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A B S T R A C T   

This study estimates the risks of agricultural pesticides on non-target organisms and the environment by 
combining detailed pesticide application data for 2015 with the Danish risk indicator Pesticide Load. We 
quantify and map the pesticide load of 59 pesticides on 28 crops and pastures in the EU. Furthermore, we 
investigate how recent bans on 14 pesticides in the EU could reduce pesticide use and load. Key findings show 
that the highest pesticide loads per hectare occur in Cyprus and the Netherlands due to high application rates and 
a high proportion of vegetable production. Chlorpyrifos caused the highest pesticide load per hectare on more 
than half of the assessed crops before its ban. The ban of 14 pesticides between 2018 and 2023 potentially 
reduced pesticide loads by 94%, but unobserved substitution effects could offset pesticide load reductions. 
Although bans on active substances are justified to control certain endpoint risks, our results highlight the po-
tential weaknesses of bans that merely shift risks. These findings contribute to the ongoing scientific and societal 
discourse on efficiently mitigating pesticides’ impacts on non-target organisms and the environment. However, 
to improve the evaluation of pesticide use, it is vital to enhance the reporting on detailed pesticide use for in-
dividual crop-pesticide combinations.   

1. Introduction 

Pesticide use in agricultural systems worldwide has nearly doubled 
since the 1990s (FAO, 2022a). Apparent benefits of pesticides1 include 
increased agricultural yields, enhanced product homogeneity, and 
reduced agricultural labor and energy expenses. However, pesticide use 
also has adverse consequences on non-target organisms and the envi-
ronment, many of which are not immediately visible. These effects 
include damage to ecosystems, bee colony losses, contamination of soil, 
food, ground and drinking water and the potential adverse health effects 
on applicators, pickers and consumers (Leach and Mumford, 2008). 
Non-target organisms may absorb pesticide residues, causing chronic 
and lethal health conditions such as reproductive failure, cancers and 
tumors, and DNA damage (Wagner et al., 2014; Khan, 1980; Beaumelle 
et al., 2023). Human health hazards arise from the inhalation or 

ingestion of pesticide residues, which are suspected to increase the risk 
of acute and chronic diseases ranging from asthma to diabetes, Alz-
heimer’s disease and cancer (European Environment Agency, 2023). 

The negative effects of pesticide use on non-target organisms and the 
environment persist because they are unintended consequences that are 
borne by society and ecosystems beyond the immediate producer or user 
of the pesticide. These effects are known as externalities, also referred to 
as external effects or external costs. Externalities lead to inefficient 
market outcomes since producers and consumers do not account for 
these external effects in their decision-making processes. Therefore, 
policy regulations are necessary to monitor and control pesticide use and 
its associated risks. The European Commission uses two Harmonized 
Risk Indicators to estimate and monitor pesticide risk. Pesticides usually 
contain active substances and adjuvants. The active substances control 
the pest, while the adjuvants improve the usability or product 

☆ This paper has been recommended for acceptance by Charles Wong. 
* Corresponding author. Max Planck Institute for Meteorology, Germany 

E-mail address: luisa.gensch@uni-hamburg.de (L. Gensch).   
1 In this paper, by pesticides we refer exclusively to plant protection products. 

Contents lists available at ScienceDirect 

Environmental Pollution 

journal homepage: www.elsevier.com/locate/envpol 

https://doi.org/10.1016/j.envpol.2024.123836 
Received 10 November 2023; Received in revised form 19 March 2024; Accepted 20 March 2024   

mailto:luisa.gensch@uni-hamburg.de
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2024.123836
https://doi.org/10.1016/j.envpol.2024.123836
https://doi.org/10.1016/j.envpol.2024.123836
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2024.123836&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Environmental Pollution 348 (2024) 123836

2

performance (European Parliament and Council, 2009). The Harmo-
nized Risk Indicator 1 is calculated as the weighted sum over the annual 
sold quantities of all active substances on the market (European Com-
mission, 2019a), where the weighting depends on the classification of 
the active substance into one of four hazard categories. The Harmonized 
Risk Indicator 2 is calculated by multiplying the number of emergency 
authorizations granted for active substances by the same weighting as 
above and aggregating these calculations over all active substances on 
the market (European Commission, 2019a). In 2021, the Harmonized 
Risk Indicator 1 decreased by 6% compared to 2020 and 38% compared 
to 2011–2013. However, indicators based on the amount of pesticides 
sold, such as the Harmonized Risk Indicator 1, could create incentives 
for more toxic products with lower standard application rates (Möhring 
et al., 2019). Studies have also shown that quantity-based indicators do 
not correlate well with more detailed risk indicators (Reus et al., 2002; 
Möhring et al., 2019; Bub et al., 2022). 

Adequate pesticide risk indicators should consider the toxicity of 
pesticides on non-target organisms and the environment (Reus et al., 
2002). For example, Bub et al. (2022) used the Total Applied Toxicity 
indicator to measure trends in pesticide risk in Germany between 1995 
and 2019. Like other indicators, such as the SYNOPS indicator or the 
Environmental Yardstick for Pesticides, the Total Applied Toxicity in-
dicator only considers the environmental effects of pesticide use (Gut-
sche and Rossberg, 1997; Reus and Leendertse, 2000). The 
Environmental Impact Quotient depicts a scoring system that averages 
the risk potential of an active substance for farm workers, consumers 
and the environment by multiplying its toxicity with exposure potential 
to form a single value. However, this indicator poorly reflects the 
environmental impact of herbicides (Kniss and Coburn, 2015) and has 
conceptual problems with the weighting and scaling of the categories 
(Dushoff et al., 1994). The Danish pesticide risk indicator Pesticide Load 
was developed to quantify and monitor annual pesticide use and risk and 
is used as a basis for the pesticide taxation scheme in Denmark (Anon, 
2012; Kudsk et al., 2018). The Pesticide Load method combines a 
product’s application quantities with the product’s toxicity in the three 
categories human health, environmental toxicity and environmental 
fate. Kudsk et al. (2018) estimated and mapped the pesticide load for 
Denmark over 2010 to 2014, aggregated on four pesticide classes. 
Möhring et al. (2019) and Möhring et al. (2020) worked with the 
Pesticide Load indicator on Swiss wheat and potato farming data sets. To 
our knowledge, however, the Pesticide Load method has not been used 
to quantify the risk of pesticide use for individual crops across the EU. 

