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The main approach to protect grapes against diseases involves the use of plant protection products. Under-
standing the quantitative amount and the distribution of these products on the vines is essential to assess the
effectiveness of spray equipment and to evaluate the relationship between dosage and response when targeting
pathogens. Improving the targeting of sprayers is an important lever to reduce the quantities of phytosanitary
inputs applied, taking into account various cropping systems and training. For this purpose, a regularly
distributed artificial canopy, adjustable in height and width was designed to mimic three grapevine growth
stages for two of the most common trellised training systems encountered in France for ‘wide row vineyards’
(Royat cordon and Guyot, inter-row width 2.5 m). This artificial canopy was evaluated with the perspective of
using it as a testing facility for classifying sprayers. Using a dye tracer, spray deposits were directly recovered
after the rinsing of artificial leaves. A first series of experiments defined the most adapted sampling strategy in
the canopy according to the crop stage, with the comparison of two contrasted sprayers. A second series of
experiments compared the quantities of deposits obtained from both the artificial and a real vine, for several
sprayers at a full growth stage and for one sprayer at three growth stages. Deposition patterns and mean deposits
on both targets were found comparable, allowing a realistic perspective for the classification of spray application
modalities using the artificial vine. A third series of experiments compared deposition at three crop stages on
artificial and real vines for one type of sprayer. A fourth series of experiments on the artificial vineyard
discriminated between three behaviour classes within 65 spraying modalities that combined sprayer types and
sprayer settings (such as nozzle types). The discrimination was achieved using a PCA analysis that confirmed the
soundness of the sampling strategy used. Overall, these results highlight the ability of the EvaSprayViti test
facility to assess and rank the performance of vineyard sprayers.

1. Introduction

Grapes (Vitis sp.) are a widely grown perennial crop, with ~7.6
million ha worldwide. It is a crop of great importance and economic
value for France, which is the largest wine exporter in value worldwide
(OIV report, 2019). Viticulture is still highly dependent on plant pro-
tection products (PPPs), with e.g. 7 to 19 treatments per cropping season
in France depending on the prevailing pedoclimate, the grape variety
and the target market (Merot & Smits, 2020). The current regulatory
context in Europe (SUD Directive 2009/128/EC, Farm to Fork Strategy,
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French national action plans Ecophyto 2008, Ecophyto 2018, Ecophyto
II+), and the very high societal demand for a reduction in the use of
chemical PPP in viticulture, has led to a reconsideration of dose notions
for high growing crops (EPPO, 2016). Various efforts have been carried
out worldwide to identify ways to reduce the use of conventional PPPs,
from decision support tools (Garcera et al., 2021; Pertot et al., 2017;
Planas et al., 2022), to research into disease-resistant varieties (Lam-
ichhane et al., 2015), or the development and testing of biocontrol
agents (Ortega et al., 2023).

When applying PPP with sprayers, a fraction of the product drifts
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during the treatment, while some falls to the ground and will either
infiltrate the soil system or be lost in run-off (Nieder et al., 2018). With
poorly performing sprayers, these losses can be high, with only a rela-
tively small quantity of the products reaching the target. The order of
magnitude of effective deposition has been reported to be as low as
20-30% of the product sprayed at early growth stages and only 50-60%
at full vegetation stages (Gil et al., 2021; Grella et al., 2022). Therefore,
in the first instance, a shift to the use of more efficient sprayers that
better target the vegetation is an important lever for reducing the
quantities of PPP used in viticulture and the off-target load being lost to
the environment. More specifically, if the efficiency of a sprayer can, as a
first step, be defined by the percentage of product that reaches the
vegetation, it can also be thought of as the capacity to deliver an amount
of product per unit of surface of foliage, and other organs to protect,
everywhere in the vegetation. The term efficiency should be then un-
derstood in this broader sense in the following.

The current reality is that mechanised viticulture sprayers are
available in a great diversity of geometries and technologies (Fig. 1) that
have contrasting efficiencies. The three main types are airblast sprayers,
multi-row sprayers and pneumatic arch sprayers. Airblast and multi-row
sprayers both use hydraulic nozzles combined with air assistance to
carry the droplets to their target. Airblast sprayers consist of an axial fan
surrounded by a series of nozzles. They are used every second row, with
the consequence that only one of the two sides of the row is directly
targeted. Conversely, multi-row sprayers have air-assisted vertical
booms, fitted with nozzles, positioned on either side of the rows of vines
and perform a symmetrical treatment of vegetation. With multi-row
sprayers, both sides of the rows are directly sprayed. Some models are
supplemented with recovery panels, to capture and recycle some of the
spray that is not deposited on the vegetation (tunnel sprayers). Pneu-
matic arch sprayers produce droplets by streaming the spray liquid into
fast airflow outlets located along and above the vine row (Grella et al.,
2020; Naud et al., 2014). These sprayers can be used at their best every
second row but are often used every three or four rows for productivity
sake (Codis et al., 2018). Note that there are also multi-rows sprayers
with pneumatic technology, but few of them are currently deployed in
the vineyards (McCoy et al., 2021; Salcedo et al., 2020).

Several factors influence grape growers when choosing and pur-
chasing a sprayer, including cost, user-friendliness and versatility. Due
regulations and incentives, the on-going trajectory to reduce conven-
tional PPPs is now increasingly motivating growers to choose more
efficient sprayers when replacing their equipment.

The current system of PPP dose expression in France is based on a
fixed dose, defined per unit area of ground (L or kg ha™). This leads to
very variable quantities of deposition per area of organs to protect
(leaves and bunches). These quantities indeed depend on both the
amount of vegetation to be protected and the sprayer used. Historically,
this fixed dose approach has been used in product efficacy trials and has
also been systematically used in fields with sprayers that differ from
those used in the efficacy trials, many of which are sprayers with poor
efficiency. Growers using poorly efficient sprayers usually obtain
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effective protection despite this inefficiency. It follows that, when using
high performance sprayers, a reduced dose would be equally as effective
in providing protection in most situations. High-emitted dose rates
ensure that even with inefficient sprayers, the areas of the canopy that
get the lowest level of deposition are still well protected. Lower emitted
dose rates taking into account sprayer efficiency would reduce the loss of
PPPs into the atmosphere and/or the soil system. However, if lower dose
rates are to be recommended, accurate methods to rapidly assess the
performance of sprayers at different dose rates and different canopy
conditions are needed so that more repeatable and measurable perfor-
mance specifications can be given to growers to ensure that the crop is
still well protected.

Crop protection treatments are carried out at different stages of
growth that change quickly during the season depending on the cultivar
and climatic conditions. Since fungicides may be applied from early
development to full vegetation stages, the evaluation of the deposition
performance must necessarily consider different crop stages. The total
leaf area within a vineyard block has been shown to range from 0 to 2.5
m? during the growing season (Siegfried et al., 2007).

