4E-09	1.2E-10	
	emamectin benzoate						1.1E-12
	glufosinate-ammonium			4.6E-07			
	glyphosate		4.9E-10		5.8E-11		2.6E-12
	indoxacarb			1.4E-10			
	lambda-cyhalothrin			5.6E-09		9.1E-16		6.9E-12
	mancozeb		2.7E-07	1.3E-09				2.1E-11
	metaldehyde				8.4E-10		
	pymetrozine		7.4E-10	6.3E-11	6.2E-08	1.8E-10	
	pyriproxyfen			4.9E-09			
	spinosad							2.5E-09
	Total/scenario		2.7E-07	5.0E-07	6.6E-08	6.6E-09	2.5E-09	4.9E-11

Table S4 .3 Considered drift deposition functions for comparisons to those selected in tropical conditions to quantify drift-related pesticide emissions in LCA with their lower and upper validity limits

 S4 

	Application method	Equation	Data	R²	Lower	Upper	Reference
				used		validity	validity
						limit	limit
						[m]	[m]
	Boom sprayer -standard flat fan	f(x)= 0.9681x^(-0.951)	Medians	n/a	1	100	Ganzelmeier and
			736 119				Rautmann 2000
	Boom sprayer -					
	#5	#1 AND #2 AND #3 AND #4	84				

standard flat fan -field crops that are > 20 cm

  

		f(x)= 176.568e^(-1.8551x) + 1.7010e^(-	Medians	n/a	1	100	Ganzelmeier and
		0.1420x)					Rautmann 2000;
							Holterman and van de
							Zande 2003
	Air blast sprayer -perennial crop -late	f(x)= 59.5405e^(-1.0524x) + 6.7072e^(-	Medians	n/a	3	50	Holterman and van de
	stage (in leaf)	0.1379x)					Zande 2003
	Air blast sprayer	f(x)= 55e^(-3.4341x) + 12.9178e^(-	Medians	n/a	3	50	Ganzelmeier and
		0.1556x)					Rautmann 2000
	Knapsack sprayer	f(x)= 29e^(-6.82x) + 18.35e^(-0.44x)	Means	n/a	0.5	20	Garcia-Santos et al
							2016

Table S4 .4 Experimental protocol of the drift deposition curves selected Crop Application method Experimental protocol: collectors Experimental protocol: treatment Reliability of measurements Type of results Reference

 S4 

	Chapter 5 -					
	Cotton	Knapsack sprayer	Collectors (cotton patches) at the	Extraction in water	Non-compliance	Calculation of drift	Gouda et al.
			ground, at 1 m and 1.5 m high	with colorimeter to	with ISO	percentage and drift	2018
				dose out the tartrazine	standard and 5	deposition curves with	
					replications	the mean	
	Papaya	Turbo fan driven sprayer with 12	PEP bottles filled with distilled	Extraction and gas	Non-compliance	Drift deposition curves	Hernández-
	(early and	nozzles	water are the collector: located on	chromatography of	with ISO 22866	(% according to the	Hernández et
	late stage)		the ground at 0, 2, 5, 10, 20 and 30	chlorothalonil,	standard and 3	distance) + 90th	al. 2007
			m from the edge of the field. 9	chloropyrifos and	replications	percentile of the drift	
			pesticides applications were done at	malathion		percentage for each	
			different stages of the crop			application method	
			development and other vegetation in				
			the sampled area was removed in				
			order to avoid interception				
	Bean	Boom sprayer with fat flan	20 parallel distances outside of the	Extraction of the	Compliance with	Calculation of drift	Bueno et al.
		deflector standard and 4 nozzle	area spaced at 2.5 m from 2.5 to 50	rhodamine B	ISO 22866	percentage and drift	2017
	Soybean	types for fine, medium, coarse	m from the target area	fluorescent and use of	standard and 10	deposition curves with	Bueno et al.
		and extremely coarse droplets		a fluorimeter	replications	the mean and 90 th	2016
	Coffee	Air blast sprayer with a hollow				percentile	Alves and da
		cone with and without air					Cunha 2014
		induction					
	Soybean	Aerial sprayer, rotary atomizer	Collectors: 2 mm nylon strings	Quantification by the	Non-compliance	Calculation of drift	da Cunha et
		with blades at 55° and 65°,	extended for 2 m vertically, placed	amount of	with ISO 22866	percentage and drift	al. 2017a
		hydraulic nozzle with deflector	at 20, 40, 80, 160 and 320 m	thiamethoxam on	standard and 4	deposition curves with	
		at 30° and 90°	downwind from application area,	strings analyzed by	replications	the mean	
	Soybean	Aerial sprayer, electrostatic	counted from the borderline of each	means of liquid			da Cunha et
		spray system and rotary atomizer	plot, with 4 replications for each	chromatography			al. 2017b
	Millet,	Aerial sprayer, 8 rotary	Vertical polyamide yarns at the	Extraction of the	Non-compliance		Baio et al.
	sorghum,	atomizers	external sampling points +	rhodamine B	with ISO 22866		2019
	soybean,		horizontal rectangular glass plates at	fluorescent and use of	standard and 25		
	corn		the internal sampling points. 2	a fluorimeter	replications		
			external collectors positioned at 1.8				
			m from the ground and spaced at 10				
			m apart. Placed at distance, 10, 50,				
			200, 500, 1200 and 2000 m. totally				
			60 collectors in each application				

