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A B S T R A C T

Optimising of operational parameters of unmanned aerial spray systems (UASSs) remains a challenge for row 
crops. This paper presents the results of field trials conducted in a vineyard (Vitis vinifera cv. Ruché) using an 
innovative customised spray system, equipped with hollow-cone prototype nozzles (conventional and air in
clusion) with a narrow 30◦ spray angle, mounted on a DJI Matrice 600 Pro. One way-band flights were done 
above a vine row at two UASS flight speeds (1.5 and 3.0 m s− 1) across early, middle, and late vine growth stages. 
Canopy deposit, in-field ground losses, spray quality (coverage and deposit density), and spray application ef
ficiency were measured to evaluate the tested parameters effects. Results showed that canopy deposit was mainly 
affected by the growth stage (14 % more deposit in late stage with respect to early), whereas the operational 
parameters influenced the spray quality and its vertical homogeneity in the canopy. Spray application efficiency 
depended on the interaction between growth stage and nozzle technology with conventional nozzles performing 
better at the early stage (14 % more), while air inclusion nozzles outperformed at the late stage (32 % more). The 
1.5 m s− 1 UASS flight speed improved coverage uniformity even if canopy deposits gains were modest. A not 
negligible spray amount reached the ground (at least 50 %). Through a cross-study benchmark versus 60◦ nozzles, 
it was observed that pairing a 30◦ angle with air inclusion nozzles doubled canopy deposit (+100 %), whereas 
30◦ conventional nozzles reduced canopy deposit (-37 %) and increased ground losses (+87 %).

1. Introduction

The development from Agriculture 2.0 to 5.0 represents a trans
formative era defined by the integration of advanced technologies to 
enhance efficiency, sustainability, and precision in farming [1]. Among 
these innovations, unmanned aerial spray systems (UASSs) have 
emerged as a technology for pesticide applications, addressing long
standing agricultural challenges. UASSs offer unique advantages, such 
as reducing operator exposure to hazardous chemicals, enabling safer 
operations in difficult-to-access areas, and supporting precise spray 
treatments guided by data-driven crop models [2–5]. Globally, UASSs 
adoption has surged, particularly in Asia and Latin America, where such 
systems are used for arable and row crops with millions of hectares 
annually treated in China followed by Japan, Republic of Korea, and 

Brazil [6–11]. Similar trends are evident in other regions, such as the 
United States of America and Switzerland, driven by the dual potential 
benefits of operational efficiency and reduced environmental impact 
[12–14]. On the contrary, the use of UASSs in the European Union (EU) 
remains limited due to regulatory barriers. The EU classifies UASSs 
under the same framework as aerial spray applications such as planes 
and helicopters, restricting their use under Directive of the EU 
2009/128/EC for sustainable use of pesticides [15]. This legislation 
prohibits aerial pesticide applications, citing concerns about spray drift, 
human exposure, and environmental contamination [16]. For these re
strictions to be reconsidered, robust experimental evidence is necessary 
to demonstrate the safety, efficacy, and sustainability of UASSs 
compared to traditional ground-based spraying techniques [17]. The 
UASSs could represent a key technology in EU steep-slope vineyards, 
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especially where viticulture becomes heroic, since mechanisation is 
often impractical due to challenging terrain and most of the agriculture 
operations are manually done by farmers [2]. These vineyards, 
frequently associated with premium wine production, rely on manual 
spraying methods such as lances, knapsack sprayers, or air-assisted 
cannon sprayers. While effective, these methods raise significant con
cerns about operator safety and environmental contamination [18,19]. 
In this context, to date, some EU countries like Germany and France are 
admitting UASS spray applications in vineyards at least 30 % sloped by 
derogating EU 2009/128/EC through national legislation [16]. The 
UASSs are thus emerging as a compelling alternative to conventional 
ground-based spray application technologies and techniques, even for 
row crop systems like vineyards [20,21]. Unfortunately, commercial 
UASSs are designed and optimised for arable crops. Consequently, when 
shifting to row crops, their effectiveness and environmental efficiency 
are significantly limited in the lack of specific guidelines (or best prac
tices) on key parameters to adopt like flight speed and height, spray 
operating pressure, and nozzle technology [22]. Moreover, commercial 
UASS typically rely on broadcast flight mode spraying with overlapping 
swaths to achieve uniform coverage [23]. While this flight mode is 
well-suited for arable crops, its use reveals significant limitations in row 
crops. A potential breakthrough was demonstrated by Biglia et al. [3], 
who proposed for row crops, precisely for vertical shoot-position trel
lised vineyards, a shift from broadcast to a one-way band flight mode (i. 
e., overhead flight along the vine row for a targeted spray application). 
Their study showed that the one-way band spraying significantly 
improved canopy deposit while reducing off-target losses by 309 % and 
55 %, respectively. Building on this flight mode, further testing could 
enhance UASS spray performance and provide to policymakers with 
additional datasets to support UASSs adoption as pesticide application 
equipment.

In this context, this paper aims to contribute to filling the existing 
knowledge gap on UASS-based crop protection in row cropping systems 
by testing a custom UASS operated in one-way band mode (targeted 
spraying). This flight mode was further enhanced by equipping the UASS 
with hollow-cone prototype nozzles with a narrow 30◦ spray angle, 
delivering the spray into the canopy from above and potentially 
reducing off-target losses. Comparisons were conducted to assess the 
effects of UASS flight speed and nozzle technology throughout the 
growing season on spray performance, including canopy deposit, spray 
quality, in-field ground losses, and spray application efficiency.

2. Materials and methods

2.1. Vineyard characteristics

Three field trials were conducted in a vertical shoot-position trellised 
vineyard (Vitis vinifera cv. Ruché) located in Castagnole Monferrato 
(Asti, Italy). The vineyard had a vine spacing of 0.8 m and inter-row 
distance of 2.5 m, corresponding to 5,000 vines per ha. Leaf area 
index (LAI) values were measured during the trials using the inclined 
point quadrat technique [24] and were used to assess differences in 
canopy characteristics between trials (Fig. 1). Canopy characteristics 
varied significantly across the growing season, as reflected by the LAI 
values, which were 0.29 in the first trial (BBCH 55, hereafter referred to 
as early growth stage), 0.86 in the second trial (BBCH 75, middle growth 
stage), and 1.22 in the last trial (BBCH 81, late growth stage) [25]. LAI 
values below 2.5 at full growth stage suggest that the vineyard is 
representative of modern commercial vineyards, where canopy man
agement is crucial for guaranteeing production profitability [26].