Different protocols are found in the literature to quantify and eval-
uate foliar deposition in tree and vine crops (Codis et al., 2018; Giles &
Downey, 2003; Salcedo et al., 2020), and the results are often incom-
parable because of variability in the crop development and crop training
(Forster et al., 2014). In order to standardise the sampling method for
spray deposition trials, the ISO 22 522 standard (ISO, 2007, pp. 1-19)
was developed. This standard supports sound evaluations when imple-
mented under commercial vineyards condition with careful sampling
(Cheraiet et al., 2021) but it is still difficult in practice to extrapolate
results from one field region to another, or from one assessment team to
another, when it comes to evaluate the deposition efficiency.

Differences in the deposition rate at the same growth stage have been
observed (Pergher & Petris, 2007) for different plots with differing
training systems and vegetation vigour. At the vine scale, Pergher et al.
(1997) observed a coefficient of variations ranging from 30 to 82% when
measuring deposits on leaves at different locations in the canopy (ac-
cording to a depth-height plane). The intra-and inter-vine variability in
deposition rates requires the organisation of trials in different situations,
and consequently limits the number of sprayers that can be compared for
deposition efficacy.

These known constraints have led some researchers to organise
testing facilities and construct benches using synthetic plant compo-
nents to compare a variety of spray application devices on a given
artificial canopy structure. Trials on artificial vegetation have been
conducted in arboriculture (Dekeyser et al., 2014; Duga et al., 2015) and
in viticulture (Catania et al., 2011; Michael et al., 2020). The artificial
vegetation is structured to mimic real vegetation conditions, using tissue
or plastic leaves. For this purpose, synthetic leaves are arranged on
artificial trunks and branches to simulate the complexity of the real
vegetation.

Such arrangements have proved useful to assess the importance of
air-assist velocity on the efficiency of viticulture treatments (Catania

Cross flow airblast Axial airblast Multi-rows
Air-assisted X T P . TT . ITT.TT
technology g g %’s’ " % g‘ l‘%i\@i%’i i’
Pneumatic Pneumatic arch
technology

Fig. 1. Schematic illustration of the typical spray patterns (yellow spray) and expected deposition areas (yellow canopy) of the main spray technologies and
configurations used in French viticulture. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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et al., 2011; Pergher et al., 2013), the importance of sprayer design and
settings on foliar deposition (Pascuzzi et al., 2017) and soil losses
(Dekeyser et al., 2014). Furthermore, by replicating the randomness of
the leaf distribution, similar levels of intercepted depositions have been
obtained between real leaves and artificial collectors (Dekeyser et al.,
2014). It has nevertheless been acknowledged that, to date, the use of
artificial targets in real vines has limited the capability to reproduce
trials because of the intrinsic difficulty in reproducing the random 3D
structure of vine canopies. When using artificial vegetation that imitates
the randomness of real vegetation, this reproducibility issue is reduced,
but the capacity to extrapolate might still be limited. The capacity to
discriminate and analyse fine differences between sprayers may also be
limited.

This is why, with the objective to assess vineyard sprayers with re-
gard to their relative capacity to reduce emitted doses while still
ensuring sufficient protection, the EvaSprayViti testing facility was
developed at INRAE, the French National Research Institute for Agri-
culture, Food and Environment, and IFV, the French Institute of Vine
and Wine (Codis et al., 2015). The primary aim of the EvaSprayViti fa-
cility was to assess mean or median deposition rates as well as variations
of deposition between zones according to depth and height dimensions
in the canopy. The artificial canopy of EvaSprayViti was designed with a
regularly distributed structure that can be adapted to mimic several
growth stages.

Therefore, the objective of this study was to investigate how well an
artificial canopy structure, such as implemented in the EvaSprayViti
testing facility, can mimic the essential 3D properties of vegetation at
different stages of growth and be used for comparative needs assessment
of sprayers. The specific objectives of this research were:

@ To propose and validate a sampling strategy of the deposits on the
EvaSprayViti test bench;

@ To study and compare, at three growth stages, the deposit distribu-
tions intercepted on artificial collectors positioned in a real vine
canopy and on the EvaSprayViti test bench, both being spatially
recorded in a grid according to depth and height dimensions;

@ To evaluate, at a given growth stage, the ability of the EvaSprayViti
testing facility to discriminate the performance of several dozen of
spray application configurations.

2. Materials and methods
2.1. The EvaSprayViti testing facility

2.1.1. Description

As described above, EvaSprayViti was developed by INRAE and IFV
to comparatively assess deposition by vineyard sprayers. The details of
EvaSprayViti artificial canopy structure have not previously been thor-
oughly described in the scientific literature, so they are given here
before presenting the experiments. The testing facility originated from
previous works at IFV and INRAE (Gil et al., 2007). When designed,
three factors needed to be considered: i) consistent overall dimensions of
the canopy in terms of height and depth for different growth stages, ii) a
capacity to adapt the artificial leaf area index (LAI) to correctly mimic
the real LAI at any given growth stages and, iii) a regular distribution of
leaves in both height and depth dimensions.

The EvaSprayViti test bench illustrated in Fig. 2 was designed in two
parts to simulate a trellised vineyard. The first part is a 2 m ‘measure-
ment section’ that enables the collection of spray deposits from the
artificial leaves. This measurement section is surrounded by metal
structures with windbreak nets to mimic the effect of vine porosity on
spray behaviour. These are positioned before and after the measurement
section within the spray measurement row and form the artificial vine
rows adjacent to the measurement section.

Fig. 3A, B and 3C depict the evolution of the measurement section of
the test bench, according to growth stages. In these sections, the
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Fig. 2. EvaSprayViti test bench. Sprayer spraying along EvaSprayViti, showing
the measurement section with the artificial PVC collectors and the windbreak
netting to mimic canopy porosity before and after the measurement section and
on adjacent rows.

collectors act as artificial leaves and can be sampled individually or
collectively as needed according to the type of study being undertaken.

The measurement section of the test bench is always constructed
using n ranks of m poles evenly placed on a locking roller frame that is
300 mm above ground level. The poles are 1.1 m high, giving a
maximum canopy height of 1.4 m. Fig. 4 shows in more detail the exact
geometry of the arrangement of the artificial leaves (collectors) for a full
growth stage (n = 6, k = 14) with top (Fig. 4A) and side-on (Fig. 4B)
views.

At full growth stage (n = 6 and m = 10), the poles are staggered from
one rank to the next as indicated by the dimensions in Fig. 4. The poles
are spaced at a regular distance (q) of 72.8 mm across the measurement
section and a distance (i) of 200 mm within a rank along the measure-
ment section. At the front and the rear of each pole, a number (k) of 40
mm long crocodile clips are soldered onto the pole at p = 200 mm
spacing. When considering both the front and the rear of a pole, the
spacing of the clips on alternate sides is p/2 = 100 mm. Polyvinyl
chloride (PVC) square collectors (Ren-peck Technology Ltd, Hong Kong)
of L = 100 mm length and 300 pm thickness are attached by a corner to
the crocodile clips and creased at the level of the clip end, which allows
for a bending oscillation of the collector around the x-axis in the pres-
ence of airflow.

