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Abstract: Three non-ionic adjuvants, Agral, Silwet, and Greemax, at three concentrations, were
applied on apple leaves with the use of hollow cone nozzles (TR) and air-induction nozzles (ID) to
verify the assumption that adjuvants may improve spray coverage obtained by coarse droplets, and
thereby ensure both satisfactory application quality and an environmental advantage. Spray coverage
and droplet density were measured on both sides of the leaves. The adjuvants enhanced the spray
coverage when applied at a certain concentration level. In general, the adjuvant coverage produced
by the ID nozzles equaled the pure water coverage produced by the TR nozzles, thereby showing the
adjuvants’ potential to compensate for the lower spray coverage usually obtained by coarse spray. A
higher spray coverage was obtained on the lower side of leaves, which is discussed in terms of leaf
surface properties. In the experiment with the mixture of Silwet and the fungicide Delan (dithianon),
the product interacted with the adjuvant, resulting in the reversed picture of spray coverage and
droplet density on the upper and lower leaf sides compared to the results obtained for the adjuvant
alone. The combination of coarse spray nozzles with adjuvants may reduce environmental pollution
without compromising the quality of spray applications in fruit growing.

Keywords: spray application; deposition quality; surface wetting; leaf surface property; droplet density

1. Introduction

Pesticides are still intensively used in agriculture to protect crops and ensure the
quality of products. One of the public concerns in this regard is the environmental impact
of pesticides, mainly due to spray drift associated with the pesticide application [1]. Use of
coarse spray nozzles to reduce the spray drift and emission of pesticides to the environment
is a very common practice in fruit growing where, in modern orchards with small and
open tree canopies, more than 80% of applied spray volume may be lost [2].

Previous studies showed that fine droplets usually result in a higher spray coverage
and hence a better biological efficacy of treatments in favorable weather conditions than
those obtained by coarse droplets, which are less prone to drift but more likely to rebound
from the leaf surface [3]. The influence of droplet size on the biological efficacy of chemical
protection has long been a subject of research; however, the obtained results are inconclu-
sive. A lower biological effect of herbicides applied with coarse droplets, produced by
air-inclusion nozzles, was observed in field crops [4,5]. The coarse spray also worsened
the efficacy of insecticides and acaricides in orchard pest control [6,7]. However, coarse
droplets resulted in similar disease control in orchards to that of fine droplets, produced
by conventional hollow cone nozzles [8–13]. The incidents of lower biological efficacy ob-
served for air-inclusion nozzles than for conventional hollow-cone nozzles can be explained
by the poorer spray coverage and lower spray droplet density. Therefore, in general, fine
spray nozzles are recommended for favorable weather conditions, whereas coarse spray
nozzles are preferred in windy conditions. The concept of automatic adjustment of nozzles
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depending on the wind situation was implemented in the VarioWindSelect system [14] and
EDAS [15].

To increase the efficacy of pesticides, some properties of spray solution are often
modified by the addition of adjuvants. Adjuvants are used to enhance surface wetting and
droplet spreading on the target; increase the product adhesion and rain fastness; modify
the atomization process, and therefore reduce the driftability of droplets; or to improve the
biological activity of products by enhancing the penetration of active ingredients and their
uptake by plants [16–19]. Among different dedicated adjuvants, the surface-active agents,
namely surfactants, that increase surface tension between a liquid and a target, improve
the spray coverage and product retention on the target, and hence increase deposition
efficiency of sprays [20].

By changing the physicochemical properties of the spray liquid, adjuvants influence
the size of droplets generated by nozzles. In the article [3], which reviewed the effect of the
spray liquid properties on drift risk, the authors reported that emulsified oils increased
droplet size and reduced the fraction of fine droplets compared to water sprays when
atomized by flat fan, hollow cone, or twin fluid nozzles. This was observed for vegetable
oils, mineral oils, organosilicones, and water-insoluble surfactants. The esterified vegetable
oil (Actirob B) and organosilicone surfactants (Silwet L-77) with pure water enabled the
generation of bigger droplets than the combination of Tensiofix D03 and Break-Thru S-240.
When an emulsifiable concentrate (EC) was applied, a smaller volume median diameter
(VMD) of droplets and a higher drift potential (DP) was observed than for suspension
concentrate formulation (SC), irrespective of any effect due to adjuvants. The increase in
the DP was evidently due to the greater fraction of fine droplets [21]. Ref. [22] studied the
effects of adjuvants on spray liquid properties and their impact on droplet size produced by
FF 110 03 nozzles. With the non-ionic wetting agent Agral, finer droplets were generated
compared to those produced from water, whereas the use of organo-silicone Silwet L-77
resulted in production of coarser droplets. The first finding was confirmed by [23], and the
latter by [21]. By comparison, little or no significant influence of crop oils on droplet size
modification was observed [21,24]. The drift retardants reduce the spray drift by increasing
the droplet size, but this increase is difficult to determine, because it largely depends on the
actual properties of the spray liquid [3]. It was found that, with all conventional adjuvants,
similar drift profiles are produced at distances greater than 2 m from the nozzles, and the
changes of formulation have no practical meaning [22,25].