2.2. Experimental design

The experimental layout was designed to simultaneously evaluate 
the canopy deposit, spray quality, and ground losses at three sampling 
locations (SL1, SL2, and SL3), equally spaced at 15 m along a single vine 
row (Fig. 2a). In each vine, canopy heights and depths were sampled 
according to canopy development throughout the growing season 
(ISO22522:2007) [27]. In detail, two heights and two depths per height 
were sampled in the early growth stage (average vegetative strip: 0.73 m 
height × 0.29 m depth), three heights and two depths per height in the 
middle stage (average vegetative strip: 1.18 m height × 0.46 m depth), 
and three heights and three depths per height in the late stage (average 
vegetative strip: 1.46 m height × 0.54 m depth). At each sampling 
location, canopy deposit and spray quality were assessed using filter 
papers and water sensitive papers (WSPs), respectively (Fig. 2b). Filter 
papers with a diameter of 120 mm and a density of 90 g m− 2 (Gruppo 
Cordenons SpA, Italy) were cut into two identical semicircles (56.55 cm2 

each) and then clipped onto the adaxial and abaxial surfaces of a leaf 
side each adherent, one semicircle per side. On an adjacent leaf, one 
WSP (19.76 cm2; Syngenta Crop Protection AG, Switzerland) per side 
was stapled.

Plastic Petri dishes with a diameter of 140 mm (153.94 cm2; APTACA 
SpA, Italy) were used to measure ground losses. At each sampling 

Fig. 1. Overview of general canopy characteristics during the field trials at: a) early, b) middle, and c) late growth stages.
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location, an array of Petri dishes was placed on the ground orthogonal to 
the row orientation and aligned with the canopy collectors (Fig. 2a). 
Following previous research [3], five sampling points were selected for 
the evaluation of ground losses: under the canopy (0 m), at both 
mid-interrow positions (1.25 m), and at the points midway between 
them (0.625 m) (Fig. 2c). To withstand the UASS rotor downwash, each 
Petri dish was affixed to a wooden board placed directly on the ground. 
Collectors were positioned in the same vines and leaves in all trials.

A solution of water and E-102 tartrazine yellow dye tracer (85 % w/ 
w; Andrea Gallo di Luigi S.r.l., Genova, Italy) at a concentration of 10 g 
per L was used as the test liquid. Tartrazine was selected for its high 
solubility, high extractability and stability [28]. A sample of the spray 
mixture was collected from the UASS nozzle before and after each 

application to determine the precise tracer concentration for each trial.

2.3. UASS features and settings during field trials

The unmanned aerial spray system (UASS) used during the trials was 
a DJI Matrice 600 Pro (SZ DJI Technology Co., Ltd., China) equipped 
with a customised spray system and a D-RTK (differential real-time ki
nematic) GNSS (global navigation satellite system) receiver connected 
to a ground station (SZ DJI Technology Co., Ltd., China). The customised 
spray system consists of a 10 L polyethylene tank with a diamond shape, 
two nozzle holders installed on a carbon boom, and two diaphragm 
pumps (Cybernova pump, China), each supplying one nozzle (Fig. 3a - 
3c).

Fig. 2. Schematic (not drawn to scale) of the experimental layout showing a) overall layout, b) canopy deposit (filter papers) and spray quality (water sensitive 
papers), and c) ground losses (example of Petri dishes affixed to wooden boards on the ground) during the trials.

Fig. 3. Schematic (not drawn to scale) of the customised spray system and its control system installed on the DJI Matrice 600 Pro, showing: a) overall spray system 
layout, b) overall UASS, c) main components of the spray system (pumps, pressure transducers, tank and pipelines), and d) the onboard analogue unit used to set and 
monitor operating pressure during field trials.
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The two pumps were installed below the tank and connected to a 
custom screw top, specifically manufactured with a 3D printer (Mark
forged, Onyx series) to ensure that each pump operated with an inde
pendent liquid suction line (Fig. 3b). The pumps were powered at 24 V 
using the drone power system and regulated by a custom-designed 
active pressure control system. The control system consisted of two 
pressure transducers (3100R0010G01B000 model, Gems Sensor, USA), 
one Arduino UNO (Arduino, Lugano, Switzerland), and two electronic 
speed controllers (ESC, AIR 40 A) (Fig. 3a). The outlet pressure of each 
pump was monitored using a dedicated transducer, whose voltage signal 
was transmitted to the Arduino for processing. The Arduino then 
controlled the two ESC via a pulse with modulation (PWM) signal, 
adjusting the pumps brushless motor speed to maintain a constant outlet 
pressure. The desired operating pressure could be set and monitored 
through an onboard analogue unit (Fig. 3d). The 120 cm carbon boom 
was installed downstream of the pressure transducers, with the nozzle 
holders mounted downwards at its ends. The two nozzles were thus 
positioned 595 mm from the UASS centre and 400 mm below the cor
responding rotor plane, taking advantage of the rotor downwash to 
deliver the spray into the canopy.

The flight mode was planned in the UgCS mission planning and flight 
control software (SPH Engineering, Latvia). Nozzle alignment with the 
vine row was ensured by automatically adjusting the UASS nose orien
tation relative to the flight direction through the UgCS software. During 
the trials, the flight height was 2.7 m above the ground. To improve 
flight performance, particularly flight height accuracy, a digital terrain 
model (DTM) of the vineyard was generated prior to the trials using 
Agisoft Metashape software (Drone Emotions Ldt, Italy) and imported 
into UgCS. The DTM was generated by analysing RGB aerial images 
acquired with a DJI Mavic 2 Pro (SZ DJI Technology Co., Ltd., China) at 
a flight altitude of 40 m, with front and lateral overlaps of 85 and 80 %, 
respectively.

The UASS spray kit was equipped with hollow-cone prototype noz
zles (ASJ, Italy). Both conventional and air inclusion nozzles of different 
sizes (ISO10625:2018 [29]) were used during the trials, with nozzle 
technology considered as an independent variable across all growth 
stages. Specifically, ISO sizes 025, 03, and 04 were used at the early, 

middle and late growth stages, respectively. The prototype nozzles had a 
30◦ spray angle, substantially narrower than the 60◦ angle of standard 
nozzles available on the market. This nozzles design was intended to 
improve spray targeting within the vine canopy when applied from 
above using UASS in a one-way band flight mode. As shown in Fig. 4, 
prior to the field trials, the spray pattern of the prototype nozzles was 
compared with that of commercial conventional and air inclusion 
hollow-cone nozzles [30]. Fig. 4 is intended solely to provide a visual 
comparison of the two spray angles (30◦ vs. 60◦) for both nozzle tech
nologies, allowing the differences to be more intuitively appreciated. A 
detailed discussion of these differences falls outside the scope of this 
section, which reports only the measured values obtained with the 30◦

prototype nozzles. Prior to the field trials, the prototype nozzles were 
also tested in the laboratory to confirm compliance with ISO10625:2018 
for nominal flow rate and ISO5682–1:2017 [31] for spray pattern angle.

The operating pressure was set at 0.30 MPa, as preliminary labora
tory tests had confirmed this value as optimal for ensuring proper nozzle 
pattern opening, stable spray formation, and a homogeneous droplet 
size distribution. At this pressure, the volume median diameters (VMD), 
measured with a P15 VisiSize (Oxford Lasers, Oxfordshire, United 
Kingdom), were 200 and 324 µm for size 025, 217 and 350 µm for size 
03, and 246 and 385 µm for size 04, for conventional and air inclusion 
nozzles, respectively.

