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Abstract  12 

Purpose In tropical cropping systems, pesticides are extensively used to fight pests and ensure high crop yields. 13 

However, pesticide use also leads to environmental and health impacts. While pesticide emissions and impacts are 14 

influenced by farm management practices and environmental conditions, available Life Cycle Inventory (LCI) 15 

emission models and Life Cycle Impact Assessment (LCIA) toxicity characterization models are generally 16 

designed based on temperate conditions. There is, hence, a need for adapting LCI and LCIA models for evaluating 17 

pesticides under tropical conditions. To address this need, we aim to identify the characteristics that determine 18 

pesticide emissions and related impacts under tropical conditions, and to assess to what extent LCI and LCIA 19 

models need to be adapted to better account for these conditions. 20 

Methods We investigated the state-of-knowledge with respect to characteristics that drive pesticide emission 21 

patterns, environmental fate, human and ecological exposures, and toxicological effects under tropical conditions. 22 

We then discuss the applicability of existing LCI and LCIA models to tropical regions as input for deriving specific 23 

recommendations for future modelling refinements. 24 

Results and discussion Our results indicate that many pesticide-related environmental processes, such as 25 

degradation and volatilization, show higher kinetic rates under tropical conditions mainly due to higher 26 

temperatures, sunlight radiation and microbial activity. Heavy and frequent rainfalls enhance leaching and runoff. 27 

Specific soil characteristics (e.g. low pH), crops and cropping systems (e.g. mulching) are important drivers of 28 

distinct pesticide emission patterns under tropical conditions. Adapting LCI models to tropical conditions implies 29 

incorporating specific features of tropical cropping systems (e.g. intercropping, ground cover management), 30 

specific drift curves for tropical pesticide application techniques and better addressing leaching processes. The 31 

validity domain of the discussed LCI and LCIA models could be systematically extended to tropical regions by 32 

considering tropical soil types, climate conditions, and crops, and adding active substances applied specifically 33 

under tropical conditions, including the consideration of late applications of pesticides before harvest and their 34 

effect on crop residues and subsequent human intake. 35 

Conclusion Current LCI and LCIA models are not fully suitable for evaluating pesticide emissions and impacts 36 

for crops cultivated in tropical regions. Models should be adapted and parameterized to better account for various 37 

characteristics influencing emission and impact patterns under tropical conditions using best available data and 38 

knowledge. Further research is urgently required to improve our knowledge and data with respect to understanding 39 

and evaluating pesticide emission and impact processes under tropical conditions. 40 

Keywords: Life cycle assessment; pesticides; emission models; toxicity characterization models; tropical regions    41 
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 42 

1. Introduction  43 

Tropical conditions are located mainly between the Tropic of Cancer and the Tropic of Capricorn. They are 44 

characterized according to Köppen-Geiger climate classification by warm temperatures with an alternating rainy 45 

and dry season, or by an equatorial climate with humid conditions prevailing all year round (Kottek et al. 2006; 46 

Beck et al. 2018). These conditions are very suitable for diversified agricultural production. A common 47 

characteristic of tropical crop farming is the possibility to grow crops all year round without interruption by a cold 48 

season, as is the case in temperate climates. However, such environmental conditions are also favorable for the 49 

occurrence of pests (insects, weeds, fungi, etc.). To fight pests and to preserve high crop yields and quality, most 50 

farmers use a wide diversity of pesticides at high frequency (Racke et al. 1997; Lewis et al. 2016) and sometimes 51 

all year round (Daam and van den Brink 2010; Mottes et al. 2017). In many tropical contexts, farmers have received 52 

no or little training about proper pesticide application and have a limited awareness of pesticide risk (Williamson 53 

et al. 2008; Raksanam et al. 2012). Therefore, farmers often do not respect good application practices (Settle et al. 54 

2014; Houbraken et al. 2017; Elibariki and Maguta 2017), practice excessive use and misuse of pesticides (Montes 55 

et al. 2012; Pouokam et al. 2017). Furthermore, structural adjustment policies e.g. in African countries led to a 56 

decline in compliance control services and an increase in reported missuses, including the use of unauthorized 57 

pesticides (de Bon et al. 2014). Under such circumstances, pesticide uses lead to increased environmental and 58 

health pressure (Arias-Estévez et al. 2008; Aktar et al. 2009). As in all cultivated areas in the world, pesticides can 59 

be detected in all environmental compartments in tropical regions, including groundwater (Sorensen et al. 2015). 60 

For example, Bocquené and Franco (2005) found pesticides in water and sediment from rivers in Martinique, Pillai 61 

(1986) in soil and air in India, and Dickinson and Lepp (1984) in non-agricultural plants and soils in Kenya. 62 

Moreover, Arias-Andrés et al. (2018) observed ecotoxicity effects of pesticides on freshwater organisms in Costa-63 

Rica, and Peters et al. (1997) on marine organisms in tropical conditions. Pesticides have also been detected in 64 

food crops grown in tropical regions, which might exceed the recommended maximum residue limits (e.g. tomato 65 

(Solanum lycopersicum) in Tanzania: Kariathi et al. 2016, and vegetables in Bangladesh: Hossain et al. 2015). 66 

Finally, food crop consumption was identified as main pesticide exposure pathway for the general human 67 

population (Fantke and Jolliet 2016). This is particularly relevant for fruits and vegetables, mainly consumed in 68 

fresh form, which increases the risk of ingestion of pesticide residues (Weinberger and Lumpkin 2007). 69 

To evaluate the potential environmental and health impacts of crop production systems in relation to their function 70 

as part of a global environmental assessment, Life Cycle Assessment (LCA) is widely used, and pesticides are 71 
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generally one of the main contributors to human and ecosystem toxicity impacts in cradle-to-farm-gate LCA 72 

studies (Bessou et al. 2013). However, current models for applied to evaluate emissions and toxicity-related 73 

impacts of pesticides in LCA were developed and parameterized typically reflecting temperate conditions for 74 

climate, soil, application techniques and crops (Rosenbaum et al. 2008; Fantke et al. 2011b; Dijkman et al. 2012; 75 

Fantke et al. 2017a), questioning their relevance for tropical conditions. Under tropical conditions, pesticide 76 

emissions and impacts are not as well understood or supported by measurements as in temperate regions (Racke 77 

et al. 1997; Sanchez-Bayo and Hyne 2011). For example, ecotoxicological tests on aquatic ecosystems are rare in 78 

tropical countries (Castillo et al. 1996). 79 

Fantke et al. (2017a) highlighted the lack of data and model parameters for characterizing emission patterns under 80 

tropical conditions, suggesting to develop specific pesticide application scenarios for tropical regions. However, 81 

the development of such scenarios requires pesticide emission and impact characterization models that are able to 82 

compare agricultural practices and conditions in tropical regions. There is an urgent need for adapting and 83 

parameterizing existing Life Cycle Inventory (LCI) emission and Life Cycle Impact Assessment (LCIA) toxicity 84 

characterization models to better account for pesticide impacts under tropical conditions.   85 

This paper, hence, aims at providing an overview of how to adapt currently available LCI and LCIA models to 86 

evaluate the use of pesticides in agriculture under tropical conditions, based on addressing three specific objectives. 87 

