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Abstract

The effective development of coffee production depends directly on the ability to control
phytopathogenic diseases, which reduce crop quality and productivity. Uniform pesticide
application remains an operational challenge due to new formulations, reduced spray
volumes, and structural characteristics of coffee plants. This study evaluated the efficiency
of adjuvants associated with reduced spray volumes for controlling brown eye spot (Cer-
cospora coffeicola) and coffee leaf rust (Hemileia vastatrix). A randomized complete block
design with 11 treatments and five replicates was used. Spray volumes of 650, 333, and
250 L ha—! were combined with vegetable oil (VO; 1L ha’l), sodium lauryl ether sulfate
plus a natural compound-based adjuvant (LESS; 0.35 L ha~!), or LESS combined with
vegetable oil (0.5 L ha~!). An additional farm-standard treatment consisted of 800 L ha~!
with 1.0 L ha~! VO. The experiment was conducted on the Icatu 42 cultivar, and spray
deposition, droplet spectrum and disease control efficacy were evaluated. LESS increased
droplet coverage, spreading, wetted area, and spray retention. Reduced vegetable oil rates
associated with adjuvants improved spray application parameters and disease control.
The 250 L ha~! spray volume provided greater deposition throughout the canopy, while
higher volumes increased runoff, soil losses and spray drift. The combination of LESS
with 250 L ha~! achieved the highest deposition efficiency and the greatest reduction in
coffee leaf rust and brown eye spot incidence, whereas 333 L ha~! + LESS provided the
best control of brown eye spot. These results demonstrate that reduced spray volumes
combined with high-performance adjuvants can optimize coffee disease management.

Keywords: spraying technology; droplet spectrum; agricultural mechanization; sustainability;
coffee farming

1. Introduction

Coffee production in Brazil in 2025 is projected at 51.8 million 60 kg bags, representing
a 4.4% decrease compared to 2024, due to adverse climatic conditions associated with the
biennial cycle [1]. Among the factors that limit coffee productivity, foliar fungal diseases
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stand out, particularly coffee leaf rust (Hemileia vastatrix Berk. and Broome (Pucciniales:
Pucciniaceae)) brown eye spot (Cercospora coffeicola Berk. and M.A. Curtis (Capnodiales:
Mycosphaerellaceae)) and Phoma leaf spot (Phoma sp.) [2,3]. Coffee leaf rust is the most
important disease of the crop in Brazil, reducing both the production and the quality
of coffee fruits marketed worldwide [4]. Brown eye spot, although less studied, causes
premature defoliation and significant losses in nurseries and young plantations, and its
importance has increased in areas of intensive management [5].

Effective disease management in coffee relies heavily on fungicide application. How-
ever, achieving uniform spray deposition in coffee canopies remains an operational chal-
lenge because of the dense, tree-like architecture, high leaf area index, and the presence of
both surface-exposed and internally developing pathogens [6,7]. This scenario is further
complicated by the increasing pressure to reduce spray volumes, water consumption and
production costs, while maintaining biological efficacy [8]. This challenge can be mitigated
by incorporating additional products into pesticide solutions, such as oils and adjuvants.
Furthermore, vegetable oils are commonly used in Brazil in high concentrations during
agricultural pesticide application, aiming to enhance the pesticide absorption effects in
foliar penetration [9]. This practice has not yet been scientifically proven because vegetable
oils can cause undesirable effects, such as low spray retention on leaves, drastic reductions
in surface tension leading to reduced adhesion of spray droplets, and significant losses due
to drift [10].

Agricultural Spray Adjuvants (ASA) can influence the spray deposition and retention
of pesticide droplets on the plant surface and increase their effectiveness. When a droplet
impacts a leaf surface, three outcomes are possible: adhesion, bounce, or shatter [11].
Adjuvants modify the physical and chemical properties of phytosanitary sprays, promoting
better spray preparation and homogeneous droplet formation compared to vegetable oils,
as they adequately reduce surface tension and the contact angle of droplets with the target
surface [12]. A reduction in static surface tension by adjuvants may improve the adhesion,
spreading, wetting, and penetration of pesticides, as well as increase the translocation of
the active ingredients into the plant tissues [13].

Recent studies have demonstrated the importance of reducing spray volumes in
coffee crops to optimize the application process and reduce phytosanitary management
costs [14-16]. However, few studies have investigated whether combining adjuvants with
reduced spray volumes can improve droplet deposition and spray distribution while
maintaining or improving disease-control efficacy under field conditions [17].

Adjuvants in low-volume sprays are a well-known strategy for improving the physico-
chemical properties of mixtures, such as surface tension and spreadability, while mitigating
evaporation losses [18]. However, most studies on adjuvants in coffee have focused on
deposition only, without linking deposition gains to biological efficacy under field condi-
tions [17]. Cacao et al. [19] demonstrated that spray retention on coffee leaves depends
on adjuvant type and concentration, but their study did not specifically evaluate reduced
spray volumes under field conditions or establish whether improvements in deposition
translate into disease-control efficacy. Moreover, the response of different biological targets
to the same optimized spray has not been adequately compared. Thus, it remains unre-
solved whether adjuvant formulations applied at reduced spray volumes can maintain or
improve deposition and canopy penetration while providing effective control of diseases
with contrasting epidemiological characteristics—a surface-exposed pathogen such as H.
vastatrix, and a pathogen with intra- and intercellular development such as C. coffeicola.

Based on this gap, we hypothesized that (H1) reduced spray volumes combined with
an appropriate adjuvant can maintain or improve droplet deposition and canopy pene-
tration; (H2) the adjuvant improves spray spreading, wetting and retention, increasing
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deposition uniformity; and (H3) improved application quality enhances disease-control
efficacy, with different responses between H. vastatrix and C. coffeicola. Accordingly, ap-
plication quality was evaluated based on deposition, droplet characteristics, and canopy
distribution, whereas biological efficacy was assessed through disease progress and control.
The added value of this study lies in combining a tractor-mounted air-assisted sprayer,
reduced-volume applications with a LESS formulation, and two diseases with contrasting
epidemiological characteristics, allowing the relationship between application quality and
disease-control efficacy to be assessed under field conditions.