Although the size of the droplets is an important factor determining the spray coverage
percentage, it is not the only factor, because spray volume rate and product formulation are
equally important [13]. According to [26], it is not possible to predict the coverage based
on the measured parameters of the surfactant. Moreover, no research data is available to
predict the spray coverage based on the size of droplets produced by the nozzles on the
air-assisted orchard sprayers [24]. If the physicochemical properties of spray liquids are
the focus of the research, or if they may influence the results of studies, the adjuvants and
formulation of pesticides in the tank-mix need to be taken into account [1,27]. The effect of
each individual adjuvant in terms of droplet size depends on the nozzle, and therefore no
generalized conclusions can be drawn regarding the influence of adjuvants on the spray
formation [28].

The use of coarse droplets produced by air-inclusion nozzles, which could result in
high spray coverage on the targets, may be a good solution for pesticide application to min-
imize the environmental impact without compromising the biological efficacy. Ref. [28], in
a review of the research reports on the influence of adjuvants on droplet spectra, concluded
that the effect was not always known. The effect of adjuvants on deposition or biological
activity on plants may be different depending on the plant species. This makes the classifi-
cation of adjuvants based on their function a difficult task. The multiple functionalities of
adjuvants are a result of their specific physicochemical properties and the fact that a large
number of them are mixtures of compounds.
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Artificial collectors, such as water sensitive paper (WSP), are commonly used for the
measurements of spray coverage and droplet density [29], and for sprayer calibration,
by visualizing the spray droplet distribution in the crop canopy. However, they have
limitations because they do not represent the real coverage on the surface of natural plant
targets. Due to dissimilar adhesion, retention, and spreading of droplets on the artificial
collectors, they cannot reliably simulate the plant foliage, and thus substitute for the natural
collectors. Therefore, the choice between natural or artificial collectors depends on the
objectives of the research. If the spray coverage on the crop is the focus, the plant leaves
are better spray collectors than Mylar, WSP, steel plate, or Petri dish samplers [30].

It is difficult to compare the results of previous studies, not only because of the
large variety of the adjuvants’ characteristics, but also due to differences in drop size
measurement methods [3,31]. It was outlined that data may significantly differ when
obtained using different methods [32], especially in the case of the coarse and very coarse
sprays. Therefore, a reference system should be applied to compare data obtained with
different measurement techniques [33]. Ref. [28] suggests relying on relative measurements
based on comparisons with the water spray distribution. Due to these uncertainties, the
presented research focused on assessing the relative influence of adjuvants on the spray,
and did not consider the droplet size measurements.

Most of the reported studies on adjuvants were carried out in laboratories with
the use of single droplet generators [34–38] or with the targets conveyed under a spray
boom [20,39]. Although such methods ensure high repeatability and small measurement
error, the conditions of the lab experiments do not reflect the real situation in orchards,
where the spray deposition process is assisted by the air flow produced by the sprayer fan
and is influenced by weather conditions.

It has been assumed that the addition of adjuvants in the spray liquid would improve
spray coverage obtained by coarse droplets from the air-inclusion nozzles compared to
that produced by fine droplets from conventional hollow cone nozzles. The objective of
the described experiment was to test this hypothesis in real conditions, with the use of
different adjuvants and different types of nozzles fitted on a conventional air-assisted
orchard sprayer. Confirmation of this hypothesis would promote the use of drift-reducing
nozzles, and provide fruit growers with greater confidence in efficacious pest and disease
control in orchards. The upscaling of such a practice in fruit growing, where pesticides are
used very intensively, would significantly reduce the risk of environmental pollution by
the agrichemicals.

2. Materials and Methods

Two experiments took place in the Research Institute of Horticulture—INHORT, De-
partment of Agroengineering, Skierniewice, Poland (20.160556◦ E, 51.960512◦ N). In the
first experiment, three adjuvants, Agral 90 (nonylphenoxy polyethoxy ethanol; Norac
Concepts Inc., Guelph, ON, Canada), Silwet L-77 (heptamethyltrisiloxane; De Sangosse
Ltd., Cambridge, UK), and Greemax (alpha-butyl-omega-hydroxypoly block polymer;
Stallen Bio AG, Basel, Switzerland) were diluted in water with the addition of a fluores-
cent tracer. In the other experiment, Silwet L-77 was added to the water suspension of
fungicide dithianon (Delan 700 WG, BASF, Ludwigshafen, Germany) with the addition of
a fluorescent tracer. The adjuvants used in the experiments have properties of surfactants
that lower surface tension between a liquid and a solid. In aqueous sprays of agrochemical
treatments, they act as wetting and spreading agents that increase the retention of the spray
on crops. Details on the adjuvants are given in Table 1.
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Table 1. Adjuvants used in experiments on their effect on spray coverage and droplet density on apple leaves.

Trade Name Active Ingredient Concentration [%]

EXPERIMENT I: water + fluorescent tracer Tinopal CBS-X, 1.5%

Agral 90 nonylphenoxy polyethoxy ethanol
0.05
0.10
0.15

Silwet L-77
0.05

Heptamethyltrisiloxane 0.10
0.15

Greemax
0.025

alpha-butyl-omega-hydroxypoly block polymer 0.050
0.075

EXPERIMENT II: water suspension of fungicide Delan 700 WG * (dithianon), 0.2%
+ fluorescent tracer Tinopal CBS-X, 1.5%

0.05
Silwet L-77 polyethoxylated hepatamethyl trisiloxane 0.10

0.15

* WG—water-dispersible granulate; BASF, Germany.