First, we explore factors influencing emission and toxicity impact patterns under tropical conditions. Second, we 88 

analyze current LCI and LCIA models with focus on how they currently reflect tropical conditions. Third, we 89 

provide insights of model improvements to better account for tropical conditions, and derive specific 90 

recommendations for future research to adapt LCI and LCIA models to address emissions and impacts of pesticides 91 

applied under tropical conditions. 92 

 93 

2. Methods 94 

2.1 Study area – tropical conditions and crops 95 

The tropical conditions defined by the Köppen-Geiger climate classification (Kottek et al. 2006; Beck et al. 2018) 96 

are divided into three categories: tropical rainforest climate, tropical monsoon climate, and tropical savannah 97 

climate with dry summer or winter. These climates, the regions and countries they cover, and the main related 98 

crops are summarized in Table 1. In this paper, we always refer to this Köppen-Geiger climate classification. We 99 

note that a large diversity of climates might be present even in a small territory, for example in the Martinique 100 

Island, where all three above-described tropical climates are present on an area of only 1128 km2. Other climatic 101 
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conditions between the Tropics of Cancer and Capricorn, as arid desert conditions or temperate conditions in 102 

highlands (e.g. mountain area in South America), are not considered as tropical conditions, and are hence not 103 

addressed in our study. In some regions, tropical conditions are found only part of the year. These climates are 104 

called humid subtropical climate, and are characterized by hot and humid summer (e.g. east of Australia, east of 105 

China), and are not considered in this study.  106 

Even if climate conditions are widely different between tropical and temperate regions, certain crops can be grown 107 

in both, e.g. maize (Zea mays) and tomato. However, some crops can usually only be grown under tropical 108 

conditions, e.g. oil palm (Elaeis guineensis), cassava (Manihot esculenta) or sugarcane (Saccharum officinarum), 109 

because the sum of temperatures in temperate climates is too low to finish the crop cycle during the warm season. 110 

Some crops are present in the three different equatorial climates (e.g. banana Musa spp.). According to FAOSTAT 111 

(2019), the main crops in terms of area harvested in the countries with tropical climates are in decreasing order of 112 

importance: rice (Oriza spp.), maize, soybean (Glycine max), sorghum (Sorghum bicolor), bean (Phaseolus 113 

vulgaris), cassava, sugar cane and oil palm. As synthetized in Racke et al. (1997), in tropical conditions depending 114 

on rain patterns, two types of crop production exist. In equatorial humid climates, the main staple crops are roots 115 

and tubers (e.g. sweet potato Ipomoea batatas and cassava), and fruits (e.g. banana), whereas in tropical climates 116 

with a dry season, the staple foods are cereals (e.g. rice, maize and sorghum). Beyond the mentioned crops, the 117 

production of fruits and vegetables is generally important in these regions for the nutritional balance of people’s 118 

diet (Weinberger and Lumpkin 2007; Williamson et al. 2008). Fruits and vegetables thereby constitute preferential 119 

targets for pests, and as nutritional high value crops they usually receive intensive pesticide applications. 120 

 121 

Table 1 Presentation of tropical climates, their main characteristics, regions/countries and main crops grown 122 

Tropical 

climates  

Main characteristics  Regions/countries  Main crops 

grown in these 

climates 

Temperature Humidity  

Equatorial 

rainforest, fully 

humid 

Tmin ≥  +18°C  Pmin  ≥  60 mm Generally found within 15° North and 

South of the equator: in Central Africa 

(e.g. Uganda), in Southeast Asia (e.g. 

Malaysia, Indonesia), parts of Central 

and South America (e.g. Colombia, 

Costa Rica) 

Rice, oil palm, 

roots and tubers 

Equatorial 

monsoon  

Pann ≥ 25×(100-Pmin) Caribbean islands (e.g. Dominican 

Republic), west and central Africa (e.g. 

Guinea, Cameroon), South Asia (e.g. 

Philippines)  

Rice, pulses, 

sorghum, sugar 

cane 

Equatorial 

savannah with 

dry summer or 

dry winter 

Pmin < 60 mm in 

summer or Pmin < 60 

mm in winter 

Central and Northern parts of South 

America (e.g. Brazil), Central Africa 

(e.g. Tanzania, Madagascar), Southeast 

Asia (e.g. Thailand, India), Northern 

Australia 

Rice, maize, 

sorghum, pulses, 

groundnuts 

(Arachis 

hypogaea), sugar 

cane 
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Tmin: monthly mean temperature of the coldest month; Pmin: mean precipitation of the driest month; Pann: mean 123 

cumulative annual precipitation 124 

 125 

2.2 Methodological approach 126 

As first step, available literature was reviewed to analyze the state-of-the-art in data describing pesticide emissions 127 

and impacts under tropical conditions. According to the tropical climates from Köppen-Geiger classification, we 128 

identified all countries with at least one of the three tropical climates. Using these countries as spatial scope, we 129 

did a bibliographic search (on Agricola, Agris and CAB Abstract) using an “AND” combination of two main 130 

search criteria. One criterion was related to pesticides (using search keywords, such as “fungicide”, “insecticide”, 131 

etc.) and one criterion related to Life Cycle Assessment, (eco)-toxicity and environmental dissipation of pesticides 132 

(using search keywords, such as “degradation”, “leaching”, “fate”, etc.). More than 600 articles were identified 133 

and 576 were selected and organized in three categories by reading the abstracts: environmental processes (n=288), 134 

(eco)-toxicity (n=331) and farmers’ behavior with pesticide application (n=41). Some articles could appear in more 135 

than on category. These articles were analyzed and classified considering different aspects: country or region, crop, 136 

pesticide target class, environmental compartments and processes, etc. This bibliographic work enabled us to 137 

realize that there were many articles available on the subject. Some key review papers allowed us to identify the 138 

major and specific processes of pesticide dissipation in the environment under tropical conditions (e.g. Racke et 139 

al. 1997; Sanchez-Bayo and Hyne 2011). Consequently, another, more focused bibliographic search has been 140 

conducted, using Web of Science. Subsequently, those publications that were most relevant with respect to the 141 

focus on tropical conditions were analyzed in more detail, with 17 articles studying water flow processes (e.g. 142 

leaching, runoff), 17 articles focusing on pesticide drift when applying pesticides, and 20 articles analyzing effects 143 

of farm management practices on pesticide dissipation. Overall, there is a rich body of risk assessment literature, 144 

which could additionally be used to improve and refine existing models applied in LCI and LCIA for pesticides 145 

(e.g. Brock et al. 2009; Thorbek et al. 2009). 146 

As a final step, the validity and completeness of state-of-the-art models for characterizing pesticide emissions and 147 

toxicity-related impacts in LCA, namely PestLCI, USEtox and dynamiCROP, were assessed based on the 148 

references presented in Table 2. Furthermore, the equations, assumptions and database of the PestLCI model were 149 

analyzed in detail. Finally, improvement recommendations were derived according to the relevant processes and 150 

characteristics identified for tropical conditions and with specific relation to the studied models. 151 

  152 
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2.3 Pesticide modelling in LCA 153 

In order to estimate pesticide impacts in LCA, models are required as well as an exhaustive and reliable inventory 154 

of pesticide emissions under various relevant production systems and conditions. We selected the three most up-155 

to-date pesticide emission and toxicity-related characterization models, namely the adapted PestLCI model as 156 

pesticide emission inventory model, USEtox 2.1 as general (eco-)toxicity characterization model, and 157 

dynamiCROP 3.1 as model characterizing human exposure to pesticide residues in food crops. The models are 158 

presented in detail further below, and related references summarized in Table 2. The inter-connections between 159 

the considered models along with their inputs and outputs are presented in Figure 1. As part of a global pesticide 160 

consensus building effort for LCA (Rosenbaum et al. 2015; Fantke et al. 2017a), some modifications to the PestLCI 161 

2.0 model were proposed, mainly focusing on including additional drift functions and adapting certain model 162 

parameters. We refer to this version in the following text as ‘adapted PestLCI model’. 163 

 164 

Table 2 References used for the analysis of the models PestLCI, USEtox and dynamiCROP (*focus on tropical 165 

conditions only) 166 

Models Original publications / 

documentation 

Consensus publications / 

model update / model 

analyses   

Publications on model case studies  

PestLCI Birkved and Hauschild 

2006 

Dijkman et al. 2012; Dijkman 

2013; Fantke et al. 2017a; 

Fantin et al. 2019; 

Rosenbaum et al. 2015 

PestLCI 1.0: Vázquez-Rowe et al. 2012; 

Salomone and Ioppolo 2012; Bojacá et al. 