The UASS pressure control system successfully maintained the 
operating pressure when using ISO 025 and 03 nozzles, resulting in 
liquid flow rates of 0.99 and 1.18 L min− 1 for each individual nozzle, 
respectively. In contrast, when ISO 04 nozzles were employed, the UASS 
operated at 0.25 MPa, yielding a flow rate of 1.44 L min− 1 for each in
dividual nozzle. This adjustment was necessary due the hydraulic head 
of the pump, which could reach a maximum of 0.27 MPa at full throttle 
with ISO 04 nozzles. Consequently, 0.25 MPa was selected to ensure a 
stable spray pressure during the UASS flights.

Two UASS flight speeds were tested in each trial: 1.5 and 3.0 m s− 1. 
These speeds were selected for two main reasons: i) to represent the 
range of forward speeds conventionally adopted by farmers in the study 
area, and ii) to assess their influence on canopy deposit, in-field ground 
losses, and spray application efficiency. The combination of nozzle size 

Fig. 4. Graphic representation and frames from preliminary laboratory tests showing a) the 60◦ spray pattern angle of commercial conventional and air inclusion 
hollow-cone nozzles, and b) the 30◦ spray pattern angle of prototype conventional and air inclusion hollow-cone nozzles.
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and flight speed allowed the spray application rate to be progressively 
adjusted with canopy development, following the same logic commonly 
applied in crop protection practices with conventional ground-based 
sprayers. The application rates tested were 44.0 and 88.0 L ha− 1 at 
the early growth stage, 52.4 and 104.9 L ha− 1 at the middle stage, and 
64.1 and 128.2 L ha− 1 at the late stage, depending on weather 3.0 or 1.5 
m s− 1 flight speed was adopted.

Each UASS configuration, defined by nozzle technology and flight 
speed, was randomly replicated three times per growth stage, resulting 
in a total of 12 flights per stage.

2.4. Environmental conditions monitoring

A weather station was used to monitor environmental conditions 
during the trials and was positioned 10 m away from the vine row where 
measurements were taken (Fig. 2). At a height of 4 m, the station was 
equipped with a sonic anemometer 232 (Campbell Scientific, USA), 
while two thermo-hygrometer HC2S3 probes (Campbell Scientific, USA) 
were installed at 2 m (h1) and 4 m (h2) above ground to monitor air 
temperature [◦C] and relative humidity (RH) [%], and to evaluate their 
difference (ΔT and ΔRH). All measurements were recorded at 0.1 Hz and 
logged automatically throughout the trials using a CR800 data logger 
(Campbell Scientific, USA). Data were then analysed for each trial to 
obtain average air temperature [C◦] and RH [%], minimum, maximum 
and average wind speed [m s− 1], and dominant and average wind di
rection [◦ azimuth].

2.5. Data management

After each spray application and once the samples had dried, they 
were collected and stored in dark boxes to preserve their integrity until 
laboratory analysis. Filter papers were placed in labelled plastic bags, 
while Petri dishes were closed with their lids. To prevent potential 
degradation of WSPs due to the environmental conditions, as done by 
Mozzanini et al. [32], WSPs were stapled onto labelled rigid supports 
and immediately scanned at 600 DPI using a portable scanner (Canon
Scan LIDE 400 model, Canon Inc., Japan) to obtain the WSP images.

2.5.1. Spray canopy deposit and ground losses evaluation
Filter papers and Petri dishes (see § 2.2) were washed in the labo

ratory with deionised water to extract the tracer collected during the 
trials. For filter papers, 30 mL of deionised water was added directly to 
the bags, which were then gently shaken for 5 min and allowed to soak 
for an additional 55 min. The same procedure was applied to the Petri 
dishes, using 10 mL of deionised water and shaking for 3 min. Tracer 
concentration was determined by measuring the absorbance of the 
sample solutions using a spectrophotometer (UV-1600 PC model, VWR 
International, USA) set at 427 nm, corresponding to the peak absorption 
of tartrazine. Three absorbance readings were taken per sample. Further 
dilution of the sample solution was performed when the tracer con
centration exceeded the optimal reading range of the spectrophotom
eter. The absorbance values were then converted into tracer 
concentration [ppm] using a calibration curve prepared in the labora
tory prior to analysis.

The collected spray deposit (D i) in µL cm-2 per sample was calcu
lated as follows (Eq. (1)): 

D i =
C i⋅V i

ℇ⋅C 0⋅A c
(1) 

where C i is the tracer concentration of each sample [ppm], C 0 is the 
mean tracer concentration of the tank mixture [ppm], V i is the 
deionised water volume [µL] for each sample, ℇ is the extractability 
factor equal to 0.952 for filters papers and to 1 for Petri dishes, and A c is 
the surface of the collectors exposed to the spray (see § 2.2). Results from 
the adaxial and abaxial leaf surfaces were summed and averaged, 

yielding a single value for canopy deposit at each sampling point per 
sampling location.

Since different spray volumes were applied depending on nozzle size 
and UASS flight speed (see § 2.3), the spray deposit D i was standardised 
to allow comparison between UASS configurations [33]. The stand
ardised spray deposit (D std,i) in µL cm-2 was calculated as follows (Eq. 
(2)): 

D std, i = D i⋅
υstd

υi
(2) 

where D i is the spray deposit in µL cm-2 calculated according to Eq. (1), 
υstd is the spray volume used for data standardisation that is 100 L ha− 1, 
and υi is the spray volume applied during the trials and expressed in L ha- 

1 (see § 2.3).

2.5.2. Spray quality evaluation
The 600 DPI images of the WSPs were analysed using an image 

processing macro [34,35] developed in ImageJ software (National In
stitutes of Health, USA) to determine spray coverage and deposit den
sity. Spray coverage [%] was calculated as the ratio between the area 
covered by spray deposits (stains) and the total area effectively analysed 
on the WSP, while deposit density (No. of stains per cm2) was calculated 
as the number of stains per WSP area [36,37]. Results from the adaxial 
and abaxial leaf surfaces were summed and averaged, yielding a single 
value per sampling point for each sampling location.

The obtained data were evaluated to determine whether the tested 
UASS configurations could be considered appropriate in terms of ex
pected spray application efficacy for insecticide and fungicide treat
ments. To this end, thresholds defined by Syngenta Crop Protection AG 
for over-spray and number of impacts per cm2 were used as reference 
values, as they are widely adopted in the literature [38–41]. Insecticide 
and fungicide applications are considered successful when deposit 
density exceeds 30 and 70 stains per cm2, respectively. Over-spray is 
defined as any instance with spray coverage exceeding 30 %. Conse
quently, the percentage of WSPs meeting both criteria, i.e. not 
over-sprayed and with deposit density above the established thresholds, 
was calculated.

2.5.3. Spray application efficiency
The spray application efficiency (ξ, dimensionless) was used to assess 

the ratio between canopy deposit [µL cm− 2] and the total deposit 
measured during the field trials, calculated as the sum of both canopy 
deposit and ground losses. The ξ value was determined at each sampling 
location as follows (Eq. (3)): 

ξ =
D canopy

D canopy + D ground
(3) 

where D canopy and D ground are the average values at each sampling 
location of canopy deposit [µL cm− 2] and ground losses [µL cm− 2] 
respectively. High values of ξ indicate a greater proportion of spray 
reaching the target (i.e., the canopy), with 100 % representing complete 
interception.

