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Abstract: Coffee production and marketing is one of the main global commercial activities, but crop 

yields depend on several factors, among which plant health. The objective of this study was to eval-

uate the efficiency of spray droplet deposition in coffee crops grown in a mountain region, associ-

ated to the efficacy of the control of fungal diseases. The application efficiency, using an unmanned 

aerial vehicle (UAV), and the efficacy of the products applied were tested. Water-sensitive paper 

tags were used to analyze the application efficiency; agronomic efficiency, vegetative vigor, yield, 

and physiological parameters were used to determine the fungicide efficacy. Droplet coverage in 

the upper canopy layer using a pneumatic sprayer (28.70%) was 4.11-fold higher than that found in 

the same layer for application using a UAV (6.98%) at the rate of 15 L ha−1. The highest droplet 

depositions by using a UAV were found for the rate of 15 L ha−1: 1.60, 1.04, and 0.43 µL cm−2 in the 

upper, middle, and lower layers, respectively; the deposition in the upper layer with application 

using a pneumatic sprayer was 42.67 µL cm−2, and therefore, a 26.7-fold higher deposition. The re-

sults denote that the control of fungal diseases through fungicide applications using a UAV is effi-

cient for mountain coffee crops. 

Keywords: remotely piloted aircraft; UAV; application technology; pesticides; diseases;  

Coffea arabica 

 

1. Introduction 

Coffee is one of the most important food commodities and is the second most mar-

keted commodity in the world, after crude petroleum [1]. The global coffee production in 

the 2021/2022 crop season was approximately 167.5 million bags (60 kg), of which 77.9 

million are Coffea canephora (robusta + conilon), with an estimated increase of 11% for the 

2022/2023 crop season [2–4]. However, increasing coffee production to meet the increasing 

demand of the world market has been a challenge for coffee growers. The yield of coffee 

crops depends on several factors, such as climate changes, genetic and nutritional 
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developments, water availability and use efficiency, and plant health protection. Regard-

ing plant health protection, there were significant advances in the technological develop-

ment of selectivity and efficacy of pesticides; however, the pesticide application technol-

ogy connected to this development did not follow the same pace, and in the specific case 

of coffee crops, pesticide applications have usually been inefficient [5,6]. The pesticide 

application technology for coffee crops should be well managed to avoid losses of product 

to non-target areas; therefore, the target position, architecture of coffee plants, climate 

conditions, nozzle positioning, and regulation and calibration of sprayers should be con-

sidered [7,8]. 

A review study presented the main fungal diseases that occur in coffee crops world-

wide [9–11], highlighting two main diseases reported in mountain coffee crops: leaf rust 

and cercosporiosis. Mountain coffee crops represents 80.0% of the world coffee crops. Alt-

hough Brazil has the highest mechanized coffee area in the world, approximately 40.0% 

of the coffee crops, species Coffeea arabica and Coffeea canephora are produced in mountains 

[1,2]. In these regions, plant health protection is highly hindered by difficulties in traffic 

of machines and implements, which makes mechanized spray operations expensive or 

unviable. The methods commonly used for plant health protection in coffee crops include 

the use of backpack sprayers, atomizers, and hydro-pneumatic and pneumatic sprayers. 

The limitations of these options are scarcity of specialized workers, limited operational 

capacity, low application efficiency, and excessive application rates; these combined fac-

tors result in losses of product to the soil, and environmental and human contaminations 

[12,13]. 

The market of agrochemical application technology using an unmanned aerial vehi-

cle (UAV) has strongly grown in the last five years in Latin America, mainly in Brazil, 

where approximately 2500 UAV sprayers are currently in operation, with an estimate of 

10,000 UAV for 2028 [14]. Thus, the question to be answered is that whether UAV can be 

an alternative and economically viable technique for spraying pesticides on mountain cof-

fee crops. The answer to this question depends on the investigation of operational param-

eters of UAV, such as the application rate, operational flight speed and height, and droplet 

positioning and distribution on the crop canopy. Experimental applications using a UAV 

for spraying pesticides on specific crops are found in scientific articles, with applications 

to grass crops, such as rice [15,16], wheat [17,18], maize [19], and sugarcane [20], and to 

shrub and arboreal crops, such as cotton [21], peach [22], apple [23], citrus [24,25], and 

coffee [5,8]. These experimental applications to coffee crops are limited to operational as-

pects, disregarding the efficacy of possible pesticides in the applications. 

Therefore, these studies are a few examples of experimental research using a UAV as 

a sprayer. In this sense, other crops have potential for using a UAV, and those that are 

little researched show a need for studying different operational situations and crop char-

acteristics, such as coffee crops. Studies on the efficiency of pesticide application using a 

UAV and on the efficacy of the products applied present advantages for the preventive 

control of pests and diseases [15–18,26]. The density and deposition of droplets on the 

lower layers of the plant canopy is equivalent to approximately one third of that deposited 

in the upper layer, regardless of the rate applied using a UAV [5,15,19,27]. In the case of 

fungal diseases in middle and upper canopy layers, applications using a UAV have an 

efficient effect on the control [15]; therefore, fungal diseases as coffee leaf rust and cerco-

sporiosis can be controlled using the same application process. However, when the con-

trol of pests and diseases in lower canopy layers is required, the application efficiency and 

the product efficacy can be hindered due to the need for droplets of smaller diameters to 

obtain sufficient density and deposition [15]. 

