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• Drift and resident/bystander exposure re-
sulting from UASS-assisted orchard appli-
cations were investigated in field trials.

• Deposition and exposure decrease as
height and/or downwind distance in-
crease.

• Compared to earlier UASS drift trials,
spray drift is confined to rather short
downwind distances.

• The results are covered by predictions of
current EU and US regulatory models for
ground and aerial applications.
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Unmanned aerial spraying systems (UASS), i.e., unmanned aerial vehicles designed for pesticide applications, are
widely used in East Asia and increasingly prevalent in other regions of the world, including North America and
Europe. However, according to a recent report of the Organization for Economic Co-operation and Development,
spray drift and exposure caused by these systems are not yet fully understood. In particular, there are at present no
peer-reviewed reports on direct exposure of residents and bystanders to spray drift following UASS applications.
This lack of data results in regulatory concerns with respect to the environment and human safety. The objective of
this study was to quantify environmental, resident and bystander exposure following the application of a plant protec-
tion product to an orchard using a commercial UASS under field conditions. Using a fluorescent tracer, horizontal and
vertical downwind drift data were collected and direct exposure of residents and bystanders located downwind the
sprayed area to spray drift was quantified using display mannequins equipped with personal air sampling pumps.
Spray drift and exposure inversely correlatedwith sampling height and downwind distance. Furthermore, drift and ex-
posurewere strongly influenced bywind speed and direction, albeit hardly affected by the growth stage of the trees. In
addition, substantially less tracer was extracted from thefilters of the air sampling pumps than from the coveralls worn
bymannequins, suggesting that direct resident/bystander exposure to spray driftmay predominantly occur via the der-
mal route. This report provides essential data on UASS spray drift potential that are relevant for environmental and
health risk assessments related to these systems. The results are compared to predicted values of current regulatory
models and previously reported field data on drift and exposure caused by different spraying equipment.
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1. Introduction

Unmanned aerial spraying systems (UASS), defined in the context of
this work as unmanned aerial vehicles designed for spraying pesticides,
are increasingly used throughout the world, in particular in East Asia
(Xiongkui et al., 2017). As of March 2016, roughly 2800 unmanned heli-
copters were registered for operation in Japan alone, spraying 42 % of
the country's rice paddies (FAO and ITU, 2018; Iost Filho et al., 2020).
The 2020 statistics of the Chinese Agriculture Department indicates that al-
most 100,000 UASS were used to treat 66 million hectares that year (Yan
et al., 2021). In other parts of the world, for example Germany,
Switzerland and the United States, UASS are also increasingly deployed
(Dubuis and Jaquerot, 2022; Rodriguez, 2021). The Organization for Eco-
nomic Co-operation and Development (OECD) noted in a recent report
that UASS promise to provide benefits compared to conventional ground-
basedmethods, such as the reduction of operator exposure, improved appli-
cations in terrain not readily accessible with other equipment as well as the
possibility for precise zone or spot application treatments (OECD, 2021). In
turn, it is also pointed out that potential benefits of these systems cannot be
realized without improving the available data, primarily with regard to
drift, efficacy and exposure (OECD, 2021).

According to the U.S. Environmental Protection Agency (US EPA), spray
or dust drift is defined as “the physical movement of pesticide droplets or
particles through the air at the time of pesticide application or soon there-
after from the target site to any non- or off-target site” (US EPA and US
EPA, 2001). Unintended drift of pesticide spraysmay pose a risk to animals,
plants and water bodies (Al Heidary et al., 2014; FOCUS, 2001; Hilz and
Vermeer, 2013). In addition, it may lead to direct and indirect exposure
of individuals that live and/or work in the vicinity of the treated area (“res-
idents”) as well as individuals that spend a short time in proximity of a
treated plot (“bystanders”) (EFSA, 2022; Martin et al., 2008). The extent
of drift is affected by numerous variables, including environmental factors
such as wind direction, wind speed, temperature, humidity and the pres-
ence of windbreaks in proximity of the sprayed area, and application pa-
rameters such as sprayer type, release height, nozzle type and operating
pressure as well as the physico-chemical properties of the spray solution
(Al Heidary et al., 2014; Butler Ellis et al., 2016; Fritz, 2006; Fritz et al.,
2009; Hilz and Vermeer, 2013; Huang et al., 2023; Nuyttens et al., 2007a;
Nuyttens et al., 2006a; Nuyttens et al., 2006b; Polveche et al., 2011;
Wang et al., 2023; Wang et al., 2020). Additional variables affecting drift
are specific to aerial application techniques, such as the nozzle location
with respect to rotors, turbulences caused by multiple rotors, interaction
of the downward-directed wind generated by the rotor(s) (downdraft)
with foliage and/or ground and the effect of UASS design and operational
parameters on potential downdraft (Herbst et al., 2020; OECD, 2021).

A number of field studies to assess off-target movement of droplets fol-
lowing UASS applications have been reported. Drift deposition onto hori-
zontal surfaces, which is related to contamination of surface waters and
exposure of residents and bystander, and/or airborne drift profiles related
to contamination of vegetative structures at field boundaries and direct ex-
posure of residents and bystanders have been studied (EFSA, 2022; FOCUS,
2001; ISO 22866, 2005). These experiments were performed at sites at
which various crops were grown, including (artificial) rice (Chen et al.,
2020; Huang et al., 2023; Xue et al., 2014), pineapple (Wang et al.,
2018), cotton (Zhan et al., 2022), (artificial) vine (Brown and Giles, 2018;
Delpuech et al., 2022; Wang et al., 2021; Wang et al., 2023), and peach
(Li et al., 2022). Further trials were carried out in fields overgrown to a
varying extent with weeds (Ahmad et al., 2022; Wang et al., 2020). Some
of these studies also assessed operational parameters known to influence
off-target movement of spray droplets in the context of aerial applications,
such as droplet size (Chen et al., 2020; Huang et al., 2023; Wang et al.,
2023; Wang et al., 2020), release height (Huang et al., 2023; Wang et al.,
2018; Zhan et al., 2022) and flight velocity (Li et al., 2022). Reviews ad-
dressing drift of UASS have recently been published (Chen et al., 2021;
Chen et al., 2022). To date, there are no peer-reviewed reports on direct ex-
posure of residents and bystanders to spray drift as a consequence of UASS
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applications, albeit a recently published report of the French Agency for
Food, Environmental and Occupational Health & Safety discusses prelimi-
nary results on the topic (ANSES, 2022).