2.6. Statistical analysis

All analyses were performed in the R environment [42]. Generalised 
linear mixed-effects models were fitted using the glmm function in R to 
assess the effects of vine growth stage, nozzle technology, and UASS 
flight speed on canopy deposit, ground losses, and spray application 
efficiency.

Vine growth stage, nozzle technology, UASS flight speed, and their 
two- and three-way interactions were specified as fixed factors. To ac
count for spatial autocorrelation, the technical replication along the vine 
row was included as a random factor. As continuous variables, canopy 
deposit and ground losses were modelled with a Gaussian distribution, 
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whereas spray efficiency, being a ratio in the 0–1 interval, was modelled 
using a Beta distribution. The significance of both fixed and interacting 
factors in each model was assessed using the join_tests function from the 
emmeans package [43], and differences were evaluated with Tukey’s 
post-hoc test (p < 0.05). Assumptions regarding homogeneity of vari
ances, normality, and independence of residuals were verified graphi
cally using the check_model function from the performance package [44].

3. Results and discussion

3.1. Environmental conditions

Details of the environmental conditions monitored during each field 
trial are reported in Table 1. Most trials were conducted with an average 
wind speed below 1.5 m s− 1, classified as “light air” according to Barua 
[45]. The maximum average wind speed recorded was 2.42 m s− 1, 
corresponding to a “light breeze” [45]. All field trials were conducted 
with an average wind speed below 3.0 m s− 1, which is recommended by 
Best Management Practices to minimise spray drift while avoiding 
possible negative effects on canopy deposit and limiting off-target spray 
losses, such as in-field ground losses [41]. The average air temperature 
during the trials ranged between 25.4 and 35.0 ◦C, while RH ranged 
between 38.5 % and 77.2 %. It is worth noting that temperatures above 
25 ◦C and RH values below 50 % are generally considered suboptimal 
conditions for spray applications, as they can increase the evaporation 
rate of droplets before reaching the target, especially for the smallest 
droplet size fractions [46]. Nevertheless, during the 2024 summer 

(coinciding with the middle and late growth stage trials), Italy faced 
severe weather conditions that forced farmers to apply sprays under 
such circumstances. More broadly, in southern EU countries, warming 
spring–summer conditions associated with climate change are making 
these severe weather scenarios increasingly common. Therefore, 
although outside the “optimal” ranges recommended by Best Manage
ment Practice, our trials reflect realistic operating conditions.

3.2. Canopy deposit

The standardised average spray deposit ranged from 0.079 to 0.646 

Table 1 
Environmental conditions recorded during field trials.

Growth stage Configuration a Replicate Temperature [ ◦C] RH [ %] Wind speed [m s− 1] Wind direction [azimuth]

Mean ΔT (h1–2) Mean ΔRH (h1–2) Min Max Mean Dominant Mean [◦]

Early Conv_025_1.5 R1 25.7 − 0.28 49.9 0.67 0.81 4.14 2.16 NNE - NE 24
​ ​ R2 26.8 − 0.25 47.2 0.26 1.15 3.89 1.99 NW 328
​ ​ R3 28.8 − 0.24 43.9 0.87 0.41 3.19 1.78 NNW 338
​ Conv_025_3.0 R1 28.1 − 0.34 48.1 0.71 0.68 2.93 1.68 NE 62
​ ​ R2 28.9 − 0.40 46.2 1.10 0.23 4.03 2.12 NNW 358
​ ​ R3 29.0 − 0.35 46.6 0.55 0.28 2.18 1.12 NW 324
​ AI_025_1.5 R1 28.8 − 0.26 47.4 0.31 0.16 3.91 2.05 NE 39
​ ​ R2 28.7 − 0.49 45.5 1.35 0.87 5.26 2.42 NE 26
​ ​ R3 29.3 − 0.28 46.2 0.85 0.09 2.86 1.18 NNE 14
​ AI_025_3.0 R1 27.8 − 0.22 49.7 1.01 0.48 3.19 1.57 NE 31
​ ​ R2 28.8 − 0.34 47.6 0.95 0.65 2.76 1.54 NW 330
​ ​ R3 28.8 − 0.26 44.8 1.10 0.77 4.30 2.19 NE 37

Middle Conv_03_1.5 R1 28.2 − 0.51 47.8 1.24 0.12 3.01 1.31 NW 295
​ ​ R2 30.7 − 0.44 41.9 0.81 0.23 2.30 1.22 NE 48
​ ​ R3 31.9 − 0.59 41.7 1.33 0.28 1.94 1.10 NNE 55
​ Conv_03_3.0 R1 27.6 − 0.85 58.6 1.91 0.41 1.89 0.96 SSE 152
​ ​ R2 29.1 − 0.70 51.8 1.84 0.40 1.99 0.87 NW 306
​ ​ R3 30.7 − 0.65 42.9 1.41 0.27 1.54 0.86 SE 126
​ AI_03_1.5 R1 27.8 − 0.81 58.1 2.59 0.60 2.42 1.36 ESE 122
​ ​ R2 29.5 − 0.59 48.8 0.81 1.18 3.60 1.95 SE 141
​ ​ R3 29.4 − 0.48 48.7 1.36 0.23 1.68 1.14 SSE-S 144
​ AI_03_3.0 R1 26.4 − 0.58 62.4 1.67 0.18 1.27 0.72 E 92
​ ​ R2 28.1 − 0.58 56.0 1.65 0.45 2.40 1.48 N 347
​ ​ R3 30.6 − 0.65 44.4 1.48 0.26 3.19 1.22 S 174

Late Conv_04_1.5 R1 30.2 − 0.49 55.6 1.67 0.77 2.49 1.46 SSE 166
​ ​ R2 33.2 − 0.44 45.4 1.36 0.38 1.82 1.03 NW 339
​ ​ R3 35.0 − 0.62 38.5 1.36 0.88 3.05 1.74 E 93
​ Conv_04_3.0 R1 26.1 − 0.35 72.8 − 0.28 0.75 2.22 1.44 SE 134
​ ​ R2 27.0 − 0.44 68.5 1.01 0.13 1.73 0.85 SSW 215
​ ​ R3 29.8 − 0.60 59.9 1.45 0.65 1.97 1.21 SW 236
​ AI_04_1.5 R1 26.5 − 0.29 72.6 − 0.74 0.35 1.71 0.92 S 209
​ ​ R2 28.7 − 0.59 62.6 1.46 0.62 2.14 1.13 W 275
​ ​ R3 29.1 − 0.40 63.0 1.63 0.32 1.91 0.96 SE 141
​ AI_04_3.0 R1 25.4 − 0.29 77.2 0.38 0.80 1.97 1.32 SSE 149
​ ​ R2 27.8 − 0.65 67.2 1.64 0.47 3.05 1.64 SSW 203
​ ​ R3 30.4 − 0.67 57.9 1.24 0.14 2.14 1.15 NE 19

a Configuration codes result from the combination of nozzle technology (Conv = conventional; AI = air inclusion), nozzle size (025, 03, 04), and UASS flight speed 
(1.5 or 3.0 m s− ¹).

Table 2 
Results of the generalised linear mixed-effects model for the canopy deposit data 
[µL cm− 2].