The measurement section was designed to have an adjustable height
and width to be able to characterise three different growth stages: early,
middle and full growth. For this purpose, the number of ranks and the
number of PVC collectors per pole are adaptable. For early growth
stages, n = 2, and the number k’ on which square collectors are placed is
3. For medium growth stages, n = 4, and the number k’ on which square
collectors are placed is 12. m is always 10. The letters ( and ® in Fig. 4
designate respectively a sampling slice and a thin slice. A thin slice has
one pole per rank. Because of the staggered arrangement of the facility,
the thin slices are not all the same. On the contrary, a sampling slice has
all positions in depth and height of leaves and is identical to its
neighbours.

The second part of the test bench is composed of windbreak nets
mounted on custom-designed variable geometry metal frames to simu-
late various levels of canopy porosity. These nets (Texinov, France) are
used to reduce the wind speed by up to 45% (Roux et al., 2006). In the
first instance, 4 m long sections are located in line and at both ends of the
measurement section, in order to avoid boundary effects. Thus, the
complete row, which includes the 2 m measurement section, is 10 m
long. In addition, 10-m windbreak net rows are placed on either side of
this combined collection row to mimic the adjacent vine rows. The



A. Cheraiet et al.

x m

Biosystems Engineering 241 (2024) 1-14

S

VD
2

‘;'“"'
P

Ca

=
>
i
>

LK

(A
W

S

A

o*
o

SO
G
L

2

Fig. 3. Schematic of the measurement section at early growth stage (A1), middle growth stage (A2) and full growth stage (A3). The x-, y- and z-axes represent the

travel direction of the tractor, the crop depth and the crop height respectively.
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Fig. 4. A: Spatial arrangement of poles that carry collectors (top view of the facility). B: Arrangement of collectors on a pole (side-on view of the facility).

height and width of the windbreak net structures are always set to be
equal to the measurement section. As a whole, the EvaSprayViti testing
facility is typically set up with three vine rows of 10 m length, with the
measurement section in the middle of the central row. The inter-row
spacing is fixed at 2.5 m, which is the usual inter-row spacing in
southern French vineyards. In order to avoid ground irregularities dur-
ing trials, the testing facility is installed on a concrete slab.

Some sprayers, such as pneumatic arches, can spray up to four rows
at the same time. In these cases, the proximal row and the distal row are
treated by different actions of the sprayer. This results in different de-
posit patterns on the two rows being treated. Thus, when such practices
are assessed, a second measurement section needs to be added on the
distal row. In this case, there are still three vineyard rows in total with
two measurement rows. For other multi-row sprayers, such as face-to-
face sprayers, the tractor traverses different inter rows so that
different sections of the sprayer can be assessed along the central mea-
surement section.

2.1.2. Measuring in 3D at various growth stages

2.1.2.1. EvaSprayViti configurations. For the four experiments outlined
later, a fixed configuration was used to simulate small, medium and full
canopy conditions. The characteristics of the measurement section of
EvaSprayViti for each of the three simulated growth stages are described
in Table 1, including the simulated total number of leaves and the cor-
responding LAI when an inter row spacing of 2.5 m is considered. For the
early vegetation, only the two middle ranks were used. For the mid-
season simulations, this was expanded to four ranks (four middle
ranks in Fig. 4A), and to all six ranks for the full-canopy tests. The
proposed geometric configurations (Table 1) have an elementary pattern

Table 1
Characteristics of the measurement section of EvaSprayViti.

Growth Stage

EvaSprayViti Parameters Early  Middle  Full
Total number of collectors 120 440 840
Leaf area index for 2.5 m of inter row spacing 0.24 0.88 1.68
Collectors per pole 6 11 14
Simulated height of the canopy (m) 0.6 1.1 1.4
Number (n) of ranks to define the canopy width (y-axis) 2 4 6
Simulated width of the canopy (m) 0.17 0.32 0.47

that when replicated can reproduce the target vegetation size along the
whole measurement section of the facility.

2.1.2.2. Aggregation of collectors into compartments. In order to facilitate
a qualitative and quantitative comparison between results on the Eva-
SprayViti artificial canopy and real vegetation, the distribution of tracer
can be evaluated by segmenting the vegetation structure into compart-
ments. At the early stage, the collectors can be grouped into four depths,
without distinction of height class, as shown in Fig. 5A and B. At this
stage of vegetation, each depth is defined as a half row. For the middle
stage of vegetation, six compartments can be defined (left and right at
three heights: low, middle, high) as shown in Fig. 6A and B. For the full
growth stage, the collectors can be grouped in three heights (low, middle
and high) and three depths (left = back, middle and right = forward) as
described in Fig. 7A. In total, for this growth stage, nine compartments
can be defined, as shown in Fig. 7B. The deposition rates can be
measured at the compartmental level, rather than for each artificial leaf,
in order to save time. One objective of Experiment 1 described hereafter
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was to assess if this aggregation preserved enough information.

2.2. Spray deposits measurement on EvaSprayViti

Trials were performed at INRAE, Montpellier, France. During the
tests, wind velocity and wind direction were measured using an ultra-
sonic 2D anemometer (Vaisala, Vantaa, Finland) placed at 2.50 m in
height and 10 m upwind from the testing facility. Air temperature and
relative humidity were recorded using a thermo-hygrometer (Hanna,
Woonsocket, USA). Trials were only performed in meteorological con-
ditions where spraying is allowed by French law (wind speed <5.27 m s-
1). In all trials, the temperature was <30 °C and the relative humidity
>40%.

As recommended by ISO 22522:2007, tartrazine (E102, 85% w/w,
Alpa Sud, France) was used as a tracer. During a test, the vineyard
sprayer passed through the testing facility at a constant speed, while
spraying a mixture of dye and water with a nominal dye concentration of
10 g L'! of water. The different sprayer settings were tuned either by a
manufacturer’s representative or by a trained operator to target the
vegetation. The quantity of product deposited on the collectors was
expressed in ng of collected dye per dm?, and then normalised by the
applied quantity sprayed per ground surface area.

The volume rate ¥ (L ha') was calculated from the total sprayers
flow rate Q (L min')), the sprayer’s forward speed (calculated over the
test duration) v (km h™! ), and I (m) the sprayed area width, according to
Eq. (1):

600 x Q
vl

Volume rate : Y = Eq1l

Note that [ = R «IRS where R is the number of rows treated in a
single path and IRS is the inter-row spacing.

Before each test, sprayer flow rate was calibrated. Once the sprayer
had passed through the test facility, the artificial collectors were
removed. They were then washed in a known quantity of distilled water
and the tartrazine concentration was later determined through the
reading of the absorbance level of the washing solution using a spec-
trophotometer (Uviline 9100, Secomam, France) at a wavelength of 427
nm. Results of depositions were then expressed as the quantity of
product collected by collectors surface area for 1 g of dye sprayed on 1
ha ground surface (ng dm? for 1 g ha''), according to the following
equation (Eq. (2)):
Ay Vyx10°

Deposit =—
A

Eq 2

where Ay and Ay are respectively the absorbance values of the diluted
sample (dried deposits diluted in water) and of the stock solution (taken
from the sprayer tank for each trial), respectively, V; (ml) is the dilution
volume for the sample, ¥ (L ha™!) is the volume rate calculated from Eq
(1), S (dm?) is the surface collector area. Note that, in practice, the
measurement of Ay itself may require a dilution of the stock solution to
fit in the range of the spectrophotometer and verify the Beer-Lambert
law.