As for drift as a result of pesticide applications using conventional
tractor-mounted equipment, a wealth of data has been published. Specifi-
cally, the Federal Biological Research Centre for Agriculture and Forestry
has published the results of a total of 119 spray drift trials performed in
field crops, grapevine, fruit crops and hops (Ganzelmeier et al., 1995).
These data have been complemented by the results of 122 additional trials
in field and fruit crops and the combined dataset has been re-analyzed
(Rautmann et al., 2001). In the European Union, the data generated by
Ganzelmeier, Rautmann and co-workers are used to predict environmental
concentration of pesticides in surface waters (EFSA et al., 2020; FOCUS,
2001). Along with predictions of the BREAM model (Kennedy et al.,
2012), they are also used to estimate the exposure of residents and by-
standers to surface deposits originating from off-target drift in the current
EU risk assessment process (EFSA, 2022). Moreover, they are implemented
in amodel of the German Federal Institute for Risk Assessment to assess res-
ident/bystander exposure (Martin et al., 2008). Extensive field trials to
characterize drift from applications with ground hydraulic sprayers and or-
chard airblast sprayers have also been performed in the United States
(Johnson, 1995a; Johnson, 1995b). The results of these trials have been im-
plemented in the software AgDRIFT, which permits to model off-site depo-
sition of pesticides due to spray drift and is used by the US EPA for
terrestrial and aquatic assessments (Teske et al., 2002; Teske et al., 2003;
US EPA, 2013). Further studies assessing drift caused by pesticide ground
applications to various crops have been conducted in numerous countries,
including Belgium (De Schampheleire et al., 2008; Nuyttens et al.,
2007b), Colombia (García-Santos et al., 2016), France (Polveche et al.,
2011), Italy (Meli et al., 2003), Spain (Torrent et al., 2017), Switzerland
(Schweizer et al., 2013), the Netherlands (van de Zande et al., 2012; van
de Zande et al., 2019; van de Zande et al., 2010), the United Kingdom
(Cross et al., 2001a; Cross et al., 2001b) and the United States (Kasner
et al., 2018; Kasner et al., 2020; Rathnayake et al., 2021). With regard to
manned aerial applications, the results of a number of experimental studies
have been reported (Bird et al., 1996; Bird et al., 2002; Butts et al., 2022;
BVL, 2020; Hewitt et al., 2002; Viret et al., 2003; Woods et al., 2001).
AgDRIFT allows to estimate downwind deposition from aerial applications
using a modified version of the AGDISP model (Bilanin et al., 1989; Teske
et al., 2002; Teske et al., 2003; Teske et al., 2019).

In the context of pesticide applications using conventional tractor-
mounted equipment, there are also a number of reports on direct exposure
of residents and bystanders to spray drift through deposition of drift drop-
lets on the skin and/or inhalation. Specifically, Lloyd and co-workers
have conducted trials in a field with arable crops and in an apple orchard
in which off-target drift was collected on coveralls and self-breathing respi-
rators worn by volunteers located in proximity to the field (Lloyd and Bell,
1983; Lloyd et al., 1987). In the European Union, the data collected in the
framework of the orchard experiments as well as predictions according to
the BREAM model are used to assess the direct exposure of residents and
bystanders to drift droplets (EFSA, 2022; Kennedy et al., 2012; Lloyd
et al., 1987). Additionalfield trials addressing direct resident and bystander
exposure have been performed following applications to bare soil (Kasiotis
et al., 2014), short grass (Butler Ellis et al., 2010; Glass et al., 2010), wheat
(Butler Ellis et al., 2010; Kuster et al., 2021), grapevine (HSE, 2021;
Mercier, 2020) as well as orchards (Butler Ellis et al., 2014; HSE, 2021).
Further trials have been announced (Verpont et al., 2022). The European
Food Safety Authority (EFSA) stated in a recent report that there is a high
need for further data on resident/bystander exposure following orchard ap-
plications and that the associated concern is deemed high (EFSA, 2022).

The objective of this study was to quantify environmental, resident and
bystander exposure due to spray drift caused by orchard treatments with a
commercial UASS in order to address knowledge gaps that have recently
been highlighted by the OECD (OECD, 2021). Based on the methodology
described in the dedicated ISO standard 22866 (ISO 22866, 2005), deposi-
tion of spray droplets onto horizontal surfaces and airborne spray profiles
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were assessed downwind of a sprayed apple orchard. In addition, direct
dermal and inhalation exposure of residents and bystanders to spray drift
was quantified taking into account the above-mentioned ISO standard as
well as relevant publications of EFSA and the OECD (EFSA, 2022; OECD,
1997; OECD, 2021). The collected data were compared to predictions of
current regulatory models and previously reported field data on drift and
exposure caused by different spraying equipment.

2. Material and methods

2.1. Study site

Field trials were conducted in an apple orchard located in Saint-
Léonard, Switzerland (46.254° N, 7.437° E). In the orchard, the trunk-to-
trunk distance in the same row was ~1.2 m and the inter-row spacing
was ~4.0 m. During the first series of field trials performed in April 2022,
trees were at the end of blossom and the development of foliagewas incom-
plete (early treatment, BBCH 67) (Meier, 2018). The canopy height varied
between 2.8 m and 3.2 m Based on the calculationmethod of the European
and Mediterranean Plant Protection Organization, the tree row volume
(TRV) and the leaf wall area (LWA) were estimated to be 11,472 m3/ha
and 14,850 m2/ha, respectively (EPPO, 2021). Foliage was fully developed
during the second series of field measurements, which were performed
post-harvest in October 2022 (late treatment, BBCH 91) (Meier, 2018).
The canopy height was 3.2 m, the TRV 15,960 m3/ha and the LWA
16,015 m2/ha (EPPO, 2021). The downwind detection area was grassland.
Prior to the experiments, vegetation inside the detection area was cut to a
maximum height of 7.5 cm in agreement with the stipulations laid out in
the ISO standard 22866 (ISO 22866, 2005).

2.2. Application equipment

TheUASS usedwas the six-rotor DJI Agras T30 (DJI Co., Ltd., Shenzhen,
China). The weightwithout batteries andwith an empty tank is 26.4 kg and
themaximum take-off weight is 76.5 kg. The dimensions of the device with
unfolded spraying arms are 2.86m×2.69m×0.79m. It is equipped with
a 30 L tank for the spraying liquid, which was dispensed via 16 downward-
directed Teejet XR 11002 VK flat spray nozzles. The operational pressure
was 1.2 bar. In general, these operational parameters are expected to result
in “fine” and “medium” droplets according to the standard to measure and
interpret spray quality from tips of the American Society of Agricultural and
Biological Engineers (ASABE, 2020). With regard to the specific spraying
liquid used herein (see Section 2.3), the droplet volume median diameter
(VMD) of Teejet XR 11002 VK flat spray nozzles operated at 1.2 bar corre-
sponds to 278 μm (Daniel Schneider, Syngenta Crop Protection AG, per-
sonal communication). Spray applications were conducted at a flight
height of ~4.2 m above the ground, i.e., ~1m above the canopy, at a flight
speed of 7.5 km/h (2.08m/s) and at a nominal application rate of 140 L/ha.
The swathwidthwas approximately 4m and corresponded to the inter-row
spacing. These spray parameters were chosen because they reflect typical
application practices of Swiss UASS service providers for orchard
treatments. The drone was operated by DigitalRoots SA (Granges,
Switzerland) and the spray track was followed in the satellite-assisted auto-
pilot mode with a horizontal and vertical minimal hovering precision of ±
10 cm. Before the first measurement on April 27 and October 11, the nom-
inal flow rate of 500 mL/min/nozzle was confirmed by measuring the ac-
tual volume sprayed within 60 s. Both field trials performed in April and
those conducted in October were replicated four times.

2.3. Tracer material and additives

The fluorescent tracer benzoxazole, 2,2′-(2,5-thiophenediyl)bis[5-(1,1-
dimethylethyl)- was used in all field trials. In order to mimic a typical
plant protection product, it was formulated as a suspension concentrate at
a nominal concentration of 500 g/L (trade name: Helios 500 SC, Syngenta
Crop Protection AG, Basel, Switzerland). Helios 500 SC has been used in
3

earlier efficacy and drift trials (Dubuis and Jaquerot, 2022; Schweizer
et al., 2013; Viret et al., 2003; Vučajnk et al., 2018). The liquid used for
spraying applications contained 0.3 % v/v Helios 500 SC, which corre-
sponds to a nominal tracer concentration of 0.15%w/v. Based on the direc-
tives given in the ISO standard 22866, awetting agentwas also added to the
spraying liquid (0.02 % w/v Etalfix Pro, Syngenta Crop Protection AG,
Basel, Switzerland).

