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• DOSA3D allows to easily estimate the leaf
area index.

• DOSA3D-adjusted doses allow to control
the main pests and diseases.

• DOSA3D achieves relevant (up to 60%)
savings in pesticides.
Abbreviations: 3D, three dimensional; CSH, canopy solid
efficiency related to height; ECw, canopy efficiency related to
leaf area index; P, penetrability; PPP, plant protection produ
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Agricultural productivity cannot be sustained without the application of plant protection measures. Within the frame-
work of integrated pest management (IPM), the use of chemical pesticides should be limited to the last option among
the available practices. Even though their use remains common, it carries associated environmental and human health
risks. One of themost accepted practices within IPM is the reduction of spraying events and/or pesticide applied doses.
DOSA3D is a decision support system that allows the dose to be adjusted to the specific treatment scenario. For this,
DOSA3D calculates the optimal application volume rate by estimating the leaf area index and takes into account the
overall spraying efficiency and the pest or disease to be controlled. The system adopts specific minimum volume
rates for fruit trees and vineyards without compromising the crop health status. To establish the adjusted dose, the la-
beled or the adviser prescription concentration is kept. Resulting adjusted doses provided by DOSA3D achieved pesti-
cide savings up to 53% in fruit trees and 60% in vineyards. DOSA3D has been validated against the main diseases and
pests of fruit trees and vineyards: brown spot and psylla in pear orchards; alternaria blotch disease, apple scab, codling
moth, oriental moth and red spider mite in apple orchards; powdery mildew, brown rot, aphids, thrips and mites in
peach orchards; and, powdery mildew, yellow spider mite and leafhoppers in grapevine orchards. In addition, a meth-
odology called Green Way is presented to provide consistent and crop safety pesticide doses when these are labeled as
concentration or ground area doses.
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1. Introduction

Pome and stone fruit trees and vineyards are crops of high economic
value. In 2019, they represented a worldwide area of 31.8 Mha (FAO,
2020). Productivity is linked to the health status of the crop. It is estimated
that losses due to pests and diseases could be 30% higher without the use of
crop protection measures (Damalas, 2016). Good plant protection practice
(GPPP) means a practice whereby the treatments with plant protection
products applied to given plants or plant products, in conformity with the
conditions of their authorized uses, are selected, dosed and timed to ensure
acceptable efficacy with the minimum quantity necessary, taking due ac-
count of local conditions and of the possibilities for cultural and biological
control (EC, 2009 in art. 3.18) To achieve GPPP, nowadays integrated pest
management (IPM) programs are usual in farms. IPM incorporates multiple
techniques including cultural, biological, physical and chemical control.
Pesticides should be used only as a last resort and aftermonitoring indicates
they are needed according to established guidelines (economic damage
thresholds, epidemiological models…). Treatments are made with the
goal of affecting only the target organism. So, chemical pesticides and/or
biopesticides should be selected and applied in a manner that minimizes
risks to human health, beneficial and non-target organisms, and the envi-
ronment (UCANR, 2020). In recent decades, the number of active ingredi-
ents available to control pests and diseases has been reduced due to their
side effects, but a significant number of pesticides are still authorized in
fruit and grape orchards (Pertot et al., 2017; Simon et al., 2011). The num-
ber of spraying events in a year varies principally due to climatic circum-
stances, though other factors come into play. In the Mediterranean
region, for a normal season, around 10–12 treatments in fruit orchards
and around 4–6 in vineyards are common. However, in years with climatic
conditions that favor the development of in-field diseases and/or pests, as
was 2020 in Spain, the number of treatments can easily reach 18–20 in
fruit orchards and 10–12 in vineyards. In this framework, the use of plant
protection products (PPP) continues to be relevant (Deguine et al., 2021).
So agricultural productivity is not realistic at the moment without the use
of PPP, but there are indications that reductions are possible without or
with acceptable yield losses (EPRS, 2019).

Consequently, it is vital that, if PPP intervention is finally deemed nec-
essary after due deliberation, the dose to be applied is adjusted to the par-
ticular scenario and that all measures to prevent side effects are adopted.
These considerations are fully in line with the Sustainable Use Directive
(SUD) currently in force (EC (European Commission), 2009) and the re-
cently published A Farm to Fork (F2F) strategy (EC, 2020).

Specific tools are needed to meet these objectives in specific scenarios.
In this respect, several decision support systems (DSS) have been developed
to decide the optimum volume and pesticide dose rates when spraying 3D
crops. For pome and stone fruit orchards, the DSS that are available are:
Pesticide Adjustment to the Crop Environment (www.pace.pjwrc.co.uk/),
Dosage adapté (www.agrometeo.ch), DOSA3D (www.dosa3d.cat/en), Or-
chard Max (app for smartphone) and Pulvarbo (CTIFL, 2021). The DSS
for vineyards are: Dosage adapté, Dosaviña (https://dosavina.upc.edu/),
Optidose (https://www.vignevin-epicure.com/index.php/fre/optidose2/
optidose) and DOSA3D. Finally, for citrus the DSS available are: DOSA3D,
CitrusVol (http://gipcitricos.ivia.es/recomendacion-de-volumen) and
Dosacitric (http://dosacitric.webs.upv.es/). The scientific and technical ar-
guments, as well as the empirical results achieved when a DSS is used at a
farm level, need to be made widely available so that the authorities, chem-
ical industries, advisers andfinal users can have confidence in their suitabil-
ity and applicability. Several papers have widely reported the background
precedentswith respect to dose expressionmodes and dose adjustment con-
cepts, including the recent studies of Gil et al. (2019) and Garcerá et al.
(2021). In addition, a comparison of DSS that allow volume and dose ad-
justment in fruits and grapevine orchards was presented by Planas et al.
(2022).

DOSA3D is a free DSS for the adjustment of pesticide doses in fruit trees,
grapevines and other three dimensional (3D) crops. It is based on the prin-
ciples laid out in the SUD and F2F strategy for reducing the use of
2

pesticides. The goals of the DOSA3D system are to prevent overdosing of
pesticides, minimize the risk associated with human exposure to and envi-
ronmental contamination with pesticides while reducing production costs
and maintaining biological efficacy expected from pesticides. The objec-
tives of this paper are: i) to provide full information on the recently updated
technical rationale of the DOSA3D system (Section 2); ii) to explain the
work that has been carried out for field validation of DOSA3D in fruit and
grapevine orchards (Section 3), providing the results achieved on-farm
when spraying according to the volume and dose rates advised by this sys-
tem; and iii) to propose a methodology to determine the minimum ground
dose that prevents the risk of under(sub)-dosing effects (Section 4). The
main results obtained as well as the pesticide use and dose adjustment are
discussed (Section 5) leading to a series of conclusions (Section 6).

2. DOSA3D system: technical rationale

DOSA3D DSS estimates the leaf area index (LAI) to calculate the opti-
mum volume rate to be applied and adjust it taking into account the overall
spraying efficiency. The optimal advised volume is usually below the vol-
ume rate practiced by farmers. Moreover, this adjusted volume is usually
considerably less than the volume rates used in the preregistration trials
of pesticide evaluation for efficacy and those advised sometimes on the la-
bels. This happens specifically when working with high efficiency sprayers
(new generation sprayers), such as tangential flux sprayers in fruit orchards
and vertical booms or recycling sprayers in vineyards.

The amount of pesticide to be incorporated into the tank sprayer is nor-
mally established according to the reported concentration in the official
registration information and the product labels. For a particular concentra-
tion, the pesticide dose in terms of ground area (kg ha−1) is directly propor-
tional to the spraying volume rate. If the concentration is maintained, when
reducing the volume rate the pesticide dose decreases in a direct propor-
tion. Sometimes, when adjusted volume rates are used, if the concentration
is maintained, there is a risk of under(sub)-dosing with a subsequent drop
in efficacy and the possibility of the emergence of pest resistance. To pre-
vent these undesirable effects a methodology called the Green Way is cur-
rently being developed to determine the minimum ground dose and it is
explained in Section 4.