Table 2
Objectives and experiments.
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2.3. Experiments

Four different types of experiments (Table 2) were carried out in
order to characterise and evaluate the sensitivity of the EvaSprayViti test
bench to be able to simulate a real vine row at different growth stages, as
well as to facilitate the assessment of the deposition performance of vine
sprayer typologies through repeatable measures.

2.3.1. Definition of the sampling strategy on the artificial canopy

To characterise the ability of the proposed 3D sampling approach to
characterise sprayer deposits at the EvaSprayViti testing facility, the
deposits on each of the 840 collectors (all collectors on all poles) at a full-
growth stage configuration of the measurement section were measured
individually. Two sprayers, a pneumatic arch and a tunnel sprayer
corresponding to contrasting technologies regarding spray deposits ho-
mogeneity and coverage efficiency, were compared. The settings for the
two models chosen for the experiment are listed in Table 3. A pneumatic
arch (v. 1990, Pulsar, Tecnoma®, Epernay, France) was used to spray 4
rows in one path. According to this practice, only the side of the row
closest to the sprayer is directly exposed to the spray nozzles so only the
row closest to the nozzles was analysed with the pneumatic arch. The
tunnel sprayer used for this experiment was a Koleos (Dhughes®, Vil-
lemoustaussou, France).

2.3.2. Comparison of deposition on the artificial canopy and in a vineyard
at full growth stage

To evaluate the consistency of the deposit measurements at the
EvaSprayViti testing facility with deposit measurements in vineyards,
three spray modalities (sprayers & settings) were tried in both the
testing facility and in a real vineyard (Table 4). For the measurements on
the real vineyard, the protocol of ISO 22522 was followed, but with a
higher spatial resolution as described in Codis et al. (2018). The PVC
collectors 8 x 5 cm? were stapled on vine leaves within the canopy
compartments. The compartments were defined in 0.2 m height in-
crements (a maximum of seven) and 0.1 m depth increments (a
maximum of 5) as presented in Fig. 8. For each modality, deposit
measurements were repeated on 4 consecutive vines located along the
same row. Tartrazine collected on the artificial targets was quantified
using the protocol described previously (Spray deposit measurement on

Table 3
Sprayer characteristics used to assess the collection of deposits on the artificial
canopy.

M&M ST Tech N N-P A%
Tecnoma- Pneumatic arch Pneumatic 4 Teejet-CP4916- 150
Pulsar 1 29
Dhuges-Koleos ~ Tunnel sprayer Air- 2 Lechler-IDK-90- 140
1 assisted 01

Legend: M&M is sprayer manufacturer & model, ST is sprayer type, Tech is
spraying technology, N is number of rows treated in a single path, N-P is a
manufacturer and characteristics of Nozzle or spout Plate, V is application rate
(L ha™).

Exp Objective Sprayers Artificial vegetation Real vegetation
Early Middle Full Early Middle Full
1 Define a sampling strategy on the artificial vegetation — 1 stage PA 2 rows X
TS X
2 Compare deposition at a single crop stage on artificial and real vegetation PA 2 rows X X
PA 4 rows X X
MR X X
3 Compare deposition at three crop stages on artificial and real vegetation MR X X X X X X
4 Compare different modalities at full growth in artificial vegetation 65 spray modalities X

Legend: PA: Pneumatic Arch (spraying every 2 or 4 rows); TS: Tunnel sprayers; MR: Multi-row sprayer.
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Table 4
Sprayer and settings used for deposits comparison trials between EvaSprayViti
testing facility and a real vineyard.

M&M ST Tech N R N-P A%
Calvet-Eco+ Pneumatic Pneumatic 2 all Teejet- 220
arch 2 CP4916-
49
Calvet-Eco+  Pneumatic Pneumatic 4  proximal  Teejet- 110
arch 2 CP4916-
29
Calvet-Eco+  Pneumatic Pneumatic 4  distal Teejet- 110
arch 2 CP4916-
29
Tecnoma- Multi-row Air 3 all Teejet- 190
Vectis sprayer 1 assisted TVI-80-
precijet 01

Legend: M&M is sprayer manufacturers & model, ST is sprayer type, Tech is
spraying technology, N is a number of rows treated in a single path, R tells
whether row is distal or proximal for pneumatic sprayers used every 4 rows, N-P
is a manufacturer and characteristics of nozzle or spout plate, V is the applica-
tion rate (L ha™D).

EvaSprayViti). The field experiments were conducted in a Vitis vinifera L.
cv Cabernet Franc trellis vineyard with 2.5 m inter-row spacing in the
Massillan estate, located in Le Cres, France. The vineyard on which
measurements were made was at an advanced stage of vegetation
development (BBCH 69, end flowering) (Lorenz et al., 1994), and results
are compared with the ‘full growth stage’ at the EvaSprayViti testing
facility described in Table 1. It should be noted that there is a spatial
difference in the sampling performed with EvaSprayViti and in the real
vineyard. The number of compartments considered for EvaSprayViti was
nine (three heights x three depths) taken on a sampling maxi slice (see
Fig. 4, a sampling slice bears 168 leaves on 12 poles at full growth stage,
which were grouped into 9 compartments, with 24 leaves in each of the
3 top compartments and 30 leaves in the others). The number of col-
lectors, which were analysed individually, was 30 (six height x five
depth) in the real vine canopy.

2.3.3. Comparison of deposition on the artificial canopy and vineyard at
three growth stages with a single sprayer configuration

In viticulture, the target canopy to spray evolves over the cropping
season, becoming higher and larger. To simulate this evolution, three
growth stages were simulated at the EvaSprayViti testing facility. The
mean dimensions of the vineyard and the corresponding dimensions
simulated at the EvaSprayViti testing facility configurations are pre-
sented in Table 5. Under these conditions, the consistency of the evo-
lution of deposits between the artificial canopy and a vineyard was
tested with a multi-row sprayer known to deliver a regular profile of
spray deposition (Table 6). Trials were conducted on a Vitis vinifera L.
cv Marselan trellised vineyards at Mas Piquet, Montpellier, France. The
three measurements in the field corresponded respectively to BBCH 53
(inflorescences clearly visible), BBCH 57 (inflorescences fully devel-
oped; flowers separating) and BBCH 77 (berries beginning to touch),
that correspond to three contrasting treatment periods. The protocol
used for deposit assessment was the same as that described for Experi-
ment 2 for a full growth stage. For medium growth stage, the collectors
were placed in the vineyard according to the same grid as for the full
growth stage, resulting in x and y-axes. The sampling slice for Eva-
SprayViti was similar as for full growth stage, except n (number of ranks)
was 4 and there were 3 heights and 2 depths, thus 6 compartments. The
top compartments had 12 leaves and the others had 16 leaves, with a
total of 88 collected leaves. For early growth stage, the collectors were
placed in the vineyard according to the same grid as for a medium
growth stage, resulting in x and y-axes. The sampling for EvaSprayViti at
early growth stage was specific to this stage and is depicted in Fig. 5 with
n=2.
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Fig. 8. Sampling distribution in canopy ‘compartments’ real vineyards defined
by fixed height (0.2 m; A — F) and depth (0.1 m; 1-5) increments, adapted from
Codis et al. (2018).