Under EU Regulation 1107/2009, which regulates the approval 
process for pesticides, various active substances have been banned from 
being used in the EU in the last decade. The bans were enforced because 
unacceptable risks to non-target organisms or the environment were 
present or could not be ruled out (i.e., European Commission (2020a,b)). 
Bans on active substances often trigger their replacement by approved 
substitutes with further consequences for non-target organisms and the 
environment (Liu et al., 1995; Gray and Hammitt, 2000). Tesfamichael 
and Kaluarachchi (2006) found that 80% of the atrazine-treated area in 
a study region in the US was likely to be treated with 2,4-D, bromoxynil, 
dicamba and nicosulfuron after an atrazine ban. However, bromoxynil 
was banned in the EU in 2020 due to unacceptable non-dietary risks to 
child residents (European Commission, 2020a). In US maize, pyrethroid 
and organo-phosphate insecticides were substituted by newly developed 
neonicotinoid insecticides, resulting in a reduced risk for mammals, 
birds and fish but a greater risk for honeybees (Perry and Moschini, 
2020). When neonicotinoid active substances were banned in the EU due 
to their risk to beneficial insects, including bees, case studies on maize, 
oilseed rape and sunflower in seven countries concluded that pyrethroid 
insecticide usage increased again (Kathage et al., 2018; Scott and Bils-
borrow, 2019). So far, however, no study has looked at the substitution 
effects and possible trade-offs of pesticide bans more generally. 

Until recently, EU-wide detailed pesticide application data to quan-
tify the risk of pesticide use were lacking. Udias et al. (2023) published 

an EU-wide pesticide application data set at NUTS level 3. However, 
they do not differentiate pesticide applications between crops. In com-
parison, PEST-CHEMGRIDS is a detailed pesticide application rates data 
set for the 20 most used active substances on ten crop classes worldwide 
(Maggi et al., 2019). 

This paper has three main research objectives. Firstly, we quantify 
distribution patterns of pesticide-related risks for individual crops and 
active substances across the EU. We use the Pesticide Load method to 
estimate the risk of pesticide use in the EU in combination with the 
PEST-CHEMGRIDS pesticide application data set (Maggi et al., 2019). 
Secondly, we examine changes in pesticide load due to substitution ef-
fects for 14 active substances that have been banned in the EU between 
2018 and 2023. Here, we address the uncertainty of possible substitu-
tion choices by scenario analysis, which includes scenarios of substitu-
tion without further pesticide use, e.g. through increased manual labor, 
and scenarios in which banned active substances are replaced by 
approved active substances. Thirdly, we examine regulatory implica-
tions for the EU’s active substance approval and ban framework. Our 
findings contribute to the scientific and societal discussion on efficiently 
mitigating the impacts and risks of pesticides on non-target organisms 
and the environment. 

2. Methods and data 

2.1. Study region 

The study region encompasses 26 member states of the European 
Union and the United Kingdom of Great Britain and Northern Ireland 
(EU26 + 1): Austria (AT), Belgium (BE), Bulgaria (BG), Croatia (HR), 
Czech Republic (CZ), Cyprus (CY), Denmark (DK), Estonia (EE), Finland 
(FI), France (FR), Germany (DE), United Kingdom of Great Britain and 
Northern Ireland (UK), Greece (EL), Hungary (HU), Ireland (IE), Italy 
(IT), Latvia (LV), Lithuania (LT), Luxembourg (LU), the Netherlands 
(NL), Poland (PO), Portugal (PR), Romania (RO), Slovakia (SK), 
Slovenia (SI), Spain (ES) and Sweden (SE). Malta is left out due to 
missing pesticide application data. 

2.2. Pesticide load 

We use the Pesticide Load method to estimate the adverse effects of 
pesticide use on non-target organisms and the environment (Kudsk 
et al., 2018). The Pesticide Load method does not consider the actual 
exposure to pesticides but instead estimates the relative risks of pesticide 
use based on quantities and properties of the sold pesticide product 
(Anon, 2012). The Pesticide Load can be expressed as pesticide load per 
unit product (L kg− 1), total pesticide load (L) or load per hectare (L 
ha− 1). The Pesticide Load method consists of three sub-indicators that 
measure the load of a pesticide product on human health, environmental 
toxicity and environmental fate. The load for human health focuses on 
operator exposure and is based on the hazard classification of the 
product in the form of risk phrases on the label. Each risk phrase is 
assigned a score from 10 to 100, where a score of 10 is given to minor 
hazards such as skin irritation and a score of 100 is given to possible 
irreversible damages such as genetic defects or cancer (see Appendix A 
in the supplementary data for the exhaustive list of risk phrases and their 
scores). The scores for each risk phrase are added up and the total score 
is converted into a load by dividing it by 300. The value of 300 was 
chosen as the norm in developing the indicator to ensure that the 
contribution of the human health load to the total pesticide load was 
close to one-third in the reference year 2007. The environmental toxicity 
and fate load consider several input parameters (Table 1) taken from the 
Pesticide Property Database (Lewis et al., 2016). For environmental 
toxicity, the median lethal dose LD50 describes the acute toxicity for 
birds, mammals and bees, measured as the dose required to kill half the 
members of the tested population (Lewis et al., 2016). The median lethal 
concentration LC50 describes the acute toxicity for fish and earthworms, 
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measured as the concentration in water or soil required to kill half the 
members of the tested population. The median effect concentration EC50 
describes the acute toxicity for daphnia, algae and aquatic plants and is 
measured as the concentration of a product at which 50% of its 
maximum response is observed. The no observed effect concentration 
NOEC describes the chronic effects for fish, daphnia, and earthworms, 
and it is the highest concentration for which no observable effect in 
long-term studies has been found. The environmental fate load is based 
on three input parameters: soil degradation (DT50 measured as the 
half-life of a substance in soil), bioaccumulation (accumulation of sub-
stances in the food chain measured with the bioconcentration factor 
(BCF)) and leaching (measured with the Screening Concentration in 
Ground Water (SCI-GROW) index). 