The fluorescent tracer Tinopal CBS-X (Keystone, Chicago, IL, USA.) at the concentra-
tion of 1.5% was used to visualize the droplet spots on leaves for the coverage and droplet
density measurements using image analysis. The tracer was highly soluble in water and
visible in darkness when excited by UV radiation. In the event of an unlikely influence
of the tracer on the spray solution surface tension, its concentration was kept constant to
ensure equal conditions for all the treatments and allow for unbiased comparison of effects
of the tested independent variables.

The experiments were performed outdoors, at times with comparable weather condi-
tions for all treatments. The fresh leaves, immediately after picking from the apple trees of
Jonagold cv., were used as spray collectors. Ten leaves for each treatment were attached
by their petioles to a string horizontally stretched on a frame in such a manner that they
could flutter in the air flow when sprayed with the air-assisted orchard sprayer (Figure 1).
This method of leaf attachment aimed to provide as equal and reproducible conditions
as possible for all treatments to ensure a similar behavior of the leaves in the air flow at
the same distance of the leaves from the nozzles. Hence, this enabled the acquisition of
the most repeatable spray coverage results within the specific treatments, allowing for the
reliable separation of the effects of the tested independent variables. This approach reduced
the possible source of unexplainable random variation that may arise from variable spray
application conditions.

The leaves attached on the frame were sprayed from a distance of 1 m by the cross-flow
orchard sprayer (Holder GmbH, Metzingen, Germany) with vertically oriented tangential
fans producing horizontal air flow. The sprayer was driven past the frame at the travel
velocity of 2 m s−1 (Figure 1). The spray liquid was atomized by six nozzles of two types:
(i) conventional hollow-cone nozzles TR-80, producing fine spray; (ii) flat-fan air-inclusion
nozzles ID-90, generating coarse spray. For each type, three nozzle sizes were used: 01, 02,
and 03. The details on spray application parameters are given in Table 2.

The spray treatments were performed during favorable weather conditions. The
relative air humidity was 70–75% and the temperature was 18–20 ◦C. The wind velocity
was within the range of 1.0–2.0 m s−1, and it was blowing towards the spray collectors,
perpendicularly to the sprayer’s driven direction.
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Figure 1. The layout of the experimental stand: (A) experimental scheme, (B) cross-flow sprayer (Holder GmbH, Metz-
ingen, Germany), (C) apple leaves of Jonagold cv. as spray collectors, (D) spray coverage on apple leaf produced by flat 
fan air-inclusion nozzle (example). 
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turer (Lechler GmbH, Germany) based on the classification of droplet size spectra according to 
standard ISO 25358:2018 [41]. *** Assuming 4 m tree row spacing in orchard. 

After the applications, when the spray was dry, the leaves were collected and stored 
in a cool, dark place. In the lab, each side of the leaves was photographed using a multi-
functional microscope AZ100 (Nikon Corp., Tokyo, Japan) and digital camera COOLPIX 
990 (Nikon Corp., Minato, Tokyo, Japan) under UV light (375 nm) in specially designed 
dark chamber. Then, three square spots of 1 cm2 each were sampled from each leaf image 
to determine spray coverage [%] and droplet density (number of droplet stains per unit 
area) [n cm−2] with the NIS-Elements image analysis system (Nikon Corp., Minato, Tokyo, 
Japan). 

Figure 1. The layout of the experimental stand: (A) experimental scheme, (B) cross-flow sprayer (Holder GmbH, Metzingen,
Germany), (C) apple leaves of Jonagold cv. as spray collectors, (D) spray coverage on apple leaf produced by flat fan
air-inclusion nozzle (example).

Table 2. Parameters of adjuvants’ application on apple leaves.

Nozzle Type Nozzle Size *
[ISO]

Pressure
[MPa]

Droplet Size **
[ISO]

Travel
Speed

[m s−1]

Flow
Rate

[L min−1]

Spray Volume
Rate ***
[L ha−1]

Hollow cone
TR-80

01 0.66 Fine
2.0

0.5 135
02 0.58 Fine 1.04 260
03 0.55 Medium 1.54 385

Flat fan
air-inclusion ID-90

01 0.66 Very Coarse
2.0

0.54 135
02 0.58 Very Coarse 1.04 260
03 0.55 Very Coarse 1.54 385

* According to the standard ISO 10625:2018 [40]. ** For tap water, as given by the nozzle manufacturer (Lechler GmbH, Germany) based on
the classification of droplet size spectra according to standard ISO 25358:2018 [41]. *** Assuming 4 m tree row spacing in orchard.

After the applications, when the spray was dry, the leaves were collected and stored
in a cool, dark place. In the lab, each side of the leaves was photographed using a multi-
functional microscope AZ100 (Nikon Corp., Tokyo, Japan) and digital camera COOLPIX
990 (Nikon Corp., Minato, Tokyo, Japan) under UV light (375 nm) in specially designed
dark chamber. Then, three square spots of 1 cm2 each were sampled from each leaf im-
age to determine spray coverage [%] and droplet density (number of droplet stains per
unit area) [n cm−2] with the NIS-Elements image analysis system (Nikon Corp., Minato,
Tokyo, Japan).

The obtained data were analyzed using multi-way analysis of variance (ANOVA) to
determine the effect of nozzle type and size, in addition to the kind of adjuvant and its
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concentration, on spray coverage and droplet density on the apple leaves. The analyses
were carried out separately for each nozzle size (01, 02, 03) in order to exclude the effect
of the spray dose on the leaf coverage, which increases with the dose of the spray liquid.
All statistical analyses were performed using STATISTICA 13. The treatment means were
separated by Duncan’s Multiple Range Test at the significance level p < 0.05. The means
are presented on bar graphs with confidence interval 95%.