Experimental studies on operational parameters of UAV sprayers and their effects 

on droplet coverage, density, diameter, deposition, and penetration have presented good 

progress. The most studied operational parameters of UAV sprayers are flight speed and 

height. Significant effects of UAV operational flight speed and height on deposition of 

droplets on canopies of rice, cotton, and coffee plants have been found [5,8,19,27]. The 
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ideal operational parameters for applications using a UAV to sugarcane crops are a flight 

height of 3.0 m, flight speed of 4 m s−1, and application rate of 15 L ha−1; this combination 

of parameters resulted in the best mean droplet density, uniformity, and deposition [21]. 

The application rates affect coverage, density, deposition, and diameter of the droplets 

deposited; high rates increase the amount and quality of these parameters [21,27]. A study 

on the effects of plant canopy and architecture of different genotypes of Coffea canephora 

and flight height showed significant effects, and the mean height of 2.0 m above the crop 

canopy presented the best results to ensure a good droplet distribution on the canopy of 

coffee plants from different genotypes [5]. 

The lack of specific information on pesticide applications using a UAV to coffee crops 

denotes the need for testing the following hypotheses: (a) the efficacy of fungicide appli-

cations using a UAV to mountain coffee crops is dependent on the choice of an adequate 

application rate; (b) the distribution of spray droplets on the coffee plant canopy using a 

UAV is sufficient for efficiently controlling leaf rust and cercosporiosis. Therefore, the ob-

jective of this study was to evaluate the efficiency of spray droplet deposition in coffee 

crops grown in a mountain region, associated to efficacy of controlling the fungal diseases 

leaf rust and cercosporiosis. 

2. Materials and Methods 

2.1. Characterization of the Area and the Experimental Crop  

The experiment was implemented, conducted, and evaluated in a property in Mare-

chal Floriano, state of Espirito Santo, Brazil, within the following UTM coordinates: 

315,737.47 m latitude, 7,738,468.05 m longitude, and altitude of approximately 720 m. The 

property has been approved as an experimental area by the Brazilian Ministry of Agricul-

ture, Livestock, and Food Supply (MAPA) for the development of research on coffee crops 

in mountain regions. The predominant climate in Marechal Floriano, a mountain region 

of the state of Espirito Santo, is temperate, according to the Köppen classification, with a 

mean temperature of 21.5 °C in the hottest month. 

The experimental crop was composed of coffee arabica plants (Coffea arabica L) of the 

cultivar Catuai Vermelho IAC-44, planted with spacing of 2.0 m between rows and 1.0 m 

between plants, totaling a stand of 5000 plants per hectare. The crop age at the time of the 

experiment was six years and the mean height of plants was 1.90 m. The crop was sub-

jected to stumping in October, 2018, and the pruning system for production consisted of 

growth of two fully developed and healthy stems per plant. 

2.2. Characterization of the Unmanned Aerial Vehicle 

The unmanned aerial vehicle (UAV) used was a model AGRAS MG-1P (DJI, SZ DJI 

Technology Co., Ltd., Shenzhen, China), with a 10-liter spray tank, adapted and regulated 

for spraying coffee crops (Figure 1). 

 

Figure 1. Multirotor unmanned aerial vehicle used for spraying in the experiment. 
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In addition to the spray tank for the products, the UAV was equipped with a water 

pump, piping circuit for liquid circulation, flat fan spray nozzle () with a mean flow of 

0.379 L min−1 at 3.0 bar pressure (TeeJet Technologies, Springfield, IL, USA), electronic 

valve control, and other components. Four spray nozzles were distributed equidistantly 

and perpendicularly to the aircraft axis, spaced at 0.75 m. The main specifications are 

listed in Table 1. 

Table 1. Specifications of the UAV DJI Agras MG-1P. 

Number of rotors 6 

Flight speed  0 to 12 m s−1 

Operating speed 0 to 8 m s−1 

Tank capacity 10 L 

Flight time capacity 10 to 25 min 

Spray nozzle type Flat fan 

Number of nozzles 4 

Distribution of nozzles Below 4 rotors in sequence 

2.3. Experimental Design 

Data of variables related to the application quality (droplet coverage, density, and 

deposition) were collected and statistically analyzed based on a randomized block exper-

imental design, with treatments distributed into a 3 × 3 + 1 factorial arrangement, consisted 

of three application rates using a UAV (5, 10, and 15 L ha−1), three deposition heights on 

the canopy of plants (upper, middle, and lower layers), and an additional treatment (con-

trol) based on the local standard application using a pneumatic sprayer (Khun Montana, 

model AF 2000 CAFE, São Paulo/SP, Brazil), with a 2000-liter spray tank, commonly used 

by coffee growers for crops planted in mountain regions (Figure 2), usually with a mean 

application rate of 400 L ha−1. Each treatment was repeated eight times. The treatments are 

described in Table 2. 

 

Figure 2. Pneumatic sprayer used for application in the control treatment. 

Table 2. Experimental treatments for analysis of application quality variables. 