2.4. Orchard treatment

Spray applications were performed on April 27–28, 2022 and October
11–12, 2022. The trial site is depicted in Fig. 1. The outermost 6 rows of
the orchard were treated. The length of the sprayed area was 87 m and
the width 24 m. The recently published OECD literature review on un-
manned aerial spray systems in agriculture suggest to define the edge of
an orchard (distance = 0 m) as half a swath from the downwind flight
line (OECD, 2021). This definition was adopted in the context of the aerial
treatments performed herein, where the downwind flight line of the UASS
is equivalent to the imaginary line formed by the trunks of the outermost
row of trees and a half-swath corresponds to 2 m in this trial. Before and
after each field trial, a sample from the spraying liquid was taken directly
from a nozzle to determine the actual tracer concentration, which was
used in subsequent analysis of the results.

2.5. Collection of drift deposit and airborne drift

The collection of drift samples was performed in accordance with the
ISO standard 22866 and the experimental set up is represented in Fig. 1.
Sedimented spray drift was collected 0, 1, 3, 5, 10, 15, 20, 30 and 50 m
downwind the sprayed area. For this purpose, a total of 4 laths per distance
were placed parallel to the edge of the field. 5 Petri dishes (Fischerbrand™;
Fischer Scientific) with a diameter of 8.8 cm serving as collectors were
placed on each lath. Hence, the combined area of all collectors was
1216 cm2 per distance. Airborne spray was collected 5 m downwind the
edge of thefield using a 6m tall sampling towerwith three vertical polypro-
pylene strings with 2.5 mm diameter (mamutec AG, Sankt Gallen,
Switzerland). Each stringwas cut into six 1m long sections from the ground
upwards to assess airborne drift at different heights. The sampling period
ended 5 min after the end of the spraying application to ensure that spray
drift droplets had deposited and was followed by sample collection. Similar
waiting times were reported for earlier drift trials (Butts et al., 2022;
Rathnayake et al., 2021).

2.6. Direct exposure of bystanders and residents to spray drift

The methodology of the direct drift exposure measurements was based
on the whole body method and the personal sampling method described in
the OECD guidance document for the conduct of studies of occupational ex-
posure to pesticides during agricultural application (OECD, 1997). Briefly,
displaymannequinswith a height of 175 cmand110 cm, respectively, were
used to represent adults or children. 3 mannequin pairs, each consisting of
one adult and one child mannequins spaced by ~1 m, were placed 3 and
10 m downwind the sprayed area, respectively. 4 additional mannequin
pairs were positioned at a downwind distance of 5 m. As shown in Fig. 1,
the distance between two mannequin pairs located at the same downwind
distance was >5m andmannequin pairs were arranged in a staggered fash-
ion to prevent “shadowing” effects. In order to collect spray drift leading to
dermal exposure, they were dressed with loose fit 3M-4570 coveralls (3 M,
Saint Paul, MN, USA) covering all body parts including the head. Child cov-
eralls were small size adult coveralls with shortened arms and legs. To col-
lect spray drift resulting in inhalation exposure, 3 adult and 3 child
mannequins located a downwind distance of 3 m, 3 adult and 2 child man-
nequins located a downwind distance of 5 m and 2 adult and 2 child man-
nequins located at a downwind distance of 10 m were equipped with
personal air-sampling pumps set to a flow rate of 5 L/min (GilAir Plus,
Sensidyne®, St. Petersburg, FL, USA). A rubber tube was attached to the



Fig. 1.Trial layout. A. Aerial photograph of the trial site overlaidwith a schematic of the experimental design. The sprayed area corresponds to 6 rows of apple trees spreading
out over ~24m×~87m. It is represented in yellow and orange, though, the orange area was not treated in trials 5 and 6 (see Section 3.1). The downwind detection area is
highlighted in green and extends over an area of 40m×50m. The locations of the drift sampling tower, lats with Petri dishes and mannequins are indicated by purple, blue
and red frames, respectively. At the trial site, the perpendicular of the spray track corresponds to a wind direction of 227°, which is indicated in the compass along with the
acceptable mean wind directions and the range of wind directions that should represent at least 70 % of individual measurements. B. Picture of the drift sampling tower
located 5 m downwind the sprayed area. C. Photograph of Petri dishes used to collect sedimented spray drift. D. Picture of mannequins representing adult or child
bystanders and residents directly exposed to spray drift via the dermal and the inhalative route. E. Photograph of the six-rotor DJI Agras T30 used for spraying.
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inlet of each pump with one end and the other end, which contained a
cotton wool filter (50 mg ± 1 mg), was fixed to the side of the head-
piece of the coverall such that ambient air was sampled from the breath-
ing zone. The sampling period ended approximately 5 min after the end
of the spraying application to ensure that spray drift droplets had depos-
ited. Subsequently, coverall parts covering head, torso (chest and back
including upper thigh groin level), upper limbs and lower limbs were
collected separately. In addition, wool filters were collected from air-
sampling pumps.

2.7. Sample handling, transport and storage

In general, sampleswere collected at decreasing distance from the sprayed
area, i.e., collection started 50 m downwind and was terminated 4 m upwind
the edge of the field. To avoid contamination, disposable nitrile gloves
(Unigloves®, Gillingham, UK) were worn and regularly changed during sam-
ple collection and samples corresponding to a specific body part of a specific
mannequin, a specific downwind distance or height, respectively, were
wrapped in individual bags labeled with identification numbers. All individu-
ally wrapped samples were transported to Agroscope, Changins, Switzerland,
and stored in the dark at room temperature until further analysis.
4

2.8. Quantification of the collected tracer

The fluorescent marker was recovered from the different collectors
using 2-propanol (99.6 % ACS, Acros Organics). To recover tracer ma-
terial from Petri dishes, 10 mL of 2-propanol were added, followed by
an incubation on a rotary plate for at least 10 min. Sections of mono-
filament string were soaked in 10 mL 2-propanol in Falcon tubes.
The different coverall parts stored in individual plastic bags were
soaked thoroughly in 100 mL 2-propanol (head) or 200 mL 2-
propanol (upper and lower limbs, torso) for at least 10 min. Cotton
wool filters were placed in Falcon tubes, followed by addition of
10 mL 2-propanol and incubation. After recovery, the tracer material
was quantified by fluorimetry at an excitation wavelength of 375 nm
and an emission wavelength of 435 nm (Fluorimeter 96, Syngenta
Crop Protection AG, Basel, Switzerland) (Viret et al., 2003). Recovery
efficiency was determined for the 3M-4570 coveralls used and ranged
from 94.8 % to 98.7 %. The recovery efficiency of field samples was
determined during the trials performed in October 2022 by spiking a
400 cm2 piece of 3M-4570 coverall with 500 μL of spray liquid and
measuring the amount recovered in the laboratory after transport
and storage. The field recovery was 97.1 %.
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2.9. Measurement of meteorological conditions

Wind velocity, wind direction, air temperature as well as relative hu-
midity were monitored during the entire sampling period of each field
trial at a sampling rate of 0.5 Hz. Wind speed and direction were detected
at a height of 2.4musing aWindSonic™ ultrasonic anemometer (Gill Instru-
ments Limited, Hampshire, UK) connected to a weather station (Campbell
Scientific, Logan, UT, USA), both of which were located within the sam-
pling area at a downwind distance of 50 m.