2012; Ingwersen 2012* 

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 et al. 2008; 

Fantke et al. 2017b 

Henderson et al. 2011; 

Rosenbaum et al. 2011; 

Westh et al. 2015 

Juraske et al. 2009; Berthoud et al. 2011; 

Vázquez-Rowe et al. 2012; Dijkman et al. 

2017; Hunt et al. 2017 

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 167 

 168 
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 169 

Fig. 1: Life cycle inventory and impact assessment models for evaluating pesticides, their inputs, outputs and inter-170 

connections  171 

 172 

2.3.1 PestLCI to quantify pesticide emissions 173 

The adapted PestLCI model is a model to estimate pesticide emissions for LCA of agricultural products (Dijkman 174 

et al. 2012; Fantke et al. 2017a). Based on the framework proposed by Hauschild (2000), this model estimates 175 

emissions to air, surface water, groundwater and soil from pesticide application in open fields, through two sets of 176 

distributions. Primary distribution covers initial processes within few minutes after pesticide application. When 177 

the pesticides have been deposited on crop, soil and off-field surfaces, and emitted to air via wind drift, secondary 178 

distribution estimates emissions covering more continuous processes on crop leaves (degradation, volatilization, 179 

plant uptake) and soil (volatilization, degradation, leaching, runoff). As result of the secondary distribution, 180 

pesticides are emitted to surface water, to groundwater, to soil, to air and to plant compartments (Dijkman et al. 181 

2012). These processes are captured until the first rainfall event occurs (according to the frequency of rainfall 182 

events by month). The model was not developed for pesticide emission quantification for greenhouse production. 183 

However, from the same framework by Hauschild (2000), Antón et al. (2004) developed a proposition to evaluate 184 

pesticide emissions in greenhouses for LCA studies. Depending on the goal and scope of an LCA study, the 185 

agricultural soil and the buffer zone may be considered part of the ecosphere (i.e. environment) or the technosphere 186 

(i.e. agricultural production system). This will influence the results, as in LCA, an emission is a chemical flow 187 

crossing the boundary between technosphere and ecosphere. The interest of using PestLCI has been demonstrated 188 
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by Vázquez-Rowe et al. (2012, 2017) ; Renaud-Gentié et al. (2015) ; Fantke et al. (2017a); Fantke (2019), in 189 

comparison to other methods as e.g. ecoinvent where 100% of the applied dose of pesticides is assumed to be 190 

emitted directly to the agricultural soil (Nemecek and Schnetzer 2011). In contrast, PestLCI allows to integrate 191 

much more specificity than such generic assumptions, and estimates are derived as function of crop, location, 192 

growing season, pesticide, farming practice, and application method (Vázquez-Rowe et al. 2017). The adapted 193 

PestLCI model reflects the state-of-the-art in estimating pesticide emissions in LCA. This model is hence used to 194 

analyze its suitability for quantifying pesticide emissions under tropical conditions. The LCA study from 195 

Ingwersen (2012) of fresh pineapple (Ananas comosus) in Costa Rica constitutes a first application of the PestLCI 196 

model to estimate emissions under tropical conditions, which we therefore include in the discussion of model 197 

suitability. 198 

 199 

2.3.2 USEtox to characterize human toxicity and ecotoxicity impacts 200 

For characterizing human toxicity and ecotoxicity impacts in LCA, the most consensual model is USEtox 201 

(Hauschild et al. 2013). USEtox was developed as outcome of a global scientific consensus building process 202 

aiming to harmonize existing LCIA models for assessing environmental and health exposure to toxic substances  203 

(Rosenbaum et al. 2008; Westh et al. 2015). USEtox is a continental-scale model with six environmental 204 

compartments at continental level: urban air, rural air, agricultural soil, natural soil, freshwater and coastal marine 205 

waters. This steady-state model allows calculating two impact categories with three indicators, two for human 206 

toxicity, namely human cancer toxicity and human non-cancer toxicity, and one for freshwater aquatic ecotoxicity 207 

of chemical emissions (including pesticides). Depending on the goal and scope of each LCA, USEtox allows 208 

calculating potential impact results at the midpoint level or damage results at the endpoint level. Ecotoxicity impact 209 

results are expressed as potentially affected fraction of species (midpoint) and potentially disappeared fraction of 210 

species (damage), integrated over exposure time and volume per unit mass of a substance emitted. Human toxicity 211 

impact results are expressed as number of disease cases (midpoint) and disability-adjusted life years (damage) per 212 

unit mass of a substance emitted. Human exposure factors account for air inhalation, and ingestion of drinking 213 

water, exposed produce (= leaf, fruit and cereals), unexposed produce (= root crops), meat, dairy products and fish. 214 

The consideration of pesticide residues in food crops was recently included based on the parameterization of the 215 

dynamiCROP model for six major food crops (Fantke et al. 2017b). 216 

 217 
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2.3.3 DynamiCROP to characterize exposure to crop residues   218 

The dynamic plant uptake model dynamiCROP was developed, to include in LCA human exposure to pesticide 219 

residues in food crops as a predominant exposure pathway for the general human population (Juraske et al. 2009; 220 

Fantke et al. 2012b). This model estimates pesticide plant uptake and residue exposure in open field contexts, but 221 

also allows for pesticide greenhouse applications. To calculate human impacts of pesticides residues through food 222 

crop consumption, dynamiCROP follows the general LCIA cause-effect chain combining factors representing 223 

environmental fate, human exposure and health effects (Fantke et al. 2011b). The dynamiCROP model relates the 224 

mass that is ultimately taken in by humans via crop residues to the mass of applied pesticide (Fantke and Jolliet 225 

2016). Food processes, such as peeling of fruits, are taken into account using generic food processing factors. 226 

Pesticide fate in plants is mainly influenced by degradation in and on crops, time between pesticide application 227 

and crop harvest, overall residence times in soil, and substance molecular weight, based on a detailed analysis of 228 

influencing factors (Fantke et al. 2013; Fantke et al. 2014). These five key parameters are responsible for between 229 

80% and 93% of the variation in pesticides residues and allowed to create parameterized exposure models for six 230 

important food crops (Fantke et al. 2012b). When combining human exposure estimates with human toxicity effect 231 

information, human toxicity results in dynamiCROP are compatible with results from USEtox and are expressed 232 

in disease cases (midpoint) or DALY (endpoint) per kg pesticide applied (or per kg emitted based on linking mass 233 

applied to mass emitted). Since 2016, parameterized dynamiCROP results are incorporated in USEtox (direct input 234 

in intake fraction matrix), but to use the model in its full version, LCA practitioners will need to couple 235 

dynamiCROP results with the applied pesticide mass on crops, which is currently not included in LCI databases 236 