The reference value for each input parameter was set by the most 
harmful active substance within each parameter (lowest LC50/LD50/ 
EC50 and NOEC values, highest DT50, BCF and SCI-GROW index) 
registered in Denmark in 2007. For each evaluated substance, the ratio 
between its input value and the reference value multiplied by the load 
factor gives the load per kg for each input parameter. The load factor 
represents a normative weighting of the input parameters, giving more 
importance to bees and pollinators, aquatic organisms and leaching to 
groundwater. In this study, we use a weighting system established by 
Anon (2012) for ordinary spray products. A different weighting should 
be considered for products applied to seed treatments because birds and 
mammals would have a higher risk of exposure. In our study, we assume 
that all pesticide applications are spray applications, as the pesticide 
application data from Maggi et al. (2019) were calibrated to the 
aggregated data from FAOSTAT, which does not include information on 
pesticide use for seed treatment in Europe. Initially, the Pesticide Load 
was developed to calculate the load of a pesticide product that might 
contain various active substances. The environmental toxicity and fate 
load are evaluated on the properties of a product’s active substances. If a 
product contains multiple active substances, the load of each active 
substance will add up. The human health load considers a product’s 
hazards (i.e., risk phrases), which could deviate from the sum of hazards 
of single active substances. Adding up the three sub-indicators human 
health load, environmental toxicity load and environmental fate load 
then gives the final pesticide load of a product. In this study, we do not 
have application data for pesticide products and are limited to 

calculating pesticide loads at the level of active substances. We, there-
fore, calculate the human health load of any active substance by 
considering its individual risk phrases. 

The pesticide load calculation of glyphosate may be an example 
(Table 1). According to the Pesticide Property Database, glyphosate can 
cause severe eye damage in humans (H318), which leads to a human 
health load of 0.233 L kg− 1. Calculating the environmental toxicity load 
and environmental fate load gives a load of 0.075 and 0.124 L kg− 1, 
respectively. The overall pesticide load for glyphosate is the sum of the 
three category loads, i.e. 1.881 L kg− 1. Given an application rate of 
glyphosate at 0.2 kg ha− 1 over 1000 ha, we can determine the load per 
hectare as follows: 1.881 L kg− 1 ⋅ 0.2 kg ha− 1 = 3.76 L ha− 1. Conse-
quently, the total load is calculated as 3.76 L ha− 1 ⋅ 1000 ha = 3760 L. 
We refer to Anon (2012) and Kudsk et al. (2018) for more details on the 
calculation and development of the Pesticide Load. 

2.3. Pesticide application data 

This study uses gridded data on small-scale pesticide applications 
from Maggi et al. (2019). The global data set contains annual active 
substance application rates in kg ha− 1 for six dominating crops and four 
aggregated crop classes for 2015 for a grid of 5 arc-minutes (about 6 km 
in the study region). For each crop (class), the 20 active substances with 
the highest application mass worldwide were considered, resulting in 95 
active substances in total in the data set. Dominating crops include 
maize, soybean, wheat, cotton, rice and alfalfa; aggregated crop classes 
include vegetables/fruits, orchards/grapes, pasture/hay and others. 
This study only includes 59 of the 95 active substances available because 
36 active substances were banned in the EU before the publication of the 
pesticide application data set. Appendix B in the supplementary data 
lists all active substances included in this study for each crop class. 
Maggi et al. (2019) used spatial statistical methods to harmonize the 
FAO pesticide database (FAO, 2023a), which supplies data for aggre-
gated pesticide classes on a national level, and the USGS Pesticide Na-
tional Synthesis Project database, which supplies data on individual 
active substances only for the U.S. Globally gridded active substance 
application rates were estimated for 2015 based on a map of global 
crop-specific harvested area by Monfreda et al. (2008), soil properties, 
hydroclimatic and agricultural variables and socio-economic metrics. To 

Table 1 
Parameters for calculating the environmental toxicity load, environmental fate load and human health load.   

Input parameters Unit Reference 
value 

Load factor (L 
kg− 1) 

Value for 
glyphosate 

Calculation for glyphosate 

Environmental 
toxicity 

Birds acute LD50 mg per kg body weight 49 1 2000 49/2000 ⋅ 1 = 0.0245  

Mammals acute LD50 mg per kg body weight 20 1 300 20/300 ⋅ 1 = 0.01  
Fish acute LC50 mg per liter water 0.00021 30 100 0.00021/100 ⋅ 30 = 0.000063  
Daphnia acute EC50 mg per liter water 0.0003 30 40 0.0003/40 ⋅ 30 = 0.000225  
Algae acute EC50 mg per liter water 0.000025 3 19 0.000025/19 ⋅ 3 =

0.000003947  
Aquatic plants 
acute 

EC50 mg per liter water 0.00036 3 12 0.00036/12 ⋅ 3 = 0.00009  

Earthworms acute LC50 mg per kg soil 3.4 2 5600 3.4/5600 ⋅ 2 = 0.001214  
Bees acute LD50 mg per bee 0.02 100 100 0.02/100 ⋅ 100 = 0.02  
Fish chronic NOEC mg per liter water 0.000115 3 1 0.000115/1 ⋅ 3 = 0.000345  
Daphnia chronic NOEC mg per liter water 0.000115 3 – –  
Earthworms 
chronic 

NOEC mg per kg soil 0.2 2 21.31 0.2/21.31 ⋅ 2 = 0.01877 

Sum      0.075 
Environmental fate Soil degradation Half-life in soil (DT50) in days 354 2.5 16.11 16.11/354 ⋅ 2.5 = 0.113771  

Bioaccumulation Bioconcentration factor (BCF) 5100 2.5 0.5 0.5/5100 ⋅ 2.5 = 0.000245  
Leaching Screening Concentration in 10.91 20 0.00544 0.00544/10.91 ⋅ 20 =

0.00997   
Ground Water (SCI-GROW) 
index     

Sum      0.124 
Human health Risk phrase    H318 0.233 
Total Sum      1.881  
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reconcile discrepancies between the harvested area values reported by 
Monfreda et al. (2008) and the FAO (2023b) data we use averaged over 
2010–2019, we scale harvested area values by Monfreda et al. (2008) 
with averaged FAO harvested area values. Subsequently, we recalculate 
original application rates to ensure total application amounts align with 
the FAO data on aggregated pesticide use (first minimization in Fig. 1). 