Treatment 
Application Rate 

(L ha−1) 

Collection Height in the Canopy 

(Layer) 

Flight Height 

(above the Crop Canopy) 

T1 5.0 Upper 2.5 

T2 10.0 Upper 2.5 

T3 15.0 Upper 2.5 

T4 5.0 Middle 2.5 

T5 10.0 Middle 2.5 

T6 15.0 Middle 2.5 

T7 5.0 Lower 2.5 

T8 10.0 Lower 2.5 

T9 15.0 Lower 2.5 

Control 400 Upper, middle, and lower - 
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Variables related to pesticide efficacy, vegetative vigor, chlorophyll content, yield, 

and physiological evaluations were analyzed through data obtained from treatments ar-

ranged in a randomized block design, with eight replications for each treatment. The treat-

ments for this experimental step were: application rates of 5 L ha−1 (T5), 10 L ha−1 (T10), 

and 15 L ha−1 (T5) using the UAV; a rate of 400 L ha−1 (T400) through ground-based appli-

cation; and a control treatment with no addition of pesticides. 

The experimental plots consisted of seven 50-meter coffee plant rows, considering 

the three central rows for evaluations, and two rows as borders. The operation modes of 

the UAV were fully autonomous to ensure the standardization of the test results, main-

taining a flight height of 2.5 m above the crop canopy, an application range of 5.0 m, and 

an operating speed of 5 m s−1. The flight directions for application using a UAV were par-

allel to the planting rows; when using the pneumatic sprayer, the spray flow application 

was released perpendicularly to the planting rows and in two opposite directions to en-

sure the overlap of the application ranges (Figure 3). 

 

Figure 3. Experimental design. 

2.4. Determination of Variables Connected to Droplets Deposition Quality 

Water-sensitive paper tags with dimensions of 76 × 26 mm were used to collect the 

spectrum of sprayed droplets; a polyvinyl chloride (PVC) template was used to fix the 

tags at the three different heights of the coffee plant canopies (Figure 4). The tags were 

fixed immediately before the application operations, according to the methodology de-

scribed by [5]. 

 

Figure 4. Arrangement of water-sensitive paper tags using PVC templates. 

The quantification and characterization of droplet impacts on each water-sensitive 

paper tag were carried out immediately after application of each treatment and drying the 
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tags using a wireless DropletScope® system (SprayX Company, São Carlos/SP, Brazil), 

which is composed of programs and a wireless digital microscope with a digital sensor 

for images over 2500 dpi. This system estimates partially overlapping droplets from ap-

proximately 35 µm onwards (Figure 5). The following parameters were evaluated: droplet 

coverage (%) and droplet density (droplets cm−2). 

 

Figure 5. Wireless DropletScope® System. 

Rhodamine B (tetra-ethyl-rhodamine, Sigma-Aldrich Company, São Paulo/SP, Bra-

zil), a fluorescent dye used as a marker for measuring spray deposits of up to 800 mg ha−1, 

was added to the sprayer tank to estimate the deposition of the sprayed solution. Leaves 

of the third node of plagiotropic branches, close to the positions where the water-sensitive 

paper tags were fixed, were collected after the application of each treatment, totaling eight 

leaves per treatment: four leaves from each half of the plant canopy layers. The samples 

were labeled, placed in plastic bags, and stored in an expanded polystyrene box. A 50-

mililiter sample of each application was collected for the preparation of calibration curves 

in a fluorimeter, in which the rhodamine concentrations were determined. 

 The leaves were washed with 25 mL of a distilled water and alkaline detergent solu-

tion (1% v/v) to remove dye tracer from the leaves. The weight balance generated by de-

posits of dye tracer on the samples in relation to the initial concentration was used to es-

timate the deposition on the leaves. A portable digital fluorimeter (HighMed Company, 

São Paulo/SP, Brazil) with a minimum detection of 0.02 ppb (parts per billion) of rhoda-

mine was used. The area of the leaves was measured using a leaf area meter (Li-Color L1-

3100, Lincoln, California, USA). 

The fluorimeter readings, calibration curve data, and leaf area were used to calcu-

lated the quantity of spray deposits per unit of area (µL cm−2). 

2.5. Monitoring of Climate Conditions 

The experiment was conducted in the 2021/2022 crop season. The climate conditions 

were monitored and recorded through a meteorological station (Sigma Sensors®, model 

EMI-RX-500, Sigma Sensors, São José dos Campos/SP, Brazil). Figure 6 shows the data of 

mean monthly rainfall depth, relative air humidity, and temperature from June 2021 to 

June 2022. This monitoring is important because fungal diseases present higher incidence 

under favorable climate conditions, mainly under high rainfall depths and relative air hu-

midity (AH). 
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Figure 6. Climate conditions monitored during the study, considering rainfall depth (mm), relative 

air humidity (%), and temperature (°C), shown as biweekly means, based on daily data from June 

2021 to June 2022, in Marechal Floriano, ES, Brazil. 

Table 3 shows the climate conditions at the time of pesticide applications, considering 

the methodology described in the Norm 22866 of the International Organization for Stand-

ardization [28]. This norm establishes that temperature during the applications should be 

between 5 and 35 °C, a maximum of 10% of wind speed measurements below 1.0 m s⁻¹, 

and wind direction within a limit of 90° ± 30° in relation to the application line. 

Table 3. Climate conditions during the pesticide applications. 