Therefore, this study evaluated the efficiency of adjuvants combined with reduced
spray volumes in improving spray deposition and phytosanitary management in coffee
plants under field conditions. Unlike previous studies that have focused primarily on spray
depositions, this work investigates the relationship between optimized spray deposition
promoted by specific adjuvants and phytosanitary efficacy against two distinct diseases.
Specifically, the study aimed to: (i) compare the efficiency of treatments with different
application volumes associated with adjuvants in relation to the conventional treatment;
(ii) evaluate the effect of adjuvants on deposition parameters and the droplet spectrum
at different spray volumes; (iii) determine the influence of spray volumes and adjuvants
on spray distribution in different plant strata; (iv) compare the effectiveness of treatments
in controlling brown eye spot (C. coffeicola) and rust (H. vastatrix); and (v) identify the
optimal combination of adjuvant and spray volume to increase deposition efficiency and
phytosanitary control.

2. Materials and Methods
2.1. Experimental Design

The experiment was conducted in March and April 2025 at Conquista Farm, located
in Bonfin6polis de Minas, Minas Gerais, Brazil (16°20'21"” S 46°25'28"” W; average altitude
898 m). The trial was conducted with the Icatu 42 cultivar, 2.7 m tall, at the grain maturation
stage. The experimental area comprised 55 plots (11 treatments x 5 blocks), totaling
approximately 2035 m? (0.2035 ha). Each plot consisted of two 10 m-long coffee rows
spaced 1.85 m apart, corresponding to a total plot area of 37 m?. The two outer rows of each
plot were used as borders and windbreaks to prevent contamination between plots during
application. In the usable area, the first and last 2.0 m of each row were also discarded
as borders, leaving 40 central plants per plot for evaluation. A randomized complete
block design was adopted, with 11 treatments and five replicates: nine combinations of
three spray volumes (650, 333, and 250 Lha~!) with three adjuvant treatments: vegetable
oil (VO; 1 Lha~1; Vittia, Sao Joaquim da Barra, SP, Brazil), sodium lauryl ether sulfate +
natural compounds-based adjuvant (LESS; 0.35 Lha™1, Inquima, Unai, MG, Brazil), and
LESS (0.35 Lha~!) + VO (0.5 Lha™!). In addition, a standard farm treatment (800 Lha™!
+1.0 Lha~! VO, Vittia) and one untreated control were included. The other components
were Difeconazole + Ciproconazole (at a rate of 0.5 Lha~'), Cyantraniliprole (at a rate of
1.5 Lha~!) and Pyraclostrobin (at a rate of 0.75 Lha~!). Treatment codes, spray volumes,
adjuvant types, adjuvant rates, and active ingredients are summarized in Table 1.

2.2. Treatments Application

A turbo atomizer (Jacto, Pompéia, SP, Brazil) coupled to a tractor was used to apply
the treatments. It contained lateral arcs with 18 spray nozzles (Figure 1A). The nozzles used
were empty cones, model Magnojet MAG 1.5 (Magnojet, Sao Paulo, SP, Brazil) (brown),
spaced 10 cm apart, and a 2000 L spray tank (model Arbus 2000) was used. The same
speed was used for all treatments, approximately 1.35 ms~! (50 m in 37 s). To adjust
each spray volume, a calibration of the tip flow rates was performed for each treatment:
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650 Lha~!, flow rate 0.400 Lmin~'; 333 Lha~!, flow rate 0.206 Lmin~?, 250 Lha~!, flow rate
0.154 Lmin ! for the MAG 1.5 spray tip, and 800 Lha~!, flow rate 0.450 Lmin~!, using the
MAG 2.0 tip, and a pressure of 75 PSI (Figure 1B).

Table 1. Composition of the 11 experimental treatments: treatment code, spray volume, adjuvant
type and adjuvant rate.

Treatment Spray Volume (L ha—1) Adjuvant Adjuvant Rate
T1 250 VO* 1.0Lha!
T2 250 LESS 0.35Lha!
T3 250 LESS + VO 0.35+0.5Lha?
T4 333 VO 1.0 Lha™!
T5 333 LESS 0.35Lha"!
T6 333 LESS + VO 0.35+0.5Lha?
T7 650 VO 1.0Lha!
T8 650 LESS 0.35Lha!
T9 650 LESS + VO 0.35+0.5Lha!
T10 800 VO (2x) 1.0 Lha™!
T11 - Untreated control -

VO*: Active ingredients: Difenoconazole + Cyproconazole (0.5 L ha~!); Cyantraniliprole (1.5 L ha™!);
Pyraclostrobin (0.75 L ha~1).

Figure 1. Equipment used for research development: (A) Mechanical turboatomizer, (B) Empty cone
applicators, and (C) Digital thermo-anemometer.

Environmental conditions during applications were monitored with a digital thermo-
anemometer (Vonder TEV40, Vonder, Curitiba, PR, Brazil). Applications occurred sequen-
tially, even during the hottest times of the day (Figure 1C).

2.3. Application Technology Evaluations

Spray deposition in the upper, middle, and lower thirds of the crop (internally and
externally) was evaluated, as well as droplet coverage, density, and spectrum (VMD, vol-
ume median diameter). To evaluate these variables, white photographic paper measuring
100 x 100 mm was placed in each experimental plot. Before each application, the paper
sheets were positioned vertically, fixed to a metal boom in the crop row at the upper,
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middle, and lower positions. To analyze droplet coverage and deposition, brilliant blue dye
(FD&C, No. 1, Duas Rodas, Jaragua do Sul, SC, Brazil) was added to the spray solution at
different concentrations for each treatment, adjusted so that the theoretical amount of tracer
applied per unit ground area was comparable across treatments: 800 Lha~! =2.5 gL.=!;
650 Lha=! =3 gL ~1;333 Lha~! =3.75 gL.7!; 250 Lha~! = 4.5 gL 1. To ensure full compara-
bility among spray volume treatments, all deposition data were normalized by the initial
tracer dose applied per hectare, and the results are expressed as percentage of applied
tracer recovered per unit leaf area rather than as absolute dye concentration (ng cm~2).
This normalization removes any bias caused by differences in tracer concentration and
allows direct comparison among spray volume treatments. When applying the treatments,
three rods with marker paper sheets were installed in the application line (Figure 2). The

photographic papers were digitized for subsequent analysis of the droplet spectrum using
the Gotas software [20].

Figure 2. Methods for evaluating spray deposition: (A) photographic papers, (B) brilliant blue dye,
and (C) leaf area reading.