Supplementary Material -Introducing ground cover management in pesticide emission modeling Table S5.1 Pesticide characteristics for emission modeling Table S5.2 Mid-point characterization factor for freshwater ecotoxicity [PAF m3 d/kgemitted]

  

	Active	Emission to	Emission to	Emission to	Emission to
	ingredient	continental	continental	continental	continental
		rural air	freshwater	natural soil	agricultural soil
	Mancozeb	2.90E+02	5.30E+04	2.00E+03	2.00E+03
	Pyriproxyfen	4.10E+02	1.90E+05	4.00E+01	4.00E+01

Table S5 .3 Dissipation half-lives on three crop families: Pooideae, Panicoideae and Fabaceae according to the review of Fantke and Juraske (2013) Pooideae Panicoideae Fabaceae All crop components

 S5 

	Cas number	Active ingredient	a.i. target	MW (g/mol)	Solubility (mg/L)	Vapor pressure (Pa)	Chemical category	Log Kow (-)	KOC (L/kg)
	7775-09-9	mancozeb fungicide 212.4 2.8E+01	1.0E-05	acid	1.3	5.5E+02
	95737-68-1	pyriproxyfen insecticide 321.4 1.7E-04	2.9E-04	base	5.4	1.9E+04
	Cas number	DT50	DT50		DT50			DT50	DT50	DT50
		soil (d)	Pooideae (d)	Panicoideae (d)	Fabaceae (d)	vegetable fruits (d)	grapevine (d)
	7775-09-9	18		3.1		8.7			2.6	4.1	6.3
	95737-68-1	4.2		18.2		51.3			15.5	24.0	37.2
	Number of data points			186		62	335
	Median half-life [d]		4.56	2.68	3.60
	2.5%-ile half-life [d]		0.30	0.38	0.67
	97.5%-ile half-life [d]		32.97	10.49	20.98
	Leaf								
	Number of data points			96		34	146
	Median half-life [d]		5.00	2.54	3.50
	2.5%-ile half-life [d]		1.37	0.34	0.70
	97.5%-ile half-life [d]		24.98	6.24	25.88

Tropical regions or conditions are located mainly between the Tropic of Cancer and the Tropic of Capricorn. They are characterized according to Köppen-Geiger climate classification by warm temperatures with a small variation in daily and annual temperatures and with an alternating rainy and dry season, or by an equatorial climate with humid conditions prevailing all year round(Kottek et al. 

2006; Beck et al. 2018).2 Pesticides or active ingredients in plant protection formulations are defined as "any substance, or mixture of substances of chemical or biological ingredients intended for repelling, destroying or controlling pests, or regulate plant growth" (FAO).

Since this study was realized, the field crop leaf uptake was separated from the fraction degraded in field crop leaf and soil.

After this sensitivity analysis, the issue with those non-influential variables was identified and the model was updated accordingly. However, the updated process descriptions were not considered in our sensitivity analysis.
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Abstract

Life Cycle Assessment of agricultural products requires the consideration of pesticide emissions to quantify their toxicity impacts on humans and ecosystems. The PestLCI model estimates pesticide emissions in various environmental compartments. Recently updated and implemented as a web-tool, the Consensus version of PestLCI was initially developed to assess pesticide emissions under temperate conditions. To identify the related key input variables that would have to be adapted, we tested the sensitivity of model output using a scenario analysis, where numerical and categorical input variables were varied. Results were combined with impact characterization factors to understand the influence of emission input data at impact level.