2.4. Pesticide use scenarios 

Since the publication of the PEST-CHEMGRIDS data set (Maggi et al., 
2019), 14 active substances from this data set have been banned in the 
EU, including chlorpyrifos, mancozeb, imidacloprid and others. In 
practice, banned active substances could be substituted without further 
pesticide use, e.g. through physical control (Vincent et al., 2003) or with 
alternative, similar active substances (Gray and Hammitt, 2000; Perry 
and Moschini, 2020; Liu et al., 1995). To address substitution opportu-
nities, we investigate four different pesticide use scenarios, a baseline 
scenario and three ban-substitution scenarios, to estimate the changes in 
pesticide load resulting from substitution (Fig. 2). The Baseline2018 
scenario includes all 59 active substances in PEST-CHEMGRIDS that 
were approved in the EU in 2018. The second scenario called Sub-
stitutePhyiscally omits all banned active substances between 2018 and 
2023, suggesting a substitution without further pesticide use, e.g. by 
increased physical control. The third and fourth scenarios, Sub-
stituteWorst and SubstituteBest, simulate replacing all banned active 
substances with an active substance substitute. The chosen substitute is 
similar in mode of action, targets the same or similar pests and is 
authorized in the EU and approved in the member state (European 
Commission, 2023). We base our substitutions on various studies and 
recommendations (Table 2), but can only make assumptions about 
possible substitutions. If more than one possible substitute is available, 
we choose the active substance substitute with the highest median load 
per hectare for the scenario SubstituteWorst and the active substance 
with the lowest median load per hectare for the scenario SubstituteBest. 
For example, EFSA (2018) suggests that bromoxynil on durum wheat 
can be substituted with MCPA, clopyralid, 2,4-D or dicamba. In Austria, 
2,4-D has the highest median load per hectare of these active substances 
(0.03 L ha− 1) and clopyralid has the lowest median load per hectare 
(0.000000002 L ha− 1). Therefore, we substitute the application of bro-
moxynil on durum wheat in Austria with the application of 2,4-D in 
SubstituteWorst and with clopyralid in SubstituteBest. Hence, we assume 
in the substitution scenarios that durum wheat in Austria is treated with 
the small-scale recalculated PEST-CHEMGRIDS application rates of 2, 
4-D or clopyralid twice and not at all with bromoxynil. 

Table 2 summarizes the 14 banned active substances and their 

substitution candidates. Due to a lack of further data, only active sub-
stances included in PEST-CHEMGRIDS can be used for substitution. If 
the active substance substitute was not estimated for the specific crop, 
we substitute the pesticide load per hectare of the banned active sub-
stance by the median pesticide load per hectare of the active substance 
substitute over the EU26 + 1. For example, chlorothalonil on winter rye 
can be substituted with azoxystrobin or pyraclostrobin according to 
European Crop Protection (2016). The PEST-CHEMGRIDS pesticide 
application data does not depict these substitutes on winter rye (or other 
crops in more general) in Germany. However, azoxystrobin is modeled 
on cereals in different countries of the EU26 + 1. Therefore, we replace 
the pesticide load per hectare of chlorothalonil in our calculations for 
Germany on winter rye with the median pesticide load per hectare of 
azoxystrobin on cereals of all other countries. 

2.5. Constrained optimization model 

We use a constrained optimization model to estimate a consistent 
reference data set for pesticide application rates (first minimization of 
Fig. 1, refer to Section 2.3) as well as cropland area and pesticide load 
(second minimization of Fig. 1). Our optimization models work on the 
scale of homogeneous response units (HRUs). HRUs are spatially 
delineated units at a 5◦ resolution grid intersected with altitude, soil and 
slope classes (Skalskỳ et al., 2012). To depict geographical variation in 
Europe, we use NUTS (Nomenclature of territorial units for statistics) 
level 2 for Europe. 

The objective function of the second optimization model minimizes 
the difference between simulated and reported cropland area for each 
crop on a NUTS level 2 reported by Eurostat (2023). If no cropland area 
data on NUTS level 2 is available, the objective function maximizes 
production (= area ⋅ yield) for each crop. EU-wide crop management 
simulations with a crop-pest model (Rasche, 2021) contribute detailed 
annual crop yield data for conventional and organic agriculture on the 
scale of HRUs for 27 crops. These crops include maize, maize silage, 
durum wheat, field pea, flax, oats, cotton, potato, rapeseed, rice, soy-
bean, sugar beet, summer barley, sunflower, winter rye, winter wheat, 
triticale, mixed grain, olives, grapes, almonds, apples, tomatoes, dry 
beans, broad and horse beans, other pulses, and other vegetables. The 
total cropland area used for these 27 crops equals 94% of the average 
area for all crop production in the EU26 + 1 between 2010 and 2019 
(FAO, 2023b). For alfalfa and pasture, data on cultivated area are pro-
vided by Eurostat (2023) and FAO (2023b), respectively, resulting in 
crop yield and/or area data for 28 crops and pasture. 

One constraint of the optimization problem forces the simulated 
reference cropland area distribution and crop production values to agree 

Fig. 1. Schematic representation of data and methods for this study. White curved boxes depict input data, grey curved boxes depict output data and large black 
rectangles show analysis tools. 

L. Gensch et al.                                                                                                                                                                                                                                  



Environmental Pollution 348 (2024) 123836

5

with the average national FAO data for all 28 crops and pastures (FAO, 
2023b). The CORINE land cover 2018 data (Copernicus Land Moni-
toring Service, EEA, 2021) constrains available cropland and pasture 
areas at the HRU scale. Another constraint ensures absolute active 
substance usage in each country matches reported values for aggregated 
pesticide classes from FAO. Based on our simulated cropland and pasture 
area, we calculate pesticide load with the recalculated pesticide appli-
cation rates from Pest-CHEMGRIDS (Maggi et al., 2019) and the Pesti-
cide Load method. Appendix C in the supplementary data describes the 
mathematical framework of the optimization problem in more detail. 