(Rosenbaum et al. 2015). 237 

 238 

3. Results and discussion  239 

3.1 Characteristics of pesticide emission and impact patterns under tropical conditions  240 

Tropical crop production systems and their use of pesticides are very different compared to cropping systems under 241 

temperate conditions. To highlight the main differences, we first present the specificities of tropical abiotic and 242 

biotic features. Second, agricultural practices and farmers’ behaviors are detailed. Figure 2 summarizes the 243 

identified key processes and characteristics influencing pesticide emission distribution under tropical conditions. 244 

 245 

 246 
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 247 

Fig. 2 Key processes and characteristics that influence pesticide emission distribution in the tropics, normal arrows 248 

represent the pesticide distribution and dotted arrows represent aspects influencing pesticide distribution under 249 

tropical conditions.  250 

 251 

3.1.1 Environmental characteristics of tropical conditions  252 

Abiotic conditions. Temperature dependent processes, such as degradation, have higher kinetic rates under 253 

tropical conditions due to higher average temperatures (Daam and van den Brink 2010), which facilitates higher 254 

biological activity (Racke et al. 1997). Increasing temperature also enhances volatilization (Sanchez-Bayo and 255 

Hyne 2011) because of higher vapor pressure (Fig. 2). Even if vapor pressure is an intrinsic pesticides’ 256 

characteristic, higher temperatures enhance the ability of a pesticide to turn into vapor and volatilize into the air. 257 

Just after pesticide application, a higher sunlight radiation allows for increased photodegradation on plant leaf 258 

surfaces compared to that under more average latitudes. Likewise, the photolysis of pesticides on soil surfaces is 259 

more important in tropical regions especially for pesticides applied on soil, without shadow from the crop, notably 260 

at the beginning of crop growth (Daam and van den Brink 2010).  261 

Pesticide emission patterns are also influenced by rainfall distribution patterns and intensity, especially in tropical 262 

conditions, where extreme rainfall events and/or very dry seasons occur frequently (Fig. 2). Extreme rainfall causes 263 

high runoff and leaching, resulting in more pesticide residues found in surface waters and higher mobility toward 264 

groundwater (Sanchez-Bayo and Hyne 2011). In Martinique (French West Indies), where the climate is humid 265 
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tropical, Mottes et al. (2017) showed high rates of river contamination by pesticides, especially herbicides. In these 266 

circumstances, rainfall events directly after pesticide application generated the pollution peaks. Likewise, in 267 

Guadeloupe, Charlier et al. (2009) highlighted for cadusaphos that the main contributor to stream contamination 268 

is shallow groundwater, due to the permeability of the soil and abundant rainfall. 269 

In such tropical climatic conditions, a huge diversity of soils is present with various characteristics. One 270 

particularity of tropical soils is their substantial anion exchange capacity (Racke et al. 1997; Sansoulet et al. 2007). 271 

Soil characteristics (organic carbon content and pH) are also important influencing factors of pesticide distribution 272 

under tropical conditions, as demonstrated by e.g. Sanchez-Bayo and Hyne (2011) (Fig. 2). In tropical contexts, 273 

the decomposition of organic matter is five times higher as compared to temperate environments (Racke et al. 274 

1997). The organic carbon content might be low due to high rainfall and high microbial activity, which results in 275 

less adsorption and consequently more availability to be transferred to water and air (Sanchez-Bayo and Hyne 276 

2011). Nevertheless, organic carbon content deficit can be compensated by organic matter inputs from crop 277 

residues, leading to soil stabilization; especially where microbial degradation and biomass production occurs all 278 

year round. Furthermore, when soil pH is low, which is the case for most soils in Brazil and Southeast Asia, the 279 

desorption of acidic herbicides leaves more residues available for leaching (Sanchez-Bayo and Hyne 2011). 280 

 281 

Biotic conditions. In tropical regions, biodiversity in terrestrial and freshwater aquatic ecosystems is generally 282 

higher than in temperate regions, mainly due to less limiting aspects related to rain and temperature (Brown 2014). 283 

Few studies exist, however, on the specificity of environmental impact of pesticide use under these conditions. In 284 

their study, Kwok et al. (2007) compared the sensitivity of tropical and temperate freshwater organisms for 18 285 

chemical substances, and demonstrated that tropical aquatic organisms seem to be more sensitive to some organic 286 

chemicals and less sensitive to metals. Furthermore, the potential effect of pesticides on aquatic organisms might 287 

be reinforced by potentially high pesticide concentrations in water due to pesticide distribution processes in 288 

tropical environments (e.g runoff) (Sanchez-Bayo and Hyne 2011). For pesticide impacts on terrestrial ecosystems, 289 

it has been reported that different pesticides show negative effects on non-target tropical species (e.g. Alves et al. 290 

2013). Arias-Andrés et al. (2018) presented specific acute toxicity data with tropical native species (earthworm). 291 

A recent study also synthetized available toxicological data of freshwater shrimps for insecticides and fungicides 292 

under tropical conditions (Daam and Rico 2018). These data were compared to data for temperate species (Daphnia 293 

magna and aquatic invertebrates), showing that the shrimps were less sensitive to sodium channel modulator 294 

insecticide, e.g. lindane, cypermethrin and to acetylcholinesterase inhibiting insecticides and fungicides e.g. 295 
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diazinon. In their review, Aktar et al. (2009) also warned against the risks for soil microorganisms, insects, plants, 296 

aquatic organisms and birds, associated to the use of organochlorine pesticides in India, which are usually phased 297 

out and not used anymore in temperate regions dominated by developed countries. 298 

 299 

3.1.2 Agricultural practices and farmers’ behavior  300 

Thanks to the particular environmental conditions of tropical cropping systems and according to the crop 301 

production target for export (e.g. palm oil, cocoa (Theobroma cacao), rice, banana), local market (e.g. fruits and 302 

vegetables, rice) or self-sufficiency (e.g. roots and tubers, fruits and vegetables), farming systems and associated 303 

crops cultivated are highly diversified (Biénabe et al. 2016). While in certain cropping systems one single crop is 304 

grown intensively and years after years over a vast and flat area (e.g. sugarcane), in small-scale farming systems, 305 

agro-forestry systems cash crops (e.g. coffee (Coffea spp.), cocoa can be combined with fruit trees (e.g. avocados 306 

(Persea americana), guava tree (Psidium guajava) and/or vegetable crops in intercropping in mountain areas. Thus, 307 

application methods and farm management practices can vary a lot depending on cropping systems and 308 

environmental characteristics. Due to these different types of cropping systems and practices, pesticide emissions 309 

to the environment also greatly differ from temperate conditions. Tropical crops also have specific characteristics 310 

that can influence pesticide distribution. Their canopy might have a greater volume compared to temperate crops 311 

and due to faster crop growth in the tropics, several production cycles can be run one after the other and generally 312 

all year round. 313 

 314 

Pesticide use and application methods. In tropical agriculture, one of the main application methods used is the 315 

hand operated sprayer, such as the backpack sprayer or knapsack sprayer as for horticulture production (Charlier 316 

et al. 2009) and for cash crops such as coffee and cocoa as shown by Matthews et al. (2003) in Cameroon. Hand 317 

operated sprayers constitute for instance over 90% of the spraying equipment in Kenya (Mitoko 1997). More 318 

conventional boom sprayers and airblast sprayers are also used, respectively, in monocultures such as soybean 319 