Table 5
Dimensions of EvaSprayViti artificial canopy for different stages and average
vegetation size during the experiments.

Growth Height dimension (m) Width dimension (m)
stage Natural Artificial Natural Artificial
vegetation vegetation - vegetation vegetation -
EvaSprayViti EvaSprayViti
Early 0.50 0.60 0.30 0.17
Middle 0.90 1.1 0.40 0.32
Full 1.30 1.4 0.50 0.47

2.3.4. Testing the ability of the EvaSprayViti test bench to differentiate 65
spraying configurations based on treatment quality at full growth stage
The EvaSprayViti artificial canopy was sampled at full growth stage
using the idea of nine canopy compartments as proposed in Fig. 7B. A set
of 65 different spray application configurations were performed, varying
both the sprayer configurations and the sprayer settings (Table 7). A
total of twelve sprayers were used to implement the 65 different
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Table 6
Sprayer and settings used for deposits comparison trials between EvaSprayViti
testing facility and a real vineyard.

M&M ST Tech N N-P GS \%

Tecnoma- Multi-row Air 3 Teejet- Early 60
Vectis sprayer 1 assisted TXA-80- Middle 90
precijet 0067 Full 120

Legend: M&M is sprayer manufacturers & model, ST is sprayer type, Tech is
spraying technology, N is the number of rows treated in a single path, N-P is
manufacturer and characteristics of nozzle or spout plate, GS is Growth Stage, V
is the application rate (L ha™).

Table 7
Sprayers tested at the EvaSprayViti testing facility.
M&M ST Tech NT \%
Calvet-Axial Axial airblast 1 Air 3 (l.o+2. [140-150]
assisted w)
Calvet-Cross flow Cross flow Air 3 (l.o+2. [150-180]
airblast 1 assisted W)
Ideal-Loire Cross flow Air 5 (5.0) [95-210]
airblast 2 assisted
Dhuges-Koleos Tunnel sprayer Air 6 (4.0+2. [160—280]
1 assisted w)
Bertoni- Tunnel sprayer Air 6 (2.0+4 [170—260]
Arcrobaleno 2 assisted w)
Friuli-Drift Tunnel sprayer Air 6 (4.0+2 [100—-240]
recovery 2000 3 assisted w)
Weber-NC1000 Tunnel sprayer Air 6 (2.0+1. [110-200]
4 assisted v+3.W)
Tecnoma-Vectis Multi-row Air 4 (1.0+3. [140—-150]
precijet sprayer 1 assisted w)
Nicolas-Rafale Multi-row Pneumatic 2 [150—200]
sprayer 2
Tecnoma-Pulsar Pneumatic arch Pneumatic 10 [135—-165]
1
Calvet-Eco+ Pneumatic arch Pneumatic 11 [100—200]
2
Nicolas-Zephyr Pneumatic arch Pneumatic 3 [120-130]
3

Legend: M&M is sprayer manufacturers & model, ST is sprayer type, Tech is
spraying technology, NT is the number of trials (symbol o designates classical
nozzle producing small droplets, flat flan or hollow cone, symbol W designates
drift reducing air-injection nozzles producing bigger droplets, and symbol v
designates drift reducing nozzle with pre-atomiser producing droplets of inter-
mediate size), V is range of application rates (L ha™).

scenarios. The configurations were selected based on expert knowledge
for diversity and representativeness of observed practices by wine-
growers. Results were analysed using a principal component analysis
(PCA). As the granulometry of nozzles is one of the settings that may
have an impact, the number of trials per type of nozzle, with regards to
granulometry, is provided in the column labelled NT.

2.4. Statistical analysis

2.4.1. Descriptive and exploratory statistics of foliar spray deposition
Descriptive statistics (mean, coefficient of variation and standard
error) were calculated for each spray modality tested and at each growth
stage, in real vineyards and on the EvaSprayViti artificial canopy as an
exploratory analysis of intercepted deposits. Because the artificial col-
lectors in the real vineyard and from EvaSprayViti were normalised for
surface area, they could be compared despite their differences in size. As
the deposition data were not normal, a logarithmic normalisation
transformation was performed to obtain residual normality and homo-
scedasticity. To represent the mean deposition rate and its variability,
box plots were made. The box plots show the median (solid line) and the
mean (cross). The lower and upper limits of the box plots correspond to
the first and third quartiles respectively, and the error bars indicate the

Biosystems Engineering 241 (2024) 1-14
minimum and maximum values.

2.4.2. Definition of the sampling strategy on the artificial canopy

In order to describe the spatial distribution of intercepted deposits at
the EvaSprayViti testing facility, representations in the form of heat map
graphs were generated using the R software (R Development Core Team,
2022) with the packages ‘ggplot2’ (Wickham & Chang, 2016) and
‘RColorBrewer’ (Neuwirth, 2014). Representations to visualise the
intercepted deposits on the artificial canopy as a function of longitudinal
position (section), height and depth were made. This allowed the
intercepted deposition information to be plotted in a gridded space to
provide an initial indication of the overall spatial distribution of depo-
sition and its variability on the artificial collectors in this study. It is
important to note that this analysis, which does not involve geostatistics,
is only a visual indication of the spatial distribution and variance of
deposits collected within the EvaSprayViti facility.

To investigate the effect of longitudinal position (sampling slices
denoted as sections S1 to S5) at full growth stage, a one-factor ANOVA
was performed. As the deposition data were not normal, a logarithmic
transformation was performed to obtain residual normality and homo-
scedasticity before the ANOVA.

In the case where the explanatory variable had a significant effect on
the mean, a Tukey post-hoc test was used to compare all pairwise means
and distinguish between groups (a = 5%). This test was performed to
identify variations in deposition due to the transition of airflow over the
collection area of the facility after the shading net section. From prior
experience with EvaSprayViti artificial canopy, this is known to have an
impact on the spray deposition. Collectors were not grouped into com-
partments for this experiment.

2.4.3. Comparison of deposition on the artificial canopy and vineyard at
full growth stage

To investigate whether there was a significant difference in the mean
deposition observed at a full growth stage between four contrasting
spray techniques on the artificial canopy and on collectors positioned in
avineyard, a two-factor ANOVA was performed. In order to take account
of the unbalanced experimental design (the number of observations was
different between the EvaSprayViti facility, for which leaves were
grouped into compartments and the real vineyard), the adjusted group
means were compared in pairs using a type III ANOVA and the Tukey
post-hoc test was then performed to identify significantly different
groups.

