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The use of remotely piloted aircrafts (RPAs) for foliar application of pesticides and fertilizers has increased worldwide in several agricultural crops. However, there is little information on the efficiency and factors connected to application and spraying quality of RPAs in forestry, mainly for eradication of eucalyptus sprouts. The objective of this work was to evaluate droplet distribution and deposition on eucalyptus sprouts and the risk of exposure for applicators using an RPA (DJI AGRAS T40) at different theoretical application ranges (7.0, 9.0, and 11.0 m) and droplet sizes (150, 300, and 450µm) compared to a manual electric backpack sprayer (MEBS). The spray solution was composed of water, brilliant blue dye, and adjuvant. Water-sensitive paper cards and flexible polyvinyl chloride cards were positioned on different eucalyptus sprout canopy layers (ESCL) (upper, middle, and lower) to evaluate droplet distribution and deposition. Disposable coveralls, gloves, and respirators were used to evaluate the risk of occupational exposure. The results showed that the application ranges of 7.0 and 9.0 m with droplet sizes of 150µm and 300µm resulted in better droplet distribution throughout the ESCLs. However, the 450µm droplet size resulted in concentration of droplets in the upper ESCL. Using an MEBS resulted in greater heterogeneity in droplet distribution and approximately a 160-fold higher accumulation of droplets on different applicator’s body parts compared to the RPA. The results confirmed the efficiency and operational safety of using RPAs for the application of agricultural pesticides and foliar fertilizers in eucalyptus plantations, as well as providing valuable contributions for future research on these practices in eucalyptus cultivation.




Keywords: eucalyptus ssp., forestry, droplet deposition, application technology, risk of exposure, spray drift, unmanned aerial spraying system, unmanned aerial vehicle




1 Introduction

Eucalyptus (Eucalyptus spp.) is the main planted forest species worldwide due to its economic importance in the market of forestry products, ecological and environmental safety, and mitigation of climate change (Palma et al., 2021; Tang et al., 2023). The main producing countries include Brazil, China, India, and Australia. Eucalyptus plantations in Brazil have high production potential, estimated in 33.7 m3 ha-1 year-1 (with bark) and are grown in approximately 7.83 million hectares (IBÁ, 2024).

The growth, development, yield, and quality of products from fast-growth forests, as eucalyptus, are affected by the interactions between environmental, genetics, and management factors over the production cycle. The reforesting process in these plantations requires the planting of new seedlings after the mature forest harvest. Therefore, the eradication of undesired sprouts that emerge from epicormic and lignotubers in the base of trees is essential to ensure the growth of new seedlings and minimize competition for resources (water, light, nutrients and space) (Burrows, 2013; Clarke et al., 2013). These sprouts persist in stumps after the timber harvest and removing them for pre-establishment of new plantations is crucial (Montes et al., 2022). Chemical control through application of herbicides with systemic and contact modes of action is one of the main approaches for removing these sprouts (Ferreira et al., 2010).

Conventional methods of pesticide application in forestry usually involve the use of ground sprayers, as backpack and tractor-mounted sprayers (boom, self-propelled, pneumatic, and hydropneumatic). Mewes et al. (2013) highlight that ground applications in forests favor intensive monitoring and localized control of biological target; moreover, they showed that aerial applications by airplanes results in droplets being predominantly directed towards the upper canopy layer, causing difficulties to reach targets in lower canopy layers. Therefore, ensuring the uniform distribution of the active ingredient over, covering the entire target canopy of plants or, at least, the predominant areas of biological targets is essential to obtain a higher efficiency in plant protection in forests (Pachuta et al., 2023).

The use of remotely piloted aircraft (RPA) is increasingly expanding in the agriculture and forestry sectors. RPAs can be classified into two large groups: RPAs for aero surveys, focused on photogrammetry using optical and thermal sensors; and RPAs for agricultural purposes, as pesticide and foliar fertilizer applications and dispersion of solids, as mineral fertilizers and seeds. Studies using RPAs on eucalyptus plantations are currently concentrated on forest monitoring (Marques et al., 2024), estimating of trunk diameters (Prabhu et al., 2024) and plant aerial biomass (Liu et al., 2023), detection of trees and qualitative inventory (Almeida et al., 2021), detection of foliar diseases (Liao et al., 2022), detection and measurement of cutter-ant nests (Santos et al., 2022), detection of planting flaws (Zhao et al., 2021). However, there is a significant lack of information regarding the use of RPAs for pesticide application in forestry areas.