(Bueno et al. 2017) and in fruit production (Alves and da Cunha 2014). Aerial application is banned in certain 320 

countries but is still in use in others, in particular in huge tropical banana or sugar cane cropping systems. Therefore, 321 

since pesticide applications are mainly done directly by hand or with manual applicators, occupational exposure 322 

might be higher in the tropics especially in developing countries where farmers often have a reduced education on 323 

pesticides’ risks for their health. In addition to that, the warm and humid conditions make the wearing of personal 324 

protective equipment (PPE) difficult (Raksanam et al. 2012). Furthermore, due to generally high diversity of crop 325 
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productions and pests under tropical conditions, there are certain pests for which no authorized pesticides are 326 

currently available (Laplace 2018). These orphan uses represent a major risk for human health and the environment, 327 

since farmers might be tempted to use unauthorized plant protection products for their crops. 328 

Due to a low level of knowledge about pesticide use (no or little training in pesticide application) and weak 329 

awareness of pesticide risk (Settle et al. 2014; Houbraken et al. 2017; Elibariki and Maguta 2017), non-compliance 330 

with the approved dose and frequency of application is also common in tropical regions. The non-compliance with 331 

the minimum required pre-harvest period after the last application and the use of prohibited pesticides (Weinberger 332 

and Lumpkin 2007; Montes et al. 2012; Pouokam et al. 2017) further increase human and ecological risks under 333 

tropical conditions. 334 

 335 

Agricultural practices. Specific agricultural practices in the tropics affect pesticide emissions at the field and 336 

catchment scales (Mottes et al. 2014), in particular practices influencing the hydraulic processes in and on the soil, 337 

and concern mostly tillage and ground cover management (Fig. 2). For example, the implementation of cover 338 

plants or crops between crop rows allows to reduce runoff, as shown for banana plantations in intercropping with 339 

pineapple (Abbasi and Jamal 1999). Likewise, the use of crop residues as straw in sugar cane production (Pereira-340 

Junior et al. 2015) or biochars (Kookana 2010; Mendes et al. 2018) increases herbicide sorption and reduces 341 

leaching. In conclusion, these specificities of tropical conditions and farm management practices are expected to 342 

strongly influence emission patterns and should therefore be accounted for in modelling pesticide emissions. 343 

 344 

3.2 Improvements to better model pesticides under tropical conditions in LCA  345 

The results of our critical analysis of the models’ validity for tropical conditions are summarized in Table 3, 346 

providing specific recommendations for model improvement, which are either specific to tropical conditions or 347 

considered generally applicable for all contexts. Subsequently, margins of improvements and proposals for further 348 

research for the adapted PestLCI model, the impact model USEtox and the dynamiCROP model are presented. 349 

 350 

Table 3 Recommendations for improving the adapted PestLCI model, USEtox and dynamiCROP to be suitable 351 

for assessing pesticides under tropical conditions, and more generally for agricultural LCA. The options to 352 

implement these recommendations are indicated using “” for aspects that require limited effort and “” for 353 

aspects that require substantial model adaptations and additional research.  354 

 355 
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 Adapted PestLCI model USEtox dynamiCROP 
G

en
er

a
l 

co
n

te
x

t - Adding ground cover management and 

other agricultural practices or techniques 

(such as greenhouse production)  

- Adding missing 

characterization factors for 

active substances (for organic, 

metal, inorganic and 

biological/natural pesticides)  
- Including marine, terrestrial, 

pollinators and birds’ toxicity 

  

- Adding exposure pathways for 

human toxicity (bystanders, 

workers)  

- Adding groundwater, sediment 

and plant compartments  

- Adding missing exposure 

factors for active substances (for 

organic, metal, inorganic and 

biological/natural pesticides)  
- Improving the estimation of 

human intake due to late 

application of pesticides before 

harvest  

 

- 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 model 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  

T
ro

p
ic

a
l 

co
n

te
x

t - Adding tropical crop data (plant 

development and growth, archetypes)  

- Adding drift curves for tropical pesticide 

application techniques  

- Correction of empirical 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  

- Adding ecotoxicological data 

specific to tropical biota  

 

 

- Adding crop data (plant 

development and growth, 

archetypes) for tropical crops  

 

- 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  

 356 

3.2.1 General limitations of the use of models  357 

There are some general limitations of the discussed models, which reduce the possible extension of their validity 358 

to assess pesticides under tropical conditions. The uncertainty of toxicity impact results increases dramatically 359 

when generic or average values across pesticides belonging to a certain chemical family are used or when applying 360 

an averaged characterization factor across pesticides as proxy for certain substances (Basset-Mens et al. 2019). In 361 

emission and impact modelling, biological/natural substances, metal-based pesticides or inorganic substances are 362 

currently not included (Meier et al. 2015), such as copper pesticide (Peña et al. 2018). Likewise, active substances’ 363 

metabolites, which may have even higher toxic effects than their parent compounds (e.g. diuron) are not accounted 364 

for in practice (Oturan et al. 2008). 365 

Beyond the improvements relevant for each model, the interface between emission and impact characterization 366 

models is not perfect; as presented in Figure 1. More research is needed on the best way to deal with the soil, which 367 

could in fact belong to both the ecosphere and the technosphere, which affects both the modeling of emissions and 368 

related impacts on humans and ecosystems (van Zelm et al. 2014). Despite remaining research needs, preliminary 369 

recommendations have been proposed to achieve a coherent use of LCI and LCIA models for pesticides 370 
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(Rosenbaum et al. 2015; Fantke et al. 2016, 2017a, 2018). The recommendations mainly refer to the delineation 371 

between technosphere and ecosphere and what to include in LCI or LCIA in order to model pesticides in a 372 

consistent way. However, the adapted PestLCI model and the impact model USEtox have different spatiotemporal 373 

boundary systems (Dijkman et al. 2018). To avoid omissions or double counting of mass transport processes, only 374 

the primary pesticide distribution from the adapted PestLCI model was recommended to be used as direct input 375 

for the LCIA model USEtox and the recommended timeframe of the adapted PestLCI model to consider 376 

environmental processes was one day. This, however, means that processes beyond the considered timeframe are 377 

currently not considered in LCI emission models for pesticides. This affects for example leaching and run-off, two 378 

processes that are particularly relevant in tropical contexts (Racke et al. 1997). Instead, these rather long-term 379 

processes are currently considered in USEtox and dynamiCROP, which do not have the spatial level of 380 

disaggregation of the emission model to account for variations in soil and climate characteristics. Consequently, 381 

soil and climate characteristics influencing these processes are not taken into account properly, while the 382 

calculation of emission fractions is exclusively depending on drift curves and crop stage. One possible solution is 383 

to extend the temporal coverage of environmental processes in the emission modeling. Another possible solution 384 

is to spatialize the impact assessment modeling as recently proposed by Wannaz et al. (2018). Moreover, the use 385 

of the primary distribution only in the adapted PestLCI model to estimate pesticide emission fractions in a tropical 386 

context is even less relevant, since the drift curves are defined for temperate crops, climates and application 387 

methods. In conclusion, some of these recommendations do not allow a good consideration of pesticides in LCA, 388 

by excluding key factors influencing pesticide emissions. 389 

 390 

3.2.2 Emission modeling for tropical conditions 391 

The proposed improvements that were summarized in Table 3 are detailed in Table 4 according to the relevance 392 

of the processes for modelling pesticide emissions under tropical conditions. Adaptations and recommendations 393 

from previous case studies using PestLCI 1.0 and PestLCI 2.0 are also presented in Table 4. In open fields, PestLCI 394 