2.4.4. Comparison of deposition on the artificial canopy and vineyard at
three different growth stages with a single sprayer configuration

To assess the ability of the EvaSprayViti test bench to correctly
describe the mean deposition at different growth stages, a one-way
ANOVA was performed to determine if there was a significant differ-
ence between the mean deposition observed on the EvaSprayViti arti-
ficial canopy and on PVC collectors positioned in a real vineyard at three
different growth stages. In order to take account of the unbalanced
experimental design, as it was the case for both experiments 2 and 3, the
adjusted group means were compared in pairs using a type IIl ANOVA
and the Tukey post-hoc test was then performed to identify significantly
different groups.

2.4.5. EvaSprayViti test bench’s ability to differentiate 65 spraying
configurations based on treatment quality at full growth stage

In order to evaluate the capacity of the EvaSprayViti test bench to
discriminate a greater number of spray configurations in terms of
quantitative and qualitative deposition, a principal component analysis
(PCA) was applied to the data set (65 modalities of spraying) on the full
growth stage configuration of the EvaSprayViti artificial canopy. The
evaluation was carried out on standardised values (Z scores) of the mean
deposition observed per compartment (nine compartments in total: LL,
LM, LH; ML, MM, MH; RL, RM, RH), as defined in Fig. 7B, which makes it
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possible to quantify the effect of different sprayer adjustment parame-
ters on the spraying process in viticulture. Each variable corresponds to
the deposits in one of the nine compartments. These statistical analyses
were performed using the FactoMineR library (Le et al., 2008) using the
R software.

3. Results and discussion

3.1. Variability and distribution of intercepted deposits on the artificial
canopy

The deposition on EvaSprayViti artificial canopy for a pneumatic
arch (used every 4 rows) and a tunnel sprayer are shown in Fig. 9, where
the side views (Al and B1) and top views (A2 and B2) are averaged along
the y and z-axis respectively.

The deposition patterns corresponding to the pneumatic arch and the
tunnel sprayer are clearly contrasted in the two planes presented in
Fig. 9. For the pneumatic arch, a periodic pattern is clearly observed
along the x-axis (Fig. 9A1). Advancing along the x-axis, the poles and
collectors are placed in a staggered pattern. This means that at any
defined height, a collector positioned on the front of the pole (and
directly exposed to the spray) has two neighbouring collectors on the
adjacent poles that are placed behind the poles and will therefore
receive less deposits. This results in the high-low patterning in neigh-
bouring grid cells in Fig. 9A1. Fig. 9A2 illustrates the rapid decline in
deposits along the y-axis (width of the canopy) for the pneumatic arch
sprayer, which only sprays on a single side of the canopy. For the tunnel
sprayer, a more regular deposition pattern is observable along the di-
rection of travel (Fig. 9B1). It was observed that, regardless of the po-
sition along the measurement section, the highest amount of deposits
always occurred at a mid-height (which approximates the cordon
height), while the upper and lower compartments showed lower
amounts (Fig. 9B1). Fig. 9B2 shows the characteristic spray pattern for
this type of over-the-row spray equipment, which treats both sides of the
vegetation row simultaneously (symmetrically) and has a trend in
decreasing deposition rates with increasing depth into the canopy.

A one-way ANOVA test was performed to determine if there was a
significant difference (o = 0.05) in terms of mean deposits and unifor-
mity of observed mean deposits between the different sections defined

Pneumatic arch 1
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by longitudinal position (section S1 to S5). The result is that there was a
significant difference in the mean deposit observed between the section
classes for the pneumatic arch (p-value = 0.014) and for the tunnel
sprayer (p-value = 0.021) (Table 8). Furthermore, a significant differ-
ence in the uniformity of the distribution of the mean deposit was
observed, independent of the sprayer considered, for the pneumatic arch
(p-value = 0.017) and for the tunnel sprayer (p-value = 0.019).

By analysing the mean deposit, the Tukey test was able to classify the
longitudinal sections on EvaSprayViti artificial canopy into two distinct
groups that were significantly different from each other: an outer group
(S1, S5) and an inner group (S2, S3, and S4) (Table 8). The results
highlight that the first and last sections had different characteristics
compared to the three central sections. This is a validation of the pre-
viously observed influence of the windbreak netting section on airflow,
and consequently deposition rates, within the test facility measurement
area. To minimise the impact of the border effects, the first and last
sections were excluded and only the three central sections (denoted S2-
S4) are used for subsequent analyses. This effectively kept sections S2,
S3 and S4 as three replicates of the same measurement in an experiment
(Fig. 9).

The coefficient of variation was calculated for the three central
sections (S2-S4) including all collectors located in the whole vertical
profile along the (y,2) plane for the two sprayers tested (Table 9). For the
two sprayers, the coefficient of variation was first calculated by
considering the deposition value on the maxi slice (168 individual col-
lectors of a section) and then when grouping these collectors into nine
compartments per section. The grouping of collectors reduced on
average the coefficient of variation by 11% for the pneumatic arch and
14% for the tunnel sprayer (not shown). Hence, most of the deposits
variability within the canopy was retained after the grouping of the
collectors (Fig. 7B). Grouping the collectors considerably reduced the
time spent to generate results.

This first experiment provided clear evidence for redefining both the
sampling zones (section S2-S4) based on the regularity of deposition and
the sampling strategy (by grouping the collectors into nine compart-
ments). This knowledge and these amended protocols were used for all
subsequent experiments that were aimed at comparing the depositions
in the EvaSprayViti artificial canopy with deposition onto artificial
collectors positioned in a real vineyard.

Bl Tunnel sprayer 1
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550
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Fig. 9. Spray deposits measured at full growth stage on EvaSprayViti artificial canopy, in side view (A1, B1) and top view (A2, B2) for pneumatic arch sprayer 1 (left)
and tunnel sprayer 1 (right). For side views, all y positions corresponding to a single position in the (2,x) plane are averaged. For top views, all z positions corre-
sponding to a single position in the (y,x) plane are averaged. Black boxes delimit the five sections (S1-S5 respectively) of the test facility that are used later as three
replicas of the same measurement. The value selected for the divergence of the colour scale is 39 ng dm? for 1 g ha™. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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Table 8
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Significance obtained in a one-way ANOVA for mean spray deposition (ng dm? for 1 g ha') and distribution uniformity (CV in %).