Model term DF1 FStat p value a

Main effects ​ ​ ​
Growth stage (GS) 2 6.8507 < 0.01 **
Nozzle technology (NT) 1 0.0181 0.8934 NS
UASS flight speed (SPD) 1 0.4509 0.5035 NS
Interactions ​ ​ ​
GS × NT 2 1.1293 0.3275 NS
GS × SPD 2 2.0701 0.1317 NS
NT × SPD 1 0.0001 0.9918 NS
GS × NT × SPD 2 0.6161 0.5421 NS

a Statistical significance level: NS p > 0.05, * p < 0.05, ** p < 0.01, *** p <
0.001.
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μL cm-2. The results of the statistical analysis of canopy deposit data as a 
function of the fixed factors are reported in Table 2.

Among the investigated factors, only the vine growth stage signifi
cantly affected canopy deposit (Table 2). Specifically, the average can
opy deposit was 0.264, 0.213, and 0.301 μL cm-2 at the early, middle and 
late stages, respectively (Fig. 5), corresponding to an overall increase of 
about 14 % from the early to the late stage. During the trials conducted 
at the middle growth stage, row following proved more challenging due 
to the limited number of satellites available to the UASS GNSS ground 
receiver, which adversely affected flight accuracy. The DJI Matrice 600 
Pro adopted in this study is equipped with an older-generation GNSS 
module compared to more recent platforms (e.g., DJI Agras T25) and 
therefore suffers from reduced positioning accuracy. Nonetheless, the 
Matrice 600 Pro was considered the most appropriate platform for these 
trials, as it provided full flexibility in mission planning and unrestricted 
control of flight trajectories, thereby allowing the experiments to be 
carried out under the exact operational conditions required to achieve 
the research objectives. The canopy deposit was not significantly influ
enced by nozzle technology (conventional vs. air inclusion) or by UASS 
flight speed (1.5 vs. 3 m s− 1). Also, no significant effects were detected 
for the interactions among UASS configuration factors.

When comparing the results of this study with those reported by 
Biglia et al. [3], who tested the same one-way band flight mode, a clear 
increase in canopy deposit at the late growth stage is observed. In this 
work, prototype hollow-cone nozzles (conventional and air inclusion) 
with a 30◦ spray angle were used, whereas Biglia et al. [3] used standard 
hollow-cone nozzles (conventional and air inclusion) with a 60◦ spray 
angle. As expected, narrowing the spray angle resulted in a 45 % in
crease in canopy deposit, from 0.207 to 0.301 μL cm-2. To enable such a 
comparison, the values for the adaxial and abaxial leaf surfaces reported 
in Biglia et al. [3] were summed. Results at the early and middle growth 
stages cannot be directly compared with Biglia et al. [3], since their 
trials were carried out only at the late stage. Nonetheless, it is note
worthy that at the early growth stage, despite the canopy lower spray 
interception capacity compared with the denser canopy at middle and 
late stages (§ 2.1), canopy deposit was 24 % higher and only 12 % lower 
than those measured at middle and late stages, respectively. These 
findings further support the potential of narrow spray angle nozzles to 
improve canopy targeting under band application flight mode, thereby 
increasing canopy deposit. However, this improvement is contingent on 
precise and reliable UASS positioning. With narrow spray angle nozzles, 

any misalignment of the UASS relative to the vine row poses a greater 
risk of canopy mismatching compared with wider angle nozzles, ulti
mately leading to reduced canopy deposit.

For each UASS configuration, a colour map is provided in Fig. 6 to 
illustrate the distribution of the spray deposit within the different can
opy layers for each of the three growth stages (values for the adaxial and 
abaxial leaf surfaces were summed). The deposition pattern observed 
across canopy layers are consistent with findings from other studies [3,
10,14,47]. These works similarly report that when spraying row crops 
from the top of the canopy, most of the spray is retained in the upper 
layers, with limited penetration into the inner and lower canopy, and 
consequently a reduced probability of reaching the bunch zone, repre
sented as “bottom” zone Fig. 6. Our trials conducted at different growth 
stages confirmed this tendency throughout the season, regardless of the 
configurations tested. This indicates that even at the early growth stage, 
when the canopies are considerably less dense than at later stages, the 
likelihood of achieving a homogenous spray distribution across canopy 
layers remains low. Although this might suggest a limited effectiveness 
of UASS downwash in penetrating the canopy, our results demonstrated 
that downwash alone was insufficient to ensure effective spray pene
tration. In our study, this limitation arose from both the progressive 
increase in canopy height across growth stages and the constant UASS 
flight height adopted in the trials, which inevitably reduced the distance 
between the nozzle outlets and the canopy top as growth progressed. A 
constant flight height was necessary in this vineyard due to the presence 
of trellis structures and supporting poles, which precluded lowering the 
UASS flight in accordance with canopy development. These findings, as 
previously reported by other authors [48], highlight that flight height, 
and consequently the distance between the nozzles and the canopy, is a 
key parameter for maximising both spray deposit and penetration. While 
rotor downwash can facilitate spray penetration, flying too close to the 
canopy can reduce penetration due to canopy compression by the 
airflow, whereas flying too far can similarly limit penetration owing to a 
diminished downwash effect. For the configurations tested, no clear 
trend was observed across canopy depth (positions A, B, and C in Fig. 6). 
However, at the late growth stage, regardless of configuration, the 
lowest spray deposits were consistently measured in the inner canopy 
(bottom and middle B in Fig. 6), further highlighting the limitations of 
UASS in delivering spray to the innermost canopy layers when relying 
solely on rotor downwash, resulting in heterogeneous deposition. Such a 
heterogeneous spray distribution, with the majority of the mixture 

Fig. 5. Average canopy deposit values [μL cm− 2] at the three growth stages (early, middle and late). Different lowercase letters indicate significant differences 
between growth stages according to post-hoc test (p < 0.05). Error bars represent the standard error of the mean.
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deposited on the canopy top rather than in the bunch band, can reduce 
the efficacy of UASS treatments [49]. Anken et al. [14] reported the 
results of a comprehensive study conducted in Swiss vineyards between 
2018 and 2020, in which the efficacy of UASS applications against 
downy and powdery mildew was evaluated. The overall results indi
cated that UASS treatments were less effective than those conducted 
with conventional ground-based sprayers. While spray deposit in the 
upper canopy was comparable between the two techniques, UASS 
treatments resulted in 3.6 times lowers deposits on leaves close to the 
bunches and 7.1 times lower deposits directly on the bunches. These 
findings suggest that UASS may not yet constitute a fully suitable solu
tion for vineyards protection, highlighting the need for complementary 
or alternative strategies to improve treatment efficiency and effective
ness in vineyards and other row crops. Such strategies should not only 
focus on improving UASS design and spray application systems to 
enhance canopy penetration and coverage, but also to develop of plant 
protection products (PPPs) with alternative modes of action, specifically 
tailored for UASS applications. In parallel, it is equally important to 
screen PPPs already available on the market to identify the formulations 

most suitable for UASS applications. This screening is particularly 
relevant in the European Union, where the list of authorised active 
substances is periodically updated and several products are progres
sively phased out. Establishing a well-defined set of potentially suitable 
products for UASS applications would not only facilitate their integra
tion into crop protection strategies but also support the design of PPPs 
that minimise the risk of resistance development. Current research ef
forts are therefore focused on these objectives, with the aim of further 
enhancing the effectiveness of UASS-based crop protection [50].