Spray deposition was evaluated in the upper, middle, and lower thirds, both internally
and externally, of the coffee plant. After each application, 30 leaves were collected from
each third and from each region of the plant (internal and external) in each experimental
plot. Subsequently, leaf samples from each plot were immersed in 100 mL of water for dye
extraction, which was then quantified using spectrophotometry. A spectrophotometer with
a tungsten—halogen lamp (BiospectroSP22, Curitiba, PR, Brazil) was used to measure the
color of each sample. Blue coloration was quantified by measuring the absorbance of the
light beam, filtering the 630 nm wavelengths.

Using calibration curves obtained from standard solutions of the tracer dye, the
absorbance data were converted to concentration (mgL~!). Using the initial concentration
of each solution and the sample dilution volume (100 mL), the mass of dye retained in each
coffee leaf sample was determined in the different thirds and positions evaluated. The total
deposit was divided by the area of each leaf to obtain the amount of dye in micrograms (ug)
per area (cm). The area of the leaves collected in each experimental plot was read using
Petiole Pro software (V.001-03-24).

Penetration into the canopy was evaluated using the Canopy Penetration Index, which
measures how much of the spray deposited on the outside managed to penetrate to the
inside of the crop, and the uniformity of deposition was determined by the Coefficient of
Variation (CV) of deposition between the upper, middle, and lower thirds of the canopy.
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2.4. Disease Assessment

For coffee leaf rust (H. vastatrix) and brown eye spot (C. coffeicola), sampling was
carried out to determine disease severity. Three hundred leaves were collected per plot, in
the middle and lower thirds of the crop, regions that show a higher incidence of disease. In
some evaluations, collections were also carried out in the upper third, due to the increase
in disease severity in this region throughout the evaluation period.

Disease severity was assessed using diagrammatic scales and expressed as a per-
centage, calculated from the average values of the severity classes. For brown eye spot,
symptoms were identified as circular brown spots with a light center and dark border,
observed on both the adaxial and abaxial leaf surfaces, with active lesions of Cercospora sp.
For coffee leaf rust, symptoms were identified as orange-yellow powdery pustules in the
sporulation phase, observed mainly on the abaxial leaf surface.

Disease severity was assessed on 300 leaves per plot, collected before application
and at 7, 14, and 21 days after application (DDA). For analysis purposes, severity was
expressed as a percentage, calculated from the average values of the severity classes on the
diagrammatic scales. The diagrammatic scale of Capucho et al. [21] was used as a visual
reference for rust symptoms, and the scale of Custédio et al. [22] was used as the visual
reference for brown eye spot (C. coffeicola) severity on coffee leaves.

2.5. Data Analysis

Data collected from the analysis of spray deposition on coffee leaves, coverage, droplet
density, and spectra, as well as disease severity, were first subjected to an analysis of as-
sumptions (normality of residuals and homogeneity of variances). Normality was checked
using the Shapiro-Wilk test, and homogeneity of variances was checked using the Levene
test. When assumptions were not met, data were transformed (square root or logarithmic
transformation) before analysis. When assumptions were not met, data were transformed
(square root or logarithmic transformation) before analysis. Analysis of variance (ANOVA)
was performed using the F-test, considering a randomized complete block design with
spray volume and adjuvant as factors, and block as a random effect. When significant,
means were compared using the Scott-Knott test at a 5% probability level. For each evalua-
tion time (7, 14 and 21 days after application—DAA), a two-way factorial ANOVA (spray
volume X adjuvant) was performed, and the interaction between factors was tested.

In addition to the ANOVA and Scott-Knott analyses described in the original study,
the following complementary metrics were calculated: (i) control efficacy using Abbott’s
formula, comparing disease severity in each treatment with the untreated control; (ii) Area
Under the Disease Progress Curve (AUDPC), integrating disease severity over the evalu-
ation period; (iii) Canopy Penetration Index, calculated as the percentage ratio between
internal and external deposition; (iv) Coefficient of Variation (CV) of deposition among
canopy thirds, to assess vertical distribution uniformity; (v) correlation analysis (Pear-
son and Spearman) between deposition and control efficacy; and (vi) relative efficiency,
calculated as control efficacy (%) divided by spray volume (L ha™!).

The Dunnett test was used to compare each treatment against the farm-standard
control (800 L ha~! + 2 x VO) at a 5% probability level.

3. Results and Discussion
3.1. Application Technology Parameters: Droplet Coverage, Density and Spectrum

The highest droplet coverage was achieved with the largest spray volumes (650 and
333 L ha™!). Regarding adjuvants, LESS and LESS + 0.5 VO promoted significantly greater
coverage compared to VO alone (Table 2). Conversely, VO promoted higher droplet density
due to a reduction in the droplet spectrum. The standard farm treatment (800 L ha=! +
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2x VO) exhibited lower values for coverage, density, and droplet spectrum, not surpassing
the other treatments.

Table 2. Average coverage, density, and droplet spectrum (VMD) in the upper, middle, and lower

thirds of the coffee plant canopy after application of different spray volumes and adjuvants.

Canopy Third Parameter Spray Volume (L ha—1) VO LESS LESS + VO Means
Coverage (%) 650 64.58 69.8 74.85 69.74 a
333 63.76 68.06 73.66 68.61 a
250 34.56 57.18 4953 47.09b
Control (800 + 2x VO) 37.33
Means 54.30 B 66.01 A 65.13 A
Density 650 654.29 527.17 600.78 594.07 b
(droplets cm™*)
Upper 333 628 618.57 626.74 627.80 a
250 504.15 436.06 440.36 560.18 ¢
Control (800 + 2x VO) 554.4
Means 632.18 A 560.58 B 589.29 B
VMD (um) 650 428 478.33 456.33 454.22 a
333 439.67 473.67 436 449.77 a
250 379.67 436.67 457.67 424.66 b
Control (800 + 2x VO) 315
Means 41555 C 462.88 A 450.22 B
Coverage (%) 650 62.53 69.33 62.08 64.65 a
333 59.58 67.79 65 64.12 a
250 39.66 50.65 44.59 4497b
Control (800 + 2x VO) 34.64
Means 53.92 B 62.59 A 57.22 B
Density 650 663.37 576.95 607.11 645.18 a
(droplets cm™*)
) 333 631.9 520.33 586.33 632.85 a
Middle 250 586.41 516.25 555.08 559.25 b
Control (800 +2x VO) 588.15
Means 673.89 A 561.18 B 602.84 B
VMD (um) 650 429.66 445 466.33 447.00 a
333 265.66 388 405.33 386.33 b
250 363.33 454.66 413 410.33 b
Control (800 + 2x VO) 386
Means 386.22 B 42922 A 42822 A
Coverage (%) 650 52.73 63 55 56.91 a
333 45 59 54 52.66 a
250 40.86 64.76 56.06 53.90 a
Control (800 + 2x VO) 36.33
Means 46.19 C 62.25 A 55.02 B
Density 650 606.43 495.53 558.33 620.10 a
(droplets cm™~)
333 523.9 372.56 309.66 402.04 b
Lower 250 448.56 336.16 401.66 395.46 b
Control (800 + 2x VO) 400.56
Means 592.66 A 401.42 B 42322 B
VMD (um) 650 357 479.33 350 395.44 b
333 437.33 533.33 531 500.55 a
250 325.66 481.33 454.66 420.55b
Control (800 + 2x VO) 338.66
Means 373.33C 498.00 A 44522 B