Spray deposition

Distribution uniformity

Section Mean p-value® Groups Ccv p-value® Groups
Pneumatic arch 1 S1 315.9 0.014* a 96.7 0.017* a
S2 353.1 b 90.8 a
S3 355.5 b 94.7 a
S4 353.2 b 97.4 a
S5 399.3 a 121.3 b
Tunnel sprayer 1 S1 573.9 0.021* a 72.9 0.019* a
S2 510.4 b 43.3 b
S3 504.2 b 42.1 b
sS4 501.5 b 36.3 b
S5 496.7 a 45.8 b

@ Statistical significance level: NS p-value> 0.05; * p-value <0.05; ** p-value <0.01;

Table 9

Variability of deposits observed within the three central sections of EvaSprayViti
artificial canopy (noted S2, S3 and S4) in terms of the coefficient of variation
(CV, %), along the vertical plane (y,z). Comparison of the coefficient of variation
(%) values calculated by taking into account all the collectors located in the
whole vertical profile for each section (n = 84) (noted ‘Non Aggregated’) and by
grouping the collectors into nine distinct compartments (noted ‘Aggregated’),
for pneumatic arch 1 and tunnel sprayer 1.

Sprayer type” Section CV (%)
Non-Aggregated Aggregated

Pneumatic arch 1 S2 103 91

S3 106 95

sS4 108 97
Tunnel sprayer 1 S2 43 30

S3 42 27

sS4 49 36

2 Details for sprayers given in Table 3.

3.2. Comparison of depositions from contrasted sprayers on the artificial
canopy and in a vineyard at full growth stage

Fig. 10 shows a graphical comparison of the deposit distribution
profile for sprayers with different spraying configurations measured on
both the EvaSprayViti artificial canopy and on a vineyard at a full
growth stage. The observations at the EvaSprayViti testing facility and at
the vineyards showed similar spatial trends in deposition patterns,
whatever the scenario tested. The mean of the values measured on the
artificial targets positioned in the real vineyard during an experiment
and of the values from compartments of EvaSprayViti artificial canopy
differed by 5% for the multi-row sprayer, 9% for the tunnel sprayer, 13%
for the pneumatic arch spraying every 2 rows and 15% for the pneumatic
arch spraying every 4 rows (data not shown). The measurements were
coherent with expectations based on the geometry of the treatment. For
example, when the spray was applied on both sides of the row, deposits
appeared symmetrical on the two sides of the canopy and were ho-
mogenous and relatively high, especially for the multi-row sprayers.
When the treatment was performed using the pneumatic arch driving in
one row out of 4, only one side of the row was directly sprayed, resulting
in much lower deposits on the canopy side not directly exposed to the
spray. A treatment with the same pneumatic arch when spraying every
two rows allowed a more homogenous treatment, as shown in Fig. 10.

A two-factor ANOVA test was carried out to determine whether there
was a significant difference (o = 0.05) in terms of mean deposition
observed between the measurements carried out at the EvaSprayViti
testing facility and in the real vineyard and the four spraying techniques
considered. In general, the result was that the mean deposit obtained at
the testing facility did not differ significantly (p-value = 0.24) from those
observed in the vineyard for the four configurations tested, e.g. observed
values of 255.9 and 248.8 ng dm? for 1 g ha™ for the multi-row sprayer

10

p-value <0.001.

at the testing facility and in the vineyard respectively (Fig. 11).

However, the dispersion around the mean of these data was different,
it was higher in the vineyards than on EvaSprayViti artificial canopy
(Fig. 11). On average, the standard deviation of the deposition mea-
surements made in the real vineyard was 17% higher than at the Eva-
SprayViti testing facility across the four spraying techniques (Fig. 11).
Experiment 1 showed that although most of the variability using Eva-
SprayViti is retained when performing a grouping of collectors, it is
reduced significantly (see Table 3). The regular structure of the Eva-
SprayViti artificial canopy and the flat ground was expected to improve
the regularity of measurements. Previous work has demonstrated the
heterogeneity of the spatial distribution of vegetation in the vineyard
(Llorens et al., 2011; Weiss & Baret, 2017). Hence, measurements on
real vegetation are of a contingent nature and affected by the actual
spatial distribution of the foliage at the exact spot where measurements
occur.

In order to investigate further whether the intercepted spray mea-
surements at the EvaSprayViti testing facility and in real vineyards
allowed for an equivalent evaluation and ranking of spraying tech-
niques, a closer examination of the deposition data was done. In general,
the highest mean deposition was found with the multi-row sprayer, with
values that ranged from 215 to 255 ng dm? on EvaSprayViti artificial
canopy and from 180 to 260 ng dm? in real vineyards (Fig. 11). An
identical classification of sprayer typologies was observed indepen-
dently of whether the measurement was carried out at the EvaSprayViti
testing facility or in the vineyard. Considering the mean deposition, the
multi-row sprayer involves higher deposits followed by the pneumatic
arch sprayer passing every 2 rows, then the pneumatic arch sprayer
passing every 4 rows on the proximal row, and finally the distal side of
the row (Fig. 11). Standard deviations calculated between the com-
partments of the same cross-section (Fig. 11) revealed that the highest
deposition variability was observed for the pneumatic arch sprayer
passing every 4 rows on the proximal row, followed by the distal side of
the row for the same spray pattern, both in real vines and at Eva-
SprayViti testing facility.

The second part of the two-way ANOVA test performed showed that
there was a significant difference in the mean deposit observed between
the four spray techniques (p-value = 0.019 > 0.05) (data not shown).
Tukey’s test showed that the rankings of the different spray configura-
tions tested at the EvaSprayViti testing facility and in the real vineyard
were equivalent, which underlines the suitability of the artificial canopy
to assess the quality of spray applications for grapevine crops with
similar cultural practices to those tested (Fig. 11). This second test
demonstrated the relative similarity in the quantitative and qualitative
deposition values between both the artificial or natural vegetation on a
full growth stage, with contrasted spraying configurations. Such a
comparison was then extended to two additional crop stages.
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Fig. 10. Spray deposits profiles in the (y,2) plane (canopy cross-section) from four different spraying configurations as measured at the EvaSprayViti testing facility
(upper row) and in a vineyard (lower row) at a full growth stage. Units are in ng dm? per 1 g ha™ of tracers. The lower part of the Figure illustrates the corresponding
spray modality. Schematics and graphs have the same orientation; the left of the test facility on the schematic (green) corresponds to the left of the related graph (low
y values). The value selected for the divergence of the colour scale is 16 ng dm? for 1 g ha™. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 11. Box plots of the mean deposits calculated between the compartments
measured in vineyards and at the EvaSprayViti testing facility at full growth
stage for the four spraying techniques considered: Multi-row sprayer (red),
pneumatic arch passing every 2 rows (orange), pneumatic arch passing every 4
rows on the proximal (green) and distal (blue) canopy. The box plot shows the
median (solid line) and mean (cross). The different letters above the box plots
represent significant differences between the different spray types (Tukey’s test,
a < 0.05) in terms of intercepted spray deposit within settings. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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3.3. Comparison of deposit measurements on the artificial canopy and a
vineyard at various growth stages

The same sprayer (multi-row sprayer 1) was used both at the Eva-
SprayViti testing facility at three growth stages and in a real vineyard
three times during the growing season. Fig. 12 presents the evolution of
spray deposition along the season in both situations. Starting from the
early stage of canopy development, the mean amount of deposition was
790 and 820 ng dm?, then 320 and 350 ng dm? and finally 190 and 220
ng dm? for the real vineyard and EvaSprayViti respectively. The results
show a clear decrease of the deposits per unit of the leaf surface along
the growing season (p-value <0.05), in line with previous observations
(Siegfried et al., 2007), directly correlated to the increase of the leaf area
index under a constant dosage that results in the same amount of
product being applied to a larger target area. Furthermore, increasing
vegetation development creates physical obstructions that induces
lower deposits inside the canopy, with a logical increase in the deposi-
tion variability between compartments.