The 'mean absolute deviation' method was applied to evaluate categorical and continuous emission model input variables. Following this method, we used an index of the change induced by the variation of inputs as compared to a reference scenario of an insecticide application on tomato under tropical conditions. Overall, 282 scenarios were simulated, changing the value of one input variable at a time.

The emission fractions (emission model output) were characterized in terms of toxicity-related impacts, Céline Gentil 1,2 *, Claudine Basset-Mens 1,4 , Christel Renaud-Gentié 3 , Charles Mottes 1,2 , Carlos Melero 5 , Arthur Launay 1,2 , Peter Fantke 51 HortSys, Univ Montpellier, CIRAD, Montpellier, France 2 CIRAD, UPR HortSys, ELSA, F-97232 Le Lamentin, Martinique, France 

Abstract

Ground cover management (GCM) is an important agricultural practice used to reduce weed growth, erosion and runoff, and improve soil fertility. In the present study, an approach to account for GCM is proposed in the modeling of pesticide emissions to evaluate the environmental sustainability of agricultural practices. As starting point, we include a cover crop compartment into the mass balance of calculating initial (within minutes after application) and secondary (including additional processes) pesticide emission fractions. The following parameters were considered: (i) cover crop occupation between the rows of main field crops, (ii) cover crop canopy density, and (iii) cover crop family. Two modalities of cover crop occupation and cover crop canopy density were tested for two crop growth stages, using scenarios without cover crops as control. From that, emission fractions and related ecotoxicity impacts were estimated for Consequently, the pesticide intercepted fraction by the crop has been distinguished from that intercepted by the cover and other living plants not harvested in the field (e.g. buffer zone).

The main goal of the present study is to consistently introduce GCM in pesticide emission modeling.

To achieve this goal, three specific objectives were defined: (i) to propose an approach for considering GCM in a state-of-the-art pesticide emission model, (ii) to analyze the effect of GCM on distributions of emissions and related freshwater ecotoxicity impacts, and (iii) to test our approach in a case study using different GCM types under temperate and tropical climate conditions.

Materials and methods

Ground cover management modeling

The ground cover management (GCM) was introduced in PestLCI Consensus, a mass balance model that calculates fractions of pesticide mass reaching different plant-environment compartments (air, crop leaves, off-field surfaces, field soil, groundwater) with two distributions (Birkved and Hauschild 2006;Dijkman et al. 2012). The initial (or primary) distribution of PestLCI considers processes occurring few minutes after pesticide application, with a pesticide distribution to air, off-field surfaces, field soil and field crop. Initial distribution is followed by the secondary emission processes occurring over a default duration of 24 hours (Fantke et al. 2017a).

To integrate GCM in PestLCI Consensus, a new compartment in the model for the cover crop was created. Data required to define the cover crop are: i) cover crop occupation fraction between the rows and the stems of the main crop, below the crop canopy (i.e. area fraction of crop-free field soil that is occupied by cover crop), 𝑓 soil→cover ; ii) cover crop canopy fraction (i.e. area fraction of cover crop that is covered by leaves), 𝑓 intercept,cover (Renaud-Gentié et al. 2015a); and iii) cover family (e.g. grass composed of Pooideae).

The cover crop occupation fraction, 𝑓 soil→cover , is dependent on the farmer's goals for applying GCM and is also dependent on the crop, its growth and field characteristics (e.g. slope, crop family, soil). The fraction intercepted by the cover, 𝑓 intercept,cover , is a function of the leaf area index (LAI) defined as the ratio of the leaf surface area (one side) per unit of ground surface area (m² m -²) and it is derived in analogy to the fraction intercepted by field crop leaves (𝑓 intercept,crop ). In the current PestLCI Consensus model, they were defined based on Linders et al. (2000) using the growth stages with BBCH-scale (Meier 2018).