3.3. Canopy spray quality

The relationship between spray coverage [%] and deposit density 
[No. of stains per cm2] is shown in Fig. 7, separated by UASS configu
rations: flight speed (1.5 and 3.0 m s− 1) and nozzle technology (con
ventional and air inclusion). For each configuration, data from the 
different growth stages are distinguished by colour, while WSP position 
(adaxial vs. abaxial leaf surface) is indicated by marker type. Scatter 
points within the grey area represent WSPs meeting the Syngenta Crop 

Fig. 6. Colour maps representing the distribution of the total mean canopy deposit [μL cm− 2] according to the UASS flight speed, nozzle technology, and growth 
stage. Data are reported for each sampled canopy area in the respective growth stage, considering both canopy height above the ground (bottom, middle, and top) 
and canopy depth (positions A, B, and C).
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Protection AG thresholds for optimal spray quality, namely, avoiding 
over-spray while maintaining a deposit density greater than 30 stains 
per cm2, the more stringent threshold adopted for evaluating insecticide 
applications. As expected, the spray quality results reflected the canopy 
deposit patterns shown in Fig. 6. Almost all WSPs exhibited coverage 
below 30 % (i.e., not over-sprayed). Only at the late growth stage a few 
WSPs did exceed this threshold, specifically those located at the top of 
the canopy, fully consistent with Fig. 6, where maximum spray deposit 
was also observed in the upper canopy layer. It should be noted that 
spray quality data (coverage and deposit density) were not normalised 
to a standard application rate. Consequently, increasing UASS speed 
from 1.5 to 3.0 m s− 1 with the same nozzle size effectively halved the 
spray application rate (§ 2.3). This effect is clearly reflected in Fig. 7: the 
number of over-sprayed WSPs decreased from 5 to 1 with conventional 
nozzles, and from 7 to 3 with air inclusion nozzles, when flight speed 
was doubled. The reduction in application rate was also associated with 
lower deposit density values. These findings are consistent with previous 
results obtained with both UASS and conventional ground-based 
sprayers in vineyards, where lower application rates generally led to 
reduced coverage and deposit density [3,38]. Grella et al. [38] 
demonstrated the effect of forward speed on the proportion of 
over-sprayed WSPs due to changes in the spray application rate, and 
further quantified the influence of application rate at a constant forward 
speed. Using a conventional airblast sprayer, when applying approxi
mately 90 L per ha, <5 % of WSPs were over-sprayed; however, at 
around 600 L per ha, the proportion increased to nearly 40 %. Since 
avoiding over-spraying is recognised as good practice, because 
increasing application rate does not necessarily enhance biological 

efficacy, the spray coverage results shown in Fig. 7 can be considered 
encouraging. However, a different perspective emerges when deposit 
density is considered, as this represents a critical parameter for effective 
spray applications. While over-sprayed WSPs are undesirable, they 
nevertheless ensure treatment efficacy; by contrast, WSPs failing to 
reach the minimum thresholds (30 and 70 stains per cm2 for insecticides 
and fungicides spray applications, respectively) are considered 
under-sprayed, raising concerns about the reliability of pest and disease 
control. To support this interpretation, Table 3 reports, for each UASS 
configuration and growth stage, the proportion of WSPs falling within 
the optimal spray quality zone for the two deposit density thresholds. As 
expected, the more stringent threshold of 70 stains per cm2 (fungicides 
applications) resulted in lower proportions of optimal WSPs. Specif
ically, with conventional nozzles tested at 3.0 m s− 1, no WSPs met the 
threshold across any growth stages (0 %). With air inclusion nozzles, up 
to 2 % of WSPs fell within the optimal spray quality range at the middle 
and late growth stages. When tested at 1.5 m s− 1, results improved 
slightly, with proportions ranging from 1.9 % to 11.1 %, the best out
comes being observed at the early stage with conventional nozzles. 
Overall, UASS performance for fungicide spray applications can be 
considered poor, with limited potential to ensure biological efficacy. A 
more favourable outcome was observed at the insecticide threshold of 
30 stains per cm2. As with fungicides, the highest percentages of optimal 
WSPs were achieved at 1.5 m s− 1, ranging from 11.1 % to 33.3 %. 
Interestingly, UASS operated at 1.5 m s− 1 with conventional nozzles 
performed better at early and late stages than air inclusion nozzles, 
whereas at the middle stage, performance was similar or slightly lower. 
Regardless of nozzle technology, flight speed clearly influenced WSP 

Fig. 7. Scatterplots illustrating the relationships between spray coverage [%] and deposit density [No. of stains per cm2], grouped by UASS flight speed and nozzle 
technology. Horizontal dashed lines indicate the deposit density thresholds for effective insecticide (30 stains per cm2) and fungicide (70 stains per cm2) applications, 
respectively. The vertical dashed line represents the spray coverage threshold for over-spraying (> 30 %). Thresholds were defined according to Syngenta Crop 
Protection AG.
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spray quality. In addition to halving the application rate when 
increasing speed from 1.5 to 3.0 m s− 1, it is well known that higher UASS 
speeds generate stronger rotor downwash, thereby altering droplet tra
jectories. Wen et al. [51] demonstrated, through numerical analysis and 
experimental validation with a quadcopter UAV, that flight speed and 
height can generate horseshoe vortices in the downwash, promoting 
drift. Similar results were reported by Zhang et al. [52] and Zhu et al. 
[53], who observed that at 5 m s− 1, horseshoe vortices extended above 
the UASS flight altitude, leading to droplet drift, while at speeds above 4 
m s− 1 the vortices failed to penetrate effectively into the canopy, thus 
reducing droplet deposit. They concluded that flight speeds below 3 m 
s− 1 are preferable, with further improvements achieved as speed de
creases. These findings support our results, where reducing flight speed 
from 3.0 to 1.5 m s− 1 substantially improved spray quality irrespective 
of nozzle technology. Notably, however, this effect was not observed for 
canopy deposit, where UASS speed did not exert a significant influence 
(Table 2).