2.1. Background

The DSS was initially named DOSAFRUT and developed in Spain to de-
termine the volume rate in pome fruit orchards (Planas et al., 2006). It was
uploaded to the net andmade freely available in 2010 (Planas et al., 2011a,
2011b). At that time, the system estimated the targeted leaf area consider-
ing canopy dimensions (height and width) and porosity through a series of
pictograms.

For volume rate calculation, a theoretical base deposit rate was estab-
lished of 100 droplets cm−2 with a robust diameter. This droplet dimension
was decided upon after laser Doppler analysis of the droplets produced by
ALBUZ ATR nozzles, which are commonly fitted in air-assisted sprayers
working in fruit orchards. Because of their drift ability, it was further as-
sumed that small droplets were less effective for the control of pests and dis-
eases than large droplets. Consequently, the system adopted a 225 μm
diameter droplet as the representative droplet size. This is a sufficiently
safe and robust assumption for orchard treatments and is larger than the
median diameter volume (DV50) of droplets for turbulent hollow cone noz-
zles according to the data provided by the nozzle manufacturers and more
extensive laboratorymeasurementsmade byDoppler LiDAR (Torrent et al.,
2019). The aforementioned value gives a theoretical volume deposition of
0.60 μL cm−2 or 1.20 μL cm−2 if both leaf sides (upper and under) are con-
sidered, which corresponds to 120 L per leaf hectare. Following this, the
system calculates the total volume to be sprayed through Eq. (1) (Planas
et al., 2011a, 2011b, 2012, 2013).

V ¼ 120 ∗ LAI
E

(1)

http://www.pace.pjwrc.co.uk/
http://www.agrometeo.ch
http://www.dosa3d.cat/en
https://dosavina.upc.edu/
https://www.vignevin-epicure.com/index.php/fre/optidose2/optidose
https://www.vignevin-epicure.com/index.php/fre/optidose2/optidose
http://gipcitricos.ivia.es/recomendacion-de-volumen
http://dosacitric.webs.upv.es/
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where LAI is the estimated leaf area index of the orchard (dimensionless)
and E the overall application efficiency.

Subsequently, more accurate leaf area measurements and canopy char-
acterizations were carried out using LiDAR by Sanz et al. (2018). This en-
abled the development of a model for leaf area estimation which took
into account crop dimensions for different growth stages in fruits and
grapevines orchards. As a result, the system was updated and renamed
DOSA3D.

The system was expanded to grapevine, citrus and olive orchards in
order to offer an appropriate tool for all the main tree crops grown in the
European Southern Zone (Planas et al., 2016, 2018, 2019). Since 2017,
DOSA3D has been available online (http://dosa3d.cat/en) and can be
downloaded as a smartphone app. In addition, its use has been recom-
mended by the Plant Protection Service of the Catalan Regional Govern-
ment (DARP, 2018).

2.2. Leaf area index estimation

The LAI estimation model was developed on the basis of the character-
ization of canopy structures using the LiDAR system in fruit and grape or-
chards mentioned above. The model calculates the leaf area using the
concept of canopy solid housing (CSH), which is determined from the can-
opy dimensions (height and width) and the estimated porosity (proportion
of gaps within the canopy) (Eq. 2):

CSH ¼ 2 � h � 1−pð Þ þ w ð2Þ

where h is canopy height (m), p is wall porosity (dimensionless), and w the
canopymid-crownwidth (m). The DOSA3D systemproposes canopy height
and width ranges to avoid errors in exact in-field measurement and adopts
the higher value of the range (Table 1). With respect to porosity assessment
over the season, porosity ranges from 1 (no leaves at initial stage) to 0 (non-
significant appreciable gaps, usually in full season) for trellis- or hedgerow-
trained deciduous tree crops.

To transform CSH to LAI, row spacing (r) is taken into account. Fig. 1
shows the correlation between CSH r−1 and LAI measured after full defoli-
ation of a representative row stretch. Measured LAIs were up to 3.8 and 1.8
for fruit tree and grapevine orchards, respectively. Linear regressions were
forced through origin because deciduous crops do not present leaves at ini-
tial stages.

Following the respective regression functions, LAI (dimensionless) is es-
timated according to Eq. 3:

LAI ¼ f � CSH
r

ð3Þ

where f is the slope factor (Fig. 1), CSH is the canopy solid housing value
(m), and r is the row spacing (m).

Along the season, sprayers are usually calibrated and set up on at least
three occasions, at the start of the early, medium and full growth stages,
Table 1
Canopy height and width dimension ranges for fruit trees and grapevines and the
dimension values adopted by DOSA3D (N/A, not available).

Fruit trees Grapevines

Range Value (m) Range Value (m)

Canopy height <1.0 m 1.00 <0.25 m 0.25
1.0–2.0 m 2.00 0.25–0.50 m 0.50
2.0–3.0 m 3.00 0.50–0.75 m 0.75
3.0–4.0 m 4.00 0.75–1.00 m 1.00
N/A N/A 1.00–1.50 m 1.50
N/A N/A 1.50–2.00 m 2.00
N/A N/A >2.00 m 2.50

Canopy width <1.0 m 1.00 <0.25 m 0.25
1.0–2.0 m 2.00 0.25–0.75 m 0.75
2.0–3.0 m 3.00 0.75–1.00 m 1.00
>3.0 m 4.00 1.00–1.50 m 1.50
N/A N/A >1.50 m 2.00

3

respectively. At least, on each occasion, a decision on the spraying volume
rate is required. Canopy dimensions can bemeasured or estimated easily in-
field. However, direct quantification of porosity may be difficult for end-
users. In the former version, the pictogram-based decision system proposed
by Sanz et al. (2018) was used for porosity estimation, but uncertainly was
not eliminated when users had to opt for one specific pictogram. After a
long period accumulating practical experience in multiple scenarios, poros-
ity was generally found to be in the ranges 1.0–0.7, 0.6–0.3 and 0.2–0.0 for
the early, medium and full growth stages, respectively. Therefore, with the
aim of facilitating this assessment, porosity is currently quantified by a ref-
erence value for the three mentioned stages according to the BBCH growth
scale (Meier, 2001) as indicated in Table 2.

2.3. Treatment efficiency

The application efficiency is the proportion of pesticide product depos-
ited on targetwith respect to the total amount sprayed. The overall spraying
efficiency (E) that DOSA3D uses is determined according to crop structure
(Ec) and sprayer performance (Es) and is calculated through Eq. (4):

E ¼ Ec � Es ð4Þ

The influence related to canopy structure (Ec) takes into account the
height and width of the green vegetation and is calculated through Eq. (5):

Ec ¼ ECh þ ECw

2
(5)

where ECh is the canopy vertical shape component and ECw is the canopy
width component.

With respect to the vertical shape component, Eh, air-blast sprayers are
not geometrically adapted to the verticality of hedgerow vegetation and op-
erate differently in fruit tree orchards and vineyards. In fruit trees, effi-
ciency decreases as the distance between the spray nozzles and the tree
top increases (higher vegetation). In contrast, efficiency in vineyards is
lower at the beginning of the vegetation (low height) due to the relevance
of losses which are mainly due to non-target deposition on the soil surface.
When the sprayers are adapted to the vertical component in vineyards (as
with tangential flow sprayers, multi-spouts, vertical booms or recovery tun-
nels) the height component increases efficiency. The general ECh factors
adopted byDOSA3DDSS range from 0.70 to 0.80 and are shown in Table 3.