3. Results 

3.1. Distribution patterns of pesticide load 

The total annual use of active substances in the Baseline2018 scenario 
is 299,000 tons, resulting in a total pesticide load of 3.82 billion L. The 
insecticide chlorpyrifos is the active substance with the highest pesticide 
load of 3093 million L per year, followed by dimethoate and calcium 
polysulfide with 381 and 45 million L per year, respectively. Calcium 
polysulfide and chlorpyrifos have the highest pesticide load per hectare 
with 5.77 L ha− 1 and 4.71 L ha− 1 (Table 3). Several insecticides with a 
high pesticide load per hectare have been banned since 2018, including 
chlorpyrifos, dimethoate, ethoprophos and indoxacarb. Treated crop-
land areas with a high pesticide load are relatively small, amounting for 
all but three active substances to less than 10 million ha. Exceptions are 
chlorpyrifos (63 million ha), chlorothalonil (42 million ha) and 
dimethoate (19 million ha). Glyphosate is applied on 123 million ha but 
has a median pesticide load per hectare of 0.19 L ha− 1 (Fig. 3). 

In the Baseline2018 scenario, chlorpyrifos is the active substance 
with the highest median load per hectare for 20 out of 28 crops, 
including winter wheat, summer barley, maize, rapeseed, olives, sun-
flower seed, durum wheat, grapes, triticale, oats, maize silage, alfalfa, 
winter rye, sugar beet, mixed grain, soybean, almond, apples, flax and 
cotton (Fig. 4, Appendix D in the supplementary data). The pesticide 
load per hectare for chlorpyrifos ranges from 0.65 L ha− 1 on cotton to 
56.26 L ha− 1 on olives. The crops with the highest median load over all 
active substances are olives (0.43 L ha− 1), almonds (0.38 L ha− 1), grapes 
(0.30 L ha− 1), apples (0.30 L ha− 1) and dry beans (0.29 L ha− 1). Several 
active substances with high pesticide load per hectare on individual 
crops have been banned since 2018, including chlorpyrifos, dimethoate 
and chlorothalonil. Calcium polysulfide has a load of around 5.7 L ha− 1 

on olives, almonds, grapes and apples and is currently approved in the 
EU. 

In the Baseline2018 scenario, regions with the highest median 
pesticide load per hectare are Cyprus (0.81 L ha− 1), Flevoland (0.65 L 
ha− 1), Groningen (0.49 L ha− 1), Drenthe (0.43 L ha− 1) and Zeeland 
(0.42 L ha− 1) in the Netherlands. The median pesticide load in both 
countries is especially high for cultivating vegetables (1.18 and 1.79 L 

ha− 1, respectively). Other regions with high pesticide load per hectare 
are in Belgium, Italy and France. The particularly high pesticide load in 
Cyprus and the Netherlands is almost exclusively due to chlorpyrifos, 
which has a very high pesticide load and high application rates. The 
average application rate of chlorpyrifos is 0.74 kg ha− 1 in Cyprus, 1.11 
kg ha− 1 in the Netherlands and 0.13 in the EU26 + 1. An active sub-
stance is applied on average at application rates of 3.4 kg ha− 1 in Cyprus, 
ca. 1 kg ha− 1 in the Netherlands and 0.48 kg ha− 1 in the EU26 + 1. 

3.2. Pesticide use scenarios 

In 2018, the annual active substance usage equaled 299,000 tons and 
a pesticide load of 3825 million L (shown in the Baseline2018 scenario in 
Fig. 5). Substitution of banned active substances without additional 
pesticide use in the SubstitutePhysically scenario results in 217,000 tons 
of pesticide use (27% decrease) and a pesticide load of 242 million L 
(94% decrease). If banned active substances are substituted with other 
active substances, the pesticide load amounts to 323 and 298 million L 
(SubstituteWorst and SubstituteBest, respectively). The ban on 14 active 
substances decreases the pesticide load more strongly in Middle and 
Eastern Europe than in Western and Southern Europe (Fig. 6). In the 
SubstitutePhysically scenario, the pesticide load takes the value 0 on the 
HRU scale more often than the SubstituteWorst or SubstituteBest sce-
narios, leading to a higher median load per hectare and darker colors in 
Fig. 6. Cyprus is the region with the highest pesticide load before Fle-
voland and Groningen with 0.57, 0.42 and 0.42 L ha− 1 in the three ban- 
substitution scenarios, respectively. Ban-substitution effects could in-
crease the pesticide load for the SubstituteWorst scenario only in 
Denmark from 2.57 to 2.88 million L due to the substitution of pendi-
methalin (median load of 0.32 L ha− 1 in Denmark) for bromoxynil (0.15 
L ha− 1). The most substantial relative decrease in pesticide load occurs 
in Greece with a reduction from 328.00 million L in the Baseline2018 
scenario to 4.72 million L in the SubstituteBest scenario, which stems 
primarily from the ban of chlorpyrifos (Fig. 5). Based on California 
Department of Pesticide Regulation (2023), we substitute bacillus 
amyloliquefaciens for chlorpyrifos, for example in Greece on winter 
wheat. However, because bacillus amyloliquefaciens was not modeled 
for wheat in PEST-CHEMGRIDS, we substitute the pesticide load per 
hectare of chlorpyrifos on winter wheat in Greece (11.72 L ha− 1) with 
the median pesticide load per hectare of bacillus amyloliquefaciens on 
other cereals in the EU26 + 1 (0.005 L ha− 1). 

Our analysis shows that the chlorpyrifos and dimethoate account for 
a large proportion of the high pesticide load in 2018 (shown in the 
Baseline2018 scenario). This conceals the effects of ban-substitutions of 
other substances. Therefore, we also investigate the change in total 
pesticide load excluding chlorpyrifos and dimethoate in the four pesti-
cide use scenarios. Here, the total pesticide load for the SubstituteWorst 
scenario is higher than that of the Baseline2018 scenario for 14 countries 
(Fig. 7). The substitution of glufosinate (0.01 L ha− 1) and diuron (0.06 L 

Fig. 2. Schematic of four pesticide use scenarios, where the first schematic depicts the baseline scenario Baseline2018 and the other three scenarios comprise the ban- 
substitution scenarios. 
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ha− 1) with glyphosate (0.19 L ha− 1) increases the total pesticide load in 
all countries of the EU26 + 1. 