Means followed by the same uppercase letter in the column (adjuvants) and the same lowercase letter
in the row (spray volumes) do not differ by the Scott—Knott test at 5% probability.
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The data reveal an important pattern: larger volumes (650 and 333 L ha~!) provided
greater percentage coverage on the leaves, while the LESS adjuvant (alone or in combina-
tion) consistently promoted a higher VMD (volume median diameter) compared to VO.
This increase in VMD indicates that LESS favored the formation of droplets with greater
spreading and wetting capacity on the leaf surface. A plausible explanation, consistent
with previous studies [13], is that the LESS-based formulation may alter the dynamic
surface tension and viscosity of the spray solution, favoring droplet retention and reducing
drag from the turbo sprayer airflow, in addition to increasing droplet size, reducing drift
potential, and improving penetration [13].

In contrast, vegetable o0il (VO), with lower density and viscosity, resulted in higher
droplet density but with a smaller average size (reduced VMD). Finer droplets are more
susceptible to drift and evaporation, especially in the upper third of the plant, farther from
the nozzles and more exposed to the airflow of the equipment. This dynamic explains the
lower coverage values associated with VO, despite the high impact density recorded on
the water-sensitive paper sheets. The farm standard treatment (high volume + high rate of
VO) showed the worst performance, corroborating that simply increasing the volume and
the oil adjuvant does not improve the quality of the application.

A crucial point emerges from this analysis: greater coverage (wetted area) does not
necessarily translate into greater deposition (amount of active ingredient per unit area).
Photographic paper sheets assess the impact pattern, but not the final retention of the
product on the leaf. The combination of high volume and VO may have generated broad
coverage, but with a high risk of surface runoff, reducing the effective amount of product
retained. This phenomenon will be explored in the deposition analysis below.

3.2. Spray Deposition on Leaves
3.2.1. Outer Canopy Region

In the outer canopy region, the highest dye deposition was consistently observed with
the lowest application volume (250 L ha~!) combined with the LESS adjuvant across all
canopy thirds (Figure 3). In the middle third (Figure 3b), this combination resulted in the
greatest deposition compared with the other spray volume and adjuvant combinations.

This result contrasts with the coverage data in Table 1 and suggests that, although
larger volumes create a more extensive “wet patch” (greater coverage), the product concen-
tration is higher when using a smaller dilution volume. The absolute amount of dye (and,
by extension, of the pesticide) retained per cm? of leaf was higher in the lower-volume
treatments. This is corroborated by the observation of greater runoff immediately after
applications with 650 and 800 L ha~! combined with VO, where the greater volume of
water and lower viscosity promoted product loss to the soil.

The middle (Figure 3b) and lower (Figure 3c) thirds showed a similar pattern, with
greater deposition and retention in the lower volumes + LESS adjuvant. The amount of dye
deposited was greater in the upper third of the plant because these regions are closer to the
spray jet and may also receive some of the runoff from above. In all canopy regions, the
treatments with LESS adjuvant did not differ statistically from each other (pure LESS vs.
LESS + VO), indicating that the addition of VO did not further increase spray deposition
when LESS was used.

This inversion between coverage and deposition parameters is fundamental for appli-
cation technology in dense foliage perennial crops, such as coffee. Many producers increase
the spray volume seeking better penetration, which can lead to excessive runoff [23]. Adju-
vants that drastically reduce surface tension, such as pure vegetable oils, can negatively
influence the retention of the deposit on coffee leaves [24]. As observed by [25], smaller
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Figure 3. Amount of dye per leaf area (ng cm~2) in the outer region of coffee plants after application
of different spray volumes and adjuvants: (a) upper third; (b) middle third; and (c) lower third.
Means followed by the same uppercase letter in the column (adjuvants: VO, LESS, LESS + VO)
and the same lowercase letter in the row (spray volumes: 250, 333, 650 and 800 L ha_l) do not
differ by the Scott—Knott test at 5% probability. Upper third: CV (%) = 15.25; Pinteraction = 0.0477%;
Pspray vol. = 0.0000%; Padjuvants = 0.0028*; Medium third: CV (%) = 11.18; Pinteraction = 0.0176*;
Pspray vol = 0.0000%; Lower third: CV (%) = 6.53; Pinteraction = 0.1255ns; Pspray vol = 0.0000%;
Padjuvants = 0.0025*; Mean does not differ from the control by the Dunnet test at 5% probability.

According to [25], the lower spray volume in the presence of fatty acid and vegetable
oil adjuvants ensured greater spray deposition on coffee leaves. Although the analysis with
photographic paper sheets showed better coverage using an application rate of 500 Lha~!,
without adjuvant, in the treatment with 200 Lha !+ adjuvant, the deposition present on
the leaves was more concentrated, resulting in a greater absolute quantity of product. So,
depending on the type and concentration of the adjuvant, dye retention on coffee leaves
can be three times higher compared to a spray without an adjuvant. Care must be taken
to avoid runoff losses during applications in coffee crops, associated with excessive spray
volume combined with adjuvant or oils in a tank mix. On the other hand, the use of an
adjuvant/surfactant that adequately reduces surface tension can be an important tool in
reduced spray volume application programs [19].