Initial distribution fractions

As a starting point, few minutes after pesticide application, a fraction of pesticides is deposited to offfield surfaces (𝑓 dep ). It is derived from drift deposition functions specific to each application method. DT50 cover,𝑇 = 10 log 10 (DT50 cover,𝑇 ref )-0.01995×(𝑇-𝑇 ref ) (5.8) Where DT50 cover,𝑇 ref the pesticide half-life on cover leaf at reference temperature (20 °C) (d), 𝑇 the average temperature in the month of application (°C) and 𝑇 ref the temperature at which the dissipation half-life is reported (20 °C). DT50 cover,𝑇 ref is selected from a list of coefficients for crops that correspond to one of the relevant cover family (e.g. Pooideae).

Then, the degradation rate constant for pesticides on cover leaves at average temperature in the month of application (d -1 ) was calculated as:

(5.9)

Finally, the overall rate constant for the cover leaves 𝑘 OCover (d -1 ) was calculated as:

𝑘 OCover = 𝑘 volat + 𝑘 uptake + 𝑘 degCover (5.10) Where the rate constant for volatilization from the leaf surface, 𝑘 volat (d -1 ), and the rate constant for leaf uptake, 𝑘 uptake (d -1 ), are both modeled independently of the crop or cover family, and where the degradation rate constant for pesticides on cover leaves, 𝑘 degCover (d -1 ), is modeled according to eq. 5.9.

The processes of degradation, volatilization and uptake on cover leaves are calculated until the time defined for the secondary emissions to occur after pesticide application (default: 𝑡 assess = 1 d).

Considering the crop family of the cover, the degradation on cover leaves (𝑓 degCover ) is different from that on the main crop, and was calculated as:

Where 𝑓 field→cover the fraction reaching cover leaves after pesticide application (eq. 5.5), 𝑘 degCover the degradation rate constant for pesticides on leaf at average temperature in the month of application (d -1 ) (eq. 5.9) and 𝑘 OCover the overall rate constant dissipation on cover leaves (d -1 ) (eq. 5.10).

The volatilization on cover leaves (𝑓 volCover ) was calculated as:

Where 𝑓 field→cover the fraction reaching cover leaves after pesticide application (eq. 5.5), 𝑘 volat the rate constant for volatilization from the leaf surface (d -1 ) and 𝑘 OCover the overall rate constant dissipation on cover (d -1 ) (eq. 5.10).

The cover leaves uptake (𝑓 uptakeCover ) was calculated as:

𝑓 uptakeCover = 𝑓 field→cover × 𝑘 uptake 𝑘 OCover × (1 -𝑒 (-𝑘 OCover ×𝑡 assess ) (5.13)

Where 𝑓 field→cover the fraction reaching cover leaves after pesticide application (eq. 5.5), 𝑘 uptake the rate constant for leaf uptake (d -1 ) independent of the crop or cover family and 𝑘 OCover the overall rate constant dissipation on cover leaves (eq. 5.10).

The fraction remaining on cover leaves (𝑓 Leaves-cover ) that was not degraded, taken up, or volatilized at 𝑡 assess = 1 d, was calculated as:

Where 𝑓 field→cover the fraction reaching cover leaves after pesticide application (eq. 5.5) and 𝑘 OCover the overall rate constant for removal from cover leaves (d -1 ) (eq. 5.10).

The total fraction in and on cover leaves (𝑓 cover-sec ) is calculated by summing the fraction uptake from cover leaves (𝑓 uptakeCover ) and the fraction remaining on cover leaves (𝑓 Leaves-cover ), as:

𝑓 cover-sec = 𝑓 uptakeCover + 𝑓 Leaves-cover (5.15) Other processes not affected by the presence of a cover crop (e.g. processes related to crop leaves) are detailed elsewhere (Dijkman et al. 2012).

Propagation of GCM to impact score level

To evaluate how the introduction of GCM influences final LCA results, we calculated impact scores for freshwater ecotoxicity impacts of pesticide emissions with USEtox (Rosenbaum et al. 2008), considering the application of 1 kg of pesticide on a tomato or grapevine field of 1 ha. The impact score (𝐼𝑆 in PAF m 3 d/kgapplied) was calculated as:

𝑝,𝑐 (5.16) where 𝑚 emi,𝑝,𝑐 (kgemitted/kgapplied) is the total emitted mass of pesticide 𝑝 from the crop production into a given environmental compartment 𝑐, and 𝐶𝐹 𝑝,𝑐 (PAF m 3 d/kgemitted) is the corresponding characterization factor for freshwater ecotoxicity. Related impact characterization factors for freshwater ecotoxicity of the two considered pesticides (mancozeb and pyriproxyfen) are presented in Supplementary Material (SM), Table S5.2.