The efficiency factor that depends on canopy width (ECw) takes into ac-
count spray penetrabilitywithin the canopy. Penetrability can be defined as
the capacity of the crop to allow balanced deposits at any depth of the can-
opy. Fig. 2A shows different depth distribution patterns from series of trials
for apple, pear and grapevine orchards when applying on one side of the
row. When comparing these crops, differences in the aerodynamic behav-
iour of the canopies can be observed. In general, fruit trees are better able
to allow the stream of air droplets to pass through the canopy than grape-
vines which have a greater active barrier role. This is especially important
at full leaf growth stage when grapes are hidden behind the leaves and no
trimming or only light summer pruning is practiced, since pesticide
spraying may not reach the clusters and efficacy could be compromised.
The penetrability index (P) is calculated as the ratio between internal and
external deposits and can be used to compare different crops and scenarios.
Fig. 2B shows normalized deposits from the same series of trials if both
sides of the rows were treated. The P values are 86.5%, 76.4% and 70.5%
for apple, pear and grapevine, respectively. In view of these results, the ef-
ficiency of the systemwill decrease as canopywidth increases. The ECw fac-
tors are shown in Table 3.

The efficiency related to sprayer performance (Es) corresponds to the ef-
ficiency ratio when the sprayer is working in ideal conditions and is depen-
dent solely on sprayer performance. DOSA3D allows to choose between
different types of air-assisted sprayers that operate in fruit orchards or
vineyards. The efficiency given to each sprayer is shown in Fig. 3.

http://dosa3d.cat/en


Table 3
Efficiency factor adopted for canopy height (ECh) and width (ECw). N/A: not
available.

Fruit trees Grapevines

Dimension Factor Dimension Factor

Fig. 1.Correlation betweenmeasured leaf area index (LAI) and LAI estimated through canopy solid housing (CSH) and row spacing (r) in A) pome fruit orchards (n=28) and
B) vineyards (n = 25).
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Finally, taking into account the components Ec and Es explained above,
the overall efficiency (E) ranges obtained with Eq. (4) that DOSA3D attri-
butes depending on the specific scenario are shown in Table 4. These values
can be assumed under good management practice conditions when the
sprayer operates with prior calibration, an appropriate set-up and at a suit-
able forward speed under acceptable weather conditions (Balsari et al.,
2015).

The resulted efficiencies are similar to those compiled by Jensen and
Olesen (2014) and reported by different authors in pome fruit and grape-
vine orchards.

2.4. Minimum volume and dose rates

Optimum pesticide deposition on leaves can be defined as the application
of a biologically effective dose on a target withmaximum safety and economy
(Hislop, 1987). DOSA3D adopts the criteria related to on-target coverage ex-
plained in the background section (Section 2.1). The system initially assumes
that the pesticide concentration in the sprayer tank corresponds to the labeled
concentration, and the total volume rate (L ha−1) for optimal coverage is cal-
culated through Eq. (1). The theoretical expected mean deposition is
1.20 μL cm−2. This is the acceptance threshold for the assessment of the dis-
tribution of deposits at individual sites within the canopy.

As the authors have shown, on some occasions leaf deposition tends to
present a normal distribution. Fig. 4 shows leaf deposition (μL cm−2) on
each sample following the methodology of standard ISO 22522:2007
(ISO, 2007), corresponding to an efficacy trial at commercial scale carried
out in Raïmat (Spain) with grapevine (cv. Tempranillo) spraying using ver-
tical boom equipment. The results showed that, althoughmean average de-
position (1.74 μL cm−2) was above the volumetric DOSA3D threshold
(1.20 μL cm−2), a significant proportion of values (20%) were below this
threshold. Moreover, some samples were found to have a deposition one
third lower than this threshold. It is expressly in such sites where efficacy
could be seriously compromised.

At initial stages, deciduous crops have low LAI values (zero at dormant
stage and near zero at very early stages) and overall spraying efficiency is
usually very low due to ground losses and drift. In consequence, the volume
Table 2
DOSA3D porosity assessment for different growth stages in pome fruit and
grapevine orchards.

Period Pome fruit growth stage BBCH Grapevine
growth stage

BBCH Reference
value

Early Until petals fallen 10–69 Until flowering 11–53 0.8
Medium From petals fallen to half

final fruit size
71–75 Flowering 55–69 0.4

Full leaf From half final fruit size
to harvesting

76–89 From fruit set to
harvesting

71–89 0.1
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rate calculated according to the general expression could be too low to pro-
vide a consistent spraying flux that ensures a correct good coverage of
leaves and branches. In this situation, to avoid underdosing sites, and in ac-
cordance with practical spraying experience and a large number of on-
target coverage assessments, a minimum volume was established for fruit
trees (100 L ha−1 for 1 m height) and vines (150 L ha−1). In this regard,
the general volume rate expression is now as follows:

■ For fruit orchards: V = max [100 h; (120 LAI) E−1]
■ For vineyards: V = max [150; (120 LAI) E−1]

where V (L ha−1) is the volume rate to be applied, h (m) is the canopy
height (Table 1), LAI is the estimated leaf area index and E is the application
efficiency (Table 4).

Another important factor to be considered is that the efficacy of pesti-
cides could be compromised at adjusted volume rates depending on the
pest or disease that it is hoped to eliminate. This concerns in general
mites (fruit trees and grapevines), but also aphids and psylla (Psylla piri
L.) on pome fruit trees; aphids, powdery mildew (Podosphaera pannosa
(Wallr.: Fr.)); and brown rot (Monilinia spp.) on stone fruit trees. For the
control of these pests and diseases, according to the experience of experts
in the field, contact with the pesticide or asphyxiation of the causal agents
must be ensured. This condition is achieved by applying an extra volume
rate equivalent to 40% of the adjusted volume rate initially established by
the system.

2.5. User interface

DOSA3D sets the optimal dosage based on the spray volume required to
meet specific application conditions and taking into account the following
Canopy height (ECh) <1.0 m 0.80 <0.25 m 0.70
1.0–2.0 m 0.75 0.25–0.50 m 0.71
2.0–3.0 m 0.73 0.50–0.75 m 0.73
3.0–4.0 m 0.70 0.75–1.00 m 0.75
N/A N/A 1.00–1.50 m 0.78
N/A N/A 1.50–2.00 m 0.79
N/A N/A >2.00 m 0.80

Canopy width (ECw) <1.0 m 0.80 <0.25 m 0.80
1.0–2.0 m 0.75 0.25–0.75 m 0.80
2.0–3.0 m 0.73 0.75–1.00 m 0.75
>3.0 m 0.70 1.00–1.50 m 0.73
N/A N/A >1.50 m 0.70



Fig. 2.Normalized deposition for grape and fruits throughout the canopy (ng dm−2/g ha−1 applied). Values correspond to themean of 8 trials (apple), 6 trials (pear), 9 trials
(grape) at full leaf growth stage by measuring leaf deposition every 0.50 m for fruit trees and every 0.25 m for grapevines. A) Application on one side of the row, and
B) Simulation of the application on both sides of the row from the results of one side application (A). The same air-assisted sprayer model was used for all three crops
(unpublished data from the 1997 Air-Assisted Sprayers project).
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factors: crop, pests or diseases to be controlled, product to be applied, and
spraying equipment.

The DOSA3D system can be used with all kinds of air-assisted sprayers
equipped with hydraulic nozzles operating in fruit, grapevine and almond
orchards (wall crops) and olive and citrus orchards (in continuous row
form or as isolated trees). The DOSA3D system assumes the use of spraying
equipment that is in good working order and which has been correctly
calibrated.

DOSA3D DSS is available online for free (www.dosa3d.cat/en) (Fig. 5)
and as a smartphone app for Android and iOS systems. The tool is opera-
tional in Spanish, Catalan, English, French, Italian and Chinese. To obtain
recommended adjusted volume rates and doses, users have to introduce
Fig. 3. Types of air-assisted sprayers considered by DOSA3D and the sp

5

various data concerning crop, pest, sprayer and product characterization
(Table 5). Once the crop parameters have been introduced, DOSA3D pro-
vides LAI, leaf wall area (LWA) and tree row volume (TRV) estimations.
The list of results provided is shown in Table 6. Users can create an account
to save each calculation within the system.

