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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The AOEM gave greater overall estima
tion of dermal exposure than field 
measures. 

• The AOEM underestimates hand expo
sure, especially when protective gloves 
are worn. 

• The AOEM would benefit from studies 
conducted in real work conditions in 
non-agricultural areas. 

• Operator’s exposure should be esti
mated with accuracy to ensure proper 
safety.  
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A B S T R A C T   

Since 2014, the Agricultural Operator Exposure Model (AOEM) has been the harmonised European model used 
for estimating non-dietary operator exposure to pesticide. It is based on studies conducted by the pesticide 
companies and it features 13 different crops including non-agricultural areas such as amenity grasslands. The 
objective of this study was to compare the dermal exposure measured during a field study conducted in a non- 
agricultural area with the corresponding values estimated by the model AOEM. The non-controlled field study 
was conducted in France in 2011 and included 24 private and public gardeners who apply glyphosate with 
knapsack sprayers. Dermal exposure was measured using the whole-body method and cotton gloves. Each 
measured value had an estimated value given by AOEM and we tested their correlation using linear regression. 

The model overestimated body exposure for all observations and there was no correlation between values. 
However, it underestimated hand exposure by 42 times and it systematically underestimated the exposure when 
the operators were wearing gloves, especially during the application. The model failed at being conservative 
regarding hand exposure and highly overestimated the protection afforded by the gloves. At a time of glyphosate 
renewed approval in Europe, non-controlled field studies conducted by academics are needed to improve AOEM 
model, especially in the non-agricultural sector. Indeed, among the 34 studies included in the model, none were 

* Corresponding author. 
E-mail address: lucie.de-graaf@u-bordeaux.fr (L. de Graaf).  

Contents lists available at ScienceDirect 

Science of the Total Environment 

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

https://doi.org/10.1016/j.scitotenv.2024.170816 
Received 16 November 2023; Received in revised form 2 February 2024; Accepted 6 February 2024   

mailto:lucie.de-graaf@u-bordeaux.fr
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.170816
https://doi.org/10.1016/j.scitotenv.2024.170816
https://doi.org/10.1016/j.scitotenv.2024.170816
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.170816&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Science of the Total Environment 919 (2024) 170816

2

conducted on a non-agricultural area and only four assessed the exposure when using a knapsack sprayer. 
Moreover, knapsack sprayers being the main equipment used worldwide in both agricultural and non- 
agricultural settings, it is also crucial to integrate new data specific to this equipment in the model. Operator 
exposure should be estimated with accuracy in the registration process of pesticides to ensure proper safety as 
well as in epidemiological studies to improve exposure assessment.   

1. Introduction 

After >60 years of intensive use, pesticides are posing many issues 
concerning human health and ecological impacts. To date, exposure to 
pesticides has mainly been studied in workers because their exposure is 
higher and easier to characterise than in the general population. Among 
workers, farmers have received much attention in epidemiological 
studies on the health impact of pesticides because of the increased risks 
they represent for chronic diseases such as cancer (including non- 
Hodgkin’s lymphoma, multiple myeloma, prostate cancer, central ner
vous system tumours, …) (Perrotta et al., 2013; Lewis-Mikhael et al., 
2016; Leon et al., 2019), neurological affections like Parkinson’s disease 
(Gunnarsson and Bodin, 2019) and reproductive disorders (Fucic et al., 
2021). Although most pesticides are used on crops and livestock, about 
10 % are used for non-agricultural purposes (Kristoffersen et al., 2008). 
These include a wide variety of settings such as public and private 
greenspaces (gardens, parks, sports fields, campsites), public infra
structure (sidewalks, graveyards, buildings, and surrounding areas), 
transportation networks (roads, railways, airports) and industrial sites. 
Although few epidemiological studies have focused exclusively on 
greenspace workers working in non-agricultural areas, they have shown 
increased risks for lymphatic and haematopoietic cancer, skin mela
noma, central nervous and testicular cancer (Swaen et al., 2004; Hansen 
et al., 2007; de Graaf et al., 2022a). A recent analysis in the Agrican 
cohort found a higher prevalence of allergic diseases and depression 
among greenspace workers and more cancers of the prostate, thyroid, 
testis and skin melanoma in men and breast cancer in women, in com
parison with farmers (de Graaf et al., 2022b). 