Application Date  
Application Rate  

(L ha−1) 

Temperature  

(°C) 

Relative Air Humidity 

(%) 

Wind Speed 

(m s−1) 

min max min max min max 

8 September 2021 

5 22.4 24.0 62.0 67.0 0.8 2.1 

10 22.7 24.0 63.0 67.0 0.7 2.2 

15 23.0 24.1 60.0 66.0 1.1 2.7 

400 23.1 24.0 61.0 64.0 0.9 2.4 

14 January 2022 

5 24.1 25.8 67 70 0.6 1.1 

10 24.2 25.5 66 69 0.5 1.1 

15 24.5 26.0 66 70 0.8 1.2 

400 25.0 27.5 67 68 1.0 1.2 

2.6. Efficacy of Leaf Rust and Cercosporiosis Control in Coffee Plants 

Table 4 shows the active ingredients recommended for leaf rust and cercosporiosis 

control in coffee plants, the application date, formulation, concentration, application rate, 

and application method. 

Table 4. Active ingredients for the prevention and control of leaf rust and cercosporiosis in coffee 

plants, application date, concentration, application rate, and application method. 

Application Date Active Ingredient + Adjuvant Concentration Application Rate 
Application 

Method 

8 September 2021 

Cyproconazole, soluble concentrate (Priori 

Xtra, Syngenta®) + adjuvant Alkyl ester 

phosphate, emulsifiable concentrate 

(Ochima, Syngenta®) at a rate of 400 mL ha−1 

100 g a.i. ha−1 

5 L ha−1 

UAV 10 L ha−1 

15 L ha−1 

400 L ha−1 Pneumatic sprayer 

14 January 2022 

Azoxystrobin/cyproconazole, concentrate 

suspension ((Priori Xtra, Syngenta®) + adju-

vant Alkyl ester phosphate, emulsifiable con-

centrate (Ochima, Syngenta®at a rate of 400 

mL ha−1 

280 g a.i. ha−1 

5 L ha−1 

UAV 10 L ha−1 

15 L ha−1 

400 L ha−1 Pneumatic sprayer 
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The incidences of leaf rust and cercosporiosis were evaluated in eight plants of each 

experimental unit, recording the presence or absence of disease in plants from August to 

December, 2021. The data were transformed into percentages of incidence of the diseases. 

The mean results of incidence and severity of the diseases were used to calculate the area 

under the disease progress curve (AUDPC). 

The agronomic efficiency (AE) of the treatments applied for prevention and control 

of leaf rust and cercosporiosis was calculated using the following equations:  

��(%) =
(���)

�
× 100  (1)

where P is the percentage of disease infection and p is the percentage of disease infection 

in the treatments. 

2.7. Determination of Vegetative Vigor, Chlorophyll Content, Yield, and Physiological Analyses 

Vegetative vigor was evaluated in the field at the time of harvest of the plots, using 

an arbitrary scale of grades from 1 to 10, in which 1 was attributed to plants poorly grown 

and 10 was attributed to plants with maximum vegetative vigor. 

Physiological evaluations of chlorophyll contents were carried out in January and 

March 2022, using an electronic chlorophyll meter (Falker Company, Porto Alegre/RS, 

Brazil) on leaves from the third leaf pair, with 10 measurements on each side of eight 

plants per treatment. The chlorophyll contents were used to identify the crop status in a 

simple and direct form, as the results obtained are directly proportional to essential nutri-

ents, such as nitrogen. 

 The coffee yield was evaluated by harvesting 10 plants per plot; the production was 

measured in liters per plant. Two-liter coffee samples were collected from each plot, dried 

until reaching 12.0% moisture, and weighed; they were then processed and weighed 

again, and the results were transformed into processed coffee bags (60 kg ha−1). 

 Variables related to chlorophyll fluorescence were measured in January and March 

2022, using a Multispeq V2.0 device (PhotosynQ LLC, East Lansing, MI, USA). These var-

iables were: maximum quantum efficiency of photosystem II (Fv/Fm) and proton conduc-

tivity of the thylakoid membrane (gH+), which describes the accumulation of protons in 

the thylakoids and their flow from the thylakoid lumen to the stroma. 

2.8. Statistical Analyses  

The assumptions of droplet density, coverage, and deposition data, and agronomic 

and physiological data were tested. The Shapiro–Wilk test was applied to assess the ho-

mogeneity and normality of residues. The data were transformed when needed and after 

analysis of variance, using the Tukey’s test for variables referring to the UAV application 

quality, the Dunnett test for comparison with the control treatment, and the Scott-Knott 

test for the efficacy of pesticides (agronomic efficiency), vegetative vigor, chlorophyll con-

tent, yield, and physiological evaluations. 

3. Results 

3.1. Effects of Application Rates and Canopy Layers 

The analysis of variance (ANOVA) is shown in Table 5; the application rates and 

canopy layers of coffee plants had independent effects on the three response variables 

analyzed: droplet coverage, density, and deposition. 
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Table 5. Analysis of variance (ANOVA) for the effects of the application rates and canopy layers of 

coffee plants. 