4. Discussion 

This study is the first to quantify the risk of pesticide use on non- 
target organisms and the environment using the risk indicator Pesti-
cide Load for the EU26 + 1. We map the pesticide load per hectare 
spatially and on individual crops. Results indicate that the highest 
pesticide load per hectare occurs in the Netherlands due to high appli-
cation rates of active substances and a high ratio of vegetable produc-
tion. Chlorpyrifos caused the highest pesticide load per hectare on more 
than half of the assessed crops before its ban. Orchard fruit and vege-
tables have the highest pesticide load per hectare. Denmark’s pesticide 
load per hectare is between 0.03 and 0.12 L ha− 1 in the Baseline2018 
scenario, which is an order of magnitude lower than reported in Kudsk 
et al. (2018). This suggests we substantially underestimate the accurate 
pesticide load, which could stem from various limitations (see further 

Table 2 
List of active substances that have been banned in the EU since 2018, their 
pesticide category and possible active substance substitutes for the crop groups 
given by PEST-CHEMGRIDS (Maggi et al., 2019).  

Active 
substance 

Category Active substance 
substitutes 

Reference 

Bromoxynil Herbicide pendimethalin (alfalfa, 
other crops), 
dimethenamid(-p) (other 
crops), MCPA (wheat), 
clopyralid (wheat), 2,4-D 
(wheat), dicamba 
(wheat) 

EFSA (2018) 

Chlorothalonil Fungicide/ 
Bactericide 

captan (orchards/ 
grapes), ziram (orchards/ 
grapes), azoxystrobin 
(orchards/grapes, 
vegetables/fruits, other 
crops), pyraclostrobin 
(other crops), 
metoconazole 
(vegetables/fruits) 

Jacometti et al. 
(2010), 
Michigan State 
University 
Extension (2023a, 
b), European Crop 
Protection (2016) 

Chlorpyrifos Insecticide bacillus 
amyloliquefaciens 
(alfalfa, maize, cotton, 
orchards/grapes, 
soybean, wheat, other 
crops) 

California 
Department of 
Pesticide Regulation 
(2023) 

Clothianidin Insecticide Bacillus 
amyloliquefaciens (rice) 

Jactel et al. (2019),  
European Crop 
Protection (2016) 

Dimethoade Insecticide cyhalothrin-lambda 
(alfalfa, wheat) 

Manitoba Pulse and 
Soybean Growers 
(2023), European 
Crop Protection 
(2016) 

Diuron Herbicide metribuzin (alfalfa, 
orchards/grapes, 
pasture/hay), glyphosate 
(alfalfa, cotton, pasture/ 
hay), fluometuron 
(cotton) 

Mississippi State 
University 
Extension (2023),  
Horticulture 
Australia Ltd (2023) 

Ethoprophos Insecticide metam potassium 
(vegetables/fruits), 
axozystrobin 
(vegetables/fruits) 

University of 
Georgia Extension 
(2018), (European 
Crop Protection, 
2016) 

Glufosinate Herbicide glyphosate (maize, 
cotton, orchards/grapes, 
pasture/hay, soybean), 
flumioxazine (orchards/ 
grapes), fluroxypyr 
(orchards/graps), 
pendimethalin 
(orchards/grapes) 
clopyralid (orchards/ 
graps), picloram 
(orchards/grapes), 
dimethamid(-p) 
(orchards/grapes), 
metribuzin (soybean), 
metolachlor(-s) 
(soybean) 

North Carolina State 
University 
Extension (2018) 
European Crop 
Protection (2016) 

Imidacloprid Insecticide cyhalothrin-lambda 
(cotton) 

Furlan and 
Kreutzweiser 
(2015) 

Indoxacarb Insecticide cyhalothrin-lambda 
(alfalfa) 

Furlan and 
Kreutzweiser 
(2015) 

Mancozeb Fungicide/ 
Bactericide 

coppyer hydroxide 
(orchards/grapes), 
azoxystrobin (orchards/ 
grapes, vegetables/ 
fruits), tebuconazole 
(orchards/grapes, 
vegetables/fruits), 
prothioconazole 

PAN Europe (2020); 
Vinpro (2021),  
European Crop 
Protection (2016)  

Table 2 (continued ) 

Active 
substance 

Category Active substance 
substitutes 

Reference 

(orchards/grapes), 
captan (orchards/grapes, 
vegetables/fruits), 
metconazole (orchards/ 
grapes), metiram 
(vegetables/fruits) 

Phosmet Insecticide malathion (alfalfa), 
cyhalothrin-lambda 
(alfalfa), bacillus 
amyloliquefaciens 
(alfalfa) 

Townsend et al. 
(1979) 
(European Crop 
Protection, 2016) 

Propiconazole Fungicide/ 
Bactericide 

azoxystrobin (rice), 
prothioconazole (wheat), 
tebuconazole (rice, 
wheat), metconazole 
(wheat) 

Uppala and Zhou 
(2018); Battel 
(2020), University 
of Tennessee 
Extension (2023),  
European Crop 
Protection (2016) 

Thiophanate- 
methyl 

Fungicide/ 
Bactericide 

prothioconazole 
(vegetables/fruits, 
wheat), 
tebuconazole 
(vegetables/fruits, 
wheat), 
metconazole (wheat), 
azoxystrobin (wheat) 

Petkar et al. (2017), 
European Crop 
Protection (2016)  

Table 3 
List of the 10 active substances with the highest total annual pesticide load per 
year and pesticide per hectare per year in the Baseline2018 scenario and their 
approval status.  

Active 
substance 

Pesticide 
load 
(million L) 

Banned Active 
substance 

Pesticide 
load (L 
ha− 1) 

Banned 

Chlorpyrifos 3093 yes Calcium 
polysulfide 

5.77  

Dimethoate 381 yes Chlorpyrifos 4.71 yes 
Calcium 

polysulfide 
45  Metam 

potassium 
2.75  

Glyphosate 31  Malathion 1.03  
Chlorothalonil 27 yes Dimethoate 0.70 yes 
Flutolanil 23  Cyhalothrin- 

lambda 
0.52  

Indoxacarb 20 yes Imidacloprid 0.48 yes 
Pyraclostrobin 19  Mancozeb 0.45 yes 
Pendimethalin 17  Ziram 0.41  
Metolachlor 