3. Results and Discussion

Many researchers have reported the effects of adjuvants and nozzles on droplet
size and droplet velocity, spray coverage, and spray drift, in addition to the efficacy of
plant protection products. However, they have not considered the influence of interaction
between the adjuvants and the nozzles on spray distribution on the target, which is a crucial
factor affecting the biological effect of chemical treatments. Most reported experiments were
performed in labs, with the use of artificial collectors, and hence in conditions significantly
different from those of a real spray application situation. The research presented here
aimed to determine the effects of adjuvant concentration, nozzle type, and nozzle size,
in addition to the interactions of these factors, on spray distribution on natural leaves
fluttering in the air flow produced by a passing orchard sprayer.

The spray distribution was determined by measuring spray coverage expressed as
a percentage of the target area covered by spray liquid, and droplet density as a count of
drop stains per unit area of the target. Due to differences in the characteristics of the upper
(U) and lower (L) surfaces of apple leaves, the two mentioned spray distribution indicators
were analyzed and presented separately for each side of leaves. Data measured for each
tested adjuvant was analyzed individually.

A question asked during the statistical analysis of the measured data was about the
importance of the effects of the three tested factors on spray distribution on both sides of
leaves. One means to determine the magnitude of effects of independent variables is to
set proportions of the variances among the measured data that are attributable to these
variables. In ANOVA, these proportions are estimated by ratios of the sum of the squares
for each tested factor and the total sum of the squares. In the ANOVA summary table, they
are presented as “percent of total” as a measure of the contribution of each factor and the
interaction between the factors to the variation of the measured data, and thus reflect the
magnitude of their effects [42].

3.1. Experiment 1

Due to different properties, individual adjuvants had different effects; however, for
all of them. a common pattern was observed in the effects of nozzle type and adjuvant
concentration on both the spray coverage and the droplet density. The statistical analysis
shown in the ANOVA summary (Tables 3–5) indicates that the strongest factor affecting
spray coverage on the upper side of the leaves was the nozzle type, which accounted
for 30.86% of the total treatment variation for Agral, 26.62% for Silwet, and 23.19% for
Greemax. This was followed by the adjuvant concentration, whose share in the total
variation amounted to 14.72%, 7.61%, and 12.71% respectively. The adjuvant concentration,
in turn, clearly had the greatest effect on spray coverage on the lower side of leaves,
accounting respectively for 33.24%, 19.99%, and 45.62% of the total treatment variation.
The contribution of nozzle type in this case was much lower, indicating the considerably
weaker effect of this variable. In addition, the nozzle size, the variable which represents
the spray volume rate, was the second most important factor affecting spray coverage on
the lower leaf sides. For Silwet, this variable was almost as important as the adjuvant
concentration (16.24% versus 19.99%, respectively, of the total treatment variation). The
effect of the nozzle size on the spray coverage on the upper leaf surfaces was significant
but minor compared to the effects of the nozzle type and adjuvant concentration.
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Table 3. The ANOVA summary table for data sets of spray coverage (A) and droplet density (B) on upper and lower
surfaces of apple leaves obtained during the treatments with adjuvant Agral 90. The denotation NS indicates not significant
effects or interactions at p < 0.05.

Source of Variation df

Sum of
Squares

Percent of
Total df

Sum of
Squares

Percent of
Total

Upper Leaf Side Lower Leaf Side

A. SPRAY COVERAGE

Main effects:
NT—Nozzle type 1 3851.20 30.86 1 360.88 1.41
NS—Nozzle size 2 871.14 6.98 2 736.97 2.88

AC—Adjuvant concentr. 3 1837.98 14.72 3 8489.05 33.24

Interactions:
NT × NS 2 NS 43.72 0.35 2 780.56 3.05
AC × NT 3 601.54 4.82 3 971.26 3.80
AC × NS 6 516.89 4.14 6 868.32 3.40

AC × NT × NS 6 309.48 2.48 6 810.15 3.17

ERROR 216.0 4447.14 35.63 216.0 12,519.82 49.02
TOTAL 12,479.13 25,537.03

B. DROPLET DENSITY

Main effects:
NT—Nozzle type 1 445,998.82 15.42 1 4,343,543.20 58.06
NS—Nozzle size 2 71,176.23 2.46 2 54,522.11 0.72

AC—Adjuvant concentr. 3 464,708.33 16.07 3 384,813.67 5.14

Interactions:
NT × NS 2 49,746.43 1.72 2 76,430.06 1.02
AC × NT 3 NS 26,167.65 0.91 3 574,164.05 7.67
AC × NS 6 NS 39,594.46 1.37 6 92,352.79 NS 1.23

AC × NT × NS 6 234,962.20 8.12 6 234,783.64 3.13

ERROR 216.0 1,559,786.60 53.93 216.0 1,719,517.30 22.98
TOTAL 2,892,140.73 7,480,126.79

Table 4. The ANOVA summary table for data sets of spray coverage (A) and droplet density (B) on upper and lower
surfaces of apple leaves obtained during the treatments with adjuvant Silwet L-77. The denotation NS marks not significant
effects or interactions at p < 0.05.