Source of Variation 
Degrees of 

Freedom 

Droplet Coverage Droplet Density Droplet Deposition 

Mean p-Value Mean p-Value Mean p-Value 

Rate (R) 2 2.803 0.034 * 347.181 0.047 * 0.589 0.040 * 

Layer (L) 2 6.126 <0.001 ** 792.401 <0.001 ** 0.251 0.039 * 

R × L 4 0.124 0.744 ns 34.135 0.719 ns 0.025 0.842 ns 

Error 63 0.255 - 65.100 - 0.074 - 

*sigficant p-valor < 0.05; **sigficant p-valor < 0.01; nsnon-significant. 

Droplet coverage, density, and deposition on coffee plants were significantly affected 

by the application rates, as shown in Figure 7. 

 

 

 

Figure 7. Droplet distribution in coffee layers using different application rates. Bars represent the 

treatments: T1, T2, T3, T4, T5, T6, T7, T8, and T9, from left to right. Means followed by the same 

lowercase letter between layers do not differ at 0.05 level of significance by Tukey’s test. 

The target coverage presented significant differences between treatments with the 

application rates of 15 L ha−1 (T3, T6, and T9) and 5 L ha−1 (T1, T4, and T7). When using 15 
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L ha−1, the maximum target coverage was found in the treatments T3, T6, and T9. The 

droplet coverage was 6.98% in T3, 4.50% in T6, and 2.21% in T9.  

The increases in application rates increased the droplet density. The maximum den-

sity found was 15.7 droplets cm−2, approximately 3.73-fold higher than that found in T7 

(4.20 droplets cm−2), with a rate of 5 L ha−1. 

When using the application rate of 5 L ha−1, the droplet depositions were 0.61 µL cm−2 

(T1), 0.25 µL cm−2 (T4), and 0.12 µL cm−2 (T7), which were lower than those found with the 

rate of 15 L ha−1: 1.60 µL cm−2 (T3), 1.04 µL cm−2 (T6), and 0.43 µL cm−2 (T9). The mean 

droplet deposition, as found for droplet density, increased as the application rate was in-

creased. 

Figure 8 shows the comparisons between the results found for coffee plant canopy 

layers. The results indicate that the droplet coverage (p < 0.001 **), density (p < 0.001 *), 

and deposition (p = 0.039) were significantly different in the three layers evaluated. 

 

 

 

Figure 8. Droplet distribution in coffee plant canopy layers using different application rates. Bars 

represent the treatments: T1, T2, T3, T4, T5, T6, T7, T8, and T9, from left to right. Means followed by 

the same lower-case letter between application rates do not differ at 0.05 level of significance by 

Tukey’s test. 
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The highest droplet coverages in the upper canopy layer were 6.98% (T3), 6.41% (T2), 

and 4.70% (T1), whereas the highest coverages in the lower canopy layer were 2.08% (T9), 

2.00% (T8), and 1.20% (T7). The highest mean coverage in the upper layer (6.98%) was 

approximately 3.4-fold higher than that found for the lower layer. 

The comparison between the lower and upper canopy layers showed that the drop-

lets reached the maximum density in the upper layer. Thus, the maximum droplet densi-

ties were 10.10, 14.21, and 15.67 droplets cm−2 in the treatments T1, T2 and T3, respectively. 

The droplet deposition was higher in the upper canopy layers, where the maximum 

depositions found were 0.62 (T1), 1.33 (T2), and 1.62 µL cm−2 (T3). The difference between 

the highest deposition in the upper layer (1.62 µL cm−2) and the lowest deposition in the 

lower layer (0.11 µL cm−2) was 1.51 µL cm−2, which is equivalent to 93.2%. 

3.2. Comparative Analysis of Application Quality Parameters of UAV and Pneumatic Sprayer 

Table 6 shows the mean results found for the droplet coverage, density, and deposi-

tion obtained in the treatments using a UAV, compared to those found when applying 

400 L ha−1 using a pneumatic sprayer (control treatment). 

Table 6. Mean droplet coverage (CO, %), density (DN, droplets cm−2), and deposition (DP, µL cm−2) 

in the upper (UP), middle (MD), and lower (LW) layers of coffee plant canopies by treatments using 

a UAV, compared to the control treatment. 

 Application with Pneumatic Sprayer at 400 L ha−1 (Control) 

 Upper Layer  Middle Layer  Lower Layer 

CO 28.70 17.42 9.53 

DN 129.75 113.74 91.28 

DP 42.67 27.72 11.47 

 UAV 5 L ha−1 UAV 10 L ha−1 UAV 15 L ha−1 

 UP MD LW UP MD LW UP MD LW 

CO 4.69 ** 1.33 ** 1.21 ** 6.37 ** 2.81 ** 1.29 ** 6.98 ** 4.54 ** 2.21 ** 

DN 10.11 ** 6.92 ** 4.19 ** 14.21 ** 8.19 ** 5.01 ** 15.70 ** 10.07 ** 8.58 ** 

DP 0.61 ** 0.25 ** 0.12 ** 1.33 ** 0.26 ** 0.33 ** 1.60 ** 1.04 ** 0.43 ** 

** means significantly different from the control treatment by the Dunnett test (p < 0.01). 

The control treatment presented droplet coverage, density, and deposition signifi-

cantly higher when compared to any of the treatments using a UAV (p < 0.01 *). 