3.2.2. Inner Canopy Region

The inner region of the coffee plant received a smaller amount of spray than the outer
region, as expected, since outer branches and leaves hinder penetration. Despite this,
deposition analysis showed greater dye deposition with lower volumes (250 L ha~1), and
the combination of LESS + 0.5 VO promoted the highest efficiency in dye deposition and
leaf retention in the upper, middle, and lower inner thirds (Figure 4).

https://doi.org/10.3390 /agronomy16202001


https://doi.org/10.3390/agronomy16202001

Agronomy 2026, 16, 2001

10 of 22

(a)

Blue dye (ngcm-2)

2500

2000

1500

1000

5

[=3
(=}

0

A
A
Ab
Ab Ab
i Ab
B Ab
B L 1500 Ab 1500 B
B C B B
B
B B P B B
93 o " B | B 925+
1000 B 858 1000
‘ 5 | ‘ | 5 I | \
0 0
250 333 6 8 250 333 650 800 250 333 65

Deposition - upper third (b) Deposition - medium third (c) Deposition - lower third

2500 2500

2000 2000

2)

Blue dye (ngecm
Blue dye (ngcm-2)

[=3
(=]
[=3
(=}

0
50 00 0 800

Spray volumes (Lha™) Spray volumes (Lha™) Spray volumes (Lha™)

EVO(IL) WLESS(350mL) WLESS+VO(5L) mVO(IL) MLESS(350mL) MLESS+VO(05L) mVO (IL) mLESS(350mL) MLESS+VO (0.5L)

Figure 4. Amount of dye per leaf area (ng cm~2) in the inner region of coffee plants after application
of different spray volumes and adjuvants: (a) upper third; (b) middle third; and (c) lower third.
Means followed by the same uppercase letter in the column (adjuvants: VO, LESS, LESS + VO)
and the same lowercase letter in the row (spray volumes: 250, 333, 650 and 800 L ha—1) do not
differ by the Scott—Knott test at 5% probability. Upper third: CV (%) = 9.73; Pinteraction = 0.0438%;
Pspray vol = 0.0000%; Padjuvants = 0.00025%; Medium third: CV (%) = 7.83; Pinteraction = 0.0266*;
Pspray vol = 0.0000%; Padjuvants = 0.0000%; Lower third: CV (%) = 13.29; Pinteraction = 0.0158%;
Pspray vol = 0.0000%; Padjuvants = 0.0005*; ** Means do not differ from the control by the Dunnett
test at 5% probability.

Coffee plants pose challenges for spray penetration due to dense foliage and a high
leaf area index [26]. The results of this study are consistent with [14,24], who found that
spray deposition generally decreases with increasing application rates and that volumes
between 200 and 300 L ha~! can provide adequate coverage and distribution without com-
promising quality. High volumes are more expensive and increase the risk of environmental
contamination [27].

Coffee plants pose several challenges for application technology, particularly regarding
spray penetration into the crop canopy and the reduction of drift [28]. The crop exhibits
vegetative development with dense foliage and different biological control targets, each
with specific locations. This results, even with the use of systemic products, in the need for
applications with deep canopy penetration for control, applications that are often difficult
due to the plant’s architecture and large leaf area index [26].

According to [14], spray deposition in the outer canopy of coffee plants, regardless
of the third, generally decreased with increasing application rates. Spray volumes of 200
and 300 Lha~! showed higher spray deposition, indicating the ability to increase leaf
coverage. It appears that it is possible to use lower application rates without compromising
spray quality and distribution throughout the coffee plant canopy. According to [24],
application rates around 400 Lha~! did not provide any benefits to spray deposition in
coffee plants compared to 200 Lha~!, a finding corroborated by the results obtained here.
High application rates are costly, as a fraction of the pesticides may reach non-target areas,
resulting in inefficient management and a high risk of environmental contamination, which,
in turn, jeopardizes operational performance [27].
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3.2.3. Integrated Analysis: Canopy Penetration Index and Distribution Uniformity

To better understand spray performance, two key indices were calculated: Canopy
Penetration Index (Internal /External deposition ratio) and Vertical Distribution Uniformity
(Coefficient of Variation—CV% among thirds, Table 3).

Table 3. Summary of average external deposition, Canopy Penetration Index, and vertical distribution

uniformity (CV).
Trat.  Spray (Lha-1) ADJ (ngfz—z) Pe“f;f;‘““ CV (%)
1 650 VO 18563 544 25.9
2 650 LESS 2058.4 54.9 25.1
3 650 LESS+VO 19139 58.1 26.2
4 333 VO 2354.1 495 16.7
5 333 LESS 2522.6 52.1 228
6 333 LESS+VO 24632 51.1 29.9
7 250 VO 2800.0 64.9 30.2
8 250 LESS 3477.1 63.8 105
9 250 LESS+VO 29165 83.9 16.4
10 800 2% VO 1830.4 61.1 211

Values calculated from raw data. Average penetration is the average of the internal/external ratio in
three thirds. CV is the Coefficient of Variation in deposition in the upper, middle, and lower thirds.
Trat = treatment; ADJ = adjuvant; VO = vegetable oil; LESS = lauril eter sodium sulphate; LESS +
VO = adjuvant LESS + vegetable oil and ED = external deposition CV% measures the homogeneity
of deposition between the upper, middle, and lower thirds. Lower values indicate more uniform
coverage.

The Canopy Penetration Index (Figure 5) highlights that lower volumes were more
efficient at reaching the inner canopy.

Plant third
100 B Upper third
[ Middle third
B Lower third

50% reference

Canopy Penetration Index (%)
(Internal / External Deposition)

a5 T6 T7 T8 T T10
Treatment

Figure 5. Canopy Penetration Index (Internal/External ratio) by treatment and plant third.

The Canopy Penetration Index (Internal /External) demonstrated that lower applica-
tion volumes (250 L ha™'), especially when associated with adjuvants, promoted superior
internal deposition. Treatment 9 (250 L ha~! + TA35 + Vegetable Oil) achieved the highest
index (83.9%), indicating that the combination of a low volume with adjuvants that modify
the droplet spectrum and surface tension favors product penetration into the dense archi-
tecture of the crop. This result corroborates recent studies that associate the optimization
of the droplet spectrum (generating particles with balanced size and kinetic energy) with
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greater deposition efficiency in the inner canopy, reducing the physical barrier effect of
surface foliage [9,29]. The smaller volume, when well-adjusted, seems to prevent surface
runoff and enhance penetration, especially with adjuvants that reduce surface tension and
improve adhesion.

The uniformity of vertical distribution, measured by the Coefficient of Variation (CV%),
showed great variation among treatments (Figure 6).

CV < 30%: Good

21.3%
CV < 20%: Excellent

10.7%

3 4 5 6 7 8 9 10
Treatment

Figure 6. Vertical distribution uniformity of deposition. Coefficient of Variation (CV%) measures
homogeneity among plant thirds.