The most commonly used pesticides for non-agricultural purposes 
are herbicides (Atwood and Paisley-Jones, 2017). Herbicide sales for 
agriculture and non-agricultural areas worldwide have reached almost 
1.4 million tons, which represents 68 % of all pesticide sales (FAO, 
2021) Glyphosate, a non-selective herbicide, is the most widely sold 
herbicide (Benbrook, 2016). In Europe, it accounts for 33 % of total 
herbicide sales and it has been estimated that 10 % is used on non- 
agricultural areas (Suciu et al., 2023; Benbrook, 2016). Its use has 
drastically increased since the 1970s. For example, non-agricultural use 
in the US rose 43-fold from 1974 to 2014 (272,000 to 12 million kg of 
active ingredients sold). In recent years, concerns have increased about 
the potential health effects of glyphosate. Based on epidemiological and 
toxicological studies, the International Agency for Research on Cancer 
(IARC) has classified glyphosate active substance and glyphosate-based 
herbicides (GBHs) as ‘probably carcinogenic to humans’ (group 2 A) 
(International Agency for Research on Cancer, 2017). Workers’ expo
sure to glyphosate has been associated with increased risks of non- 
Hodgkin’s lymphoma and multiple myeloma (Leon et al., 2019; Inter
national Agency for Research on Cancer, 2017). However, other 
agencies such as the European Food Safety Authority (EFSA), in charge 
of pesticide pure active substance regulatory assessments at the EU 
levels, did not reach the same conclusion and considered the level of 
evidence was too limited to classify glyphosate as carcinogenic (EFSA 
et al., 2023). Unlike IARC, EFSA focused almost exclusively on dietary 
exposures to pure active substance glyphosate and discounted epide
miological and genotoxicity findings gleaned from studies of formulated 
GBHs. EFSA’s stated reason for doing so is that the presence of cofor
mulants in GHBs likely bias upward estimates of risks arising from di
etary exposure to pure substance glyphosate (EFSA, 2015). 

Since the 14th of June 2011, pesticide registration has been subject 

to European legislation (CE) n◦1107/2009 (which abrogated the Euro
pean directives 79/117 CE and 91/414 CE). This regulation applies for 
active ingredients, synergists, co-formulants and adjuvants. EFSA sets 
out the scientific framework that pesticide manufacturers must follow 
for submitting (and resubmitting) an active substance for market 
authorization. The registrants must provide a complete file presenting a 
risk assessment regarding human and animal health and the environ
ment, and they must demonstrate that the active substance is safe in 
light of residues in food. In compliance with the Classification, Labelling 
and Packaging of Chemicals regulation (CE) n◦1272/2008, manufac
turers must provide ‘clear communication to the users of the intrinsic 
toxicological potential to hazardous products’. For each active substance 
approved, the conditions of applications such as the type of crop on 
which the active substance can be used, the period of application, the 
dose(s) and frequency of use, the formulation, etc., have to be specified 
and approved by Member States. 

Operator exposure must be estimated in the formulation-specific risk 
assessment conducted by Member States. Exposure is predicted thanks 
to models developed in Europe since the 1990s: the UK Predictive 
Operator Exposure Model (UK POEM) (Hamey, 1992) and the German 
Operator Exposure Model (BBA German model) both in 1992, the EU
ROpean Predictive Operator Exposure Model (EUROPOEM) in 2001 
(Van Hemmen, 2001), and the Bystanders, Residents, Operators, and 
WorkerS Exposure models (BROWSE) in 2011 (Doan Ngoc et al., 2011). 
These models were created using data from a set of exposure studies. 
Different scenarios are defined according to the type of sprayer and the 
conditions of applications (environment, direction of the lance, etc.). 
They were initially designed for agricultural use but have also been used 
for the non-agricultural sector (Anses, 2012). However, in many cases, 
the data available in these models were not suitable for this sector. 

In France, a task force led by the French agency for food, environ
mental and occupational health and safety (Agence nationale de sécurité 
sanitaire de l’alimentation, de l’environnement et du travail (Anses)) has 
developed a new model, MODOP-ZNA, that includes five scenarios 
considered more relevant for non-agricultural uses such as applications 
with knapsacks/hand-held sprayers, in greenhouses or tunnels and ap
plications on very high crops such as trees (Anses, 2012). The model is 
based on studies included in existing models such as UK POEM and BBA 
and on new original unpublished studies conducted by the French 
worker union for the protection of gardens and public greenspaces 
(Union des entreprises pour la Protection des Jardins et des espaces publics, 
UPJ). 