 The coverage in the upper layer using a pneumatic sprayer (28.70%) was 4.11-fold 

higher than that in the same layer (6.98%) using a UAV, at the rate of 15 L ha−1. In the 

middle and lower layers, the coverage using a pneumatic sprayer was 3.83- and 4.31-fold 

higher, respectively. 

 The droplet density found in the upper, middle, and lower layers for the application 

with pneumatic sprayer was 129.75, 113.74, and 91.28 droplets cm−2, respectively. The 

comparison of these results with those found for the application with UAV at the rate of 

15 L ha−1 showed a decrease of 87.9% in the upper (15.70 droplets cm−2), 91.1% in the mid-

dle (10.07 droplets cm−2), and 90.6% in the lower canopy layer (90.6 droplets cm−2). 

The highest depositions found for the applications using a UAV was at the rate of 15 

L ha−1: 1.60, 1.04, and 0.43 µL cm−2 in the upper, middle, and lower layers, respectively. 

The droplet deposition in the upper using a pneumatic sprayer was 42.67 µL cm−2, repre-

senting a 26.7-fold higher deposition. 

3.3. Incidence of Leaf Rust and Cercosporiosis, AUDPC, Agronomic Efficiency, and Vegetative 

Vigor 

Figure 9 shows the disease progress curves for leaf rust and cercosporiosis in coffee 

plants in each treatment tested: application using a UAV with the application rates of 5 L 

ha−1 (T5), 10 L ha−1 (T10), and 15 L ha−1 (T15); ground-based application using a pneumatic 
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sprayer at the rate of 400 L ha−1 (T400); and a control treatment with no pesticide applica-

tions. 

 
(a) 

 
(b) 

Figure 9. Disease progress curves for leaf rust (a) and cercosporiosis (b) in the treatments tested. 

Curves followed by the same letter are not different from each other by Tukey’s test at a 5% signif-

icance level. 

The results showed an increase from 2.50% to 31.50% in leaf rust from the first (Jan-

uary 22) to the last evaluation (June 22), whereas cercosporiosis incidence increased from 

3.75% to 29.0% in the same period in the control treatment.  

The fungicide application using a UAV at an application rate of 5 L ha−1 (T5) resulted 

in an increase in leaf rust incidence from 0% (with no incidence in the first evaluation) to 

20.75% in the last evaluation. 

The initial evaluation presented no incidence of leaf rust in treatments with applica-

tion of fungicide at rates of 10 L ha−1 (T10) and 15 L ha−1 using a UAV, and with the appli-

cation rate of 400 L ha−1 through ground-based application using a pneumatic sprayer, but 

increased 6.00%, 4.25%, and 2.50%, respectively, in the last evaluation. These results were 

not different from each other and denoted a significant decrease in leaf rust when com-

pared to the treatment T5 and the control treatment. 

Cercosporiosis incidence increased from 3.50% in the first (January 22) to 29.00% in 

the last evaluation (June 22). T5, T10, T15, and T400 presented initial incidences of 1.00%, 

2.25%, 1.25%, and 3.00%, respectively; and in the last evaluation, they presented inci-

dences of 10.00%, 10.75%, 9.50%, and 12.00%, respectively. The incidences in the last eval-

uation were not statistically different between treatments; however, they were signifi-

cantly lower than that found in the control treatment (29.00%). 

Figure 10 shows the results of agronomic efficiency, yield, vegetative vigor, and area 

under the disease progress curve (AUDPC) for fungicide applications in T5, T10, T15, 

T400, and control treatment. 
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Figure 10. Agronomic efficiency, yield, vegetative vigor, and area under the disease progress curve 

(AUDPC) for leaf rust (a) and cercosporiosis (b) in the treatments tested. Bars with the same upper-

case letter comparing agronomic efficiency, or lowercase letter comparing yield and vegetative 

vigor, are not different from each other by Tukey’s test at 5% significance. 

The leaf rust incidences in the area under the disease progress curve (AUDPC) found 

for the fungicide treatments T400 and T15 were significantly different from the other treat-

ments, presenting the lowest values: 222.25 and 280.75, respectively. The cercosporiosis 

incidences presented the same trend, with the lowest values found for T400 (970.88) and 

T15 (953.38).  

 The agronomic efficiency of the fungicide applications to control the incidence of leaf 

rust in the treatments T400 and T15 was significantly different from that found in the other 

treatments: 90.62% and 86.62%, respectively. The agronomic efficiency to control the inci-

dence of cercosporiosis in T400, T15, and T10 (57.75%, 59.98%, and 58.00%, respectively) 

was significantly different from that found in T5 and in the control treatment. 

 The mean vegetative vigor found (Figure 8) showed no significant difference be-

tween the treatments T5 (8.0), T10 (8.75), T15 (9.0), and T400 (9.5); however, the difference 

was significantly higher when compared to the control treatment (4.0). The highest coffee 

yield was found in T400 (41.1 bags ha−1); however, it was not significantly higher than 

those found in T15 (36.83) and T10 (37.70 bags ha−1). Moreover, a significant increase was 

found when compared to the control (20.00 bags ha−1), with yields 2.06-fold higher in T400 

and 1.89- and 1.84-fold higher in T15 and T10, respectively. 