3. DOSA3D field validation

For field validation, focus groups (FG) were formed for fruit and grape-
vine crops, respectively. Each FG comprised expert advisors, officers from
the Plant Health Service and researchers. Each FG was responsible for the
evaluation of the DOSA3D system at farm level through the planning and
ray factor (Es) that it adopts (%) for A) fruit trees and B) vineyards.

http://www.dosa3d.cat/en


Table 4
Global efficiency ranges calculated by DOSA3D.

Sprayer type Fruit trees Grapevines

Min Max Min Max

Standard 0.46 0.52 0.46 0.52
Deflectors 0.53 0.60 0.53 0.60
Tangential flow 0.56 0.64 0.56 0.64
Multi-spout N/A N/As 0.56 0.64
Vertical booms N/A N/A 0.60 0.68
Recycling tunnel N/A N/A 0.63 0.72
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monitoring of the efficacy trials detailed below and the analysis of the re-
sulting data.

3.1. Fruit orchards

3.1.1. First on-target deposition trials
The history of DOSA3D dates back to 2003 and 2004. A series of trials

were carried out in pear and apple orchards in early/mid and full vegeta-
tion. Applications were made with a deflector air-assisted sprayer (Arrow
F, Ilemo Hardi S.A.U., Lleida, Spain) at three volume rates (400, 800 and
1600 L ha−1). Metal chelates were applied as tracers (Mn++, Cu++ and
Zn++) to measure the deposition on leaves.

At that time and throughout the season, the volume rate most used by
farmers was around 1000 L ha−1 (or over). LAI-related leaf deposition
from these trials is shown in Fig. 6. From these trials it could be concluded:

a) On-leaf deposition is proportional to the spraying volume rate.
b) In all volume rates, deposition decreases as LAI increases (spraying effi-

ciency decreases with leaf area dimension).
c) Efficiency decreases faster as the volume rate increases.
d) Treatments at 400 L ha−1 do not reach the minimum effective deposi-

tion adopted in the DOSA3D system (1.2 μL cm−2). Treatments at
800 L ha−1 are sufficient to reach this threshold and treatments at
1600 L ha−1 appear to be excessive.

e) Decisions on volume rates should be rationalized in a linear dependence
on the LAI of the orchard.

3.1.2. Efficacy trials
The first field validations of DOSAFRUT for efficacy trials were con-

ducted on fruit orchards during the period 2009–2012 in Spain in the mu-
nicipalities of Alcarràs, Bellvís and Lleida (Planas et al., 2013). These works
comprised spray treatments to control psylla, red spider mite (Tetranichus
urticae K.) and thrips (Frankiniella occidentalis P.) in commercial pear,
Fig. 4. Normal distribution of grapevine (cv. Tempranillo) on-leaf volumetric deposi
22522:2007 methodology. Date of trial: 26-Aug-2016. Growth stage: BBCH 83–85.

6

apple and peach orchards, respectively. Twenty comparative field trials
were carried out in total. In each trial, the orchard was divided into three
representative blocks sprayed respectively as follows: untreated (control),
standard volume rate (farmer decision) and adjusted volume rate
(DOSAFRUT result). Volume rate reductions in relation to standard vol-
umes ranged from 14% to 53%. The tank-mix concentration was identical
for the standard and adjusted volume rates. In seven trials pesticide on-
leaf deposits were measured for standard and adjusted volume rates. The
results showed a tendency for deposition reduction to be linearly depen-
dent on the volume rate reduction (Fig. 7A). In addition, imidacloprid
leaf deposition was evaluated in one efficacy trial to control psylla. The re-
sulting depositions were similar between the standard and the adjusted vol-
ume rate (no significant differences) (Fig. 7B). For all cases, there were no
significant differences between dosing methods in terms of efficacy in the
control of the aforementioned pests (Tukey's test, α = 0.01).

Additionally, a number of seasonal trials were conducted by splitting
the orchards into two plots. The first trial was carried out in 2012 in
Alcarràs (Lleida, Spain) and was summarized by Solanelles et al. (2013).
It included seven successive spraying treatments to control three consecu-
tive generations of psylla in a pear orchard (cv. Williams). Reductions of
10–40% in the volume rate and, consequently, dosing were achieved.
Over the considered period, the LAI increased from 1.37 to 2.60 between
the first treatment (19/04/12) and the last treatment (11/06/12), and vol-
ume rates ranged from700 to 800 L ha−1 for standard treatments, and from
420 to 720 L ha−1 for adjusted treatments. A Star 2091 air-blast sprayer
(Teyme S.L., Torreserona, Spain) was used in all the treatments. The total
ground dimension of the orchard was 0.98 ha (0.49 ha per plot). To evalu-
ate the volume and dose effect, psylla nymphs on five shoots and damage
on fruits (expressed as a proportion) were monitored in six blocks per treat-
ment from May to August (13 monitoring dates). Fig. 8A shows three con-
secutive generations of the pest (nymphs/shoot) and Fig. 8B the proportion
of fruits presenting sticky honeydew secreted by immature nymphs from
June to harvesting for standard and adjusted volume rate treatments. For
both indicators, a similar evolution was recorded in each volume rate and
no significant differences were found at harvest time (P = 0.35 and P =
0.53, respectively). Additionally, no pesticide residues were found on fruits
in either the adjusted dose or standard treatment.

Finally, in 2019, five seasonal trials were conducted to evaluate the
efficacy of adjusted treatments against pests and diseases in pome and
stone fruit trees (Appendix A, Table A.1). In trials 1.1 to 1.3, the orchard
was split into two plots in order to compare the effect of the standard
volume rate (farmer's decision) and the adjusted volume rate (close to
the recommendation of DOSA3D). In contrast, in trials 1.4 and 1.5 two
neighboring orchards were considered and different sprayers were
used in each orchard.
ts. Shapiro-Wilk normality test: p < 0.6597. Samples acquired following the ISO



Fig. 5. DOSA3D home page.
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The trial conditions, diseases, pests and efficacy of the chemical inter-
ventions are shown in Table 7. Efficacy was assessed by expert advisors in
fruit protection according to the standards of the FruitNet program
(https://ruralcat.gencat.cat/fruitnet) implemented in the Catalonia Region
to minimize chemical residues in fruits. The criteria to express efficacy was
the ratio of affected shoots for powdery mildew (P. pannosa), brown rot
(Monilinia spp.), aphids and psylla; ratio of affected fruits at harvest time
for thrips, codling moths (Cydia pomonella L.) and oriental fruit moths
(Grapholita molesta B.); ratio of leaves and shoots with the presence of any
form of mites; ratio of affected leaves and fruits at harvest time for brown
spot (Stemphylium vesicarium Wallr.), alternaria blotch disease (Alternaria
alternata (Fr.) Keissl. f. sp. mali) and apple scab (Venturia inaequalis
(Cooke) G.Wint.). From these efficacy results it was concluded that volume
and dose for standard and adjusted spraying programs have equivalent ef-
ficacy effect to control the above mentioned diseases and pests.
3.2. Grapevine orchards

During the last years the DOSA3D system has been validated in
vineyards with the following objectives: i) to validate the LAI estimation
model implemented in DOSA3D; ii) to validate the adjusted volumes rates
using DOSA3D by studying on leaf deposition; and iii), to validate the
Table 5
DOSA3D inputs for volume rate and dose decision.

Input

Crop ⁎ Crop Select the crop: Ap
Isolated trees

Variety Identification pur
Orchard identification (name) Identification pur

⁎ Crop area to be sprayed (ha) Determine the am
⁎ Tree spacing (m) Add exact value
⁎ Row spacing (m) Add exact value
⁎ Canopy height (m) Choose between r
⁎ Crosswise mid-width of

canopy (m)
Choose between r

⁎ Growth stages Choose between r
Pest or disease ⁎ Pest or disease to be

controlled
Increase volume r

Sprayer ⁎ Sprayer type Choose between t
⁎ Main tank capacity (L) Add exact value. C
⁎ Rows treated simultaneously Choose 1 to 3 in g

Operational parameters and weather
forecast

Forward speed (km h−1) Gives information
in several countrieTemperature

Relative humidity
Wind speed

Product to be used Product Link to Spanish re
⁎ Dose Introduce numeric
⁎ Dose expression Choose between %

⁎ Mandatory inputs.
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system through the biological efficacy of the adjusted treatments against
powdery mildew (Erysiphe necator Schw.) in seasonal trials.