In 2014, these different models were combined in the first harmon
ised European model: the Agricultural Operator Exposure Model 
(AOEM) (EFSA, 2014). This model aims at estimating non-dietary 
exposure to pesticides in operators (agricultural and non-agricultural 
workers involved in mixing/loading and spraying pesticides), workers 
(involved in re-entry tasks following a treatment), residents (anyone 
living, working, or going to an area adjacent to a treated area) and by
standers (individuals located within or directly adjacent to an area 
where pesticides have been applied). It features 13 types of crops 
including non-agricultural areas such as amenity grassland, railway 
tracks and ornamentals (flowers, trees, shrubs, etc.). The model includes 
data from 34 published and unpublished studies conducted between 
1994 and 2009 by the pesticide companies and provided by the Euro
pean Crop Protection Association (ECPA) (Großkopf et al., 2013). Only 
studies with the whole-body dosimetric method conducted under 
controlled conditions were used (EFSA et al., 2022). None of the 34 
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studies concerned observations on non-agricultural areas and the studies 
based on the French model MODOP-ZNA were not included in the Eu
ropean model. Even though exposure studies in the non-agricultural 
sector are scarce, some studies conducted by academic research teams 
provide relevant data that could have been incorporated in the model 
(Freeborg et al., 1985; Johnson et al., 2004; Delhomme et al., 2011; 
Connolly et al., 2019a). In contrast with studies included in the model, 
these academic studies were conducted in various non-agricultural set
tings (urban areas and public and private lawn), in usual work condi
tions and were using mainly the pad method. Moreover, the academic 
studies tried more to have various types of farms/cities/and not the 
biggest ones. 

In line with the Pestexpo project, a series of studies begun in the 
2000s in France to study farmers’ exposure to pesticides under usual 
work conditions (Baldi et al., 2006, 2012, 2014; Lebailly et al., 2009; 
Bureau et al., 2022), an exposure study was conducted in 2011 in France 
among private and public gardeners spraying glyphosate with knapsack 
sprayers on non-agricultural areas (Boulanger et al., 2023). The objec
tive of the present project was to compare the dermal exposure 
measured during the exposure study with the corresponding values 
estimated by the AOEM. 

2. Materials and methods 

2.1. Field study 

2.1.1. Study population 
The exposure study was conducted in Calvados (Normandy, France) 

between March and May 2011 and included 13 private gardeners/ 
landscapers and 11 municipal workers. It is described in detail else
where (Boulanger et al., 2023). Briefly, dermal and respiratory exposure 
to glyphosate during mixing/loading and spraying with a knapsack 
sprayer was assessed under usual work conditions. All workers were 
men with a median age of 40 (range from 28 to 47 years old) and with 
previous experience in spraying pesticides and glyphosate (median 
experience was 14.5 years, ranging from 20 to 50). They all performed 
mixing/loading and application tasks and all commercial products used 
were suspension concentrates. Operators performed a median number of 
mixing/loading-application cycles of two (from 1 to 8). Treatments were 
done on hard ground such as cemeteries, sidewalks, roads, embark
ments, courtyards and private or public turf. 

2.1.2. Individual data collected 
A trained field monitor (YL) observed the workers throughout the 

study and collected data on operators such as sociodemographic char
acteristics, previous use of glyphosate, years of experience in pesticide 
use, clothing and usual personal protective equipment (PPE), type of 
sprayer and age, volume of the tank, type of surface treated, weather 
conditions, technical problems, etc. Pictures and movies were taken in 
order to complete data retrospectively. 

2.1.3. Pesticide sampling 
Dermal exposure was assessed using the whole-body method 

described by the Organization for Economic Co-operation and Devel
opment (OECD) in the Guidance Document for the Conduct of Studies of 
Occupational Exposure to Pesticides During Agricultural Application 
(OCDE, 1997). Respiratory exposure was also assessed but for this study, 
we focused only on dermal exposure as it is the main route of exposure 
for operators (Adamis et al., 1985; Bonsall, 1985). With the whole-body 
method, actual exposure (amount of pesticide in contact with the un
covered skin, including the fraction that passes through protective and 
work clothing) and potential exposure (amount of pesticide in contact 
with protective equipment, work clothing, and uncovered skin) were 
assessed. Actual exposure was determined using pre-washed cotton 
undergarments (long pants and long-sleeve T-shirt) and cotton gloves. 
The undergarments were worn throughout the day and were removed 

from the workers at the end of the observation, while cotton gloves were 
changed between each phase. Pants and T-shirts were analysed sepa
rately. Each dosimeter was stored separately to avoid cross- 
contamination and glyphosate was extracted for its sampling medium 
and quantified. Total actual dermal exposure (hands plus body expo
sure) and body exposure were quantified for the whole workday, while 
hand exposure was also assessed separately at mixing/loading and at 
application. Potential exposure was measured with a pre-washed cotton 
coverall. Cotton undergarments and gloves were worn under PPE if used 
and changed between each phase. Therefore, mixing/loading and ap
plications were assessed separately. However, because the AOEM esti
mates the actual dermal exposure of operators, we used only the actual 
measured exposure (undergarments and cotton gloves). 