As recommended in Fantke et al. (2018) and applied in Gentil et al. (2020), emissions to air were assigned in the impact assessment model USEtox to continental rural air, emissions to field soil were 𝑓 Leaves-cover = 𝑓 field→cover × 𝑒 (-𝑘 OCover ×𝑡 assess ) ) (5.14) assigned to continental agricultural soil, and emissions to groundwater were assigned to continental freshwater. Off-field surfaces emissions were assigned to continental agricultural soil, natural soil and freshwater according to the typical area share of each compartment in a given region. Cover and crop uptake fractions and degradation were not linked to the impact assessment, in our case study as they are not relevant for ecotoxicity.

Definition of illustrative case study under different conditions

To evaluate the proposed GC modeling approach, pesticide applications were simulated for grapevine (Vitis vinifera) in Loire Valley in France (Figure 20a) and an open-field tomato crop (Solanum lycopersicum)

in Martinique in French West Indies (Figure 20b). With that, different conditions of crop, climate, soil, application method and cover crop were considered (see (Beck et al. 2018) To assess the variability of pesticide distribution on cover crop, different growth stages of the main crop (𝑓 intercept,crop ) were considered, as well as the effective area fraction of crop-free field that is cover cropped (𝑓 eff,cover ). For each scenario, two main crop growth stages were considered, namely the leaf development and the flowering stage/development of fruit/ripening; and defined as 𝑓 intercept,crop = 0.3 for leaf application method pairs in tropical conditions. For LCA studies where the agricultural stage is in foreground and where the purpose is to support eco-design, secondary emission fractions should be used to compare different farming practices, soil and climatic characteristics. To this end, they will need many primary data (i.e. soil and climate characteristics with the month of application, farming practices (e.g. irrigation, tillage, GCM) and the active ingredient) that are not always easy to obtain. These recommendations have been recently presented in a stakeholder's workshop of the OLCA-Pest scientific project to which this thesis was a support. The interest of using secondary emission fractions will be further increased for background LCA applications, when rain-related processes will be properly accounted for and the GCM modeling will be operationalized in the PestLCI web-tool. Concerning the consistent use of dynamiCROP and PestLCI initial distribution fractions, for each pesticide application the dynamiCROP's inputs can be replaced manually by the PestLCI's outputs. A common interface for PestLCI and dynamiCROP would simplify the consistent use of both models and the inclusion of impacts from pesticide residues in crop ingested. Finally, the inclusion of these advances on pesticide emission and impact modeling in the most common LCA software should be considered (e.g. in SimaPro software).

Additional research needs to improve pesticide assessment in LCA

Future research needs to assess in agricultural LCA pesticide emissions and impacts are presented for tropical conditions and more generally for all agricultural regions.

The inclusion of inorganic pesticide and metabolite emissions and related impacts in LCA

To assess metal-based pesticide emission, currently only initial distributions can be derived (presented in chapter 3), since secondary emissions processes need to be adapted to consider metal speciation and other metal-relevant characteristics (Dong et al. 2014), which might additionally depend on the emission location (Peña et al. 2018). This is of particular concern since metal-based pesticides are authorized and widely used in organic farming, but also in agro-ecological production systems. To properly assess and compare diverse farming cropping systems in LCA, emissions and related-impacts of these inorganic pesticides is required.

Metabolites of active ingredients may be widely found in the environment as a result of the degradation of applied active ingredients (e.g. AMPA metabolite from glyphosate) (Mottes et al. 2017b) and may have even higher toxic effects than their parent compounds (e.g. metabolites of diuron) (Oturan et al. 2008), notably on freshwater ecosystems [START_REF] Van Zelm | Transformation products in the life cycle impact assessment of chemicals[END_REF]. However, the current state of knowledge on their emissions and impacts does not allow their inclusion in LCA.

CHAPTER 6 167 Chemical mixtures and their "cocktails effects" are also omitted in LCA. A framework for environmental risk assessment has been proposed to consider them [START_REF] Backhaus | Predictive Environmental Risk Assessment of Chemical Mixtures: A Conceptual Framework[END_REF] and could constitute a relevant base for their consideration in LCA.