2.10. Data analysis

Drift data (Section 2.5) were used to calculate height-dependent mean
airborne drift and distance-dependent mean drift deposits for each trial.
The latter further permitted to compute a cumulative projection along the
decay curve to determine the distance corresponding to a cumulative drift
deposit value of 90 % of the total amount of spray drift measured as de-
scribed in the ISO standard 22844 (ISO 22866, 2005). Measurements of
drift deposit in individual Petri dishes stemming from different trials were
further used to compute the 50th, 77th and 90th inclusive percentiles at a
given downward distance and crop growth stage by interpolation between
adjacent values. In order to facilitate the comparison with other spray drift
studies, all drift values were expressed as a percentage of the actual applica-
tion rate (OECD, 2021).

Measurements of direct drift exposure using mannequins (Section 2.6)
were characterized by small sample sizes of 3–4 permannequin type, down-
wind distance and trial. For higher tier exposure assessments, EFSA stipu-
lates that “exposure estimates should, as a default, be derived as the
higher of: (a) (…) the distribution of measurements in the sample (…); or
(b) a statistical estimate (…) for the theoretical population of measure-
ments from which the sample was derived, under the assumption that
this population has a log-normal distribution” (EFSA, 2022). To derive ex-
posure percentile values from the distribution of measurements in the sam-
ple, adult and child exposure measurements performed at a certain
downwind distance and crop growth stage were combined. As measure-
ments of individual exposures for a given scenario are often log-normally
distributed (EFSA PPR panel, 2010), they were fitted to a log-normal prob-
ability density function:

f xð Þ ¼ 1

xσ
ffiffiffiffiffiffi
2π

p exp � ln xð Þ � μð Þ2
2σ2

( )
(1)

where x denotes the exposure expressed as a volume, μ is the location pa-
rameter and σ corresponds to the scale parameter. The respective cumula-
tive distribution functions were used to derive the 50th, 75th and 95th
percentiles.

Statistical estimates of the 75th and 95th were computed as:

percentile estimate ¼ exp xþ tn � 1,α∗s∗
ffiffiffi
1
n

r( )
(2)

Here, x and s are the arithmetic mean and the standard deviation of the
natural logarithms of the exposure measurements, respectively, n denotes
the sample size and tn-1,α is the percentile of the t-distribution with n-1 de-
grees of freedom (EFSA, 2022).

Direct dermal and inhalation drift exposure data were expressed as vol-
umes. To account for differences between the flow rate of the personal air
sampling pumps and the actual inhalation rate of a person, inhalation expo-
sure estimates were calculated based on hourly inhalation rates for acute
exposures of 0.228 m3/h per kg body weight (toddlers) and 0.053 m3/h
per kg body weight (adults) and body weights of 10 kg (toddlers) and
60 kg (adults), respectively (EFSA Scientific Committee, 2012; US EPA,
2011). These values are recommended in the recently published EFSA guid-
ance on the assessment of exposure of operators, workers, residents and by-
standers in risk assessment for plant protection products (EFSA, 2022).
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All data analyses were performed using RStudio, R version 4.2.0. Spe-
cialized functions from the R libraries dplyr (Wickham et al., 2023), ggplot2
(Wickham, 2016), tidyverse (Wickham et al., 2019), showtext and MASS
(Venables and Ripley, 2002) were used.

3. Results

3.1. Unexpected events during field trials

Wind speed and direction during trials 1 and 3 conducted on April 27
and 28, 2022, respectively, as well as trial 7 done on October 12, 2022
did not fully comply with the stipulations of the ISO standard 22866.
The deviations are discussed in Section 3.2. During trials 5 and 6, the
outermost 22 m of the last three rows, which were located at upwind
distance of 12 m or more, were not treated (Fig. 1A, highlighted in or-
ange). As >90 % of spray drift deposit was confined within a downwind
distance of <5 m, this deviation is thought to have a negligible impact
on measured drift levels. Please see Section 3.4 for further details. Fur-
ther deviations occurred during trials 5 and 6: (i) The spraying liquid
was not diluted according to the experimental protocol, which resulted
in an actual tracer concentration of 0.19 % (w/v) instead of the target
concentration of 0.15 % (v/w), and (ii) the volume application rate
was 150 L/ha instead of the target rate of 140 L/ha. In general, actual
tracer concentration and actual application rates were accounted for
in the analysis of the results, and hence, the impact of these deviations
was considered minor. During all trials, a total of 24 Petri dishes, i.e.,
1.5 % of a total of 1600 drift deposit measurements, were blown off
the laths during the spraying operation. The Petri dishes concerned
were located at downwind distances of 0–5 m and excluded from further
analysis. Finally, a total of three mannequins toppled over backwards
during the sampling period, the possible impact of which is discussed
in detail in Sections 3.5 and 3.6.

3.2. Meteorological conditions

Mean air temperatures were very similar during all trials performed
in April and October 2022. They ranged from 18.8 °C to 22.4 °C with a
standard deviation ≤0.2 °C. Considering mean relative humidity,
which ranged from 29.7 % (trial 1, April 27, 2022) to 56.5 % (trial 8, Oc-
tober 12, 2022), mean wet bulb temperatures that take into account
cooling due to evaporation were estimated to range from 9.9 °C (trial
1) to 15.4 °C (trial 8) (Stull, 2011). The mean wind velocity was at
least 1.3 m/s (trials 1, 3 and 7) and did not exceed 3.0 m/s (trial 4),
which corresponds to the legal threshold beyond which UASS opera-
tions are not permitted in Switzerland (FOCA, 2021). Mean wind direc-
tions did not deviate by >24° from the perpendicular to the spray track.
These meteorological data comply with the stipulations of the ISO stan-
dard 22866, according to which temperatures between 5 °C and 35 °C,
wind speeds ≥1 m/s and mean wind directions at 90° ± 30° to the
spray tracks are acceptable (ISO 22866, 2005). According to the same
document, no more than 10 % of wind speed measurements should be
<1 m/s and no more than 30 % of wind direction measurements should
be >45° from the perpendicular of the spray track (ISO 22866, 2005). As
shown in Fig. 2, the meteorological conditions during trials 2, 4, 5, 6 and
8 complied with these criteria as well. In turn, 38.3 % of wind speed
measurements during trial 1 were below the threshold with a concomi-
tant variation in wind direction resulting in 56.8 % of values falling out-
side the permitted range. Deviations were particularly pronounced
during treatment of the first tree row with weak winds almost parallel
to the spray track (Fig. S1). During trial 3, 33.3 % of wind speed and
48.8 % of wind direction measurement did not comply with the
above-mentioned criteria, albeit deviations were almost exclusively ob-
served after complete treatment of the outermost rows contributing
most to downwind drift (Fig. S1). Regarding trial 7, 28.8 % of wind
speed measurements were below the threshold of 1 m/s, though, only
8.3 % of individual data points were below 0.75 m/s (Fig. S1).