During the field study, a total of four field blank samples were taken. 
They have been exposed to field ambient conditions, in locations away 
from the treatment tasks. The field blank samples consisted in two cot
ton coveralls and two pairs of cotton gloves and they were analysed with 
the same methods than the field operator dosimeters. The concentra
tions measured on these samples were very low, attesting of low back
ground contamination (0.02 μg of glyphosate for coveralls and < 0.1 μg 
for gloves). 

2.2. Registration model: AOEM 

The AOEM was used to determine the predicted exposure. Initially 
developed by EFSA as an excel sheet, it has been available online since 
2022 (https://r4eu.efsa.europa.eu/app/opex). The data needed for the 
calculation are the following: i) name of the active substance, brand 
name and formulation (wettable/soluble powder, wettable/soluble 
granules, soluble/emulsifiable concentrate or non-soluble granules/fine 
granules); ii) product category (herbicide or other); iii) concentration of 
active substance in the product (g/L or g/kg); iv) Acceptable Operator 
Exposure Level–AOEL (maximum amount of active substance to which the 
operator may be exposed without causing any adverse health effects); v) type 
of crop treated (13 crops available); vi) maximum rate of products 
applied (kg/ha or L/ha); vii) scenario application (outdoor or indoor); 
viii) spraying method (downward or upwards); ix) spraying equipment 
(sprayers towed by a vehicle, manual hand-held sprayers or knapsack 
sprayers) and the minimum and maximum volume of water (in litres); 
and x) type of cultivation (normal or dense). 

The parameters entered in the model are summarised in Table 1. For 
this study, we selected ‘amenity grassland and managed amenity turf’ as 
crops. It includes ‘semi-natural or planted grassland such as golf course 
roughs, frequently mown areas, grass grown for turf production, public parks, 
sports turf, golf greens, tees and fairways’ (EFSA et al., 2022). For this type 
of ‘crop’, only the outdoor application scenario, downward spraying and 
the ‘normal’ type of cultivation (as opposed to not dense cultivation) can 
be selected. Knapsack sprayers were selected. The surface treated cannot 
be changed in the calculator and it was set at 1 ha/day when using a 
knapsack sprayer on amenity grassland. For operators, exposure dura
tion is set at 8 h by the model. All treatments were done with glyphosate 
(herbicide) in suspension concentrate (soluble/emulsifiable concen
trate) with different commercial products and therefore different con
centrations of active substance. We set the AOEL at 0.03 mg/kg of body 
weight (bw)/day, as proposed for glyphosate in the renewal assessment 
report filed with EFSA (European Commission, 2021). This value does 
not influence the results for dermal calculation, but it is required by the 
calculator to complete the estimation, as the conclusion of the calcula
tion is expressed in % of the AOEL. To calculate the actual dermal 
exposure and not the absorbed dose, we set the dermal absorption at 
100 %. The maximum rate of formulation was calculated as the quantity 
of active substance applied per hectare divided by the concentration of 
active substance in the product. The calculator provides exposure levels 
according to the wearing of PPE for hands, body, head and inhalation for 
the day and for mixing/loading and application, separately. Three types 
of PPE are considered in the model: protective gloves, workwear and 
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masks (half- or full-face mask particle filters). Workwear consists of 
long-sleeved shirt and long trousers or coveralls (single layer of work 
clothing covering arms, body and legs). All exposure levels are expressed 
as μg/kg bw/day. They are then calculated for each worker by applying 
their respective body weight and converted into mg/day. 

2.3. Statistical analyses 

Exposure levels estimated by the AOEM and measured during the 
field study were expressed in mg/day. The distribution of these variables 
was non-normal according to the Shapiro-Wilk test, so they were 
described in terms of median, minimum, maximum and interquartile 
range. Other quantitative variables such as the concentration of active 
ingredients in commercial products, dose of products applied per hect
are, etc., were also described in terms of median, minimum and 
maximum. Qualitative data were described in terms of frequency (%). 
Levels of total, body, and hand daily exposure as well as hand exposure 
at mixing/loading and at application were compared using the Wilcoxon 
test. To assess the correlation between measured and estimated expo
sure, we log-transformed the values and then ran linear regression an
alyses (t-test). Each measured value had an estimated AOEM value and 
each point of the scatterplot corresponded to one observation day. All 
statistical analyses were performed using R software (version 1.2.1578) 
(R Core Team, 2020). 