A similar trend was observed on the EvaSprayViti artificial canopy
with the proposed configurations that emulate three different growth
stages of vineyards. According to Fig. 12, mean deposits at the Eva-
SprayViti testing facility and in the vineyard were not significantly
different at any given stage. The discrepancy in mean deposition be-
tween the two targets was lower than 5% for the three growth stages. For
the early growth stage, the higher variability can be explained by the
uneven nature of the foliage at this time, resulting in highly variable
deposits.

Results from experiment 3 highlighted the fact that the different
EvaSprayViti artificial canopy configurations were able to mimic the
evolution of deposits along the growing season. This result paves the
way to the evaluation of the performance of a greater number of sprayers
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Fig. 12. Box plots for the evolution of the mean deposition as a function of
three growth stages of a vineyard (blue pattern) and the configurations of the
EvaSprayViti facility (red pattern) to simulate the same growth stages for the
multi-row sprayer 1. The different letters above the column indicate that for a
given phenological stage, the real vine and EvaSprayViti facility modalities are
significantly (Tukey’s test, « = 0.05) different in terms of intercepted mean
spray deposit. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

at early growth stages, which is very difficult to do on real vegetation
because of the rapid development of the vine at the start of the growing
season.

3.4. EvaSprayViti test bench’s ability to differentiate 65 spraying
configurations based on treatment quality at full growth stage

The capability of EvaSprayViti testing facility to assess and rank a
larger number of spraying configurations in terms of quantitative and
qualitative deposition was studied through a principal component
analysis (PCA) that considered the mean deposition per compartment
(Fig. 13). The PCA analysis was performed on measurements from 65
different spray scenarios on the full growth stage configuration of the
EvaSprayViti artificial canopy. The first two principle components (PC)
accounted for 82.6% of the total variance. The 65 tested scenarios were
clearly split into three groups (Fig. 13A). The distinction between these
three groups is illustrated by three confidence ellipses (CI = 99%)
around the barycentre of each category. Group 1, located in the bottom
left of the PC1 vs PC2 plot, enclosed by a green ellipse, included all
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multi-row sprayers, whether they were equipped with recovery panels
or not. Group 2 in the top left, enclosed by an orange ellipse, included
the pneumatic arches tested. Group 3 on the right, enclosed by a red
ellipse, represented airblast sprayers. These three sprayer configurations
are known for their contrasting performance in the field (Bastianelli
et al., 2017; Codis et al., 2018) and the deposition patterning in the
EvaSprayViti facility was clearly able to delineated these groupings. The
PC1 split the airblast sprayers from the other two sprayer types (mul-
ti-row and pneumatic), while PC2 was able to distinguish the multi-row
and pneumatic depositions.

Fig. 13B shows the vectors within the PC plot associated with
deposition within the nine compartments sampled spatially in the Eva-
SprayViti facility. The PC1 divides along the deposition on the right
(RH/RM/RL) and left (LM/LH/LL) sides of the canopy, effectively
identifying sprays that only effectively treat only one side of the canopy
(i.e. airblast sprayers).

PC2 distinguishes scenarios according to the symmetrical deposition
observed in the canopy, with multi-row spray configurations generating
more uniform distributions in the different compartments (Figs. 11 and
12) compared to the pneumatic sprayers, a problem that has been
highlighted previously by Codis et al. (2015). This is because pneumatic
sprayers used every 4 rows only allow direct treatment of one side of the
row, leading to more variable deposits, especially on the unexposed side.
The vectors show that the depositions into the centre of the canopy
(MM) and the lower right (RL) compartment are particularly different
between the two groups (multi-row and pneumatic sprayers).

These results conform with expectations and demonstrate that the
EvaSprayViti test bench was able to distinguish spray application
methods known to perform differently regarding the quality of the
treatment (Codis et al., 2015), which is what was expected from the
design of the bench. Results also highlighted that the deposit variations
caused by sprayer setting is of lower importance than those resulting
from the sprayer technology and configuration.

4. Conclusions

A test bench with a regularly organised artificial canopy was
designed to measure the deposits of viticulture sprayers in standardised
conditions. Three configurations of the test bench were proposed to
mimic three growth stages (early, medium and full growth stages) of a
trellis vineyard with 2.5 m row spacing and assess the performance of
the sprayers over the vegetative cycle.

The exhaustive sampling of the collectors in the artificial canopy
showed that the deposits present patterns without edge effects in the
centre of the measurement section. The repeatability and reproducibility
of the deposit values in the centre of the collection area along the driving
direction was established and was used to define a relevant sampling of

Component 2
(10.2% variance explained)

6 4 2 0 2 4 6 8

Component 1
(72.4% variance explained)

Fig. 13. Principal Component Analysis (PCA), A: bi-plot for the first two principal components: PC1 vs. PC2, which explains 82.6% of variance in the PCA analysis of
sprayer configurations, tested using the EvaSprayViti test bench. Green, orange and red ellipses respectively represent groupings associated with the multi-row
sprayers, pneumatic arch sprayers and airblast sprayers tested. The confidence ellipses define the region that contains 99% of all samples that can be drawn
from the underlying Gaussian distribution. B: Vectors associated with variability in depositions in the nine measured compartments, highlighting spatial differences
in deposition in the canopy associated with the first two PCS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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the collectors. The pattern of the deposits along the vertical (z) and
transverse (y) axes was greatly dependent on both the sprayer model and
settings, and was similar to the patterns observed on real vine vegeta-
tion. Trials demonstrated the capability of the regular pattern of the
artificial canopy of the test bench to collect the spray in a way that al-
lows to build interpretations that are consistent with the ones that can be
made when experimenting in real vineyards.

The measurement of deposits at a reduced resolution by a grouping
into nine compartments offered a good compromise between the
quantity of measurements and the capability to discriminate the quality
of the spray application. Of course, this collection strategy also drasti-
cally reduced the amount of chemical analysis to perform, which offers
the benefit of increasing the number of trials that the same workforce
can perform at the cost of reduced spatial resolution. The EvaSprayViti
test bench presents the advantage of a well-defined spatial distribution
of targets, which facilitates the comparative assessment of different
spraying devices and settings, and its reproducibility. The reduced
variability also reduces the amount of trials required to identify signif-
icant effects on spray application quality. As deposits observed on the
test bench were similar to the one observed in vineyards, this test bench
can be used to rank application techniques with confidence in the
representativeness of the results.
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