Consideration of all non-target exposure of organisms and humans in LCA

Future models should consider all different exposed populations including workers and bystanders, and all types of pesticide application not only at field plot level, but also at post-harvest and seed treatment levels. Some pesticides exposure pathways in agriculture are omitted in LCA as occupational exposure (when preparing and applying pesticides) (Ingwersen 2012), residential bystanders, and family of exposed workers (Ryberg et al. 2018). A framework for assessing residential bystander exposure to field pesticide applications (potatoes) in LCIA has been recently presented by Ryberg et al. (2018). Further adaptation of this approach is required to include additional tropical crops and application methods, in particular to handoperated spraying (García-Santos et al. 2016), which is one of the main application methods used in tropical agriculture, particularly for horticulture production (Charlier et al. 2009). As non-applied in the field, postharvest treatments are generally omitted whereas they can have environmental and human health impact [START_REF] Bajwa | Effect of handling and processing on pesticide residues in food-a review[END_REF].

Furthermore, ecotoxicity assessment must consider all non-target organisms (i.e. freshwater, marine, and terrestrial organisms, pollinators, and birds). Efforts are required on on-field impacts and missing impact categories including terrestrial and pollinators' ecotoxicity (Fantke 2019). The impacts of insecticide and fungicide toxicity on pollinating insects were recently modeled for LCA [START_REF] Crenna | Characterizing honey bee exposure and effects from pesticides for chemical prioritization and life cycle assessment[END_REF], considering new measures of pesticide exposures through ingestion and bee contact. To apply the model to a wider range of pesticides, gaps in data on residues in pollen and nectar need to be filled and more exposure pathways need to be included. Terrestrial ecotoxicity should be considered and advances has already been proposed for metal-based substances [START_REF] Owsianiak | Assessing comparative terrestrial ecotoxicity of Cd, Co, Cu, Ni, Pb, and Zn: The influence of aging and emission source[END_REF]. Finally, specific acute toxicity data with tropical natives species (earthworm) has been presented (Arias-Andrés et al. 2018), as well as different toxicity responses between shrimps from temperate and tropical regions [START_REF] Daam | Freshwater shrimps as sensitive test species for the risk assessment of pesticides in the tropics[END_REF]. To fully consider tropical species' sensitivity to ecotoxicity in LCIA, further research is required on indigenous species in tropical conditions and organisms' sensitivity to pesticides from tropical origins [START_REF] Lacher | Tropical ecotoxicology: Status and needs[END_REF]. 
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S3.3 Metal-based substances impact calculation example

An example is basic copper chloride used as fungicide (CAS: 1332-40-7, molecular formula:

Cl2Cu4H6O6, 𝑀𝑊 𝑝 = 427.14 g/mol), which contains 𝑛 𝑖 = 4 molecules of Cu(II) (CAS: 15158-11-9, 𝑀𝑊 𝑖∈𝑝 = 63.55 g/mol ((US EPA 2020)). This gives a mass contribution of Cu(II) on basic copper chloride emission of (63.55 g/mol × 4) 427.14 g/mol ⁄ = 0.6.

S3.4 General description of PestLCI and associated assumptions

PestLCI Consensus provides 'initial distribution fractions' (i.e. pesticide mass reaching the environment as emissions within minutes after application) for compartments 𝑐 ∈ {air, field crop surface, field soil surface, off-field surfaces}. Initial distribution fractions are mainly influenced by growth stage and physiology of treated field crops defining the fraction of applied mass that is intercepted by crop surfaces, and by the drift deposition function for a given pesticide application method defining the fraction reaching off-field surfaces. PestLCI Consensus furthermore provides 'secondary emission fractions' (i.e.

pesticide mass reaching the environment at the end of a defined time, e.g. 5 days after application) for compartments 𝑐 ∈ {air, field crop surface, field crop leaf uptake, field soil, off-field surfaces}, also considering degradation in field crop and soil. Emission fractions are likewise a function of crop characteristics and application method, but additionally depend on field and pesticide properties.