2.0 has been tested only under temperate conditions by Dijkman (2013) on barley (Hordeum vulgare) and kiwi 395 

(Actinidia deliciosa), by Xue et al. (2015) on maize, by Renaud-Gentié et al. (2015) and Vázquez-Rowe et al. 396 

(2017) on vineyard. In tropical conditions, only PestLCI 1.0 has been tested by Ingwersen (2012) on pineapple. 397 

More generally, we recommend that PestLCI is made more user-friendly by e.g. running multiple scenarios in a 398 

single run and by offering an import/export function to common LCA software formats.  399 

 400 
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Table 4: Factors influencing pesticide emissions under tropical conditions, and how they are currently considered 401 

in the adapted PestLCI model (as part of primary pesticide distribution or as part of secondary emissions) based 402 

on conclusions and improvements proposed by previous studies applying this model 403 

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  

A
g

ri
cu

lt
u

ra
l 

p
ra

ct
ic

es
 

 

Application 

technique and target 

Airborne emissions, 

volatilization and plant uptake 

(García-Santos 

et al. 2016; 

Lewis et al. 

2016) 

Missing plant 

growth/stage 

No drift curve from 

tropical conditions  

Primary 

(drift) - 

secondary 

Adapted in 

(Renaud-

Gentié et al. 

2015) 

Ground cover 

(mulching, crops 

residues, cover 

crops etc.)  

Sorption, dissipation at field 

scale and washoff from ground 

cover 

(Mottes et al. 

2014; Lewis et 

al. 2016) 

Practices not 

integrated 

Secondary  Developed 

and added 

in (Renaud-

Gentié et al. 

2015) 

Other farm 

management 

practices (e.g. 

tillage, buffer zone, 

biochar, drainage 

ditches)  

Pesticide transport to water 

compartments  

(Pereira-Junior 

et al. 2015; 

Mutua et al. 

2016; Mendes 

et al. 2018) 

Practices integrated: 

tillage, buffer zone 

and pipe drainage  

Practices not 

integrated: biochar, 

drainage ditches  

Secondary  

E
n

v
ir

o
n

m
en

ta
l 

ch
ar

ac
te

ri
st

ic
s 

 C
li

m
at

e 

Temperature 

Chemical and physical 

processes that change with 

temperature to different 

degrees (e.g. volatilization, 

degradation on leaf) 

(Daam and van 

den Brink 

2010) 

Most of the 

processes are 

temperature-

dependent (average 

temperature in the 

month of 

application) 

Secondary  Adapted in 

(Ingwersen 

2012; Xue 

et al. 2015; 

Renaud-

Gentié et al. 

2015; 

Vázquez-

Rowe et al. 

2017) 
Rainfall 

Pesticide transport outside the 

field by runoff, leaching, 

drainage, washoff 

(Daam and van 

den Brink 

2010) 

No modelling of 

processes occurring 

after the first 

rainfall, Definition 

of rainfall event 

questionable  

Secondary  

Sunlight 
Photodecomposition and 

volatilization 

(Daam and van 

den Brink 

2010) 

Parameter not 

integrated in the 

processes 

Secondary 

Soil properties (e.g. 

OC content, pH) 

Soil adsorption and desorption, 

plant uptake, macropores flow 

(Charlier et al. 

2009; Lewis et 

al. 2016) 

Parameters 

integrated in the 

model  

Secondary 

A
ct

iv
e 

su
b

st
an

ce
s 

Chemical properties 

(e.g. DT50 soil, 

DT50 plant, 

solubility, Koc)  

Plant uptake and transfer to 

water bodies 

(Racke et al. 

1997; Arias-

Estévez et al. 

2008; Sanchez-

Bayo and Hyne 

2011; Fantke 

and Juraske 

2013; Fantke et 

al. 2016) 

Variability of some 

chemical properties 

due to plant and 

environmental 

conditions not 

integrated (e.g. 

biological 

degradation level, 

temperature 

dependency, 

pesticide-plant 

species 

combinations) 

Secondary Completed 

for missing 

substances 

in (Xue et 

al. 2015; 

Renaud-

Gentié et al. 

2015; 

Vázquez-

Rowe et al. 

2017)  

Inorganic 

substances / metals 

Integrate toxicity impact of 

these substances, need to 

evaluate distribution into the 

environment  

(Peña et al. 

2018) 

No modelling on 

inorganic active 

substance  

Primary – 

secondary  

Issue 

highlighted 

in (Renaud-

Gentié et al. 

2015) 
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 404 

Extension of the validity domain of the model. First, the validity domain of the model needs to be extended to 405 

account for tropical crop type and cropping systems (e.g. multi-annual banana and sugar cane production and their 406 

associated farm management practices, crop morphology), and climate and soil characteristics. When tested in 407 

case studies, the model was generally adapted to local conditions (Table 4). A first analysis of the equations and 408 

parameters used in the emission model highlights that some parameters rely on fixed default or average values. As 409 

highlighted by Renaud-Gentié et al. (2015) based on a sensitivity analysis, some of these parameters have a strong 410 

effect on final results. In certain contexts, results might be sensitive to the fraction of continuous macropores in 411 

the soil (e.g. in vineyard soils Renaud-Gentié et al. 2015), to the volume fraction of water in soil, and to the fraction 412 

intercepted by leaves. Consequently, the Leaf Area Index and associated fraction intercepted by leaves should be 413 

adapted for all crops and growth stages, with a correspondence table as done by Linders et al. (2000) but including 414 

the main tropical crops. Furthermore, Renaud-Gentié et al. (2015), argue for the possibility to add the user’s own 415 

dataset on climate and soil, because soil and climate characteristics have strong influences on results. Furthermore, 416 

some equations for important processes of pesticide distribution in tropical conditions are based on Danish 417 

circumstances as the calculation of the length of a rainfall event in case of macropores flow, which is used to 418 

estimate the leached fraction. A deeper understanding is necessary of how and to what degree certain aspects like 419 

temperature influence emission results, in order to extend the applicability of the model to tropical conditions. 420 

Further research is also required on modelling the emissions of metals and other inorganic substances. These 421 

substances can largely increase impact on freshwater ecosystems (Vázquez-Rowe et al. 2012), but another 422 

approach is required to integrate their specific behavior in the environment into the adapted PestLCI model 423 

(Renaud-Gentié et al. 2015; Peña et al. 2018). Adapting the PestLCI model for special cropping systems is finally 424 

relevant, for example for flooded crops as rice, with specific pesticide field emissions, getting inspiration from 425 

models specifically parameterized for such cropping systems (Capri and Miao 2002; Inao et al. 2018). 426 

 427 

Primary drift distribution. In the primary distribution, the spray drift allows to estimate the fraction of pesticides 428 

dropped out of the field within few minutes after field application. This corresponds to the transfer by air of spray 429 

droplets out of the treated field, which could be on water surfaces, vegetation, soil or urbanized area. Current drift 430 

curves available in the adapted PestLCI model mainly consider German (Ganzelmeier et al. 1995) and Dutch 431 