The technology of application of pesticides and foliar fertilizers using RPAs stands out by its advantages compared to conventional sprayers, including higher operational efficiency, low application rates, water economy, lower risk of contamination of applicator, and fit for mountainous terrain and muddy fields; in addition, it does not require takeoff or landing tracks and is not limited by topography, space for turning, and canopy of target plants (Wang et al., 2019; Biglia et al., 2022; Mahmud et al., 2023; Arakawa and Kamio, 2023). However, some current limitations include the demand for specialized labor, operational time due to battery life, and increased risk of drift under inadequate operational parameters (flight height and operational speed, application rate, spray nozzles, flight path, and application range) and weather conditions during applications (Richardson et al., 2020; Guo et al., 2020; Gugan and Haque, 2023; Carneiro et al., 2024).

Studies on the control of pests, diseases, and weeds using RPAs are concentrated in annual crops, such as rice (Chen P. et al., 2020), cotton (Wang G. et al., 2022), maize (Shan et al., 2022), soybean (Lopes et al., 2023), wheat (Pranaswi et al., 2024), and perennial plants, such as apple (Wang C. et al., 2022), citrus (Nascimento and Vitória, 2022), vine (Biglia et al., 2022), peach (Li et al., 2022), Brazil nut (Arakawa and Kamio, 2023), coffee (Vitória et al., 2023), almond (Li et al., 2021), coconut (Lan et al., 2024), and olive (Martinez-Guanter et al., 2020). However, specific morphological characteristics of eucalyptus, as erect growth habit, rounded canopy architecture, and ascending branches from the trunk, poses unique challenges for the planning of pesticide applications, different from those of other agricultural crops, emphasizing the need of adapted approaches to eucalyptus plantations.

One of the main problems to be minimized during the applications with RPAs is the movement of droplets directed to areas outside the target due to air flow, called drift (Wang et al., 2018). The exposition of applicators to pesticides can occur, regardless of the application method used (ground or aerial), mainly by inhalation and dermal contact during the mixture, loading, cleaning of equipment, entry in treated areas, and spray drift (Pinto et al., 2020; Yan et al., 2021). Although RPA operators maintain a distance from the equipment during pesticide applications, the combination of fine droplets, the high distance between the spray nozzle and the target, and unfavorable weather conditions can result in direct and indirect exposure of individuals near the treated areas; additionally, the solutions applied by RPAs are extremely concentrated (Wang et al., 2023; Dubuis et al., 2023). Previous studies have highlighted the need for real-time monitoring of occupational exposure risk for applicators and spray quality on target plants during RPA applications, as recently shown in shrub fruit orchards by Dubuis et al. (2023); Wang et al. (2024), and Lan et al. (2024).

Therefore, the hypotheses raised in this study were: (a) the interaction between theoretical application range and droplet size affects the quality of applications to eucalyptus plantations; (b) the risk of occupational exposure for applicators is increased by decreasing the size of the sprayed droplets; (c) the distribution of droplets sprayed using RPAs has the potential for quality in eucalyptus sprout eradication with herbicides; and (d) the spray uniformity achieved using RPAs is greater than that obtained with a manual electric backpack sprayer.

In this sense, the objective of this work was to evaluate the distribution and droplet deposition on eucalyptus sprouts and the risk of exposure for applicators using an RPA (DJI AGRAS T40) with centrifugal nozzles, using different operational parameters (application range and droplet size) compared to a manual electric backpack sprayer.




2 Material and methods



2.1 Characterization of the study area

The experiment was conducted in a commercial eucalyptus area in São Mateus, state of Espírito Santo, Brazil (18°34’02’’S; 40°05’10”W). The soil of the area was classified as Typic Hapludult of loamy sandy texture. The region’s climate was classified as Aw, hot and humid, with a dry season in the autumn-winter and a rainy season in the spring-summer, according to the Köppen classification (Alvares et al., 2013).