(-s) 
15  Ethoprophos 0.35 yes  
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Fig. 3. Area of application vs. pesticide load per hectare for all 59 active substances in the Baseline2018 scenario. Colors indicate the pesticide category. Approved 
active substances in 2023 are marked with a circle; banned active substances are marked with a cross. Names are annotated for the six banned active substances with 
the highest pesticide load and approved active substances with high/low pesticide loads or large treated areas. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Median pesticide load per hectare per active substance in the Baseline2018 scenario over all regions in the EU26 + 1 for the six crops cultivated in the largest 
area. Colors indicate the classification of an active substance as herbicide, fungicide/bactericide or insecticide. Hatched bars represent active substances that have 
been banned in the EU between 2018 and 2023. The active substances are listed according to their total application amount in tons in descending order for each crop. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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below). We also investigate ban-substitution effects of banning 14 active 
substances between 2018 and 2023. We substitute the banned active 
substances either without further pesticide use, e.g. with increased 
manual labor, or with active substance substitutes. Our results confirm a 
substantial decrease in pesticide load following the ban on 14 pesticides 
in the EU26 + 1. The substitution without further pesticide use (Sub-
stitutePhysically scenario) reduces pesticide load by 94%. In the Sub-
stituteWorst and SubstituteBest scenarios, pesticide load is reduced by 
91.6% and 92%, respectively. The ban on chlorpyrifos and dimethoate 
significantly reduced the pesticide load. However, our results also show 
that ban-substitution effects can increase pesticide load in some cases, 
for example, by substituting glufosinate with glyphosate. While both 
glyphosate and glufosinate have similar pesticide load values per kg 
(0.44 L kg− 1 and 0.71 L kg− 1 and), glyphosate is used with much higher 
application rates (0.78 kg ha− 1) compared to glufosinate (0.04 kg ha− 1) 
leading to a higher median pesticide load per hectare (0.19 L ha− 1 and 
0.01 L ha− 1). 

Although bans on active substances are justified to control certain 
endpoint risks, our research indicates that bans can also lead to risk 
shifts. Other studies have shown that active substance bans could lead to 
risk shifts. Gray and Hammitt (2000) investigated a potential ban on 
organophosphate and carbamate pesticides in U.S. agriculture and its 
effects on risk. They considered changes in diet, mortality due to loss of 
income and effects of pesticide substitutes for acute toxicity, cancer and 
non-cancer risks on farm workers. They concluded that countervailing 
risks could offset risk reductions through a ban but could not quantify 
effects due to data gaps and shortcomings in risk assessment methods. 
The introduction of neonicotinoids in U.S. maize significantly decreased 
the probability of organophosphate and pyrethroid insecticide use and 
the risks of pesticide use (Perry & Moschini, 2020). The authors adopted 
the risk quotient method, where the ratio of exposure (quantity applied) 
to toxicity (acute LD50) is calculated for individual insecticides on 
various non-target organisms. The hazard quotient is then the sum of the 
insecticide risk quotients. They found that the ban on neonicotinoid seed 
treatments would increase the hazard quotient significantly on rats, 
birds and fish but decrease the hazard quotient on bees. 

Other studies examined the effects of neonicotinoid restrictions in 
European agriculture in 2013 but did not quantify risk changes. Kathage 
et al. (2017) found that farmers switched to using other neonicotinoids 
or pyrethroids or adapted pest management practices such as a higher 
sowing density and more pest scouting. Farmers perceived these prac-
tices as more time- and cost-intensive. Scott & Bilsborrow (2019) 
concluded that crop losses due to neonicotinoid restrictions amounted to 
3–5% and pesticide applications increased for seed dressings without 
neonicotinoid treatment. Further investigations concluded that bans can 

decrease available active substances and modes of action, making 
resistance management more complex or can lead to production shifts 
abroad (Zilberman et al., 1991; Moss et al., 2019; Kudsk and Mathiassen, 
2020). 

This has several regulatory implications. Policymakers should be 
aware that active substance bans would likely lead to substitutions with 
other available active substances. With this, the risks of pesticide use on 
non-target organisms and the environment could stay constant or in-
crease, while options to counteract resistance would decrease. Bans 
could also lead to yield losses, especially when they are substituted 
solemnly by physical methods (Meemken & Qaim, 2018). Therefore, 
cost-benefit analyses of bans should carefully weigh the benefits and 
possible trade-offs through ban-substitution effects. Generally, Carvalho 
(2017) and Siviter and Muth (2020) have criticized the current way of 
development and approval of active substances as going in circles with 
identifying a pest, developing an active substance, observing secondary 
effects such as resistances or environmental damages, banning the active 
substance and developing a new active substance. Instead, new regula-
tory processes for approving active substances should be established, 
based more strongly on the precautionary principle. Topping et al. 
(2020) have illustrated that the environmental risk assessment under the 
EC Regulation 1107/2009 is outdated and does not account for stressors 
such as climate change, habitat destruction and landscape homogeneity. 
Once active substances are approved, they are placed on the market for 
ten years regardless of their use scale (Frische et al., 2018). In addition, 
effective policies should consider farmers’ heterogeneous behavior, as 
the magnitude of ban-substitution effects depends mainly on strategies 
that farmers choose to replace the banned active substances (Böcker 
et al., 2018; Finger et al., 2023). We tried to account for this issue by 
examining three ban-substitution scenarios, but uncertainties are still 
high. This could be improved by using a modeling approach of landscape 
and farming practices that include the central role of farmers as well as 
mixing dynamics of pesticide groups (Topping et al., 2020). To reduce 
pesticide use and risk, a second pillar besides active substance bans and 
possible substitutions could be implementing a pesticide tax. Böcker and 
Finger (2016), Finger et al. (2017) and Nielsen et al. (2023) have shown 
that well-designed pesticide taxation systems, such as the Danish 
pesticide tax based on the Pesticide Load method, can result in a sig-
nificant reduction of pesticide risk. 