3.4. Physiological Evaluations 

Table 7 shows the mean total chlorophyll contents and other physiological parame-

ters connected to the treatments tested. 
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Table 7. Physiological parameters in coffee arabica (cultivar Catuai Vermelho IAC-44) under fungi-

cide treatments for prevention of diseases, applied using a UAV and pneumatic sprayers, Marechal 

Floriano, ES, Brazil, 2021/2022 crop season. 

Physiological  

Parameters 

Treatments 

Control T5 T10 T15 T400 

TCC (%) 56.72 b 62.32 a 62.14 a 62.94 a 62.87 a 

Fv/Fm 0.745 b 0.807 a 0.801 a 0.826 a 0.793 a 

gH+ 140.19 a 225.59 a 215.71 a 156.33 a 157.81 a 

TCC = total chlorophyll contents; gH+ = proton conductivity of the thylakoid membrane; Fv/Fm = 

maximum quantum efficiency of photosystem II. Means followed by the same lower-case letter in 

the row do not differ at 0.05 level of significance by Tukey’s test. 

The total chlorophyll contents found showed significant differences between the con-

trol (56.72%) and the other treatments. The highest total of chlorophyll content was found 

in the treatment with the application of fungicide at a rate of 15 L ha−1 using a UAV (T15); 

the difference from the control was 6.22 percentage points. 

The maximum quantum efficiency of photosystem II (Fv/Fm) showed no significant 

difference between the treatments T5, T10, T15, and T400; however, they showed signifi-

cant differences when compared to the control. The highest Fv/Fm was found in T15 

(0.826), denoting that 82.60% of the incident solar light was used for photosynthesis; this 

result was significantly higher when compared to the control (74.5%). 

The proton conductivity of the thylakoid membrane (gH+) showed no significant dif-

ferences between the treatments, presenting a value of 140.19 in the control, and mean of 

188.76 for the fungicide treatments. 

The amount of light used by the plant for photosynthesis (Φ²) showed no significant 

difference between the fungicide treatments applied using a UAV (T5, T10, and T15), 

whose values were, on average, 10.65% higher than that of the treatment T400 and 24.07% 

higher than that of the control. 

The electron flow from the antenna complex of photosystem II showed a significant 

difference between the treatments evaluated. The highest values were found in the treat-

ments T10 (20.35) and T15 (25.24). 

4. Discussion 

The results found denoted that the application rate used for applying fungicide to 

coffee arabica crops through UAV has a significant effect on the droplet distribution in the 

different coffee plant canopy layers. The mean coverage, density, and deposition of drop-

lets significantly increase as the application rate is increased. Similar results were found 

in similar experimental studies on conilon coffee [5], arabica coffee [6], citrus [24,25], apple 

[2,3], wheat [17], and rice [16] crops. Two aspects are considered important for fungicide 

application to coffee arabica crops using a UAV: the first is the low operational capacity 

due to the limited tank load and low battery charge duration [15,29] and the second is the 

characteristic place of infestation of most fungal diseases in conilon coffee crops, which is 

usually in the middle and upper canopy layers [30,31]; the results indicate the use of an 

application rate of 10 L ha−1. The droplet coverage, density, and deposition were higher 

with an application rate of 15 L ha−1; however, the mean values were not significantly 

different from the rate indicated in the present work (10 L ha−1) for the middle and upper 

canopy layers. The use of this rate (10 L ha−1) resulted in a higher operational capacity 

when compared to the rate of 15 L ha−1, maximizing the battery use; in addition, there was 

a significant droplet distribution in the coffee plants layers with higher incidence of fungal 

diseases. However, the choice of the most adequate application rate depends on the de-

velopmental stage and age of coffee plants; older plants with a canopy volume that in-

creases the leaf density between rows may require higher application rates. 
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There was evidence of downwash effect contributing to droplet penetration and dis-

tribution in the crop canopy, i.e., the air flow generated by the multi-rotors agitates the 

leaves on the plant canopy, facilitating the deposition process, mainly in the lower layer 

[31–34]. In this sense, there was a significant difference in droplet coverage, density, and 

deposition in the canopy lower layer of coffee plants when compared to the upper and 

middle layers. For example, the droplet deposition was up to 95% higher in the upper 

layer than in the lower canopy layer when using application rates of 10 and 15 L ha−1. The 

droplet coverage, density, and deposition over the canopy was lower at the rate of 5 L 

ha−1, which denotes the need for criteria to choose the most adequate application rate, 

considering the age and developmental stage of coffee plants. The results of droplet cov-

erage, density, and deposition were significantly higher in all coffee plant canopy layers 

when applying the rate of 400 L ha−1 using a pneumatic sprayer, compared to the rates 

applied using a UAV. However, these higher values resulted in runoff of the sprayed so-

lution on leaves in many points of the coffee plants, denoting an excessive application 

rate[35]. An experiment with different application rates to coffee crops showed that the 

applications using a pneumatic sprayer was more homogeneous when using solution vol-

umes 50% and 75% lower when compared to that applied by a hydraulic sprayer [36]. 

Thus, the application solution volumes for coffee crops can be low when using a pneu-

matic sprayer device. 

Pneumatic sprayer is the most used device for control of fungal diseases in coffee 

crops in mountain regions because it presents high operational capacity due to its appli-

cation range; although it has low application efficiency when using high application rates, 

which causes runoff of the solution sprayed on the leaves, consequently, to the soil. An 

alternative is the use of manual or electromechanical backpack sprayers, which are more 

efficient sprayers regarding the droplet shape and deposition, when correctly adjusted 

and calibrated; however, they present two major problems: the first is the increasingly 

scarcity of workers for this type of work, which is laborious for the operator, and the sec-

ond is its limited operational capacity. 