3.2.1. LAI estimation model
To validate the LAI estimation model implemented in the DOSA3D sys-

tem (Section 2.2), in 21 different vineyards a row section with a length
equivalent to the distance between plants in the row was fully defoliated
during the period 2016–2020 (cv. Chardonnay, Albariño, Tempranillo,
Cabernet Sauvignon, Merlot, Godello, Xarel·lo and Airén). The area of the
leaves from the canopy was laboratory measured to estimate the LAI.
Until 2018, total leaf measurements were done using a leaf-meter (Delta-
T Devices Ltd., Cambridge, UK). Subsequently, the total area was estimated
in each case by correlating the weight and area of 100 individual leaves
with the area of each leaf measured using ImageJ image analysis software
(Schneider et al., 2012).

Before defoliating, canopy height and width measurements and poros-
ity assessments were performed to calculate the CSH (Eq. 2). Each mea-
sured value is represented in Fig. 10 associated to the corresponding LAI
calculated through Eq. (3). A linear regression forced through the origin
and its confidence intervals (95%)were calculated and represented (Fig. 9).

The low confidence interval is very close to the x = y function. How-
ever, the model underestimates the LAI when it is higher than 2.5. These
LAIs correspond to canopy widths greater than 1.25 m. As the canopy
ple, Pear, Peach & Nectarine, Grape, Hedgerow almond, Hedgerow olive, Citrus or

pose
pose
ount of product to be used

ange (Table 1)
ange (Table 1)

ange (Table 2)
ate by a factor 1.4

he proposed sprayers (Fig. 4)
alculate number of tanks of a treatment
rapevines
about good pesticide application practices and link to information on weather forecasts
s.

gister database to ensure allowed doses
value
and kg ha−1 and LWA

https://ruralcat.gencat.cat/fruitnet


Table 6
DOSA3D outputs.

DOSA3D result Application efficiency (%)
Minimum recommended volume rate
(L ha−1)
Minimum recommended volume rate per
tree (L ha−1)

Product amount and number of tanks to
be sprayed

Product concentration in the tank (%)
Product per tank (kg or L)
Total amount of product to be applied (kg
or L)
Number of tanks to be sprayed

Equivalence between dose expression
systems

Ground dose (kg ha−1)
LWA dose (kg or L 10,000 m−2)
TRV dose (kg or L 10,000 m−3)
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width approaches 1.5 m, several layers of leaves overlap and the actual LAI
can reach values over 3.0. In fact, the points in Fig. 10 showing measured
LAI higher than 2.5 correspond to a specific cv. Airén vineyard conducted
as a single high-wire sprawling system (Kurtural et al., 2019). In practice,
commonly the LAI of trellised vineyards does not exceed 2.5 (Pergher and
Petris, 2008). This limit has also been observed by the authors of this
paper as a generalised trend. Up to that value, the estimation of LAI in
vineyards provided by DOSA3D is validated. In scenarios with canopy
width greater than 1.25 m, sprayer calibration must be made very accu-
rately in order to achieve the correct on-target coverage, particularly in
the inner parts of the canopies. In these exceptional situations, the volume
rates proposed by DOSA3D should be increased by 20–30%.

3.2.2. On-target deposition
At farm level, DOSA3D adjusted volume rates were assessed in

vineyards by 37 leaf deposition tests in different growth stages in the
years 2016 to 2020 in Spain at Raïmat (Lleida) and Daramezas (Toledo).
Table A.2 in Appendix A shows the specific conditions of each trial. The
sprayers used in all trials were side-by-side two rows type (except in trial
2.19) equippedwith hollow cone nozzles (Albuz ATR). Excessive deviations
in the actual volume rate were essentially due to the on-farm experimenta-
tion approach and corresponded to farmers' decisions to increase the vol-
ume rate when spraying to control tetranychid mites or when vine
canopies were wide.

All trials were performed in accordance with standard ISO 22522:2007
to assess spray deposition (ISO, 2007). The sample unit was 3–4 leaves per
zone within the vine canopy. Sampling sites within the canopy varied in
height and depth, as well as the number of repetitions, depending on the
trial (Table A.2.). Tracers used were metal chelates (Cu++, Mn++) in
2016 and 2017 and tartrazine (food dye E-102) the following years. The
Fig. 6.Volume leaf deposition achieved in 16 pome fruit orchards (8 pear and 8 apple tre
the same tank concentration. Unpublished data from the Pulvexact project, (mid-season
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tank tracer mix concentration ranged from 1.0 to 5.0 g L−1. The amount
of metal chelate tracer recovered from leaves was determined by means
of atomic absorption spectrometry (AAnalyst 400, Perkin Elmer, Waltham,
USA), while the tartrazine was measured with a spectrophotometer
(Spectronic 301, Milton Roy, New York, USA). Then, the amount of tracer
on samples was related to the sample surface area and divided by the
sprayer tank concentration to volumetrically normalize data (expressed as
μL cm−2). The coefficient of variation (CV), normalized deposition
(expressed as μg dm−2/1 g ha−1), efficiency, percentage of samples
under the DOSA3D threshold (<1.2 μL cm−2) and penetrability were also
calculated (Table 8).

The objective of DOSA3D is to adapt doses to the different specific sce-
narios by adjusting volume rates. Fig. 10A shows how the application vol-
ume rate, based on the DSS recommendations, increases with LAI. This is
the basis of any DSS that characterizes vegetation to recommend doses
(Gil et al., 2019; Planas et al., 2013; Siegfried et al., 2007).

The parameter used to validate the volume rate decision was a mini-
mum mean deposit of 1.2 μL cm−2, which is the threshold proposed by
DOSA3D as optimum coverage. In this regard, Fig. 10B shows the relation
between LAI and leaf deposition expressed as μL cm−2. The highest de-
posits were achieved at early stages when LAI was <0.5 (points inside the
oval light grey shadow). In these initial trials the applied volume rate was
higher than the recommended minimum. The reason was that the treat-
ment against tetranychid mites with mineral oil as a pesticide was being
evaluated and this treatment only occurs at the beginning of the season.
The mode of action of mineral oil is by suffocation when mites are over-
sprayed (Marcic, 2012). From LAI > 0.5, leaf disposition tended to remain
parallel to the proposed threshold (dark grey shadow). Assuming an opti-
mal deposition range of 1.2–1.75 μL cm−2, 80% of the tests performed
with LAI > 0.5 met this condition. In contrast, 13% were over-dosed and
7% under-dosed. Pergher and Petris (2008) also reported that dose-
adjusted depositions (in this case according to the LWA) were almost inde-
pendent of the LAI.

However, Rüegg et al. (2001), in a study on leaf deposition in 101 trials
carried out in apple orchards in several countries, showed that when foliar
deposits are normalized by the tracer applied (g ha−1) the result is LAI-
dependent, following a logarithmic curve (R2 = 0.87). The normalized de-
posits obtained in the trials performed to validate DOSA3D showed a simi-
lar curve with an acceptable correlation (R2= 0.80) (Fig. 10C). This is also
in agreement with the results obtained by Gil et al. (2019) and Pergher and
Petris (2008).

The efficiency proposed by the DOSA3D system for the tested sprayers
was similar in all trials (61–69%). However, total leaf recovery ranged be-
tween 28.0% and 85.8%. Efficiencies of below 50% correspond to early
stage trials, since losses to the ground and drift are higher when there is
es) after spraying in each one at 400, 800 and 1600 L ha−1. Results are normalized at
to full leaf, 2003 and 2004).
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little vegetation (Viret et al., 2003). Accordingly, DOSA3D set a minimum
volume rate of 150 L ha−1 for low LAI, implicitly taking into account the
decrease in efficiency in these cases. In general terms, efficiency increased
as the season progressed. The highest efficiency rates (>80%) were
achieved only for very specific situations, as for example with the recycling
tunnel at full-leaf stage (trial 2.20) and with cv. Airén conducted as a single
high-wire sprawling system (trials 2.30, 2.31 and 2.37), again at full-leaf
stages.