To run the model, some data are mandatory and some are optional. For the initial distribution, the mandatory data are: crop type, applied fraction intercepted by crop, application method and the optional data are: presence or not of a drift reduction method during application, presence or not of a buffer zone, width of the buffer zone and fraction deposited on buffer zone leaves, field width perpendicular to wind direction. For the secondary distribution, the mandatory data are the same as for the initial distribution plus soil type, climate, month of application, and the optional data are the same as for the initial distribution plus application-to-emission time modeled, application rate of active ingredient (a.i.), field length, field slope, depth of field drainage, fraction of the field which is drained, annual irrigation on the cultivated crop and tillage type. (https://donneespubliques.meteofrance.fr/), using the 3 closest weather stations to the studied plots. The required data are the mean, minimal and maximal temperature (°C) per month, the amount of rainfall (mm) per month, the number of days with >1 mm of rainfall (day), the average rainfall on rainy day per month (mm), the rain frequency per month (day) and the annual potential evaporation (mm). Weather data were mostly averaged between 1992 and 2018. The annual potential evaporation data were not available for the 3 weather stations and came from Reguieg (1986). According to the definition of soil type in Martinique by [START_REF] Colmet-Daage | Carte pédologique de la Martinique 1/20 000[END_REF] and [START_REF] Chevignard | Le "remodelage" des terres en Martinique : modification des propriétés de "ferrisols" et d'andosols cultivés en canne à sucre[END_REF], the world soil classification from FAO was used (soil profiles available on http://www.fao.org/soils-portal/en/). In the FAO classification, the soil called "TV" for Vitric Andosol was selected for the vitric soils of the plots in the weeds. In Martinique in 2018, based on local experts' advice, we estimated that 6 000 tonnes of tomatoes were marketed. Among these 6000 tonnes consumed locally, local production supplied 1800 tonnes In the 6 tomato farms surveyed, a variety of pesticides were used: 10 insecticides, 4 fungicides, 2 herbicides and 1 molluscicide, to control a wide range of pests and diseases (whiteflies, mites, caterpillars, mildew, powdery mildew etc.). Each farmer has his own pest management scheme and most of them use mixtures of several active ingredients (up to 4 a.i.), in particular a combination of one insecticide and one fungicide. Chapter 6 -Supplementary Material -Discussion and outlook

S6.1 Field capacity extension to tropical soil

The field capacity (𝐹𝐶 𝑠 ) equation was based on PRZM modeling (Suárez 2005) using coefficients data defined by Rawls for non-tropical, -organic and -volcanic soils, leading to aberrant values for tropical soils.

For the grapevine case study, the field capacity was consistently calculated according to PRZM modeling, but not for the tomato case study in tropical conditions.

The field capacity calculation for tomato case study was modified using an equation adapted from Pollacco (2008) for tropical soils and was also previously implemented in Gentil et al. (2020), to allow the consideration of the tropical soil characteristics (fraction of clay, sand, silt, organic matter, and the bulk density). The field capacity of the vitric andosol (TV), 𝐹𝐶 𝑠 (g g -1 ) was calculated using the fitting parameters selected from "Vitric" soil in the pedotransfer function (PFT) model 4 in Pollacco (2008):

where 𝑆𝐴𝑇 𝑠 (g g -1 ) is the saturated gravimetric moisture content of soil 𝑠 (here TV), 𝑃 min , 𝑃 max , 𝑃 clay , 𝑃 sand , and 𝑃 𝜌 are dimensionless empirical fitting parameters (respectively, 0.371, 1.000, 0.563, 0.187, -0.030), 𝑓 clay (g g -1 ) is the fraction of clay in soil and 𝑓 sand (g g -1 ) is the fraction of sand in soil.

The field capacity obtained for the vitric andosol in the tomato case in Martinique is: 0.281 (g g -1 ).

We proposed to use the equation of Pollacco et al (2008) 