Source of Variation df

Sum of
Squares

Percent of
Total df

Sum of
Squares

Percent of
Total

Upper Leaf Side Lower Leaf Side

A. SPRAY COVERAGE

Main effects:
NT—Nozzle type 1 1283.82 26.619 1 531.93 4.07
NS—Nozzle size 2 140.69 2.917 2 2124.88 16.24

AC—Adjuvant concentr. 3 366.97 7.609 3 2614.96 19.99

Interactions:
NT × NS 2 154.97 3.213 2 NS 114.53 0.87
AC × NT 3 NS 49.67 1.030 3 298.61 2.28
AC × NS 6 NS 143.77 2.981 6 502.12 3.84

AC × NT × NS 6 NS 136.73 2.835 6 NS 292.25 2.23

ERROR 215.0 2546.27 52.795 216.0 6600.88 50.46
TOTAL 4822.91 13,080.17
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Table 4. Cont.

Source of Variation df

Sum of
Squares

Percent of
Total df

Sum of
Squares

Percent of
Total

Upper Leaf Side Lower Leaf Side

B. DROPLET DENSITY

Main effects:
NT—Nozzle type 1 782,384.20 25.79 1 7,451,145.60 74.33
NS—Nozzle size 2 NS 4369.30 0.14 2 NS 36,215.10 0.36

AC—Adjuvant concentr. 3 389,820.94 12.85 3 222,056.98 2.21

Interactions:
NT × NS 2 NS 30,508.93 1.01 2 285,669.92 2.85
AC × NT 3 57,765.75 1.90 3 279,002.66 2.78
AC × NS 6 147,958.17 4.88 6 100,433.89 1.00

AC × NT × NS 6 246,278.87 8.12 6 102,169.60 1.02

ERROR 216.0 1,374,471.30 45.3 216.0 1,547,855.40 15.44
TOTAL 3,033,557.46 10,024,549.18

Table 5. The ANOVA summary table for data sets of spray coverage (A) and droplet density (B) on upper and lower
surfaces of apple leaves obtained during the treatments with adjuvant Greemax. The denotation NS marks not significant
effects or interactions at p < 0.05.

Source of Variation df

Sum of
Squares

Percent of
Total df

Sum of
Squares

Percent of
Total

Upper Leaf Side Lower Leaf Side

A. SPRAY COVERAGE

Main effects:
NT—Nozzle type 1 1970.26 23.19 1 NS 71.83 0.27
NS—Nozzle size 2 680.74 8.01 2 2009.24 7.65

AC—Adjuvant concentr. 3 1080.01 12.71 3 11,977.81 45.62

Interactions:
NT × NS 2 280.74 3.30 2 NS 107.31 0.41
AC × NT 3 497.97 5.86 3 NS 15.27 0.06
AC × NS 6 302.92 3.56 6 NS 308.34 1.17

AC × NT × NS 6 552.51 6.50 6 NS 175.06 0.67

ERROR 216.0 3132.44 36.86 216.0 11,589.18 44.14
TOTAL 8497.59 26,254.04

B. DROPLET DENSITY

Main effects:
NT—Nozzle type 1 2,146,947.08 27.91 1 4,184,895.59 47.17
NS—Nozzle size 2 NS 8077.99 0.10 2 NS 8008.97 0.09

AC—Adjuvant concentr. 3 2,097,732.70 27.27 3 658,528.15 7.42

Interactions:
NT × NS 2 117,657.27 1.53 2 109,780.91 1.24
AC × NT 3 131,694.69 1.71 3 837,687.23 9.43
AC × NS 6 NS 99,227.03 1.29 6 NS 94,904.48 1.07

AC × NT × NS 6 286,827.52 3.73 6 336,646.46 3.79

ERROR 216.0 2,803,427.12 36.45 216.0 2,647,798.03 29.82
TOTAL 769,159.42 8,878,249.81

Regarding the droplet density similarly strong effects of nozzle type and adjuvant
concentration were found on the upper side of the leaves (Tables 3–5). They accounted
respectively for 15.43% and 16.07% of total treatment variation in the case of Agral, 25.79%
and 12.85% in the case of Silwet, and 27.91% and 27.27% in the case of Greemax. On the
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lower leaf sides, the droplet density was strongly affected by the nozzle type, which was
clearly the strongest factor, responsible for as much as 58.2%, 74.33%, and 47.17% of the
total variation of the measured data for the respective adjuvants. The effects of nozzle
size, i.e., the spray volume rate, on droplet density were not significant for the adjuvants
Silwet and Greemax, whereas for Agral the effect was very weak, accounting for only 2.46%
and 0.72% of total treatment variation on the upper and lower leaf surfaces, respectively.
Because the droplet density was not, or hardly affected by, the nozzle size, it appears that
the significant increase in spray coverage noted above, which was clearly not proportional
to the increase in the applied spray volume rate, was mainly due to slightly coarser droplets,
and thus greater droplet stains produced by the nozzles of the greater size, rather than a
greater number of stains.

In the light of the above, the adjuvant concentration played an important role in
modifying the spray coverage on the leaves, especially on their lower side where it was
found to have a predominant effect. Clearly, the properties of the lower surface of the
leaves better favor the spreading of droplets containing the adjuvant, and hence increasing
the area covered by the spray liquid, than the properties of the upper surface. This is
reflected in the results of spray coverage shown on Figures 2A, 3A and 4A, where higher
values for all the tested adjuvants were recorded on the lower leaf surfaces than on the
upper surfaces. This increase in coverage was not caused by an increase in droplet density,
and in some cases occurred despite the reduction of this density due to droplet coalescing.
Therefore, the adjuvant concentration had a minor effect on droplet density on the lower
leaf surface, as proven by being a very weak source of variation among the measurement
data collected for all the tested adjuvants (Tables 3–5). However, this variable showed
an equally strong effect on droplet density on the upper leaf surface as the nozzle type
on Agral and Greemax, and an effect that was half as strong as that of the nozzle type
on Silwet.