Penetrability percentages of 59–100%, 42–101% and 25–68% were
found for the DOSA3D-proposed width ranges of 0.25–0.75 m, 0.75–1.00
and 1.00–1.50 m, respectively (Table 9). Penetrability therefore tended to
decrease as vine width increased, and so under-dosed sites were found in
the inner zone of the vines. The recycling tunnel was the only sprayer
assessed that reached 100% penetrability (trials 2.20 and 2.32).

3.2.3. Efficacy trials
Finally, DOSA3D-adjusted volume rates (and doses) were evaluated for

pests and disease control. The first two trials were carried out in 2016 and
2017 to control yellow spider mite (Eotetranychus carpini Oud.). Another
trial was carried out in 2019 to control leafhoppers (Empoasca vitis and
Jacobiasca lybica). These three trials were performed in spatially variable
vineyards, where canopy vigour was characterized with multispectral im-
ages and two vigour zones were classified within each vineyard (low and
high). DOSA3D was applied in each vigour class to adjust the volume and
dose rates. The treatments were carried out with a side-by-side two-row
Fig. 8. A) Psylla nymphs per shoot dynamics; and B) damage on
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IRIS sprayer (Ilemo Hardi S.A.U., Lleida, Spain) modified for application
at two volumes by changing the working pressure (Román et al., 2020).
Savings between 16.6 and 24.8% were achieved in the low vigour area.
Pests were monitored before and after the treatment in each vigour class.
The results, presented by Román et al. (2021), showed that pests incidence
remained below the economic damage thresholds in each vigour class after
the zonal treatment.

DOSA3D recommendations were also followed in four commercial
vineyards located in the wine areas of Penedès and Tarragona (Catalunya,
Spain) (Appendix A, Table A.3). Efficacy against powdery mildew was
assessed throughout the season. These vineyards were divided into two
subplots in which the farmer's usual pesticide treatments were carried out
in one part (standard volume rate and dose) and in the other each treatment
was adjusted to the specific canopy development by DOSA3D (Table 9). As
usual in the growing area, the pesticide program against powdery mildew
included 1–2 powdered sulphur applications, so these treatments were ap-
plied to the whole vineyard at the beginning of the summer.

To assess differences between treatment strategies (standard and
DOSA3D) against powdery mildew prior to harvest, disease severity was
evaluated in trials 3.1 and 3.2 on 6–7 grape bunches from 15 vines ran-
domly selected in each treatment plot using a six-level scale (0: 0%; 1:
0–5%; 2: 5–10%; 3: 10–25%; 4: 25–50%; 5:50–100%). Data were trans-
formed to severity percentage according to the Townsend-Heuberger equa-
tion (Püntener, 1981). In these trials it was not possible to maintain an
untreated area (reference control).
fruits for adjusted dose (DOSA) and standard volume rates.



Table 7
Chemical treatments and efficacy for the standard (farmer) and adjusted volume and dose applications (2019).

Trial Spraying period Spraying events Adjusted volume rate (L ha−1) Volume and dose adjustment Diseases and pests Efficacy standard Efficacy adjusted

1.1 26 Feb–2 Jul 9 800 20% powdery mildew 70% 50%
brown rot 100% 100%
aphids 100% 100%
thrips 100% 100%
mites 100% 100%

1.2 12 Apr–16 Jul 7 800 20% stemphyllium 100% 100%
psylla 90% 90%

1.3 12 Jun–13 Sep 4 500 50% alternaria 100% 100%
apple scab 100% 100%
coding moth 100% 100%
oriental moth 100% 100%

1.4 13 Mar–7 Aug 15 400 38% scab 100% 100%
aphids 100% 100%
coding moth 100% 100%
oriental moth 100% 100%

1.5 9 May–27 Aug 6 530 47% scab 100% 100%
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However, in trials 3.3 and 3.4 an untreated area (control) was main-
tained within the field. In these trials, between 60 and 90 random grape
bunches were monitored in each treatment and control zone. The severity
of powdery mildew in each bunch was expressed as the percentage of dam-
age on the grape bunch. A t-test was performed for the four trials to analyze
differences between standard andDOSA3D strategies. The overall efficacies
of each strategy in trials 3.3 and 3.4 were additionally calculated using
Abbott's formula (Abbott, 1925).

Trials 3.1 and 3.2 followed a similar pesticide program against powdery
mildew, based on sulphur applications. In these cases, tank concentrations
were identical for both strategies, and so sulphur doses (kg ha−1) varied ac-
cording to the volume rate adjustments. Pesticide reductions of between 7
and 43% were achieved (mean 20%). Nonetheless, there were no signifi-
cant differences between standard and DOSA3D strategies. In trial 3.1, dis-
ease severities on grape bunches were 15.2% and 16.6% for standard and
DOSA3D strategies, respectively (Fig. 11), while in trial 3.2 there were no
symptoms for either strategy. According to the Plant Health Services of Cat-
alonia, the incidence of untreated plots in the growing area was 100% and
30% for trials 3.1 (2018) and 3.2 (2019), respectively. Powderymildew is a
Fig. 9. Measured leaf area index (LAI) correlation with estimated LAI by DOSA3D
system.

Fig. 10. A) Linear correlation between volume rate applied in different trials and
measured leaf area index (real LAI); B) leaf deposition (μL cm−2) related to LAI,
grey shadows show different patterns; and C) logarithmic correlation between
normalized tracer deposits expressed as (ng/dm2)/(g ha−1) and LAI.

10



Table 8
Trial volume rate (DOSA3D recommendation and applied), leaf deposition (mean± standard deviation-SD), coefficient of variation (CV), normalized deposition, efficiency
(E), percentage of samples under the DOSA3D threshold (<1.2 μL cm−2) and penetrability (P) for each trial.

Trial Volume rate (L ha−1) Deposition (μL cm−2) CV (%) Norm. deposition
(ng/dm2)/(g ha−1)

E (%) Samples <1.2 μL cm2 (%) P (%)