3. Results 

3.1. Data used for calculation 

In total, 13 different commercial products were used by the workers, 
with a glyphosate concentration ranging from 240 g/L to 450 g/L 
(median 360 g/L). The median total amount of glyphosate handled was 
180 g (32–720). The tank volume of the knapsack sprayers varied from 
12 to 18 L (median 16 L). The median rate of products applied per 
hectare was 8.22 L/ha (2.50–11.11) and the median rate of active sub
stance applied per hectare was 2.68 L/ha (0.90–5.00). The total duration 
of the treatment (mixing/loading and application) ranged from 110 to 

360 min (median = 210 min). More than half of the workers used at least 
protective gloves during both phases (n = 15, 62.5 %). Regarding cov
eralls, 41.6 % and 50.0 % of workers wore them at mixing/loading and 
application, respectively. Nine subjects (37.5 %) did not use any PPE. In 
terms of clothing, we observed different scenarios. Most operators did 
not wear any extra layers of clothes (n = 13, 54.2 %). Five persons wore 
only a short- or long-sleeved shirt and/or sweater, one wore only trou
sers and five wore both shirt and trousers. Eight operators wore both a 
Tyvek® coverall and clothes and seven did not wear any. 

3.2. Measured dermal exposure 

Actual dermal exposure was estimated by summing the amount of 
pesticides deposited on the undergarments and the cotton gloves. 
Because undergarments were not changed between phases, total and 
actual body exposure could be assessed only for the whole day. How
ever, hand exposure could be assessed for each phase as cotton gloves 
were changed between mixing/loading and application. Median total 
daily exposure was 4.57 mg/day of GLY (range from 0.16 to 60.8) and 
hands accounted for 83.8 % of the total actual exposure (median = 4.62 
mg/day– range from 0.13 to 60.8). Hand exposure was slightly higher 
during mixing/loading compared to application (respectively 1.95 and 
1.35 mg/day of GLY) (Fig. 2). Nevertheless, the difference between the 
two phases was great when considering the wearing of protective gloves: 
without gloves, hand exposure was almost seven times higher at mixing/ 
loading than with application (respectively 11.50 and 1.66 mg/day of 
GLY). 

We compared body exposure according to the number of layers of 
clothing the operators were wearing on the day of the observation 
(Fig. 1). Four scenarios were possible: i) no extra layer of clothing (n =
7); ii) additional clothing such as T-shirts or shirts and/or pants (n = 5); 
iii) additional Tyvek® coverall (n = 4) and iv) additional clothing and 
Tyvek® coverall (n = 8). Interestingly, the lowest levels of exposure 
were found for operators wearing no extra layer of clothing (median 
contamination = 0.21 (0.02–0.66) mg/day (p-value = 0.0006) (Wil
coxon test). We also compared overall daily exposure of operators who 
did not wear any PPE at all phases (N = 9) with operators using the most 
complete PPE for body and hands available (coveralls and gloves) (N =
7). The median overall daily exposure was respectively 17.21 mg/day of 
GLY (range from 1.02 to 60.8) and 2.63 mg/day of GLY (range from 0.16 
to 43.32). 

3.3. Predicted dermal exposure 

Median overall daily exposure was estimated at 27.9 mg/day by the 
AOEM and ranged from 11.8 to 61.1 mg/day. It was higher than expo
sure measured in the field, but the two distributions overlapped (Fig. 1). 
The same applied for daily body exposure, which was estimated at 20 
mg/day (range from 11.8 to 46.6). Median daily hand exposure was 
calculated by the AOEM at only 0.11 mg/day, which is 42 times less than 
in the field. Hands accounted for 26.2 % of total daily exposure in the 
model versus 83.8 % in the field. Measured and estimated hand expo
sures were systematically lower when operators wore protective gloves 
(Fig. 2). However, the protection afforded by the gloves differed be
tween the AOEM and the field study, as well as between phases. When 
protective gloves were worn, hand exposure decreased by 99.7 % and 
63.3 % during mixing/loading and by 93.8 % and 44.0 % during 
application, respectively, in the model and in the field study. The AOEM 
underestimated the exposure when protective gloves were used but the 
distributions overlapped except during application (Fig. 2). 

3.4. Relationship between measured and predicted exposure 

A positive correlation between measured and calculated exposure 
was found for overall daily exposure, (r = 0.43, p = 0.04) (Fig. 3). Two 
values were higher than the estimated value (n◦ 8 and 22). For body 

Table 1 
Parameters entered in AOEM spread.  

Data entered into model  

Identical for all 
individuals 

Adjustable 

Name of active 
substance 

Glyphosate 
Concentration active 
substance in product Formulation Soluble/emulsifiable 

concentrate 
Product category Herbicide 
AOEL 0.3 mg/kg bw/day  
Absorbed dose 100 %a  

Type of crop Amenity grassland 

Maximum rate of product 
applied 

Scenario 
application 

Outdoor applicationb 

Sprayed method Downward sprayingb 

Type of 
cultivation Normalb 

Spraying 
equipment Knapsack sprayer Minimum and maximum 

volume of water 
Surface treated 1 hac 

Data predefined by model for operators 

Duration of 
observation 

8 h  

Standard body 
weight 

60 kg   

a Set to 100 % to estimate total dermal exposure. 
b Automatically selected for amenity grassland. 
c and for knapsack sprayer. 
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exposure, all estimated values were higher than the measures. No cor
relation between the two was found (p = 0.39). (r = 0.19, p = 0.39). 