In addition, it is worth noting that for the droplet density on the lower leaf surface,
the effects of the interaction between nozzle type and adjuvant concentration for all the
tested adjuvants were significant, accounting for 7.67% of the total treatment variation for
Agral, 2.78% for Silwet, and 9.43% for Greemax (Tables 3–5). In these cases, the dependence
of the adjuvant concentration effects on the nozzle type effects was particularly evident.
The different nature of these relationships is shown in Figures 2B, 3B and 4B, namely: for
the TR fine spray nozzles, the droplet density was generally decreasing with the increased
adjuvant concentration, whereas for the ID coarse spray nozzles, it was either increasing or
did not change significantly.

As mentioned above, for all treatments, spray coverage on the lower side of leaves
was considerably greater than that on the upper sides (Figures 2A, 3A and 4A). In the case
of Agral and Silwet, the difference was about two- or three-fold, whereas for Greemax it
was up to about four-fold. This difference was greater for the ID nozzles than for the TR
nozzles, mainly due to the very small coverage produced by the coarse spray nozzles on the
upper leaf surfaces. This led to an unexpected situation, namely, there were no significant
differences in coverage on the lower sides of leaves between the TR and the ID nozzles,
regardless of the adjuvant concentration. In turn, on the upper surfaces, as expected, the
coverage produced by the fine spray from the TR nozzles was, in most cases, significantly
greater than that obtained by the coarse spray from the ID nozzles, for both pure water
and tested aqueous adjuvant solutions. This finding may give rise to speculation about a
possible connection between the target surface properties and different ways in which the
impacting droplets of different size spread out on the surface. This is further discussed in
the last paragraph of this section. Alternatively, it may be explained by the findings of [13],
who observed the opposite situation as regards the percent area of spray coverage on the
upper and lower sides of apple leaves (most probably due to different orientation of leaves
in the tree canopy and those attached on the frame, compared to in this research); however,
where this percentage was significantly greater (upper surface), there was no significant
difference between the coverage produced by the standard (fine spray) and air-inclusion
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(coarse spray) nozzles. This may indicate that the high level of spray coverage minimizes
or even nullifies the effect of droplet size, and hence that of the nozzle type. This may
mean that this expected effect may only be significant in the case of poor coverage. Both
speculated phenomena are likely to be feasible, which brings us to the conclusion that more
in-depth research is necessary to clarify the dilemma.
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Whether the adjuvants’ modifying properties of the spray solution can compensate
for the poor coverage produced by either type of nozzle may be explained by the results
of this study. In most treatments, the adjuvants improved coverage even at the lowest
concentrations (Figures 2A, 3A and 4A). Their further increase did not always significantly
improve the coverage; however, on the upper surfaces, the highest concentrations of Agral
and Greemax in most cases at least doubled or tripled the very low coverage (around 5%)
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produced by pure water. A positive effect of adjuvant concentration was most evident
on the lower leaf surfaces, again for Agral and Greemax. The nature of this effect was
similar for TR and ID nozzles. On the upper surfaces, where coverage was relatively low
and the effect of adjuvant concentration was moderate, the adjuvants failed to produce
significantly better coverage by ID nozzles than that obtained by TR nozzles with no
adjuvants. However, at the high concentrations, adjuvants at least equaled the coverage of
the coarse spray with that of the fine spray of pure water. In this sense, the adjuvants well
compensated for lower spray coverage obtained by the coarse spray compared to the fine
spray. The most desired effect of better coverage obtained by ID nozzles and adjuvants,
compared to that produced by TR nozzles and without adjuvants, was obvious on the lower
surfaces of the leaves. In this case, adjuvants clearly showed their advantageous potential.

As mentioned above, the effect of adjuvant concentration on droplet density was
relatively strong on the upper side of the leaves and minor on the lower side. The nature of
the response of the droplet density to the adjuvant concentration was not clear, especially
on the upper surfaces (Figures 2B, 3B and 4B). For most treatments, an increase in adjuvant
concentration resulted in a reduction in droplet density due to the spreading and coalescing
of the droplets on the leaves’ surface. This was most evident on the lower side of leaves
for the fine spray TR nozzles, whereas for the coarse spray ID nozzles, the response was
mainly insignificant.