The Pesticide Load method, however, has some shortcomings. If data 
is missing, the load on the input parameter is omitted, which can lead to 
an underestimation of the load. For example, eight input parameters are 
missing for bacillus amyloliquefaciens, leading to an underestimation of 
the ban-substitution effect for chlorpyrifos. Imidacloprid, clothianidin, 
indoxacarb, and ethoprophos were previously banned in the EU because 

Fig. 5. Total pesticide load per country in million L for four pesticide use scenarios. The hatching indicates the pesticide load of the active substances chlorpyrifos 
(diagonal lines) and dimethoate (circles). 
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of unacceptably high risks to bees, beneficial arthropods, birds, and 
small mammals, or because such risks could not be excluded (e.g. Eu-
ropean Commission (2019c, 2021)). Chlorpyrifos, chlorothalonil, 
dimethoate, phosmet, propiconazole and mancozeb were banned 
because of unacceptable risks to human health (e.g. European Com-
mission (2019b,d, 2020b,c)). Not all of these circumstances are reflected 
in the pesticide load values. For example, chlorpyrifos only has a human 
health load of 0.166 for "H301: Toxic if swallowed", but the European 
Food Safety Authority reported that a genotoxic potential of chlorpyrifos 
could not be ruled out (EFSA, 2019). On the other hand, chlorpyrifos has 
high acute toxicity levels for daphnia and bees, which are weighted very 
strongly in the total pesticide load calculations. This weighting of the 
input parameters is somewhat arbitrary. We use the original weighting, 
which gives higher importance to bees and pollinators, aquatic organ-
isms and leaching. Hence, active substances with high acute toxicity for 
fish, daphnia and bees, including bifenthrin, cyhalothrin-lambda, 
tebuconazole and clothianidin, have a very high total pesticide load. 

In addition, the Pesticide Load captures a generic risk exposure, but 
actual risk exposure is determined by environmental factors such as 
weather, soil and hydrology and how farmers handle active substances 
and protect themselves (Feola et al., 2011). A modeling approach may 
better determine pesticide leakage and risk, depending on the cultiva-
tion method, soil, and climate. However, Mankong et al. (2022) 
compared different modeling approaches for estimating ecosystem im-
pacts of active substances in Thailand and the results differ substantially. 

Pesticide load mapping helps contextualize and compare different 
pesticide usage scenarios, as we did in this study. However, our results 
are restricted by several assumptions and limitations. Primarily, detailed 
pesticide application data for individual crop-active substance combi-
nations are lacking. In PEST-CHEMGRIDS, only ten aggregated crop 
classes are represented, but active substances are often applied on spe-
cific crops and not necessarily on whole crop classes. Another issue is the 
correctness of the modeled active substance application rates. For 
example, the average application rate of glufosinate in PEST- 

Fig. 6. Annual median pesticide load per hectare in L ha− 1 for the scenarios Baseline2018 (a), SubstitutePhysically (b), SubstituteWorst (c) and SubstituteBest (d) for the 
EU26 + 1. Regions highlighted in grey were not considered. The color code represents the distribution of calculated values of the Baseline2018 scenario (a) in 10% 
percentiles, where light beige represents the 10% lowest values and dark red represents the 10% highest values. The eight color codes in between linearly represent 
the 10% percentiles in between the lowest and highest values. The labels of the color bar represent the median of the lowest percentile, the median of the whole value 
range and the median of the highest percentile. The color code in (b)–(d) follows the color code of (a) to make a comparison across scenarios visible. In the Sub-
stitutePhysically scenario, the pesticide load takes the value 0 more often than the SubstituteWorst or SubstituteBest scenarios, leading to a higher median load per 
hectare and darker colors. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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CHEMGRIDS for the EU26 + 1 is 0.04 kg ha− 1, but application rates of 
up to 1.5 kg ha− 1 are authorized in the EU (EFSA, 2015). Antier et al. 
(2020) reported average application rates of 0.24 kg ha− 1 for glyphosate 
in Europe. PEST-CHEMGRIDS modeled an average of 0.78 kg ha− 1, 
which is within the same order of magnitude but overestimates appli-
cation rates by a factor of three. The 299,000 tons of active substance use 
we modeled in the agricultural sector analysis correspond to 94% of the 
319,000 tons reported active substance use by FAO for the three cate-
gories herbicides, fungicides/bactericides and insecticides, averaged 
over 2011 to 2020. However, aggregated FAO data on active substance 
use is a collection of national inventories that differ strongly in their 
accounting methods (FAO, 2022b). There is also evidence that formu-
lations can exhibit increased toxicity compared to single active sub-
stances (Richard et al., 2005), suggesting the need for more detailed 
reporting of pesticide use to improve pesticide usage and load estimates. 
All these limitations could lead to a miscalculation of the accurate 
pesticide load. 

Our substitution scenarios are only rudimentary because active 
substance substitutes are not always available from PEST-CHEMGRIDS. 
Due to missing data, we also did not consider newly developed active 
substances or emergency authorizations for specific active substances. 
Even though the ban-substitution scenarios we use are based on studies 
and recommendations for farmers, it is not clear if and how active 
substances are substituted. The ban-substitution scenarios, therefore, 
only give an idea of the magnitude of the impact. 

5. Conclusion 

In this study, we mapped and quantified the risk of pesticide use in 
the EU26 + 1 with the Pesticide Load method. Results give an idea of the 
distribution pattern and magnitude of the pesticide load of 59 active 
substances on 28 crops and pastures. For 2018, we report the highest 
pesticide load per hectare in Cyprus and the Netherlands due to high 
pesticide application rates and a high proportion of vegetable produc-
tion. Chlorpyrifos caused the highest pesticide load per hectare on more 
than half of the crops modeled. Orchard fruits and vegetables show the 
largest pesticide load per hectare. However, more detailed pesticide 
application data for individual crop-active substance combinations are 
needed. It is, therefore, crucial to improve the reporting of detailed 
pesticide use in the EU and make it freely available to the scientific 
community. The EU maintains one of the most stringent frameworks for 
pesticide regulation, demonstrating a determined path toward reducing 
pesticide effects on non-target organisms and the environment. How-
ever, our results show that the ban of selected active substances between 
2018 and 2023 could lead to substitutions that possibly offset pesticide 
load reductions. Therefore, regulatory procedures should be improved 

to enhance the approval mechanisms for active substances and consider 
the effects of ban-substitution following a ban on active substances. Our 
work contributes to the ongoing scientific and societal discourse on 
efficiently mitigating the impacts of pesticides on non-target organisms 
and the environment. 
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Möhring, N., Gaba, S., Finger, R., 2019. Quantity based indicators fail to identify extreme 
pesticide risks. Sci. Total Environ. 646, 503–523. 
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