(Holterman and van de Zande 2003) conditions. These drift curves were calibrated for crops present in these two 432 

countries and for the application methods prevalent in these countries, and more generally in Europe. While drift 433 
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curves are mainly categorized according to application methods, several factors that vary widely between tropical 434 

and temperate conditions influence wind drift, such as crop density, soil conditions, and rain patterns. Hence, 435 

currently implemented drift curves focus on a temperate climate, defined as oceanic climate (Kottek et al. 2006). 436 

As one of the main application methods under tropical conditions, the knapsack sprayer has a drift curve available. 437 

It was calculated on potato (Solanum tuberosum) production with the IMAG calculator (from the Dutch model) in 438 

Boyacá, a highland region in Colombia (García-Santos et al. 2016), which corresponds to a temperate oceanic 439 

climate. Given that the main factors of the variation of spray drift are the application method and the nozzle’s type, 440 

the climatic conditions (temperature, hygrometry, wind), the formulation of pesticide (e.g. powder, liquid) and his 441 

adjuvant, the composition and state of vegetation, and the farmers’ use of equipment (Franke et al. 2010), the use 442 

of this drift curve in tropical conditions is questionable and should be done with caution. A literature review on 443 

drift in tropical conditions highlighted the low number of studies on pesticide drift under these conditions.  Gouda 444 

et al. (2018) presented a drift experiment and calculated a drift curve for a knapsack sprayer on cotton (Gossypium 445 

spp.) production in Benin. Awadhwal et al. (1991) and Snelder et al. (2008) studied pesticide drift for a knapsack 446 

sprayer on rice production in the Philippines, and  da Cunha et al. (2003) studied drift curves for an airblast sprayer 447 

on bean production in Brazil. Due to differences on the methodology of drift measurements, a more in-depth 448 

analysis of these studies is required to validate their potential integration into the adapted PestLCI model as 449 

additional drift curves for tropical conditions. Drift models should also be explored, since several could be relevant 450 

for tropical conditions. In conclusion, research is still needed on the mechanisms of pesticide drift during field 451 

application under tropical conditions. New drift curve estimates are required to best estimate pesticide field 452 

emission in these contexts. 453 

 454 

Secondary emission distribution. In the adapted PestLCI model, water flows are not adequately modelled in 455 

secondary distribution estimates. After the first rainfall event, no more biophysical processes occur whereas, in 456 

the reality, runoff and leaching continue to occur several days or months after the pesticide has been applied 457 

depending on its persistence in the environment. This is particularly relevant under tropical conditions and must 458 

be considered, especially where farm management practices have an effect on pesticide transfers to water. Ground 459 

cover management is particularly critical in tropical conditions. Weeds are present almost all year, soil moisture 460 

should be maintained in the dry season and soil erosion due to heavy rainfall events should be reduced as much as 461 

possible. As presented in Table 4, some farm management practices are already modelled in the adapted PestLCI 462 

model, as tillage, buffer zone and pipe drainage. However, other farm management practices, which also influence 463 
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the mobility of pesticides to the environment, are not yet considered (see Table 4). PestLCI 2.0 was customized 464 

for viticulture to take into account the effect of cover plants (grass) between the rows of vines (Vitis vinifera) on 465 

pesticide distribution (Renaud-Gentié et al. 2015). This adaptation is not yet included in the available adapted 466 

PestLCI model. This specific module could be extended to tropical productions, such as banana (Abbasi and Jamal 467 

1999), with the possibility to choose the type of ground cover between rows by either a cover crop, a cover plant 468 

or a mulch. Other farm management practices have a strong influence on pesticide drift, such as the control of the 469 

tractor speed or the compliance of recommended climatic conditions to apply pesticides (Arvidsson et al. 2011). 470 

However, in general, this level of detail of information cannot be accounted for in LCA, and some uncertainty 471 

from the farmers practice remains. Furthermore, some practices already integrated in the model could be improved 472 

by adding more possibilities, such as drainage ditches. Finally, the diversity of cropping systems should be 473 

integrated in the model, such as intercropping. 474 

 475 

3.2.3  (Eco-)toxicity characterization for tropical conditions  476 

Built as a mechanistic model, USEtox is based on averaging conditions across all continents, yielding 477 

recommended factors for a generic average continent. However, while continental and sub-continental 478 

parameterizations are available, they are only recommended for sensitivity analysis and do not reflect the specific 479 

conditions of tropical regions, where e.g. the ecotoxicity effects on tropical species or temperature dependent 480 

processes are considered. More specifically, information on effects on tropical ecosystem species is required to 481 

assess pesticides in tropical conditions. When such information is missing, pesticides cannot be characterized, 482 

leading to a possible underestimation in results whenever such pesticides are used, but not considered in related 483 

impact scores (Vázquez-Rowe et al. 2017) 484 

In Pennington et al. (2005), the authors highlighted that the uncertainty of toxicity characterization factors 485 

evaluated with a non-spatial model (IMPACT 2002) is at least of 2 to 3 orders of magnitude for some chemicals. 486 

As a consequence, Ingwersen (2012) proposed to customize USEtox to the Costa Rican environment in his LCA 487 

study of fresh pineapple. USEtox could use spatial differentiation considering tropical conditions and ecosystems 488 

(e.g. mangrove) on the one hand and temperate conditions on the other, as already proposed in other spatial 489 

differentiation models (e.g. Wannaz et al. 2018). However, the benefit of applying spatial differentiation impact 490 

assessment models relies on the availability of spatial data for underlying input parameters, such as species 491 

distribution, life cycle emissions and background exposure levels, which is often not available in LCA studies with 492 

a tropical context. Given that in many LCA studies, spatially explicit data are often not available, current models 493 
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are not primarily designed for regionalized toxicity characterization. In cases, where spatial data are becoming 494 

available, the models should be adapted to account for spatial aspects, which is discussed e.g. in Peña et al. (2018, 495 

2019). More generally, for all pedo-climatic contexts, some impacts are not adequately taken into account or not 496 

included at all in some models, such as terrestrial and marine ecotoxicity (Notarnicola et al. 2017). As 497 

recommended by Fantke et al. (2018), efforts are required on on-field impacts and missing impact categories 498 

including terrestrial/pollinator ecotoxicity; especially so in tropical conditions (Brown 2014). USEtox could have 499 

a groundwater compartment to better distribute emission fractions from the adapted PestLCI model to surface 500 

water and groundwater, currently fully allocated to the freshwater compartment by default (Fantke et al. 2018) 501 

(see Fig. 1), but also to take into account ecotoxicity in groundwater where biodiversity is specific (Danielopol et 502 

al. 2000). Whereas groundwater is relevant in most climate conditions, it plays a particular role in tropical contexts 503 

with plenty of rain and high water flow rates. Although a different sensitivity of tropical species has been 504 

demonstrated for some active substances compared to that of temperate species studies (Kwok et al. 2007; Daam 505 

and van den Brink 2010), ecotoxicological data for tropical species is scarce and current knowledge in 506 

ecotoxicology mainly comes from Europe and North America with temperate conditions (Kwok et al. 2007). The 507 

few data available on tropical species sensitivity to pesticides (Alves et al. 2013; Arias-Andrés et al. 2018; Daam 508 

and Rico 2018) should be integrated into the model. However, Kwok et al. (2007), Daam and van den Brink (2010), 509 

and Leboulanger et al. (2011) highlighted the need for further development of toxicity tests with indigenous species 510 

in tropical conditions. In priority, for a better estimation of pesticide environmental impacts in tropical conditions, 511 

further research on indigenous species in tropical conditions and organisms’ sensitivity to pesticides from tropical 512 

origins is required. Some pesticides exposure pathways in agriculture are missing as occupational exposure (when 513 

preparing and applying pesticides) (Ingwersen 2012), residential bystanders and family of exposed workers 514 