Concerning hand exposure, values were distributed in two clouds 
corresponding to the wearing of gloves: low values when hands were 
protected and vice-versa. When gloves were worn, measured values 
were systematically above estimated values (Fig. 4). Measured and 
estimated values were weakly correlated for daily exposure (R = 0.45, p 

= 0.03) and for mixing/loading (R = 0.48, p = 0.02). No correlation was 
found for application exposure (r = 0.11, p = 0.61). 

Fig. 1. Measured and estimated daily exposure in total (hands + body), hands only and body only according to number of layers worn by operators (mg/day). * p- 
value <0.05 (Wilcoxon test). 

Fig. 2. Measured and estimated hand exposure (daily, at mixing/loading and at application) according to wearing of protective gloves (mg/day). * p-value <0.05 
(Wilcoxon test). 
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4. Discussion 

4.1. Main results 

Total (body and hands) daily exposure was significantly higher with 
the AOEM estimation but measured and estimated exposures were not 
clearly correlated. Hand exposure was systematically underestimated by 
the AOEM, especially when the operator was wearing protective gloves. 
It seemed to overestimate the protection afforded by gloves. Body 
exposure was higher with the model than in the field study and there 
was no correlation between measured and estimated exposure. Never
theless, the two distributions overlapped. 

4.2. Limitations and strengths 

Our field study has some limitations. First, a selection bias cannot be 
ruled out as participation was voluntary. Even if the communes (French 
administrative units) were selected after stratification on their size and 
all the private gardening companies were contacted, subjects were 
included only if they volunteered. Volunteers may have better work 
conditions and may be more engaged in prevention, so their exposure 
levels may have been lower than in the target population. Second, all 
operators included were all experienced and were not representative of 
newer applicators or seasonal workers. They may have had better 
knowledge of safety issues, maintenance of spraying equipment and 
PPE. However, experienced applicators did not necessarily have lower 
exposure, as they may have developed bad habits or a certain degree of 
acceptance of the risk (Salameh et al., 2004). Third, the small number of 
operators may have led to a lack of variability for some characteristics. 
For instance, we had different types and combinations of work clothes, 
yet it was not possible to take this parameter into account in the ana
lyses. Fourth, the presence of a field monitor helps to measure exposure 
more accurately, but it can also induce changes in an operator’s 
behaviour such as safer work practice and stricter compliance with 
wearing PPE, thereby leading to lower exposure. However, despite the 
presence of the monitor, some operators did not wear any PPE. Unlike 
the studies included in the AOEM, which were carried out in compliance 
with the principle of ‘good agricultural practice’ (see infra), all obser
vations in this field study were kept in order to be representative of 
routine work conditions. 

With a relative low vapour pressure, the glyphosate is not prompt to 

volatilise from treated surface, but its presence in the environment is 
more likely due to the drifting of droplets from spraying. Exposure can 
therefore occur at distance from where it is sprayed and background 
exposure cannot be ruled out in our field study. Thus, field blank sam
ples have been taken. In comparison with the median overall body 
contamination measured (5256 μg of glyphosate), field blank samples 
had a negligible amount of glyphosate. 

To follow EFSA guidelines on the assessment of the exposure of op
erators to pesticides (Großkopf et al., 2013), actual dermal exposure was 
measured using the whole-body method. Studies using the pad method 
were excluded from the model, despite the fact that they are recom
mended by the OECD, as are those using the whole-body method. In the 
field study, undergarments could not be changed between phases and 
body exposure was measured for the entire working day. However, 
cotton gloves were changed between each phase and hand exposure was 
assessed separately at mixing/loading and application. The field study 
data indicate that nearly all the actual exposure came from hand 
contamination. The use of cotton gloves as dosimeter can overestimate 
exposure by retaining more pesticides in the fibres than skin (Fenske 
et al., 1999). Even though the whole-body method has the favour of the 
regulatory agencies, it can interfere with routine work practice 
regarding clothing and PPE. Cotton coveralls may be uncomfortable 
especially in warm conditions, so operators may tend not to wear their 
usual clothing and/or PPE. The pad method and the whole-body method 
were compared under standardised conditions and no difference in 
measured values was observed (Kasiotis et al., 2020). 