The observation that considerably higher coverage was obtained on the upper sides
of leaves than on the lower sides requires an explanation and extended discussion. The
way the leaves were attached and oriented on the frame, and their behavior in the air
flow during spray application, made it possible to deposit a similar amount of spray on
both sides. This was confirmed by the results of droplet density, which for all treatments
showed very similar values for the upper and lower leaf surfaces (Figures 2B, 3B and 4B).
Because both sides received a similar number of droplets, the different size of their stains
must have caused such a large difference in coverage. Apparently, the droplets spread out
differently on the upper and lower surfaces, and this may have been due to differences
in the properties of the upper and lower epidermis of apple leaves. The upper epidermis
is smooth and shiny due to a thick waxy and waterproof cuticle layer that protects the
leaf from excess sunlight and prevents water loss. Therefore, it has a low surface energy,
which prevents the liquid droplets from spreading widely, and the epidermis from being
abundantly wetted. This leads to a high contact angle connecting the leaf–liquid interface,
and hence a low percentage area of spray coverage. The apple leaves are hypostomatous,
i.e., they have stomata only in the lower epidermis, which therefore is rougher than the
upper epidermis. However, the roughness is extremely low, due to very high stomata
density ranging from around 70 to 700 per mm2, depending on variety, timing, type of
leaf, and growing conditions [43–45]. Moreover, on the lower leaf side there are other
tiny epidermal outgrowths, such as trichomes (leaf hairs), the density of which may vary
between 10 and 45 per mm2 [46–48]. Both stomata and trichomes on the lower leaf surface
may interact with spray droplets and make them behave differently than on the smoother
upper surface. This reasoning is supported by the findings of [46], who reported that spray
retention was correlated significantly and positively with leaf hair density. Thus, it is highly
likely that, upon spray deposition on the lower leaf epidermis, the densely distributed
epidermal structures are in contact with droplets and disrupt the forces of liquid surface
tension, causing the liquid to spread wider on the surface. In addition, the cuticle layer
on the lower epidermis is considerably thinner than that on the upper epidermis, and is
discontinuous due to the presence of stomata. This raises the surface energy of the lower
epidermis, and thus reduces the leaf–liquid contact angle and lets the droplet create a
wider stain (greater wetted area) than on the waxier, and hence more hydrophobic, upper
epidermis. This is consistent with the results obtained by [49] on the leaves of Japanese Tree
Lilac, which have a more hydrophobic lower epidermis, and by [50] on the hairy and waxy
leaves of Geranium. In this research, this resulted in a greater spray coverage produced on
the lower leaf sides than on the upper surfaces.



Agronomy 2021, 11, 1790 14 of 19

3.2. Experiment 2

The effect of non-ionic adjuvant Silwet L-77 with the presence of the plant protection
product Delan 700 WG (dithianon) on spray distribution on apple leaves was drastically
different from that observed for the adjuvant alone. The most striking difference was
the acquisition of much higher spray coverage on the upper leaf surfaces, in most cases
exceeding 15%, than on the lower surfaces, where for TR02 and TR03 nozzles, it hardly
exceeded 5% (Figure 5A). Another surprising observation on the lower leaf side was the
effect of adjuvant concentration showing a negative coverage dose response relationship.
In addition, unlike for the results of the lower surface coverage in Experiment 1, here the
adjuvant concentration was the variable of minor importance, accounting for 8.68% of
total treatment variation, compared to a contribution of 16.54% to the variation caused
by the nozzle type. The opposite effect of adjuvant was observed on the upper surfaces,
where the spray coverage clearly increased with the increase in adjuvant concentration (a
positive dose response). Moreover, the adjuvant concentration and the nozzle type were
the two most effective and equally important variables accounting for, respectively, 16.73%
and 15.52% of the total treatment variation.

The fungicide Delan 700 WG used in this experiment is a water-soluble granulate-
creating aqueous suspension, for which kaolinite is used as a carrier of an active substance.
The intrinsic mineral anionic adjuvant of this product is ammonium sulphate (NH4)2SO4,
which has no particular wetting properties of non-ionic surfactants, such as Silwet. The
primary function of this adjuvant is mitigation of water hardness by complexing metal
cations (mainly Ca2+, Mg2+, Fe3+, Mn+, and Na+) to prevent formation of precipitate, and
hence avoid deactivation of the active substance. However, anionic adjuvants are lipophilic
compounds, dissolving lipids such as cuticles, to increase the mobility of the agrochemicals
across the cuticular membrane [51]. They act as plasticizers that soften the crystalline waxes
in the cuticle, and thus increase cuticular penetration, and possibly widen the wetting area
of the spray droplets on the waxy leaf surface. In the presented experiment, a synergic
interaction between the intrinsic lipophilic adjuvant of Delan fungicide and the surface
active Silwet adjuvant may have occurred, making the spray droplets spread very widely
on the waxy upper surfaces of apple leaves, and thus resulting in very high spray coverage,
and a clearly positive coverage dose response relationship. This was observed in each of the
six tested treatments, i.e., for both nozzle types and three nozzle sizes. It does not, however,
explain the very poor coverage observed on the lower leaf surfaces. In addition, the role of
kaolinite as a structural component of the fungicide formulation in the spray distribution
on the leaves is unknown. This suggests further research is needed on the effects of the
interaction between the formulations of plant protection products and adjuvants added to
spray liquid on the spray distribution on different targets.

The surprising and unclear picture of spray coverage on apple leaves was not reflected
in the results of droplet density. Here, the nozzle type was a dominant factor, accounting
for nearly 40% of the total treatment variation, both for the upper and lower sides of leaves,
whereas the contributions of adjuvant concentration were 10.58% and 9.50%, respectively
(Table 6B). On the upper leaf surface, the droplet density for TR nozzles was, on average,
about two-fold higher than for ID nozzles, and on the lower surface the difference was nearly
three-fold (Figure 5B). In most cases, on both sides of the leaves, the addition of Silwet
adjuvant at the lowest concentration increased the droplet density, but a further increase in
the adjuvant concentration caused its gradual drop, even below the level obtained for pure
water. This trend, however, was not consistent over all the treatments, and thus the interaction
between the adjuvant concentration and the nozzle type was significant. This was similar
to the results obtained for the adjuvant Silwet alone, i.e., with no presence of the fungicide
(Figure 3B); however, both the downward trend of the dose response and the interaction with
the nozzle type were more pronounced than in Experiment 1. This may have been an effect of
an antagonistic activity of the intrinsic adjuvant of Delan fungicide against the surface tension
activity of Silwet, which interfered with the liquid atomization process and resulted in the
production of fewer droplets of greater size. Similar to the results obtained for coverage, the
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droplet density on the upper leaf surfaces was generally two-fold greater than that on the
lower sides.
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Table 6. The ANOVA summary table for data sets of spray coverage (A) and droplet density (B) on upper and lower
surfaces of apple leaves obtained during the treatments with adjuvant Silwet L-77 + Delan 700 WG. The denotation NS

marks not significant effects or interactions at p < 0.05.