(Ryberg et al. 2018). This is of particular concern in tropical conditions, where human exposure to pesticides might 515 

be higher because of the proximity of dwellings to treated plots, the mainly manual use of pesticides without, most 516 

of the time, personal protective equipment and skills to apply them, and the frequent storage of pesticides in 517 

households (Williamson et al. 2008). A framework for assessing residential bystander exposure to field pesticide 518 

applications (potatoes) in LCIA has been recently presented by Ryberg et al. (2018). However, this work must be 519 

further adapted and extended to additional tropical crops and application methods, in particular to hand-operated 520 

spraying, which is important under tropical conditions. Other sources of pesticide exposure and contamination 521 

could be added as post-harvested treatment and seed treatment, that can have environmental impact (e.g. seed 522 
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treatment on terrestrial ecosystem - worms Alves et al. 2013) and impacts on human health (e.g. pesticide residues 523 

from post-harvest treatments Bajwa and Sandhu 2014). 524 

 525 

3.2.4 Crop residue modeling for tropical conditions 526 

In dynamiCROP, the development of a user interface to change easily default values on climate data (e.g. average 527 

relative humidity, mean temperature in air, precipitation rate during wet period), soil data (e.g. pH, soil organic 528 

carbon content), and plant characteristics (e.g. leaf area index, density of fruit) would be useful to optimize the use 529 

of dynamiCROP for tropical (and other) contexts. Furthermore, important crop archetypes relevant for tropical 530 

contexts are missing as for example banana or soybean production. As part of a study on passion fruits cultivated 531 

in Colombia (Juraske et al. 2012), the passion fruit crop model has been parameterized into dynamiCROP, and 532 

constitutes the unique tropical crop. Archetypes already modelled should be used carefully for assessments 533 

focusing on tropical conditions, because crop growth and varieties are different and could imply differences in 534 

pesticide distribution in the modeled plant-environment system. Hence, plant characteristics should always be 535 

checked prior to their use in related models. For example, to model the uptake of pesticides by taro (Colocasia 536 

esculenta) crops (a tuber), currently the user must choose the potato archetype, whereas the crops’ family and farm 537 

management practices are widely different from taro. Currently, data for pesticide dissipation half-lives in plants 538 

can be estimated based on Fantke et al. (2014), where dissipation from plant is influenced by active substance 539 

properties, plant characteristics and environmental conditions (mainly temperature). However, differences in rain, 540 

sunlight and other conditions relevant for tropical regions are currently not considered in such estimates and, hence, 541 

further research is required to measure half-lives on plants for tropical crops and conditions. Furthermore, the 542 

estimation of human intake due to the late application of pesticides before harvest should be improved. This is 543 

particularly important in many tropical agricultural productions, where harvesting takes place throughout the year 544 

with plants and fruits/legumes at different stages of maturity in the same plot (e.g. vegetable production). Finally, 545 

dynamiCROP has never been used in combination with the adapted PestLCI model. The calculation chain between 546 

both models could be achieved by using the fraction of drift and volatilization in the adapted PestLCI model to 547 

refine the respective fixed fractions lost to air per crop in dynamiCROP. With this step, we could have a 548 

consistently estimated fraction of pesticide reaching the plant. The model is currently tested in combination with 549 

the adapted PestLCI model and USEtox on open-field tomato production in tropical soils and climates, in the 550 

Martinique Island. When related results become available, recommendations are expected how to best align the 551 

combined use of the three discussed models. 552 
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 553 

4. Conclusions 554 

The present study showed that processes driving pesticide emission and impact patterns under tropical conditions 555 

are specific in relation to soil, climate, cropping practices and crops. The three most up-to-date and consensual 556 

LCI and LCIA models commonly reflect temperate conditions for climate, soil, application techniques and crops 557 

and are not yet suited for the evaluation of the impacts of pesticides in LCA of crops cultivated in tropical regions. 558 

Under tropical conditions, higher temperatures, sunlight radiation, and microbial activity enhance degradation and 559 

volatilization of pesticides. Heavy and frequent rainfall events lead to higher leaching and runoff. Tropical crops, 560 

cropping systems and practices also widely differ as compared to temperate regions in relation to natural and 561 

human drivers, and we demonstrated how these aspects can alter the transfers and impacts of pesticides. In 562 

developing countries with a tropical climate, pesticides are most often applied manually or with a hand operated 563 

sprayer. Farmers generally have less awareness of pesticides’ danger and less training on good practices of 564 

application leading to higher risks of transfers and impacts on the environment and human health. Under tropical 565 

conditions, certain practices, such as ground cover management, can play a major role in the transfer of pesticides 566 

to the water compartment by affecting the soil hydraulic processes. Furthermore, biodiversity is naturally higher 567 

in tropical regions and preliminary research revealed a different sensitivity of tropical species to pesticides 568 

compared to species in temperate regions, while in most ecotoxicity experiments they are currently not represented. 569 

We provided a set of recommendations to better account for the specificities of pesticide emissions and impacts in 570 

tropical conditions in the three discussed models. Databases need to be extended to integrate tropical crops 571 

characteristics, soil and climate specificities for tropical conditions, and active substances’ chemical characteristics. 572 

In the primary distribution of the adapted PestLCI model, the addition of specific drift curves for tropical 573 

conditions has the potential to make a difference on the results and to reduce uncertainty. In the secondary emission 574 

distribution, specific features of tropical cropping systems and farm management practices should be included, 575 

especially ground cover management (e.g. mulching) in combination with a better accounting of the leaching 576 

process over time. In dynamiCROP, the development of a user interface to change easily default values on climate, 577 

soil and plant characteristics would be useful and important crop archetypes for tropical conditions should be 578 

added. The estimation of human intake due to the late application of pesticides before harvest should also be 579 

improved to account for characteristics of cropping systems in the tropics. 580 
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Additional perspectives for the future include the need to test in combination PestLCI, USEtox and dynamiCROP 581 

in real LCA case studies under tropical conditions, in order to contribute to their better understanding and 582 

parametrization. 583 

In summary, emission and impact evaluation processes are not as well understood for tropical conditions as they 584 

are for temperate conditions, with fewer measurements available for the former. Further experimental research in 585 

these contexts is therefore urgently needed. In the adapted PestLCI model, mechanisms of pesticide drift during 586 

field application, according to tropical conditions and applications methods and mechanisms to account for metals 587 

and other inorganic substances should be explored and included. Research on organisms’ sensitivity to pesticides 588 

from tropical origins is also essential. In current impact models, different exposure populations (consumers, 589 

workers and bystanders) and effects on relevant organisms (freshwater, marine, terrestrial, pollinators and birds) 590 

should progressively be modelled. Reflection and consensus on the conceptual framework of the LCI-LCIA 591 

calculation chain and the soil’s belonging to ecosphere or technosphere are needed for a better consistency of the 592 

modelling of pesticide emissions and impacts in LCA studies focusing on tropical conditions. Current model 593 

limitations highlighted in our study are a useful starting point for focusing future research and model refinement 594 

efforts, with the aim to help reducing uncertainty in LCA results representing tropical conditions. 595 
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