3.4. Ground losses

The standardised average ground losses values measured across the 
three field trials ranged from 0.187 to 0.721 μL cm-2. Statistical analysis 
showed that only the interaction between growth stage and nozzle 
technology was significant (Table 4). Specifically, nozzle technology 

influenced ground losses at different rates depending on the growth 
stages. As illustrated in Fig. 8, conventional nozzles exhibited increasing 
ground losses from the early to late the growth stage (+36.3 %, from 
0.353 to 0.481 μL cm-2), whereas air inclusion nozzles displayed the 
opposite trend, with losses decreasing by 11.6 % (from 0.397 to 0.351 μL 
cm-2). At the middle stage, no significant differences were detected be
tween nozzle types. These results are consistent with the findings of 
Biglia et al. [3], who also reported lower ground losses with air inclusion 
nozzles at the late growth stage. To best of our knowledge, only a limited 
number of studies have reported in-field measurements of ground losses 
using UASS in row crops. For instance, Liu et al. [54] when testing UASS 
applications in pear orchards, provided insights into canopy coverage 
and in-field ground losses, although their data were expressed as spray 
coverage [%], making direct comparison with our results difficult. 
Similarly, Biglia et al. [55] demonstrated a positive correlation between 
in-swath ground deposit and canopy deposit in vineyards under com
parable UASS settings, but no relationship with in-field ground losses 
was established. Most of the available literature instead reports ground 
deposits measured in free-crop areas [56–58]. For example, Wang et al. 
[59] measured an in-swath ground deposit of 0.14 μL cm-2 using com
mercial UASS equipped with centrifugal nozzles applying 12 L ha-1, a 
value almost 3.7 times lower than the lowest application rate tested in 
our study (44 L ha-1 at the early growth stage with a flight speed of 1.5 m 
s− 1). When standardised by volume, however, the results of Wang et al. 
[59] were consistent with ours. This outcome was expected since, 
despite the use of prototype nozzles designed to maximise canopy tar
geting, a substantial portion of spray droplets is inevitably driven to the 
ground by rotor downwash rather than being intercepted by the canopy. 
In row crops such as vineyards, where the canopy occupies only part of 
the soil surface, UASS spraying from above typically results in a large 
fraction of spray being deposited on the inter-row ground. Lower ground 
losses are usually observed directly beneath the canopies, near the trunk 
centreline, where foliage provides partial shielding (Fig. 9). This pro
duces the expected banded deposit pattern: minimum values under the 
trunk centreline, peaks at mid-distance, and a decline thereafter. Com
parable outcomes have been reported for modern targeted application 
technologies [60], further supporting the potential of the approach 
tested here to reduce off-target drift and confine spray within the treated 
area.

When comparing our results with those of Biglia et al. [3], who tested 
a UASS using 60◦ nozzles under comparable conditions, lower ground 
losses were reported in their study. This discrepancy was likely due to 

Table 3 
Percentage of WSPs achieving optimal spray quality for effective insecticide 
(spray coverage < 30 % and deposit density > 30 stains per cm2) and fungicide 
(spray coverage 〈 30 % and deposit density 〉 70 stains per cm2) applications.

Growth 
stage

Deposit 
density 
[No. of 
stains per 
cm2]

UASS 
flight 
speed 
[m s− 1]

WSPs spray coverage < 30 %

Conventional 
nozzles

Air inclusion nozzles

Adaxial 
leaf 
surface

Abaxial 
leaf 
surface

Adaxial 
leaf 
surface

Abaxial 
leaf 
surface

Early > 30 1.5 33.3 % 33.3 % 11.1 % 22.2 %
​ ​ 3.0 5.6 % 5.6 % 5.6 % 0 %
​ > 70 1.5 8.3 % 11.1 % 2.8 % 2.8 %
​ ​ 3.0 0 % 0 % 0 % 0 %

Middle > 30 1.5 27.8 % 20.4 % 20.4 % 16.7 %
​ ​ 3.0 11.1 % 11.1 % 9.3 % 9.3 %
​ > 70 1.5 7.4 % 9.3 % 1.9 % 3.7 %
​ ​ 3.0 0 % 0 % 1.9 % 1.9 %

Late > 30 1.5 20.0 % 20.0 % 20.0 % 26.7 %
​ ​ 3.0 5.3 % 2.7 % 4.0 % 0 %
​ > 70 1.5 2.7 % 5.3 % 2.7 % 9.3 %
​ ​ 3.0 0 % 0 % 1.3 % 0 %

Table 4 
Results of the generalised linear mixed-effects model for the ground losses data 
[µL cm− 2].

Model term DF1 FStat p valuea

Main effects ​ ​ ​
Growth stage (GS) 2 2.6660 0.0746 NS
Nozzle technology (NT) 1 4.4271 0.0380 *
UASS speed (SPD) 1 0.2049 0.6518 NS
Interactions ​ ​ ​
GS × NT 2 7.5212 < 0.001 ***
GS × SPD 2 1.1103 0.3336 NS
NT × SPD 1 0.1265 0.7229 NS
GS × NT × SPD 2 0.4529 0.6371 NS
DF2 = 97 ​ ​ ​

a Statistical significance level: NS p > 0.05, * p < 0.05, ** p < 0.01, *** p <
0.001.

Fig. 8. Average ground losses values [μL cm− 2] for different growth stages 
(early, middle, and late) and nozzle technology (conventional and air inclu
sion). Different uppercase letters indicate significant differences between 
growth stages within each nozzle technology, whereas lowercase letters indi
cate significant differences between nozzle technology at each growth stage. 
Error bars represent the standard error of the mean.
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flight alignment issues encountered in our trials (see § 3.2). Indeed, with 
narrow-angle nozzles used for band spray application, even minor 
misalignments between the UASS trajectory and the vine rows can lead 
to substantial spray losses on the ground, as well as reduced canopy 
deposit. These findings highlight the necessity of highly precise GNSS 
receivers for UASS applications. While much recent research has focused 
on UASS spray drift owing to environmental contamination risks [16,59,
61–65], ground losses (e.g., on vineyard inter-row surfaces) should also 
be recognised as an important environmental concern, given their as
sociation with runoff, leaching, and risks to non-target organisms. Our 
results indicate that ground losses during UASS applications can exceed 
canopy deposit by up to twofold (Figs. 5 and 8), despite efforts to 
enhance canopy deposit while minimising deposit on the ground. With 
commercial drones applying broadcast spraying in row crops, this 
imbalance may be even more pronounced. By contrast, conventional 
ground-based sprayers typically exhibit a different pattern, with in-field 
ground losses rarely exceeding canopy deposit [66–68]. This is mainly 
attributable to sprayer architecture, which directs spray laterally into 
the canopy with the aid of dedicated fans, thereby improving canopy 
penetration and reducing ground deposit, albeit with an increased risk of 
drift [38,69].

3.5. Spray application efficiency

Spray application efficiency ranged from 0.137 to 0.703 (dimen
sionless). Statistical analysis indicated that only the interaction between 
growth stage and nozzle technology was significant (Table 5). This is 
consistent with the findings reported in Table 4 for ground losses, 

suggesting that nozzle technology (conventional vs. air inclusion) 
affected spray application efficiency differently across growth stages. As 
shown in Fig. 10, spray application efficiency displayed an inverse trend 
relative to ground losses (Fig. 8): with conventional nozzles, efficiency 
decreased from early to late stages (− 14.5 %, from 0.427 to 0.365), 
whereas with air inclusion nozzles efficiency increased (+28.8 %, from 
0.374 to 0.482). No significant differences were detected at the middle 
stage. On average, over 50 % of the sprayed liquid was deposited on the 
ground rather than on the canopy. This value could be even higher if 
spray drift (airborne and ground) had been included in the mass balance, 
which was not considered in the present study. Nevertheless, our results 
are consistent with previous vineyard studies using ground-based 
sprayers, where canopy deposits generally ranged from 6 % to 68 % of 
the applied spray (excluding drift losses) [70]. The distribution of spray 
among mass balance fractions (canopy deposit, ground losses, and 
airborne drift) is strongly influenced by canopy growth stage and 
weather conditions [66,70]. In our trials, wind direction was often 
transverse to the vine rows (predominantly north-south; Table 1), and 
mean wind speed exceeded 1 m s− 1 in most cases, both conditions 
favourable to drift according to ISO22866:2005 [71], although still 
within the “acceptable” range for good spraying practice. High tem
peratures may also have contributed to reduce efficiency, particularly 
affecting conventional nozzles. In this regard, the literature supports the 
superior performance of air inclusion nozzles under suboptimal weather 
conditions. Doruchowski et al. [72] reported that air inclusion nozzles 
outperform conventional nozzles in fruit crops exposed to high wind, 