DOSA3D Applied mean SD

2.1 150 ⁎ 257 2.35 0.77 32.8 914 35.11 5.6 –
2.2 150 ⁎ 279 2.71 0.91 33.6 1284 37.9 0.0 –
2.3 150 ⁎ 257 3.08 1.37 44.5 1245 50.1 7.5 –
2.4 330 375 1.69 0.83 49.1 452 74.4 32.1 65.0
2.5 340 375 1.64 1.07 65.2 438 67.6 38.4 54.0
2.6 340 375 1.84 0.74 40.2 490 49.0 20.5 58.4
2.7 300 ⁎ 318 1.74 0.64 36.8 547 53.4 19.6 68.9
2.8 430 ⁎ 418 1.55 0.67 43.2 370 53.6 30.6 61.5
2.9 308 ⁎ 298 1.14 0.59 51.8 384 41.4 51.4 67.2
2.10 420 ⁎ 387 1.56 0.92 59.0 402 65.2 34.2 42.5
2.11 310 341 1.69 1.33 78.7 495 53.5 45.9 59.3
2.12 340 366 1.52 1.48 97.4 416 54.8 55.9 57.7
2.13 270 306 1.35 0.64 47.4 440 34.76 43.3 66.2
2.14 400 407 1.38 0.68 49.3 339 43.3 46.8 64.2
2.15 380 ⁎ 384 2.27 0.53 23.4 590 67.1 0.1 78.4
2.16 210 ⁎ 269 3.69 3.84 104.1 1331 62.6 11.5 –
2.17 150 261 2.95 2.71 91.9 1132 28.0 28.3 –
2.18 150 245 3.17 2.22 70.0 1291 51.7 10.2 –
2.19 360 343 1.03 0.50 50.5 304 42.39 62.5 72.5
2.20 380 305 1.44 0.79 54.9 471 84.1 38.1 101.2
2.21 150 158 1.62 0.52 32.1 850 38.0 31.0 –
2.22 530 ⁎⁎ 600 1.39 0.76 54.7 231 69.9 47.2 47.2
2.23 410 ⁎⁎ 600 1.37 0.905 66.1 229 71.6 61.5 68.1
2.24 400 362 1.44 0.56 38.9 400 59.8 37.1 69.4
2.25 460 432 1.39 0.66 47.5 321 64.7 41.8 54.1
2.26 160 183 1.69 0.49 29.0 902 55.6 11.3 –
2.27 170 227 1.64 0.66 40.2 723 44.6 30.0 –
2.28 220 ⁎ 250 1.68 1.16 69.0 665 79.8 36.9 40.4
2.29 280 ⁎ 250 1.23 0.8 65.0 497 59.6 50.0 41.6
2.30 300 ⁎⁎ 400 1.91 1.07 56.0 276 81.2 43.0 49.1
2.31 490 ⁎⁎ 550 1.52 1.31 86.2 478 85.8 50.3 24.6
2.32 290 ⁎ 313 2.20 0.66 30.0 703 77.4 4.0 100.0
2.33 300 350 1.39 0.46 33.1 398 69.7 – –
2.34 410 420 1.46 0.43 29.5 347 76.2 – –
2.35 490 ⁎⁎ 550 1.35 0.46 34.1 246 71.1 – –
2.36 490 ⁎⁎ 550 1.43 0.94 65.7 260 75.3 43.0 47.4
2.37 530 ⁎⁎ 660 1.88 1.32 70.2 285 82.6 38.9 26.2

⁎ 40% extra volume to control tetranychids.
⁎⁎ Extra volume for wide vines.
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key disease in this wine-growing area, with temperatures and humidity
favouring its development from May to July–August. However, in 2019
there were three periods (June 27 to July 4; July 20 to July 25; and August
8 to August 12) whenmean daily temperatures were above 30° and relative
humidity under 40%. Some daytime temperatures were above 36° for more
than 6 h, a temperature threshold that is considered lethal for this pathogen
(Peduto et al., 2013). This could be the reasonwhy therewas no damage on
grapes in trial 3.2 and even in untreated areas the incidencewas low (30%).

Weather conditions in 2020 were more severe than in 2019 (similar to
2018), so a high incidence of powdery mildew was expected. In trial 3.3,
volume rate reductions were 45% in the first treatments and 42% in the
later treatments. In this case, tank concentrations were different for the
standard and DOSA3D strategies. In four treatments of the standard strat-
egy, the advisor's decision was to apply higher doses than the maximum
allowed, whereas the DOSA3D recommendation remained below this max-
imum value. Due to this, dose reductions ranged from 16 to 60%. On May
28, the vineyard was monitored and 1%, 12% and 80% of damage on
grapes were found in the standard, DOSA3D and control subplots, respec-
tively (Fig. 11). As a consequence, the advisor decided to undertake a cura-
tive treatment on DOSA3D and control subplots. Before the harvest,
significant differences were found in pest incidence on grape bunches
(p = 0.0005) which ranged from 0.6% in standard to 12.4% in DOSA3D
subplots. That is to say, efficacy was higher following the standard strategy
(99.1%) than the adjusted one. Nonetheless, the efficacy of the DOSA3D
strategy was still high at 81%.
11
Finally, in trial 3.4, volume rate adjustments resulted in reductions
ranging between 0% and 35% and dose rate reductions of between 13%
and 59%. As in trial 3.3, tank concentration varied between strategies,
but doses were always lower than the maximum allowed. In this trial, no
significant differences were found in disease severity, although in both
strategies it was higher than 40%. This translates into efficacies of 50.2%
and 51.9% for the standard and DOSA3D strategies, respectively. This is
possibly attributable to the lower number of powdery mildew treatments
performed and, unquestionably, to the high pressure of powdery mildew
in the winegrowing region.

These results confirm that the application volume and doses can be re-
duced while maintaining the same efficacies, and that the DOSA3D tool al-
lows this adjustment to bemade in a rational way, thus fulfilling the general
objective of reducing the use of pesticides.

4. Green Way

Dose rates are established according to the product label indications.
Usually in Spain, the dose is expressed as a concentration (%) and ground
area dose is directly proportional to the spraying volume rate. If the dose
is expressed as kg or L per ground area, the dose can be transformed to
the concentration system using a reference volume rate. This volume is in-
dicated only very few occasions on the label. Otherwise, 1000 L ha−1 is
usually adopted because, in preregistration trials, a volume close to this
amount is regularly sprayed for efficacy assessment in 3D crops.



Table 9
List of pesticide treatments conducted in four trials (T). For each date, estimated leaf area index (LAI) by DOSA3D, active ingredients, tank concentration (C), volume rate
(V) and dose (D) applied on standard (STD) and adjusted (DOSA3D) subplots.

T Application date LAI Product Tank concentration
(%)

Water volume rate
(L ha−1)

Dose
(l or kg ha−1)

Adjustment
(%)

Active ingredient CSTD CDOSA3D VSTD VDOSA3D DSTD DDOSA3D V D

3.1 04 May 2018 0.3 Sulphur 72% 0.6 280 150 1.68 0.90 46%
17 May 2018 0.4 Sulphur 72% 0.6 220 200 1.32 1.20 9%
11 June 2018 1.4 Sulphur 72% 0.6 270 250 1.62 1.50 7%
26 June 2018 1.4 Sulphur 72% 0.6 310 250 1.86 1.50 19%
03 July 2018 – Sulphur 99% (Powdered sulphur 30 kg ha−1)
15 July 2018 – Sulphur 99% (Powdered sulphur 30 kg ha−1)

3.2 21 May 2019 0.3 Sulphur 82.5% 0.8 180 150 1.44 1.20 17%
05 June 2019 0.4 Sulphur 82.5% 0.6 270 200 1.62 1.20 26%
22 June 2019 1.4 Sulphur 80% 0.8 310 250 2.48 2.00 19%
03 July 2019 – Sulphur 99% (Powdered sulphur 30 kg ha−1)
19 July 2019 – Sulphur 99% (Powdered sulphur 30 kg ha−1)
02 Aug. 2019 1.9 Sulphur 80% 0.8 400 350 3.20 2.80 13%

3.3 08 Apr. 2020 0.2 Penconazole 10% 0.065 0.060 441 243 0.29 0.15 45% 49%
29 Apr. 2020 0.3 Tetraconazole 12.5% 0.066 0.047 441 243 0.29 0.12 45% 60%
19 May 2020 0.4 Boscalid 20% + kresoxim-methyl 10% 0.075 0.079 661 364 0.50 0.29 45% 42%
29 May 2020 1.1 Boscalida 20% + kresoxim-methyl 10% 0.062 0.090 759 440 0.47 0.40 42% 16%

Sulphur 80% 0.750 0.800 5.69 3.52 38%
05 June 2020 1.4 Kresoxim-methyl 0.045 – 441 – 0.20 –
15 June 2020 1.4 Kresoxim-methyl 0.039 0.045 759 441 0.30 0.20 42% 33%

Sulphur 80% 1.000 0.807 7.59 3.56 53%
03 July 2020 – Sulphur 99% (Powdered sulphur 30 kg ha−1)

3.4 17 Apr. 2020 0.2 Sulphur 72% 1.170 1.140 168 150 1.97 1.71 11% 13%
27 Apr. 2020 0.3 Proquinazid 20% 0.078 0.050 248 160 0.19 0.08 35% 59%
08 May 2020 0.7 Sulphur 80% 0.530 0.500 337 225 1.79 1.13 33% 37%
01 June 2020 1.4 Proquinazid 20% 0.077 0.050 460 460 0.35 0.23 0% 35%
08 June 2020 – Sulphur 98.5% (Powdered sulphur 40 kg ha−1)
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Generally, the adjusted volume rates recommended by DOSA3D are
lower than the reference volume rate, especially when using advanced-
design sprayers. Consequently, as the volume rate decreases a lower dose
will be applied if the labeled or calculated concentration is adopted. Besides,
when the mix concentration in the tank is kept constant, risk situations be-
come more likely with low spraying volume rates. This could be due to
leaf deposition rates that are below the therapeutic dose threshold in a sig-
nificant proportion of canopy sites where the disease or pest to be controlled
remains alive (reservoirs) and could quickly damage the crop. Indeed, as the
above results have shown, efficacy can be reduced when spraying at ad-
justed volume rates and doses (see result of trial 3.3 in Section 3.2.3).