Some characteristics chosen for the AOEM differed slightly from 
those of the field study. For example, ‘amenity grassland’ was taken to 
be a ‘crop’ because it was the closest match to the type of surface treated. 
The term includes lawns, public parks, and sports fields but not hard 
ground such as cemeteries, sidewalks, roads, and yards. However, 13 out 
of the 24 operators in the field study sprayed on this type of surface and 
their median contamination was lower than that of operators who 
sprayed on greenspaces (3.273 vs 7.180 μg/day of GLY). Nevertheless, 
the difference was not statistically significant, and it was not considered 
to be a determinant of exposure. In fact, the type of crop had no impact 
on the estimation of exposure. For knapsack sprayers, predicted expo
sure was the same, regardless of the type of crop. Indeed, the AOEM 
considers that operator exposure is the same, irrespective of applying 
pesticide on vegetables, ornamentals, or amenity grassland. 

In the studies included in AOEM, the area treated with a knapsack 
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sprayer ranged from 0.4 to 1.1 ha and the default value was set at 1 ha 
(10,000 m2). No studies conducted in non-agricultural areas were 
included in it (Großkopf et al., 2013), so the estimation of the surface 
treated is based only on agricultural settings and might not be relevant 
for amenity grassland. In the field study, this information was available 
for six operators, the surface ranging from 80 to 2000 m2 (median = 350 
m2). The AOEM overestimated the surface treated with a knapsack 
sprayer on non-agricultural areas. 

Another difference between the two methods concerns clothing and 
PPE. In the AOEM, ‘only long-sleeved-shirts or long trousers or coverall’ 
(single layer of work clothing covering arms, body and legs) were 
considered, as the studies on which it is based must follow ‘good agri
cultural practices’, i.e. operators ‘should at least wear workwear irre
spective of the actual risk (EFSA et al., 2022). Importantly, coveralls are 
considered as workwear and not PPE, so it was not possible to differ
entiate workers who wore only workwear, only coveralls or both. The 
protection afforded by working clothing or uncertified cotton coveralls 
is estimated at 90 % in AOEM and at 95 % for protective coveralls. 
However, some studies have shown that coveralls might in fact increase 
the exposure because they absorb the product and retain it underneath 

the coverall (Hardt and Angerer, 2003; Garrigou et al., 2011; Berthet 
et al., 2014). Given the variety of working conditions and the diversity of 
active ingredients, formulations and commercial products, the pene
tration factor is very likely to vary. 

4.3. External validity 

Very few studies have been conducted with the same objective as 
ours. The study by Bresson et al. (2022) compared 30 operators’ dermal 
exposure during the treatment day in the apple-growing industry under 
real work conditions and using AOEM-predicted values. As in our ob
servations, the AOEM overestimated overall exposure but not in all 
circumstances. Predicted values of daily and application exposure were 
higher than measured ones. However, the model underestimated expo
sure during mixing/loading and especially when protective gloves were 
worn. As in our study, the AOEM overestimated the protection afforded 
by gloves. Another study by Abukari (2015) compared predicted expo
sure using two models (UK-POEM and the German model) with 
measured results from biological monitoring studies from the open 
literature (Abukari, 2015). For high crops, predicted values (from both 
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models) were lower than measured ones. For low crops, however, the 
models performed better with values closer to measured exposure. To 
ensure operator safety, the AOEM is supposed to be conservative and to 
overestimate exposure. However, as shown in these studies and ours, the 
values are not overestimated in all circumstances. 

In contrast with the field study, studies included in the AOEM were 
not conducted under real work conditions, as operators had to follow 
‘good agricultural practice’, i.e. ‘practices that address environmental, 
economic and social sustainability for on– farm processes, and result in safe 
and quality food and non-food agricultural products.’ (FAO, 2003). This 
includes a set of behaviours and is considered mandatory in order to 
ensure the proper safety of workers. There is no official text that de
scribes what ‘good agricultural practice’ actually is, but instead different 
guidelines or standards provided by various agencies. It is unclear what 
practices are considered valid for the model, although one can expect 
that they entail perfect conditions and proper observance of PPE and 
equipment. Moreover, observations with ‘unusual operator activities’ 
were excluded from the model (Bureau et al., 2022) which might be 
detached from real life exposure. 