Fig. 9. Average ground losses values [μL cm− 2] measured at each sampled 
ground distance (− 1.25 m, − 0.625 m, 0, +0.625 m, and +1.25 m) for different 
growth stages (early, middle, and late), nozzle technology (conventional and air 
inclusion), and UASS flight speed (1.5 and 3.0 m s− 1). Colours indicate the 
combination of nozzle technology and flight speed tested: blue, conventional at 
1.5 m s− 1; green, conventional at 3.0 m s− 1; orange, air inclusion at 1.5 m s− 1; 
and violet, air inclusion at 3.0 m s− 1. Error bars represent the standard error of 
the mean.

Table 5 
Results of the generalised linear mixed-effects model for the spray application 
efficiency data [dimensionless].

Model term DF1 F.ratio p valuea

Main effects ​ ​ ​
Growth stage (GS) 2 3.0709 0.0509 NS
Nozzle technology (NT) 1 1.8234 0.1801 NS
UASS speed (SPD) 1 0.0967 0.7565 NS
Interactions ​ ​ ​
GS × NT 2 5.7027 < 0.01 **
GS × SPD 2 1.7225 0.1840 NS
NT × SPD 1 0.3116 0.5780 NS
GS × NT × SPD 2 0.7994 0.4525 NS
DF2 = 97 ​ ​ ​

a Statistical significance level: NS p > 0.05, * p < 0.05, ** p < 0.01, *** p <
0.001.

Fig. 10. Average spray application efficiency [dimensionless] values for 
different growth stages (early, middle and late) and nozzle technology (con
ventional and air inclusion). Different uppercase letters indicate significant 
differences between growth stages within each nozzle technology, whereas 
lowercase letters indicate significant differences between nozzles technology at 
each growth stage. Error bars represent the standard error of the mean.
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low humidity, or elevated temperatures. In line with this, although our 
canopy deposit results did not differ significantly between nozzle tech
nologies (Table 2), conventional nozzles showed poorer performance in 
terms of ground losses and efficiency, making air inclusion nozzles the 
more suitable option for UASS band applications at middle and late 
growth stages. At the early stage, however, conventional nozzles per
formed better, likely due to the smaller canopy volume, greater 
nozzle-canopy distance, and reduced spray interception, which may 
have amplified drift losses. Under these conditions, conventional nozzles 
producing finer droplets may have lost a greater proportion of spray 
outside the sampled area, whereas air inclusion nozzles, generating 
coarser droplets, were more prone to deposit onto ground collectors. 
Supporting our findings, Jensen and Olesen [70] reported that a large 
“missing fraction” of spray in mass balance studies is typically attrib
utable to weather conditions. Our findings are also consistent with those 
of Biglia et al. [3], who found opposite results with conventional nozzles 
performing better at the late stage, although their trials were conducted 
under optimal conditions (wind speed lower than 0.71 m s− 1 and wind 
direction mainly parallel to the rows). Under such circumstances, con
ventional nozzles achieved higher canopy deposit, more uniform 
coverage across canopy layers, and reduced or comparable ground losses 
[73–75]. Notably, when directly comparing our results with those of 
Biglia et al. [3], clear differences emerge. In this study, with conven
tional nozzles, canopy deposit decreased from 0.446 to 0.281 µL per cm2 

(− 37 %), while ground losses almost doubled (from 0.258 to 0.481 µL 
cm-2, +87 %). In contrast, with air inclusion nozzles, canopy deposit 
doubled (from 0.160 to 0.320 µL cm-2), although ground losses also 
increased by +50 % (from 0.234 to 0.351 µL cm-2). These results indi
cate that adopting narrow spray angles (30◦ vs. 60◦) substantially 
improved canopy targeting for air inclusion nozzles, whereas conven
tional nozzles performed worse, leading to reduced canopy depositi and 
increased ground losses. Overall, nozzle type and spray angle strongly 
determine UASS spraying performance, with air inclusion nozzles 
combined with 30◦ spray angle emerging as a promising option to 
enhance canopy interception in vineyard applications. Similar conclu
sions were drawn by Dafsari et al. [76], who reported that air inclusion 
nozzles generally exhibited more consistent performance across varying 
flight parameters (i.e., flight speed and height above the crop) and under 
different weather conditions, thereby supporting their suitability for 
UASS spraying. Finally, it should be acknowledged that the GNSS 
receiver issues encountered during our trials (§ 3.2 and 3.3) may have 
influenced the results. Nevertheless, owing to the randomised design of 
replicates, any potential effects of flight misalignment are likely to have 
been evenly distributed across configurations, thereby supporting the 
robustness of the conclusions drawn.

4. Conclusions

This study demonstrated that canopy deposit was primarily affected 
by growth stage, whereas operational parameters such as nozzle tech
nology and flight speed mainly influenced spray quality and distribution 
uniformity within the vertical canopy profile. These findings emphasise 
that effective vineyard protection requires not only adequate spray 
deposition on the canopy but also a homogeneous distribution within it. 
Among the operational factors, nozzle technology proved to be the most 
critical: conventional prototype nozzles were more effective at the early 
growth stage, while air inclusion prototype nozzles performed better at 
later stages and under suboptimal weather conditions. UASS flight speed 
did not directly affect canopy deposit but had a marked influence on 
spray quality. The lower flight speed tested (1.5 m s− 1) improved overall 
spray quality compared with 3.0 m s− 1. Nevertheless, potential limita
tions in achieving proper efficacy both for insecticide and fungicide 
applications were identified. Taken together, these results suggest that 
the most promising configuration for targeted UASS spraying in vine
yards is the use of air inclusion nozzles with a narrow spray angle (30◦), 
operated at a flight speed of 1.5 m s− 1, and supported by a precise 

navigation system to ensure accurate alignment with vine rows and a 
constant flight height with respect to the terrain. Moreover, this nozzle 
technology was found to reduce ground losses, thereby increasing spray 
application efficiency. However, the development of UASS spraying 
cannot rely solely on equipment optimisation. Future efforts must 
include the screening of currently available PPPs to identify those most 
suitable for UASS applications, as well as the design of ad hoc formu
lations specifically tailored to low-volume aerial spraying. Season-long 
field trials testing complete pest and disease management pro
grammes, based on market available PPPs and potentially applicable 
under derogation in sloped vineyards, are ongoing to validate the 
operational optimisations identified in this study and to advance the 
practical integration of UASS in vineyard protection strategies.
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