Regarding Vertical Distribution Uniformity (Figure 6), Treatment 8 (250 L ha~! + LESS)
obtained the best uniformity (CV = 10.5%), while formulations with vegetable oil (VO),
such as treatment 7, tended towards greater heterogeneity (CV > 30%). This suggests
that the surfactant-type adjuvant (LESS) promoted a more balanced distribution of the
product among the upper, middle, and lower thirds of the plant. Similar results were
reported by [30], who observed that adjuvants with spreading and retention properties can
mitigate the tendency for preferential deposition on the upper leaves, favoring coverage of
the middle and lower strata. On the other hand, the greater irregularity associated with
some vegetable oil treatments may be related to an alteration in the dynamics of droplet
deposition, possibly increasing drift or capture in the upper canopy, as discussed by [31].
Uniform distribution is critical for integrated pest and disease management, ensuring that
all plant strata receive an adequate protective rate [32].

3.3. Disease Control Efficacy
Cercosporin Leaf Spot Control

Cercospora infestation and severity decreased 7 days after application (DAA), when
using the lowest spray volumes (Table 4).

The interaction between spray volume and adjuvant type significantly affected Cer-
cospora leaf spot severity at 7, 14, and 21 days after application (DAA) (p < 0.0001). Before
application, no consistent differences were observed among treatments, indicating uniform
initial disease levels.
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Table 4. Percentage of Cercospora leaf spot infestation (%) on coffee leaves after the application of
different spray volumes and adjuvants.

Before Application
Spray volumes (Lha~!) VO LESS LESS + VO
650 4.75 4.5 3.83
333 2.83 3.00 25
250 2.75 3.41 5.41
800 +2x VO 4.67 Control 3.58
07 days
Spray volumes (Lha™!) VO LESS LESS + VO
650 5.67 Bc 45Cb 3.58 Ba
333 2.58 Aa 2.30 Aa 2.83 Aa
250 2.83 Aa 3.25 Ba 442 Cb
800 +2x VO 475B Pinteraction 0.0000 *
Control 3.75*% CV (%) 7.88
14 days
Spray volumes (Lha™!) VO LESS LESS + VO
650 6.17 Cc 5.08 Bb 4.58 Ca
333 3.50 Bb 1.92 Aa 3.67 Bb
250 2,92Ab 2.25 Aa 3.17 Ab
800 +2x VO 5.00B Pinteraction 0.0000 *
Control 4.50 * CV (%) 6.31
21 days
Spray volumes (Lha~!) VO LESS LESS + VO
650 6.25 Cc 517 Cb 4.75Ba
333 3.5 Bb 1.83 Aa 417 Ac
250 2,67 Aa 2.42 Ba 3.83 Ab
800 +2x VO 533C Pinteraction 0.0000 *
Control 4.67 * CV (%) 6.43

Means followed by the same uppercase letter in the column (adjuvants: VO, LESS, LESS + VO) and
the same lowercase letter in the row (spray volumes: 250, 333, 650 and 800 L. ha~!) do not differ by
the Scott-Knott test at 5% probability. * Means differ from the control (800 L ha~! + 2x VO) by the
Dunnett test at 5% probability. CV (%) = Coefficient of Variation. P interaction = significance of the
volume X adjuvant interaction.

At7 DAA, treatments applied with reduced volumes (333 and 250 L ha~!) showed
lower disease severity compared to higher volumes (650 L ha~! and 800 L ha~! + 2x VO),
regardless of the adjuvant used. Among these, the use of the LESS adjuvant at 333 L ha™!
resulted in the lowest severity values, indicating greater initial spray efficiency, possibly
related to improved droplet deposition and retention, as described by [33].

At 14 DAA, the treatment with LESS + 250 L ha~! provided one of the highest
levels of Cercospora control, being statistically similar to the treatment with LESS + 0.5%
VO. The superiority of reduced spray volumes became more evident during this period,
especially when associated with the LESS adjuvant. In contrast, the treatments applied
with 650 L ha~! and the higher volume associated with 2x VO showed greater symptom
progression. Although the addition of VO or LESS + VO at 650 L. ha~! promoted a slight
reduction in severity compared to VO alone, these treatments remained less efficient than
applications with reduced volumes, a result consistent with losses due to runoff and lower
persistence of the spray solution on the leaf surface.

At 21 DAA, LESS applied at 333 L ha~! maintained the lowest disease severity, demon-
strating superior residual control, followed by LESS at 250 L ha~—!, which also showed
consistent performance. On the other hand, higher spray volumes continued to be associ-
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ated with greater disease severity, suggesting that increased surface runoff and reduced
droplet retention may have limited the fungicide’s persistence on the leaf surface, as
discussed by [25].

These results indicate that reducing the spray volume, when combined with the LESS
adjuvant, increased spray deposition efficiency and Cercospora leaf spot control over time.
The superior performance of LESS at reduced volumes can be attributed, at least in part, to
its physicochemical properties, such as intermediate surface tension and higher viscosity
compared to vegetable oils. These characteristics favor droplet retention and reduce losses
due to drift and runoff, as reported by [34].

Greater retention of fine droplets is particularly important to ensure effective coverage
of complex and partially protected leaf surfaces, ensuring that all canopy strata receive
adequate protective doses. Similar results were reported by [35], who observed an increase
in droplet density and spray coverage in the cotton canopy after the addition of adjuvants
to acetamiprid formulations. Similarly, [36] demonstrated that the addition of adjuvants
increased both spray coverage and pesticide deposition in the cotton canopy, reinforcing
the role of adjuvants in improving application efficiency. Figure 7 shows the evolution of
Cercospora infestation after the application of different spray volumes and adjuvants.

333 Lha! 650 Lha-!

435 === 7 e

35

Cercosporiosis (%)
Cercosporiosis (%)

N

—

7days 14days 21 days Before 7days 14 days21 days Before 7days 14 days 21 days

EMVO (IL) mLESS (350 mL) WLESS+0.5VO EmVO (IL) mLESS (350 mL) WLESS+0.5VO  mVO (1L) MLESS (350 mL) WLESS+0.5VO

Figure 7. Evolution of Cercospora infestation in coffee leaves after application of different volumes of
spray and adjuvants.

3.4. Coffee Leaf Rust Control

Data analysis revealed a reduction in rust infestation starting 7 days after application
(DAA) with lower spray volumes (Table 5). At this evaluation time, the interaction between
spray volume and adjuvant type was significant (P interaction < 0.05), demonstrating that
disease control depended on the combined effect of these factors rather than on spray
volume alone.