 In this sense, the present work highlights the spraying of fungicides using a UAV. 

The leaf rust and cercosporiosis progress curves denoted an effectively significant control, 

with no difference in the diseases’ progress between the treatments using a pneumatic 

sprayer and those using a UAV, at application rates of 10 and 15 L ha−1. The coffee leaf 

rust starts in the middle canopy layer towards the upper layer, and cercosporiosis occurs 

predominantly in the upper canopy layer. The application rate of 5 L ha−1 can be recom-

mended when fungicide application is needed to control only cercosporiosis. However, 

in most cases, the application of mixtures of products is needed to reach different targets 

on the plant. The means found for agronomic efficiency and vegetative vigor presented 

no significant differences; it denotes the efficacy of the fungicides to control leaf rust and 

cercosporiosis when applied at the rates of 10 and 15 L ha−1 using a pneumatic sprayer 

and UAV. These results were reflected on coffee yield, which was not affected by the ap-

plication method. The choice of the application method should consider application effi-

ciency, operational capacity, and availability of workers. In this sense, the use of new tech-

nologies in crops, such as UAV, allows for a higher precision in the application, decreasing 

the use of chemical products and, consequently, environmental and human contamina-

tions, without compromising the efficacy of pest and disease controls [37]. 

Considering the effects of the application method and rate on application efficiency 

and pesticide efficacy, a high application rate, as in the case of that applied (400 L ha−1) 

using a pneumatic sprayer in this work, has a direct effect on droplet diameter. The higher 

the application rate, the larger the droplet diameter generated and the lower the droplet 

density [38,39]. However, in contrast to the common knowledge that a higher liquid vol-

ume results in a better application quality, a more correct procedure is the use of a low 

volume, but producing the highest possible quantity of droplets, mainly in crops with a 

high leaf density, as is the case of coffee plants. This information reinforces the recommen-

dation for using a UAV in coffee crops. 
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The high chlorophyll content in plants treated with fungicides explains their high 

vegetative vigor, regardless of the fungicide application method used (UAV or pneumatic 

sprayer). Strobilurin fungicides decrease the chlorophyll loss, which results in an effect in 

the field called the “green effect”, which was also found in the present study. This physi-

ological effect is the result of increases in net photosynthesis, causing decreases in respi-

ration and carbon loss of plants and increases in energy gain (ATP) and yield [40–42]. The 

maximum quantum efficiency of photosystem II (Fv/Fm) and proton conductivity of the 

thylakoid membrane (gH+) presented no significant differences between treatments re-

lated to the application method or rate. However, these variables presented significant 

increases when compared to the control treatment. Therefore, there was no negative effect 

on the activities of the photosynthetic apparatus of coffee leaves when using a UAV or 

pneumatic sprayer. Similar results were found for olive [43] and wheat [44] crops. 

Although the results of the present study were significant for the use of UAV to con-

trol leaf rust and cercosporiosis in coffee crops grown in mountain regions, other experi-

ments are needed to elucidate some issues regarding type of application tips, use of cen-

trifugal distributor for application, operational flight speed and height, and monitoring of 

the effectiveness of the tested applications to control other pests and diseases. 

5. Conclusions 

An unmanned aerial vehicle (UAV) sprayer and a pneumatic sprayer were used for 

applications of fungicides to control leaf rust and cercosporiosis in coffee crops of the cul-

tivar Catuai Vermelho IAC-44 grown in the mountain region of the state of Espirito Santo, 

Brazil. The droplet coverage, density, and deposition data were used to analyze the appli-

cation efficiency; agronomic efficiency, vegetative vigor, physiological parameters, and 

yield were used to determine the efficacy of the fungicides applied. The main conclusions 

were: 

(1) The fungicide application using a UAV results in a low fungicide droplet coverage, 

density, and deposition, mainly in the lower canopy layer of coffee plants, regardless 

of the application rate. The highest droplet deposition was 1.60 µL cm−2, with an ap-

plication of a rate of 15 L ha−1, which was less than 4.0% of the droplet deposition 

found for the application using a pneumatic sprayer; 

(2) Although variables related to UAV application efficiency showed lower results than 

those found for the pneumatic sprayer, variables connected to the fungicide efficacy 

presented similar results to those of the control. The agronomic efficiency found for 

control of cercosporiosis and leaf rust was 59.98 and 82.62%, respectively, when using 

a UAV (rate of 15 L ha−1), and 58.00% and 90.62% when using a pneumatic sprayer, 

respectively; 

(3) Under the experimental conditions, the control of fungal diseases through fungicide 

applications using a UAV did not interfere with vegetative vigor and yield of coffee 

plants; 

(4) The results found that the control of fungal diseases through fungicide applications 

using a UAV can be efficient for mountain coffee crops; 

(5) Further studies should be conducted to elucidate some issues regarding uniformity 

of distribution and penetration of droplets applied using a UAV, and determine the 

possibility of controlling a wider spectrum of pests and diseases in mountain coffee 

crops. 
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