Fig. 2.Wind speed and direction during the field trials. A. Histograms showing the distribution of wind speed and wind direction data collected during field trials conducted
in April 2022 (blossom, BBCH 67). B Histograms showing the wind data recorded in October 2022 (post-harvest, BBCH 91). Data that were recorded during the treatment of
the first tree row neighboring the edge of the field are depicted in dark blue or dark red, respectively. Dashed lines indicate a wind speed of 1m/s that should not be undercut
by>10% of individualmeasurements according to the ISO standard 22866 (ISO 22866, 2005). Dotted lines represent thewind directions perpendicular to the spray track±
45° that constitute the range that should not be exceeded by >30 % of data points according to the ISO standard 22866 (ISO 22866, 2005).

P.-H. Dubuis et al. Science of the Total Environment 881 (2023) 163371
3.3. Airborne drift

The results of airborne drift measurements conducted at the sampling
tower located 5 m downwind are given in Fig. 3. They are indicative of
the profile of the drift cloud resulting from the UASS operation. In general,
airborne drift correlated negatively with sampling height and increased at
higher wind speed. Very low airborne drift levels were observed with re-
spect to trial 1,which reflects the substantial deviation from the range of ac-
ceptable wind conditions of standardized drift trials (ISO 22866, 2005).
Airborne drift observed in trials 3 and 7 was similar to the data collected
in trials 4 and 5, respectively, suggesting that the slight deviations from
the meteorological acceptance criteria did not considerably impact
Fig. 3.Height-dependentmean airborne drift at a downwind distance of 5m. A. Vertical
Data recorded in October 2022 (BBCH 91, post-harvest). Each dot corresponds to the ar
portion of three different monofilament lines.
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airborne drift levels. Finally, airborne drift values did not approximate
0 % at a height of 5–6 m in trial 8, which may be due to turbulent and/or
gusty wind conditions (Rathnayake et al., 2021).

3.4. Drift deposit

Fig. 4 shows ground deposition levels upwind and downwind the edge
of the field in each trial, i.e., both in-swath and drift measurements are rep-
resented. Each data point corresponds to the arithmetic mean of deposit
values from individual Petri dishes, i.e., 20 measurements per distance in
most cases but not less than 12 when individual Petri dishes had to be ex-
cluded from further analysis (see also: Section 3.1). Mean deposition 4 m
drift data collected duringfield trials conducted in April 2022 (BBCH67, blossom). B
ithmetic mean of three individual measurements, i.e., the drift collected on a given



Fig. 4. Drift deposit at different downwind distances. A. Drift deposit data collected during field trials conducted in April 2022 (blossom, BBCH 67). B Data recorded in
October 2022 (post-harvest, BBCH 91). Yellow swaths highlight negative downwind distances, i.e., data points collected within the sprayed area. Green lines correspond
to the cumulative projection of the measured drift values to determine the distance corresponding to a drift value of 90 % of the total amount of drift deposit measured.
The 90 % threshold is indicated in each panel as a dotted line.
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upwind the edge of the plot ranged from 31.5 % (trial 6) to 79.5 % (trial
4) of the actual application rate, which varied from 197.37 g tracer/ha
(trial 1) to 284.36 g tracer/ha (trial 5). Deposition inside the treated
plot was generally higher in the first series of field trials conducted
prior to full development of foliage. Distance-dependent drift levels re-
sembled a “slackened” exponential decay (Holterman et al., 2017),
which decreased to values <0.1 % at the farthest downwind distance
of 50 m. The cumulative projection of the measured drift values, a rep-
resentation proposed in the ISO standard 22866, reveals that 90 % of
the total amount of drift deposit measured deposited at downwind dis-
tances <5 m in trials 2–8. Conversely, the threshold of 90 % of total
drift was reached at a downwind distance <3 m in trial 1 during
which wind speed and direction significantly deviated from the stipula-
tions of the ISO standard. This observation highlights the importance of
wind conditions in drift trials.

For an in-depth analysis, the aggregated data collected in trials per-
formed in April and October, respectively, were used to calculate mean
drift deposit levels as well as 50th, 77th and 90th drift percentiles for
early and late UASS treatments. As drift profiles observed in trial 1 proved
markedly different from those observed in the other trials done in April (tri-
als 2–4), the former were excluded from further analysis. Two representa-
tive plots depicting drift deposits at a downwind distance of 3 m along
with the corresponding 50th, 77th and 90th percentiles are shown in
Fig. 5. Analogous plots for all downwind distances investigated can be
found in the Supplementary Information (Figs. S2 and S3). For all dis-
tances and growth stages, individual measurements spread over a
wide range and followed a positively skewed distribution, with arith-
metic means systematically higher than the corresponding 50th percen-
tiles. Interestingly, 77th and 90th drift percentiles observed in trials
conducted in April were in very good agreement with the corresponding
percentiles derived from data collected in October (Fig. 6). As a conse-
quence, distance-dependent arithmetic means and percentiles values
were also calculated for the combined dataset (trials 2–8). All results
are summarized in Table S1.
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3.5. Direct dermal exposure to drift

Fig. 7 shows the relative dermal exposure of different body parts at a
downwind distance of 3 m for early and late UASS treatments. The entire
dataset is represented in Figs. S4 and S5. Based on the rationale provided
in the previous section, the results of trial 1 were eliminated from the anal-
ysis. Dermal exposure measured with adult mannequins was most pro-
nounced on the lower limbs (62/70 mannequins), followed by the torso
and the arms, which displayed similar exposure levels. With regard to
child mannequins, a trend was less evident, as the legs were the most ex-
posed body part in 32 instances, followed by the torso (21 instances) and
the arms (17 instances). In this context, it should be emphasized, however,
that the surface areas of the coverall parts covering the legs and the torso
were roughly equal in the case of adult mannequins, while they were not
in the case of child mannequins. Specifically, the surface of the coverall re-
gion covering the torso was 1.39± 0.15 fold greater than that covering the
lower limbs (mean ± standard deviation). This is in excellent agreement
with default surface area values that are used within the European Union
to assess the risks associated with biocides and pesticides, based on which
the surface of a torso is expected to be 1.32 times greater than that of the
legs in the case of a 6 to <12 year old child irrespective of gender (EFSA,
2022). Finally, the head was the least exposed part of the body in the com-
bined adult/child mannequin dataset (135/140 instances).

From a risk assessment perspective, it is relevant to compute the poten-
tial dermal exposure, which corresponds to the maximum amount of tracer
that could have come in contact with the skin. In the context of the present
study, it is calculated as the sum of tracer detected on all body parts. The
corresponding cumulative percentage plots of the potential dermal expo-
sure data collected at a downwind distance of 3, 5 or 10 m are shown in
Figs. 7, S4 and S5. Three data points stem from adult mannequins that top-
pled over backwards while the trial was on-going, possibly because of un-
even ground and gusts. The corresponding dermal exposure values were
not excluded from the dataset, as the adjacent child mannequins, which
were located at a distance of ~1 m, displayed similar dermal exposure