Source of Variation df

Sum of
Squares

Percent of
Total df

Sum of
Squares

Percent of
Total

Upper Leaf Side Lower Leaf Side

A. SPRAY COVERAGE

Main effects:
NT—Nozzle type 1 4491.94 15.52 1 548.43 16.54
NS—Nozzle size 2 2321.61 8.02 2 180.06 5.43

AC—Adjuvant concentr. 3 4840.24 16.73 3 287.71 8.68

Interactions:
NT × NS 2 482.95 1.67 2 NS 21.06 0.63
AC × NT 3 578.89 2.00 3 122.35 3.69
AC × NS 6 1414.60 4.89 6 NS 23.62 0.71

AC × NT × NS 6 1157.77 4.00 6 NS 96.66 2.92

ERROR 216.0 13,646.93 47.16 216.0 2035.21 61.39
TOTAL 28,934.94 3315.11

B. DROPLET DENSITY

Main effects:
NT—Nozzle type 1 3,001,383.00 39.011 1 2,321,846.82 39.67
NS—Nozzle size 2 190,066.57 2.470 2 198,662.72 3.39

AC—Adjuvant concentr. 3 813,718.25 10.577 3 555,928.22 9.50

Interactions:
NT × NS 2 NS 888.36 0.012 2 74,393.41 1.27
AC × NT 3 159,083.01 2.068 3 275,456.15 4.71
AC × NS 6 NS 75357.99 0.979 6 NS 98,849.81 1.69

AC × NT × NS 6 520,645.07 6.767 6 207,168.92 3.54

ERROR 216.0 2,932,497.90 38.116 216.0 2,120,186.60 36.23
TOTAL 7,693,640.16 5,852,492.65

Both nozzle type and adjuvant concentration were important factors influencing the
spray coverage on apple leaves. Only on the upper leaf surface, where the nozzle type was
the most effective variable, the coverage obtained by the fine spray TR nozzles was, with
all tested adjuvants, greater than that obtained by coarse spray ID nozzles. On the lower
leaf surface, where the adjuvant concentration was the dominant variable, the coverage
obtained with the adjuvant Silwet L-77 for the ID nozzles was greater than that for the TR
nozzles, whereas with adjuvants Agral 90 and Greemax no differences in coverage between
the nozzle types were observed.

In general, a greater coverage was obtained on the lower leaf surface than on the
upper, even though the droplet density was similar on both surfaces. This may have been
due to different epidermal properties of the upper and lower surfaces of apple leaves.
The epidermal structures of the lower surface, such as stomata and trichomes, can make
droplets spread wider, resulting in higher coverage than on the smoother and waxier
surface of the upper, which is less prone to wetting.

The increase in adjuvant concentration caused a positive coverage dose response
relationship. However, the maximum coverage was not always obtained at the highest
adjuvant concentration, especially for adjuvants Silwet L-77 and Agral 90 on the lower
leaf surface.

Overall, the coverage produced by the tested adjuvants at the high concentrations
with the coarse spray ID nozzles generally equaled that produced by the fine spray nozzles
TR applying pure water. Thus, as expected, the adjuvants showed their potential to
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compensate for the lower spray coverage usually obtained by the coarse spray compared
to the fine spray.

4. Conclusions

Droplet density on both leaf surfaces with all tested adjuvants was considerably higher
for fine spray TR nozzles than coarse spray ID nozzles. The nozzle type clearly made
the greatest contribution to the variation of the droplet density on the lower leaf surface,
whereas on the upper, both the nozzle type and the adjuvant concentration were equally
important variables. The influence of the adjuvant concentration on droplet density on
the upper leaf surface was diverse in the case of each tested adjuvant. In most treatments,
the droplet density significantly increased at the lowest adjuvant concentration, and when
it was further increased, the droplet density decreased or remained unchanged. On the
lower leaf surface, the increase in adjuvant concentration usually caused a negative droplet
density dose response relationship.

The plant protection product Delan 700 WG (dithianon) applied with the adjuvant
Silwet L-77 produced opposing results for both the coverage and the droplet density on
the upper and lower leaf sides compared to the results obtained for Silwet alone. In this
case, both spray distribution indicators were greater on the upper surface of leaves. In this
experiment, the nozzle type played the major role as a dominant factor affecting spray
distribution quality, whereas the adjuvant concentration was of secondary importance.
This reduction in the adjuvant effect may have been caused by the antagonistic activity
of the intrinsic adjuvant of Delan fungicide (ammonium sulphate) against the surface
tension activity of the non-ionic adjuvant Silwet. Alternatively, it may have been due to
the interference of kaolinite, which is a structural component of the fungicide formulation,
in the atomization process and the spray distribution on the leaves. These effects were
also reflected in the negative response of coverage and droplet density on the lower leaf
surfaces to the increase in adjuvant concentration.
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