The 34 studies included in the AOEM were all conducted by pesticide 
companies, even though there is some academic data available on the 
non-agricultural sector. Indeed, we found five studies conducted in this 
sector (Freeborg et al., 1985; Cowell et al., 1991; Johnson et al., 2004; 
Delhomme et al., 2011; Connolly et al., 2019b). They were carried out 
between 1985 and 2019 with sample sizes varying from 4 to 33, making 
a total number of 84 observations. Four studies assessed dermal 
contamination using the pad method and one used wipe samples. 
Studies included in the model were not published and, therefore, un
available. Only some summaries were accessible (Großkopf et al., 2013) 
but they provided very little information to fully understand the scope of 
the study, the exact methodology, the characteristics assessed and the 
results. There were no studies conducted in non-agricultural areas. In 
total, there were eight crops included (cereals, olives, citrus, pome, 
potatoes, sugar beets, grapevine and fallow land/stubble fields) but only 
four studies assessing the exposure when spraying downward with hand- 
held sprayers. These four studies involved herbicide treatment (azafe
nidin, simazine and fluazifop-p-butyl) on grapevines or stubble fields. 
They were all done with knapsack sprayers, so there was no other type of 
equipment available for downward treatment in the model. A total of 88 
individual values (consisting of 48 mixer/loaders and 49 applicators vs 
48 for our field study (24 mixer/loaders and 24 applicators) were 
incorporated in the model for low crop treatments with hand-held 
sprayers. Since the knapsack sprayer is the most widely used equip
ment in agricultural and non-agricultural areas worldwide (Matthews, 
2008), the model might be too generic with only four studies involving 
knapsack sprayers, and it is not likely to capture the heterogeneity and 
complexity of exposure in various work environments. 

On the November 28, 2023, the European Commission has adopted a 
renewal of the approval of glyphosate for ten years. In 2019, in accor
dance with the European legislation (CE) n◦1107/2009, the Glyphosate 
Renewal Group, a group of eight companies applied for renewed 
approval. The document was sent to the rapporteur member states 
(France, Hungary, the Netherlands and Sweden), also known as the 
Assessment Group on Glyphosate, whose task is to produce the renewal 
assessment report and harmonised classification and labelling report to 
EFSA and the European Chemicals Agency (ECHA). Based on this report 
and on an analysis of the current literature, ECHA’s committee for 
hazard assessment concluded that the current harmonised classification 
of GBH as non-carcinogenic should be retained. EFSA’s peer review of 
the risk assessment ‘did not identify any critical area of concern in relation 
to the risk glyphosate might pose to humans and animals and the environ
ment’ (EFSA, 2023). However, several epidemiologic studies cited in the 
renewal approval report did highlight some significant associations 
between glyphosate exposure and some cancers such as NHL (McDuffie 
et al., 2001; Hardell et al., 2002; De Roos, 2003; Eriksson et al., 2008; 
Schinasi et al., 2016; Pahwa et al., 2019), multiple myeloma (De Roos 

et al., 2005) and acute myeloid leukaemia (Andreotti et al., 2018). In the 
‘Summary of product exposure and risk assessment’ section of the renewed 
approval report, exposure was predicted using the EFSA calculator. For 
treatment on invasive species in non-agricultural areas with manual 
knapsack sprayers, the model predicted a total systemic exposure of 
0.003 mg/kg bw/day (without gloves), which is considered safe (9.4 % 
of AOEL). We tested the model using the same parameters as the one in 
the report and set the dermal absorption at 100 % in order to be 
representative of actual dermal exposure (exactly as in this study). Hand 
exposure with glove protection was still underestimated compared to 
the field study (0.03 vs 2.44 mg/day). If one considers a dermal ab
sorption of 0.68 % (as suggested in the renewed approval report for 
glyphosate), this corresponds respectively to 0.01 % and 1 % of the 
AOEL. However, these Dose-Limiting Toxicity studies were done on pure 
substance and should be dismissed as they underestimated actual dermal 
absorption when formulated GBHs fall on skin. 

The AOEM would certainly benefit from the addition of other data 
from field studies that have been conducted in agriculture and non- 
agricultural areas. Even if studies using the patch method to assess 
body exposure are not included in the model, one may wonder why data 
on hand exposure are not included. Indeed, regardless of the method
ology used to assess body exposure, hand exposure is still quantified 
using cotton gloves or hand-washing. Data generated for hand exposure 
should be included in the AOEM in order to improve predictions. 

5. Conclusion 

The AOEM gave higher estimations than field measures. However, 
hand exposure was systematically underestimated when hands were 
protected by gloves, meaning that the model overestimates the protec
tion that they afford. While the AOEM is a fast and cheap predictive tool 
compared to laboratory exposure assessment, it is based on a limited 
number of studies that were carried out exclusively under controlled 
conditions by the pesticide companies. No studies have been conducted 
in the non-agricultural area, even though there are some similarities 
with the agricultural sector regarding the way pesticides are used. Since 
the knapsack sprayer is the main equipment used in agriculture and non- 
agricultural areas, having only four studies with this type of equipment 
included in the model is insufficient. It therefore appears crucial to 
consider academic studies conducted in real work conditions and to 
modify the model so that it estimates operator exposure accurately. 
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