Fig. 5. Cumulative percentage graphs built from drift deposit values derived for
individual Petri dishes, representative data collected at a downwind distance of
3 m. A Data collected during field trials conducted in April 2022 (blossom, BBCH
67). B Data recorded in October 2022 (post-harvest, BBCH 91). 1D dot plots
above the cumulative percentage plots illustrate the scatter of drift deposit values
observed within the same trial. Long dashed, dashed and dotted lines correspond
to the median, 77th and 90th percentiles, respectively, all of whom were
determined by interpolation between the two closest values. Analogous plots
were computed for the entire range of downwind distances assessed and are
shown in Figs. S2 and S3.
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levels, suggesting that the incidents did not markedly influence the out-
come of the measurements. Based on EFSA's stipulations for higher tier ex-
posure assessments (EFSA, 2022), 50th, 75th and 95th percentiles were
calculated for each crop growth stage, mannequin type and downwind dis-
tance from a log-normal fit to the data and 75th and 95th percentile values
were further statistically estimated assuming a log-normal distribution of
Fig. 6. Drift deposit upon orchard spraying applications. 77th and 90th percentile value
are plotted against the corresponding percentile values calculated from data collected in
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the sample. Statistical estimates were consistently higher than the corre-
sponding percentiles derived from thefit. Both log-normalfits, 50th percen-
tiles and the statistical estimates of the 75th and 95th percentiles are
represented in Figs. 7, S4 and S5. Analogous analyses were performed for
each body part and the results are represented in Figs. S6 and S7. Remark-
ably, 75th and 95th potential dermal exposure percentiles upon early and
late treatment were virtually identical (Fig. 8), which corroborates the ob-
servations made for drift deposit levels (Fig. 6). As a consequence, dermal
exposure descriptors were derived from the entire dataset (trials 2–8) as
well. All results are recapitulated in Table S2 of the Supplementary Infor-
mation.

3.6. Direct inhalation exposure to drift

Representative plots built from inhalation exposure data collected at a
downwind distance of 3 m are given in Fig. 9. The entire dataset is repre-
sented in the Supplementary Information (Figs. S8 and S9). Log-normal
fits are shown as well as 50th, 75th and 95th exposure percentiles that
were calculated as described above. Based on the rationale provided in
the preceding sections, data points stemming from fallen mannequins,
which did not tangibly differ from the remaining measurements, were con-
sidered in the analysis, whereas those of trial 1 were not. In general, total
direct inhalation exposure to spray drift was orders of magnitude below po-
tential direct dermal exposure. The average amount of tracer was higher in
filters from pumps attached to child mannequins than from those fixed to
adult mannequins, albeit this difference was levelled out upon correcting
for inhalation rates and body weights (Figs. 9, S8 and S9 depict the
corrected data). In an analogous fashion as the drift deposit and direct der-
mal exposure levels, direct inhalation exposure declined at increasing
downwind distance, albeit the 95th percentile estimate for child manne-
quins located 10 m downwind, which was derived from the data of the
first trial series, was comparatively high. This is likely to be due to the
way statistical percentile estimates were calculated, i.e., a low sample size
of 6 results in a substantial weight given to the standard deviation.
Fig. 10 shows that the 75th and 95th inhalation exposure percentiles
upon early and late treatment match reasonably. Comparison of percentiles
exclusively computed from the log-normal fit, thereby excluding statistical
estimates, improved the agreement of the two datasets (Fig. S10). All re-
sults are compiled in Table S2 of the Supplementary Information.

4. Discussion

Overall, both drift and exposure levels tailed off at increasing down-
wind distances and height. Distance-dependent decreases in drift deposit
levels have been observed in earlier trials involving various crops for both
UASS, manned agricultural aircrafts and tractor-mounted sprayers
(Ahmad et al., 2022; Bird et al., 2002; Brown and Giles, 2018; Butts et al.,
2022; Chen et al., 2020; De Schampheleire et al., 2008; Herbst et al.,
2020; Huang et al., 2023; Li et al., 2022; Meli et al., 2003; Nuyttens et al.,
2006a; Torrent et al., 2017; van de Zande et al., 2012; van de Zande
et al., 2019; Wang et al., 2021; Wang et al., 2023; Wang et al., 2020;
s at different downwind distances derived from trials performed in April (trials 2–4)
October (trials 5–8).



Fig. 7. Cumulative percentage graphs built from potential dermal exposure data estimated using adult and child mannequins dressedwith 3M-4470 coveralls, representative
data collected at a downwind distance of 3 m. A-B Data collected during field trials conducted in April 2022 (blossom, BBCH 67). C-D Data recorded in October 2022 (post-
harvest, BBCH 91). Individual mannequins and the relative exposure of their different body parts are represented above each plot. Blue/red lines correspond to a cumulative
representation of a log-normal fit to a histogram constructed from the respective dataset. Long dashed, dashed and dotted lines correspond to its median (log-normal fit), 75th
and 95th percentiles (higher of log-normal fit and statistical estimate), respectively. The value from the adult mannequin that fell during the trial is highlighted with an
asterisk, the value of the neighboring child mannequin with two asterisks.

P.-H. Dubuis et al. Science of the Total Environment 881 (2023) 163371
Wang et al., 2018;Woods et al., 2001; Xue et al., 2014; Zhan et al., 2022). In
a number of UASS drift trials, airborne drift has also been measured,
unveiling vertical profiles that were qualitatively very similar to the one re-
ported here (Herbst et al., 2020;Wang et al., 2021;Wang et al., 2023;Wang
et al., 2020; Xue et al., 2014). This can be explained by fact that larger drift
droplets have a higher mass than smaller drift droplets, and hence, tend to
deposit at shorter downwind distances and on the lower fraction of the ver-
tical drift detectors (Wang et al., 2020; Zimdahl, 2007). It should be noted,
however, that vertical drift profiles with a maximum not located on the
lowest fraction of the vertical collectors have been observed in drift trials
performed with tractor-mounted orchard sprayers (Cross et al., 2001a;
Fig. 8. Direct dermal bystander/resident exposure to spray drift following orchard spra
derived from trials performed in April (trials 2–4) are plotted against the correspond
exposure value corresponds to the higher of the log-normal fit and the corresponding st
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Cross et al., 2001b; Kasner et al., 2018; Kasner et al., 2020). Moreover, can-
opy growth stage has been reported to affect agrochemical drift and resi-
dent/bystander exposure following tractor-assisted orchard applications
(Ganzelmeier et al., 1995; HSE, 2021; Polveche et al., 2011; Rathnayake
et al., 2021; Rautmann et al., 2001; van de Zande et al., 2019; van de
Zande et al., 2010), whereas such effects were not evident in in the present
study despite marked differences in tree row volume. The possible reason
for these differences is that cross-flow blowers and radial flow compressors
typically used in orchard applications discharge spray liquid in an arc in the
sideward and/or upward direction, whereas UASS, analogous to hydraulic
boom sprayers, operate above the crop and discharge the spray liquid in a
ying applications. 75th and 95th percentile values at different downwind distances
ing percentile values calculated from data collected in October (trials 5–8). Each
atistical estimate.



Fig. 9. Cumulative percentage graphs generated from inhalation exposure data estimated using adult and child mannequins equipped with personal air sampling pumps,
representative data collected at a downwind distance of 3 m. A-B Data collected during field trials conducted in April 2022 (blossom, BBCH 67). C-D Data recorded in
October 2022 (post-harvest, BBCH 91). Blue/red lines correspond to a cumulative representation of a log-normal fit to a histogram constructed from the respective
dataset. Long dashed, dashed and dotted lines correspond to its median (log-normal fit), 75th and 95th percentiles (higher of log-normal fit and statistical estimate),
respectively. The value derived for the adult mannequin that fell during the trial is highlighted with an asterisk.
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downward-directed fashion. For hydraulic boom sprayers, drift levels have
been reported to be unaffected by crop growth stage (Ganzelmeier et al.,
1995; Rautmann et al., 2001).