To prevent these non-desirable situations, the methodology Green Way
is currently being developed to determine the minimum ground dose.
Fig. 12 shows two examples of how this methodology can be used for two
pesticide products authorized in Spain for its use in grapevine orchards.
In the first case the labeled amount of pesticide is expressed as a concentra-
tion (%), and in the second in terms of ground area (kg ha−1). The Green
Way maintains the maximum authorized dose (1.5 L ha−1 and
2.0 kg ha−1, respectively) and establishes a minimum ground area dose
to be applied of 0.45 L ha−1 (150 L ha−1 ∗ 0.3%) and 1.5 kg ha−1 (in the
label) for the two examples, respectively. In this second example, to ensure
the minimum dose, the pesticide concentration in the sprayer tank should
be increased as the volume rate (spray volume) decreases. If the lowest vol-
ume rate shown is sprayed, the concentrations should be 0.30% and 1.00%,
respectively, instead of the values established on the label. Thus, for a vol-
ume rate of 300 L ha−1 the ground dose to be applied in the first case will
be 0.90 kg ha−1 (300 L ha−1 ∗ 0.30%) and, in the second case, for a volume
rate of 250 L ha−1 the ground dose would be 1.64 L ha−1 (estimated from
the graph or calculated through the line equation).

5. General discussion

Total leaf area is the most important parameter to describe the targeted
area to be treated, since for an effective control of pests and diseases a suf-
ficient amount of plant protection product must be deposited per unit of
leaf area (Garcerá et al., 2021; Planas et al., 2022). However, its
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quantification is complex (Planas et al., 2013; Rüegg et al., 2001;
Siegfried et al., 2007). Direct methods to determine LAI are accurate but
time consuming and they are not implemented at large-scale, while indirect
methods have specific problems and limitations (Jonckheere et al., 2004).
The method implemented in the DOSA3D system easily estimates the LAI
in fruit orchards with a canopy mid-width over 3.0 m and up to 1.5 m in
grapevine orchards along the season for three different growth stages
(early, medium, full leaf) taking into account canopy width and height di-
mensions and distance between rows. The results achieved in the validation
tests prove the consistency of this methodology.

In general, IPM programs allow to reduce the reliance on conventional
pesticides (Lamichhane, 2017; Pertot et al., 2017)without significant losses
in crop yields (Lamichhane et al., 2016; Wilson and Daane, 2017). Nowa-
days, chemical pesticides are being partially replaced with biocontrol
agents against pathogens, arthropod pests and disease vectors and/or the
use of semiochemicals and physical mating disruption. Moreover, tree
crops such as fruit and grape orchards are stable agro-ecosystems in
which diversity and landscape management can play an important role in
reducing the number of treatments (Larsen and Noack, 2020; Wilson
et al., 2015; Wilson and Daane, 2017).

When there is no effective or economically viable alternative, the num-
ber of spraying events use should be rationalized taking into account math-
ematical models and/or monitoring (Pertot et al., 2017). The intervention
thresholds may consider natural enemies (Avilla et al., 1993; Hallett
et al., 2014), so the choice of selective pesticides with biological control
agents is also a key factor, reducing side-effects of pesticide use (Stark
et al., 2007; Theiling and Croft, 1988). After deciding that pesticide is
needed, the dose of product to be applied can be adjusted to the canopy
characteristics by usingDSSs (Planas et al., 2022). In fruit and grapevine or-
chards where volume and dose rates adjusted by the DOSA3D systemwere
compared with the farmer's decision, similar efficacies were achieved.

The DOSA3D system calculates the optimal volume rate on the basis of a
minimum unitary leaf deposition equivalent to 1.2 μL cm−2. DOSA3D rec-
ommendations ensure that leaf deposition remains at or above this thresh-
old. The experimental results obtained from a large number of trials in fruit
and grapevine orchards endorse this value as a threshold to be attained on



Fig. 11. Powdery mildew (Erysiphe necator) severity on grape bunches for standard
and DOSA3D treatments and the control (untreated) area. Different letters above
the bars in each trial indicate significant differences (t-test, p < 0.05).
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the maximum number of canopy zones. Deposition rates which are below
this threshold may have consequences as i) to reduce efficacy, increase
the possibility of pest reservoirs andmay result in the need for a subsequent
treatment; and ii) to increase the emergence of resistance to pesticides
(Gressel, 2011).

To minimize the sites that are under dosed, extra volume rates are in-
cluded which are inversely proportional to the overall spraying efficiency.
Spraying is assessed in terms of deposition variability, penetrability (can-
opy penetration ability) and, at global level, in terms of efficiency (total
amount on-target tracer leaf recovery related to the total applied tracer).
All the results obtained in the experimental trials verify the suitability of
the efficiency ratios adopted by the DOSA3D system.

In Europe, during the last decade there has been a general trend to reduce
volume and dose rates applied thanks to the outsourcing of research in this
13
area, to the better regulation of spraying equipment and the acquisition of
sprayers more adapted to the canopy characteristics. In addition, within the
framework of the SUD, crop protection advisers and farmers trend to increas-
ingly use the DSS available (Planas et al., 2022). In this sense, the user inter-
face exposed at the DOSA3D system has been found to be a logical, well-
designed and easy-to-use DSS for optimal volume and dose calculation.

6. Conclusions

In a large number of specific or seasonal treatments, the DOSA3D sys-
tem has consistently shown its efficacy for adjusted treatments in fruit
and grapevine orchards to control the main diseases and pests:

• Brown spot and psylla in pear orchards.
• Alternaria blotch disease, apple scab, codlingmoth, oriental moth and red
spider mite in apple orchards.

• Powdery mildew, brown rot, aphids, thrips and mites in peach orchards.
• Powdery mildew, yellow spider mite and leafhoppers in grapevine
orchards.

Moreover, the following rules for the interpretation of leaf deposition
have been confirmed and can be taken into account in future developments:
i) As on-leaf deposition rates are proportional to the volume rate, any deci-
sion on volume rates should be rationalized following a positive dependence
on the LAI; ii) Spraying efficiency, which depends on canopy structure and
sprayer performance, should be taken into consideration when deciding on
final spray volume rates; iii) In general terms, efficiency increases as the sea-
son progress; iv) On-target deposition uniformity and, especially, penetrabil-
ity into the canopy decrease as canopy width increases, and; v) Sprayer
performance strongly determines the quality of the treatment. In fruit or-
chards, deflector and tangential flow sprayers should replace standard
sprayers in the near future. In grapevine orchards, the recycling tunnel
seems to have the highest potential capacity to provide better treatments, al-
though work should continue on improving side-to-side designs.

In all cases, the minimum pesticide deposition necessary to achieve the
desired level of control must be ensured. For it, a newmethodology named
the Green Way is currently being developed to determine the minimum
amount of pesticide to be appliedwhen spraying very low spraying volumes
rates. However, further work is required for its validation.

The DOSA3D system allows to reduce human exposure to pesticides, to
diminish environmental risks and to reduce costs for farmers, meeting the
general objective of the European Commission F2F strategy to reduce pes-
ticide use. DOSA3D aims to be a dynamic tool that can evolve with new
evaluations of volume and dose rates adjustment (both for chemical pesti-
cides and biopesticides) for the different crops it contemplates.
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