ABSTRACT

The use of pesticides in agriculture leads to environmental and human health impacts, particularly in tropical regions where pedoclimatic conditions favorable to pests and diseases, encourage their use all year round. Life Cycle Assessment (LCA), an ISO-standardized methodology is widely applied to quantify the environmental performance of agri-food systems but generally do not account properly for impacts due to pesticide applications. A bibliographic review identified the characteristics that determine pesticide emissions and related impacts under tropical conditions, and assessed to what extent Life Cycle Inventory (LCI) and Life Cycle Impact Assessment (LCIA) models need to be adapted to better account for these conditions. The main goal of the thesis was to advance emission and impact modeling for agricultural pesticides under tropical conditions for improving scientific foundation of the environmental evaluation of tropical agri-food systems. First, we identified with a sensitivity analysis on the pesticide emission model PestLCI Consensus, aspects that needed be developed in priority. Then, the initial emission distribution was refined by developing a consistent set of foliar interception fractions as function of crop characteristics and spraying techniques for crops grown under tropical conditions. In addition, based on a literature review, measures of drift from application methods were extracted from experimentations specifically conducted in tropical conditions. Thanks to these developments, a consistent set of pesticide emission fractions were provided for direct use by LCA practitioners. A consistent coupling of pesticide LCI-LCIA models was proposed for all agricultural contexts including human toxicity due to exposure to pesticide residues in crops. The proposition was tested successfully on an LCA of an open-field tomato produced in Martinique (French West Indies) by parametrizing the model to the local conditions. Moreover, to evaluate the environmental sustainability of agricultural practices a framework was proposed to account for ground cover management in the modeling of pesticide emissions. These methodological, scientific and operational advances constitute an important step toward a more reliable modeling of field pesticide emissions, including emission to the consumed part of the crop, and their consistent conversion into (eco)-toxicity impacts, as part of LCA for agri-food systems in tropical regions. To improve further the assessment of agricultural pesticides in LCA, especially for tropical conditions, a better consideration of rain-related processes in pesticide emission model is needed. Keywords: Active ingredient, models, tropical crops, farming practices, (eco-)toxicity, LCA RESUME L'utilisation des pesticides en agriculture a des impacts sur l'environnement et la santé humaine, en particulier dans les régions tropicales où les conditions pédoclimatiques favorables aux maladies et aux bio-agresseurs, motivent leur utilisation tout au long de l'année. L'Analyse du Cycle de Vie (ACV), une méthodologie normalisée par l'ISO, est largement utilisée pour quantifier la performance environnementale des systèmes agroalimentaires mais la prise en compte des impacts liés aux pesticides y représente un défi majeur. Une analyse bibliographique a permis d'identifier les caractéristiques qui déterminent les émissions de pesticides et leurs impacts associés dans les conditions tropicales, et d'évaluer dans quelle mesure les modèles d'inventaire et d'évaluation de l'impact doivent être adaptés pour mieux tenir compte de ces conditions. Le principal objectif de cette thèse était d'aller vers une meilleure modélisation des émissions et impacts des pesticides agricoles dans les conditions tropicales afin d'améliorer les bases scientifiques de l'évaluation environnementale des systèmes agroalimentaires tropicaux. Tout d'abord, grâce à une analyse de sensibilité du modèle d'émission des pesticides PestLCI Consensus, nous avons identifié les aspects qui devraient être développés en priorité. Ensuite, la distribution initiale des émissions a été affinée en développant un ensemble cohérent de fractions d'interception foliaire en fonction des caractéristiques de la culture et des techniques de pulvérisation pour les cultures tropicales. De plus, des mesures de la dérive due aux méthodes d'application utilisées ont été extraites d'expérimentation spécifiquement menées dans des conditions tropicales. Ainsi, un jeu de fractions d'émission de pesticides a été produit pour une utilisation directe par les praticiens de l'ACV. Un couplage cohérent des modèles d'émission et d'impact des pesticides a été proposé pour tous les contextes agricoles, incluant la toxicité humaine due à l'exposition aux résidus de pesticides dans les produits récoltés. La proposition a été testée de façon satisfaisante sur l'ACV de la production de tomate plein champ en Martinique (Antilles françaises) en paramétrant le modèle aux conditions locales. De plus, pour évaluer la durabilité environnementale des pratiques agricoles, la modélisation de la gestion de la couverture du sol dans le modèle d'émissions des pesticides a également été proposée. Ces progrès méthodologiques, scientifiques et opérationnels constituent une étape importante vers une modélisation plus fiable des émissions au champ de pesticides, y compris l'émission dans la partie consommée de la culture, et leur conversion cohérente en impacts d'(éco)toxicité, dans le cadre de l'ACV des systèmes agroalimentaires des régions tropicales. Pour améliorer encore l'évaluation des pesticides agricoles dans le cadre de l'ACV, en particulier pour les conditions tropicales, il est nécessaire de mieux prendre en compte les processus liés à la pluie dans le modèle d'émission des pesticides. Mot clés : substance active, modèles, cultures tropicales, pratiques agricoles, (éco-)toxicité, ACV