In all trials conducted here, 90 % of total drift deposit as determined ac-
cording to the method described in the ISO standard were consistently
contained within a downwind distance of <5 m (ISO 22866, 2005). This
value is rather low compared to those published in earlier reports: For a
Z3 single-rotor UASS releasing a tracer over a rice paddy, 90 % of spray
drift was observed within the first 8 m (Xue et al., 2014). The 90 % of the
total drift locations ranged from 3.7 to 46.5 m for applications to a pineap-
plefieldwith a single-rotor 3WQF120–12 (Wang et al., 2018). In a different
study conducted in grassland with a P20 4-rotor UASS equipped with a ro-
tary nozzle, the 90 % threshold was reached at a distance of 3.6–23.9 m
(Wang et al., 2020). In a drift study performed in an almond orchard, the
threshold was not reported, but calculated by the authors of the present
work. It ranged from <3-<10 m depending on the flight speed of the
3WYD-4-22A quadcopter used. Wang and co-workers have tested three
UASS equipped with hollow-cone or drift-reducing air-injection nozzles in
Fig. 10. Direct bystander/resident exposure via inhalation of spray drift following orch
distances derived from trials performed in April (trials 2–4) are plotted against the corr
Each exposure value corresponds to the higher of the log-normal fit and the correspond
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trials involving artificial grapevines (Wang et al., 2021). They found that
90 % of spray drift were contained within a distance of 9.1–10.0 m
(3WQF120-12 single-rotor UASS), 7.9–11.5 m (3WM6E-10 6-rotor UASS)
and 11.7–13.6 m (3WM8A-20 8-rotor UASS). Brown and Giles reported
that 82 % of total drift deposit generated by a Yamaha R-Max II single-
rotor UASS following treatment of a full-leafed vineyard were contained
within 7.5 m (Brown and Giles, 2018). Finally, Huang et al. assessed the in-
fluence of reduced flight height, increased droplet size and addition of non-
ionic surfactant on drift caused by a DJI Agras T30 hexacopter (Huang
et al., 2023), i.e., the same UASS that was used in the present study. 90 %
of spray drift was observed within the first 7.7–18.9 m downwind the arti-
ficial rice paddy treated. As UASS were not operated side-by-side, compar-
ing these results is daunting due to differences in study methodology,
droplet size distribution, crop characteristics and environmental conditions
(Brown and Giles, 2018). Nonetheless, the rather narrow buffer zone con-
taining most of the drift deposit observed herein was surprising because
the release height of ~4.2 m was comparatively high, the droplet size dis-
tribution was medium (VMD = 278 μm) and wind speeds reached the
ard spraying applications. 75th and 95th percentile values at different downwind
esponding percentile values calculated from data collected in October (trials 5–8).
ing statistical estimate.
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maximum legal threshold for UASS operations in Switzerland. Both release
height, droplet size distribution and wind speed are major known factors
impacting drift in aerial pesticide applications (Butts et al., 2022; Huang
et al., 2012; Huang et al., 2023; Wang et al., 2023). Scrutiny of the opera-
tional parameters in the above-mentioned UASS drift studies unveiled
that most of the UASS flew at velocities of 3 m/s or more (Brown and
Giles, 2018; Huang et al., 2023; Wang et al., 2020; Wang et al., 2018; Xue
et al., 2014). Wen et al. demonstrated the occurrence of a spiral wake at
the rear of the fuselage of a single-rotor aircraft when flight speeds
exceeded 3 m/s in numeric simulations (Wen et al., 2018). This vortex
has been referred to as a major factor affecting the drift of UASS (Chen
et al., 2022) and may have contributed to the observed discrepancies be-
tween the findings reported here and the literature precedent. Indeed, in-
creased far-field drift was observed in a recent field study as the flight
speed of a 4-rotor UASS was increased from 1 m/s to 3 m/s (Li et al.,
2022). Finally, it was also noted that not all UASS used in the above-
mentioned studies were operated in the satellite-assisted autopilot mode.
In our hands, manual UASS operation can lead to higher drift levels.

From a risk assessment perspective, it is critical to understand whether
off-target movement of spray droplets caused by UASS is covered by
predictions of existing regulatory models relating to conventional tractor-
mounted equipment. Fig. 11A shows a comparison of the distance-
dependent drift deposit values observed herein (trials 2–8) and reference
values for orchard sprayers implemented in current regulatory models. In-
terestingly, the distance-dependent 90th percentile values derived from
the Ganzelmeier-Rautmann dataset (Ganzelmeier et al., 1995; Rautmann
et al., 2001), which have been implemented in the EUmodels to assess sur-
face water and bystander exposure (EFSA et al., 2020; EFSA, 2022; FOCUS,
2001), are systematically higher than the corresponding percentiles com-
puted from our UASS dataset. Similarly, 50th drift percentiles calculated
in a tier I terrestrial assessment with AgDRIFT version 2.1.1 (Teske et al.,
2002), a software used by the US EPA to assess the risk of pesticide drift
to the environment (Rathnayake et al., 2021; US EPA, 2013), are consis-
tently higher than the corresponding UASS drift percentiles. In this context,
it should be stressed that the EU risk assessment process assumes that
“early” treatments are performed at a dormant growth stage, i.e., the under-
lying drift trials were performed in the absence of foliage (Ganzelmeier
et al., 1995; Rautmann et al., 2001). The US risk assessment process
makes the general assumption that orchard applications aremade to sparse,
young, dormant apple trees and disregards the actual timepoint of applica-
tion (Rathnayake et al., 2021; Teske et al., 2002; Teske et al., 2003). In con-
trast, “early” treatments were done at blossom in the context of the present
study, even though growth stage does not appear to have a significant effect
on drift deposit levels generated by the specific UASS used (vide supra). The
deposit levels observed were further compared to the results of drift trials
conducted in an apple orchard with an axial fan sprayer equipped with dif-
ferent nozzles in April and October, as well as recently published findings
from a total of 220 drift measurements in apple orchards before and after
May 1 using a cross-flow fan sprayer (Polveche et al., 2011; van de Zande
et al., 2019). It should be noted that in the spray drift deposition curves re-
ported by van de Zande and co-workers, the edge of the field is located 3 m
from the center of the last tree row (Ctgb, 2021), and thus, an offset of 1.5m
was incorporated to match the definition of the edge of the field used here.
As citrus is an important tree crop, which differs from apple trees with re-
gard to training system, tree architecture, leafiness, canopy penetrability
as well as its evergreen condition (Meli et al., 2003; Torrent et al., 2017),
the results of drift trials with an axial airblast sprayer that were performed
in commercial clementine orchards located in Spain were included as well
(Torrent et al., 2017). With the exception of one measurement reported by
Polveche et al. (ATR yellow nozzles, late treatment, distance = 5 m, Δ =
0.34 %), all drift values reported in the above-mentioned studies were
higher than the corresponding percentiles calculated from the data col-
lected here. This also holds true for lower percentile values of the reference
datasets (Fig. S11A). Overall, these findings demonstrate that the drift de-
posit levels observed for the specific UASS used are covered by current reg-
ulatory models relating to drift of orchard sprayers. They were also
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generally lower than those observed in experimental drift studies involving
orchard sprayers. In this comparison, the inherent variability under field
conditions is expected to be partially addressed by the large number of sam-
ples underlying the datasets. A side-by-side comparison of UASS and or-
chard sprayers would, however, be required to unambiguously clarify
whether UASS can indeed be deemed superior to conventional orchard
sprayers with regard to drift deposit.