At 14 and 21 DAA, the combination of the LESS adjuvant + 0.5 OV with a spray volume
of 250 L ha~! reduced rust infestation, showing the lowest percentages of infected leaves in
all evaluation periods. This result highlights the efficiency of reduced spray volumes when
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associated with appropriate adjuvant technology, suggesting better deposition, coverage,
and retention of the spray solution on coffee leaves.

Table 5. Percentage of coffee leaf rust (H. vastatrix) infestation (%) on coffee leaves after application of
different spray volumes and adjuvants.

Before Application
Spray volumes (Lha~!) VO LESS LESS + VO
650 5.75 5.25 4.83
333 5.16 4.83 6.33
250 6.91 6.58 3.66
800 +2x VO 4.58* Control 5.92
07 days
Spray volumes (Lha~!) VO LESS LESS + VO
650 6.24 Ab 5.75 Ba 5.58 Ba
333 6.08 Ab 4.75 Aa 7.00 Cc
250 5.83 Ac 5.16 Bb 2.66 Aa
800 +2x VO 533* Pinteraction 0.0000 *
Control 6.83* CV (%) 5.68
14 days
Spray volumes (Lha~!) VO LESS LESS + VO
650 7.58 Bb 6.24 Ba 6.66 Ba
333 8.08 Cb 416 Aa 8.08 Cb
250 6.25 Ac 4.33 Ab 2.08 Aa
800 +2x VO 6.67 * Pinteraction 0.0000 *
Control 9.50 * CV (%) 5.37
21 days
Spray volumes (Lha™!) VO LESS LESS + VO
650 7.41 Bc 6.16 Ba 6.83 Bb
333 7.83 Bb 4.66 Aa 9.08 Cc
250 6.00 Ac 4.16 Ab 1.75Aa
800 +2x VO 6.67 * Pinteraction 0.0000 *
Control 9.58 * CV (%) 4.02

Means followed by the same uppercase letter in the column (adjuvants: VO, LESS, LESS + VO) and
the same lowercase letter in the row (spray volumes: 650, 333 and 250 L ha~!) do not differ by the
Scott-Knott test at 5% probability. * Means differ from the control (800 L ha=! + 2x VO) by the
Dunnett test at 5% probability. CV (%) = Coefficient of Variation. P interaction = significance of the
volume x adjuvant interaction.

In contrast, disease progression was more pronounced in the untreated control and in
the treatment with the highest spray volume (800 L ha~!) combined with twice the dose
of OV (2x VO). These treatments showed a continuous increase in rust infestation up to
21 DAA (days after application), indicating that increasing the spray volume alone does
not necessarily improve disease control and may even compromise application efficiency,
contrary to the common understanding that a larger liquid volume results in better applica-
tion quality. Excessive spray volumes can increase surface runoff and reduce the effective
retention of the fungicide on the leaf surface, thus decreasing control efficacy. Therefore,
the correct procedure is to use a low volume while producing the largest possible number
of droplets, especially in crops with high leaf density, as occurs in coffee plants [37].

The superior performance of LESS can be attributed to its physicochemical proper-
ties, which include reduced drift, optimized surface tension (minimizing runoff losses),
increased wettability, and increased droplet mass. These characteristics improve spray
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retention and distribution on the target surface, especially with lower spray volumes,
leading to greater fungicide efficacy against coffee rust [38,39].

On the other hand, treatments with higher spray volumes (650 L ha~!) combined
with VO or LESS alone were less effective in suppressing disease symptoms, particularly
after 14 DAA. This period coincided with environmental conditions more favorable to
rust development, including increased rainfall and higher temperatures recorded in the
experimental area. These conditions likely accelerated infection and sporulation of the
pathogen, emphasizing the importance of efficient spraying technology to maintain disease
suppression under high disease pressure.

The results of this study are consistent with those reported by [40] who demonstrated
that adjuvants with non-ionic surfactant properties can improve fungicide performance and
provide disease control comparable to Qol fungicides, such as azoxystrobin, in reducing
white rust in spinach. Similarly, the results presented here indicate that the appropriate
selection of adjuvants can optimize fungicide efficacy even with reduced spray volumes.

In general, these results demonstrate that the strategic use of adjuvants, particularly
LESS, allows for reduced spray volumes without compromising rust control, contributing
to more efficient, economical, and environmentally sustainable disease management in
coffee plantations. Figure 8 shows the evolution of rust infestation after the application of
different spray volumes and adjuvants.
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Figure 8. Evolution of rust infestation (%) on coffee leaves after application of different volumes of
spray and adjuvants.

3.5. Integrated Efficacy Analysis

Figure 9 summarizes the control efficacy of treatments against rust and Cercospora at
21 days after application (DAA).

At 21 DAA, the best treatment differed between diseases. For coffee leaf rust, treatment
9 (250 L ha~! + LESS + 0.5 VO) showed the highest efficacy against rust (reaching 81.7%
control) and the highest Canopy Penetration Index (83.9%). For Cercospora, the best
performance was observed with Treatment 5 (333 L ha~! + LESS), with 60.7% control. This
differential response between diseases can be explained by their distinct epidemiological
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characteristics. Coffee leaf rust (H. vastatrix) develops pustules on the leaf surface, making
it more accessible to contact fungicides, whereas Cercospora leaf spot (C. coffeicola) exhibits
intra- and intercellular development, requiring greater product penetration to achieve
effective control [4]. Treatments based exclusively on VO resulted in negative efficacy
values for Cercospora (down to —14.3%), indicating disease progression greater than that
observed in the untreated control. This paradoxical response may be associated with
unfavorable physicochemical alterations promoted by VO, such as an excessive reduction
in surface tension leading to spray runoff, or potential changes in the leaf cuticle that may
create microenvironments conducive to infection [9].

(B) Cercospora Leaf Spot (Cercospora coffeicola)

10 -14.3%
81.7% 9
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(A) Rust (Hemileia vastatrix)

Figure 9. Efficacy of rust and Cercospora control at 21 DAA. Efficacy was calculated using Abbott’s
formula, comparing disease severity in treatments with unsprayed control.

Figure 10 presents the Area Under the Disease Progress Curve (AUDPC), which
integrates disease severity over time and provides a robust assessment of residual control.

(B) Cercospora Leaf Spot (Cercospora coffeicola)
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Figure 10. Area Under the Disease Progress Curve (AUDPC). The AUDPC represents the cumulative
disease pressure over 21 days; lower values indicate more effective and sustained disease control.