Limited data exist with regard to direct resident/bystander exposure fol-
lowing orchard treatments with conventional tractor-mounted sprayers.
The data that were reported by Lloyd et al. for a volumetric application
rate of 470 L/ha are used in the European exposure assessment model to
predict dermal and inhalation exposure at downwind distances of 5 and
10 m (EFSA, 2022), albeit it should be noted that they were recorded at a
distance of 8 m from the outermost line of tree trunks (Lloyd et al.,
1987). The model allows for the assessment of both early and late treat-
ments (EFSA, 2022), even though no explicit mention of crop growth
stage is made in the original report. The meteorological data included sug-
gest that experiments were conducted in summer, and thus, foliar develop-
ment likely was advanced (HSE, 2021; Lloyd et al., 1987). Extensive field
trials in orchards at early (53≤ BBCH≤ 57) and late (81≤ BBCH≤ 91)
growth stage were conducted in the “Bystander Resident Orchard Vine-
yard” (BROV) project, though, there was uncertainty regarding the actual
application rate in some of these trials (HSE, 2021). Finally, Butler Ellis
and co-workers performed field experiments to assess direct dermal resi-
dent/bystander exposure at application rates of 202 and 219 L/ha, respec-
tively (Butler Ellis et al., 2014). As for the study of Lloyd et al., distances
were reported from the last row of tree trunks. Fig. 11B and C show a com-
parison of the distance-dependent 95th dermal and inhalation exposure
percentiles of the above-mentioned datasets and the corresponding percen-
tiles of the present study, all of which were normalized to an application
rate of 100 L/ha. Regarding the data of Lloyd et al., the comparison
shown reproduces the way the data are presently used in the European reg-
ulatory process, i.e., downwind distances of 5 and 10 m as well as early and
late treatments are considered. As for the dataset of the BROV project, the
means of the reported application rates for early/late treatments were
used for normalization. With respect to the dataset of Butler Ellis and co-
workers, dermal exposure percentiles relating to downwind distances of 5
and 10 m were statistically estimated (see Section 2.10). To partly account
for the difference in the way the edge of thefield was defined, they are plot-
ted against the corresponding percentiles pertaining to downwind distance
of 3 and 5m, respectively. Overall, the comparison shows that resident/by-
stander exposure levels observed for the specific UASS used are covered by
the current EU regulatory model to assess resident/bystander exposure fol-
lowing orchard treatments with conventional tractor-mounted equipment.
Moreover, direct exposure of residents/bystanders observed here was not
substantially dissimilar from direct exposure in earlier trials with tractor-
based equipment at downwind distances of 3 and 5 m. It was consistently
lower at a downwind distance of 10 m. Comparison of the 75th exposure
percentiles yields very similar results (Figs. S11B and S11C). As for drift de-
posit, a side-by-side comparison of UASS and orchard sprayers would, how-
ever, be required to unambiguously clarify whether the UASS cause less
resident/bystander exposure than orchard sprayers, especially at higher
downwind distances.

With regard to downwind deposition caused by pesticide applications
involving manned aircrafts, the US EPA uses a modified version of the
AGDISP algorithm implemented in the AgDRIFT software (Bilanin et al.,
1989; Teske et al., 2002; Teske et al., 2019). A number of assumptions
are made in tier I assessments, i.e., treatment is performedwith an Air Trac-
tor AT-401 fixed-wing aircraft with a swath width of ~18.3 m, release
height is ~3 m and the wind speed is 4.47 m/s (Teske et al., 2003; US
EPA, 2013). The model has been shown to provide reasonable estimations
of drift deposits, albeit underpredictions in the near-field and overpredic-
tion in the far-field have been precedented (Bird et al., 2002; Butts et al.,
2022). Fig. 11D (left panel) depicts a comparison of distance-dependent
drift deposit levels as determined in a tier I assessment using AgDRIFT ver-
sion 2.1.1 assuming a fine to medium drop size distribution and the



Fig. 11. Comparison of the findings with published and predicted data.
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corresponding mean drift values calculated in the present study. The latter
are greatly exceeded, especially at increasing downwind distances, where
the difference amounts to almost three orders of magnitude. These results
12
highlight that existing regulatory models relating to aerial applications
have not been validated for UASS. In this context, it is interesting to note
that the ability of AGDISP combined with CHARM (comprehensive
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hierarchical aeromechanics rotorcraft model) to predict drift and deposi-
tion of spray released from UASS has recently been assessed (Teske et al.,
2018). Finally, the 90th drift percentiles of the German reference dataset
to assess manned helicopter spraying operations in steep vineyards are con-
sistently higher than the corresponding percentiles of the UASS trials con-
ducted here (Fig. 11D, right panel) (BVL, 2020). Very similar results are
obtained when the data of Viret and co-workers are used for comparison
(Viret et al., 2003).

5. Conclusion

In this study, environmental, resident and bystander exposure following
orchard treatments with a six-rotor DJI Agras T30 UASS was investigated.
For this purpose, horizontal and vertical downwind drift data were col-
lected according to the ISO standard 22866. In the same experiments, expo-
sure of residents/bystanders located downwind the treated area was
quantified using display mannequins equipped with personal air sampling
pumps. Spray drift and exposure generally decreased at increasing height
and downwind distances. Even though 90 % of spray drift was consistently
containedwithin a downwind distance of<5m, absolute drift and exposure
values were strongly influenced by wind speed and direction. In turn, the
growth stage of the crop hardly influenced drift and exposure levels. Fi-
nally, direct dermal exposure defined as the deposition of droplets on cov-
eralls worn by mannequins was much more pronounced than exposure
through inhalation, i.e., droplet deposition on the filters of the air sampling
pumps. This suggests that direct resident/bystander exposure to spray drift
may predominantly occur via the dermal route.

Drift levels tailing off at increasing downwind distances and height have
been reported in earlier trials involving downward-directed spraying equip-
ment in general and UASS in particular. However, the 90 % of total drift lo-
cation observed for the DJI Agras T30 used here is lower than most of those
observed in previous drift trials with UASS conducted in orchards and other
crops. This may in part be due to operational parameters such as flight
speed and the lack of a satellite-assisted autopilot mode. Measured drift de-
posit and exposure values are consistently below the reference values im-
plemented in models currently used to predict surface water
contamination and resident/bystander exposure in the EU. Furthermore,
measured drift values are also systematically lower than the results of tier
I terrestrial and aerial assessments performed with the AgDRIFT model
used by the US EPA. Further comparison with experimental data suggests
that the specific UASS used may compare favorably to orchard sprayers
and manned aircrafts in terms of off-target movement of spray droplets.
To unambiguously clarify whether UASS can indeed be deemed superior
with regard to drift deposit and/or resident/bystander exposure, a side-
by-side comparison with conventional orchard sprayers/manned aircrafts
would, however, be required.

Overall, the dataset is anticipated to be useful to identifying how the
risks associated by UASS differ from those of conventional methods. It ex-
tends the existing data on drift and exposure generated by UASS that
could eventually prove useful in validating models such as AGDISP and
BREAM for UASS applications, and hence, facilitate regulatory decision-
making.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163371.
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