Treatments that showed higher efficacy at 21 DAA also resulted in lower AUDPC val-
ues, confirming greater durability of disease suppression. Treatment 9 exhibited the lowest
AUDPC for rust, corresponding to a 69% reduction relative to the control, demonstrating
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strong and persistent suppression of disease development throughout the evaluation period.
This prolonged control is consistent with the higher values of internal spray deposition and
penetration index observed for this treatment (Table 2), reinforcing the importance of effec-
tive product retention in protected regions of the coffee canopy. Similar mechanisms have
been reported for tank-mix adjuvants that modify the physicochemical properties of spray
solutions, reduce dynamic surface tension, inhibit droplet rebound, and improve wetting
and spreading on leaf surfaces, ultimately resulting in higher pesticide deposition [40].

Beyond punctual and cumulative efficacy, the relationship between application quality
and disease control was further explored through correlation analysis. A strong and
significant negative correlation was observed between spray deposition and rust AUDPC
(p = —0.75; p = 0.012), indicating that greater spray retention within the canopy directly
translates into reduced disease progress. This finding supports a fundamental agronomic
principle: efficient deposition enhances phytosanitary performance [28]. This relationship
is consistent with previous studies showing that physicochemical modifications of the
spray solution promoted by tank-mix adjuvants—such as reduced surface tension and
increased viscosity—optimize droplet size distribution, improve deposition uniformity
and penetration, reduce drift, and ultimately enhance biological efficacy [40,41]. This
relationship is particularly relevant for coffee crops, whose dense canopy architecture
represents a persistent challenge for spray penetration and uniform deposition [42].

To synthesize and visually evaluate the interaction between spray volume and adju-
vant type, a heatmap analysis was performed (Figure 11).

(A) Rust (Hemileia vastatrix) (B) Cercospora Leaf Spot (Cercospora coffeicola)

100 100
22,6 80 Vegetable Oil 429 25.0 9 I80
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-40 -40
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28.7 LESS + Veg. Oil 17.9 10.7 -1.8

Control Efficiency (%)
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Control Efficiency (%)

-0 -0

30.4 I*ZO Veg. Oil 2x (std) 4 I’20
-40 -40

333 L/ha 650 L/ha 800 L/ha 250 L/ha 333 L/ha 650 L/ha 800 L/ha
Spray Volume (L ha?) Spray Volume (L ha?)

Figure 11. Heatmap of the interaction between spray volume and adjuvant on control efficacy. Green
shades indicate high efficacy, whereas red shades indicate low or no efficacy.

The heatmap reveals a distinct “high-performance block”, formed by the combination
of low spray volume (250 L ha~!) with LESS or LESS + VO, particularly for rust control.
Conversely, high spray volumes (650-800 L ha~!) associated exclusively with VO con-
sistently resulted in low efficacy, forming a “low-performance block.” This integrative
visualization demonstrates that optimal disease control is achieved through synergistic
interactions between reduced spray volume and appropriate adjuvant selection, rather
than through isolated adjustments of either factor.

From an operational and economic perspective, the relative efficiency analysis
(Figure 12) highlights the practical implications of these findings.

Lower spray volumes, particularly 250 L ha~!, showed markedly higher relative
efficiency. Treatment 9 stood out as the most efficient option for rust control per liter of spray
solution applied, while Treatment 8 exhibited the highest efficiency against Cercospora.
Considering the 68.75% reduction in spray volume (from 800 to 250 L ha~—!) combined with
increased or maintained efficacy, these results indicate substantial potential for operational
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optimization, including reduced water and energy consumption, shorter application times,
and lower overall application costs.
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Figure 12. Relative efficiency of treatments. The index expresses disease control efficacy per liter of
spray volume, highlighting the most cost-effective strategies.

Overall, the integrated analysis demonstrates that spray deposition quality and for-
mulation strategy are more critical than spray volume alone for effective disease control
in coffee. The superior performance of LESS, particularly at reduced volumes, highlights
its role in improving spray deposition, enhancing disease suppression over time, and
increasing operational efficiency. Conversely, the inconsistent or negative performance of
VO-based treatments, especially against Cercospora, underscores the importance of select-
ing adjuvants that are compatible with both the target disease and the application strategy.

4. Conclusions

The LESS adjuvant promoted greater droplet coverage and spreading on the evaluated
targets, increasing the wetted area and product retention. The LESS + 0.5 VO formulation
performed better in coverage, spreading, and leaf wetness than the application of vegetable
oil alone, indicating that reduced vegetable oil doses combined with a high-performance
adjuvant are more favorable for application quality and control efficacy.

The 250 L ha~! rate provided greater spray deposition in the upper, middle and lower
thirds of the outer canopy compared with higher rates, which promoted greater runoff, soil
losses and potential drift.

The Canopy Penetration Index reached 83.9% for the 250 L ha~! + LESS + VO treatment
(Treatment 9), the highest among all treatments, while the best vertical uniformity was
obtained with 250 L ha—1 + LESS (Treatment 8; CV = 10.5%), compared with CV > 30% for
vegetable oil-based treatments.

Regarding disease control at 21 DAA, the optimal treatment differed between diseases.
For coffee leaf rust, Treatment 9 (250 L ha~! + LESS + 0.5 VO) showed the highest efficacy
(81.7% control; AUDPC = 52, a 69% reduction relative to the untreated control). For brown
eye spot, Treatment 5 (333 L ha—! + LESS) showed the highest efficacy (60.7% control;
AUDPC = 59). Treatments based exclusively on vegetable oil resulted in negative efficacy
values for brown eye spot (down to —14.3%), indicating disease progression greater than in
the untreated control. A strong negative correlation was found between spray deposition
and rust AUDPC (p = —0.75; p = 0.012), confirming that greater spray retention within the
canopy directly reduces disease progress.
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Considering the 68.75% reduction in spray volume (from 800 to 250 L ha~!) combined
with maintained or increased efficacy, these results demonstrate that it is possible to opti-
mize coffee applications by using lower spray volumes associated with high-performance
adjuvants. However, the optimal treatment is disease-specific: 250 L ha~! + LESS + 0.5
VO for coffee leaf rust, and 333 L ha~! + LESS for brown eye spot. This disease-specific
response should be considered in the design of phytosanitary management programs for
coffee, and future studies should combine direct physicochemical characterization with
multi-location field trials to confirm and extend these findings.
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