The experimental area was composed by eucalyptus sprouts (hybrid Eucalyptus grandis × Eucalyptus urophylla, commercial clone CCARAOP), with mean height of 2.80 m (measured with a tape measure from the stem base to the apex) and spacing of 3.60 × 2.50 m, totaling 1,111 plants per hectare. Figure 1 shows the location of experimental area and the distribution of eucalyptus plants.




Figure 1 | Remotely piloted aircraft (RPA) (DJI Agras T40; SZ DJI Technology, Nanshan, China) used in the experiment: (A) RPA flying over the experimental area); (B) Regulation and calibration prior to the operations using a brilliant blue dye tracer.






2.2 Sprayer devices

The remotely piloted aircraft (RPA) (DJI Agras T40 model; SZ DJI Technology, Nanshan, China) used in the experiment (Figure 1) was set and calibrated prior to the applications. This RPA features a coaxial dual-rotor structure, with eight rotors mounted above and below the four articulating arms. The spraying system is formed by a magnetically-driven centrifugal pump, a flow controller, and two atomized nozzles with anti-dripping centrifugal valves that have a theoretical droplet size adjustment from 50 to 500 µm.

The following operational parameters were maintained constant in the RPA for all treatments: application rate of 12.0 L ha-1, flight speed of 5.0 m s-1, operational flight height of 4.0 m above the eucalyptus sprout canopy; and application route parallel to the planting rows, considering the wind perpendicular to the aircraft direction.

The manual electric backpack sprayer (MEBS) used (Yamaho®; Mogi das Cruzes, Brazil) had a solution tank capacity of 20 L and a Yamaho SR-1 flat fan nozzle with air induction. The application rate used was approximately 100 L ha-1. The spraying quality was standardized with applications at an operational speed of approximately 1.0 m s-1. The working pressure was 200 kPa, resulting in a flow rate of 0.65 L min-1 and an application range of 1.05 m.




2.3 Experimental design

The experiment was divided into two phases. The first phase consisted of obtaining data on application quality and droplet deposition on eucalyptus sprouts, whereas the second phase consisted of determining the risk of occupational exposure for applicators during the experimental applications.

The experiment was conducted in a randomized block design with four replications, with treatments implemented in a 3×3 + 1 factorial arrangement, consisting of three droplet sizes (150, 300, and 450µm); three application ranges (7, 9, and 11 m), defined in the RPA control settings; and a control treatment (using the MEBS). After the repetitions of each experimental treatment, the adjustments of the operational parameters (application range and droplet size) were manually made in the RPA control system. Table 1 shows the experimental treatments.


Table 1 | Experimental treatments.



The experimental area was 6,400 m² (80 × 80 m). All treatments were carried out in total area and in the same block (application day). A 15.0 m border area was disregarded at the edges to allow some distance for the RPA sprayer to be activated.

The experimental unit (central area) was 2,400 m² (80 × 35 m), where the eucalyptus sprouts had a greater uniformity in relation to the canopy shape. The data collection points in each treatment were four target plants, spaced approximately 3.60 m apart, that together composed the experimental unit. For the second phase, two volunteer applicators stayed at 15.0 m from the end of the RPA application route in the experimental area, spaced 60.0 m apart. The treatment using the backpack sprayer was performed by a volunteer applicator passing between the planting rows to apply the solution on eucalyptus sprouts. Figure 2 shows the experimental area design.




Figure 2 | Experimental design of the area with position of artificial targets and volunteers.



The solution sprayed in all treatments in both experimental phases was composed of water, brilliant blue dye at the rate of 4.0 g L-1, and non-silicone adjuvant based on balanced polymers specific for aerial applications with low solution volume (0.2% v v-1) (Helper Air®, ICL, São Paulo, SP, Brazil).




2.4 Determination of application quality

Application quality was characterized using water-sensitive paper cards (76 × 26 mm), and droplet deposition was evaluated using rectangular flexible polyvinyl chloride cards (76 × 26 mm). Water-sensitive paper and flexible polyvinyl chloride cards were attached to each target plant with the aid of metal clips, positioning them at the same height in relation to the canopy, following the angle and alternate phyllotaxy of leaves in the inner and outer sections of the upper, middle, and lower layers of eucalyptus sprout canopies (Figure 3). The positioning of both card types was determined focusing on the overlap of droplets in each experimental treatment.




Figure 3 | (A, B) Positioning of water-sensitive paper cards and flexible polyvinyl chloride cards on the inner (IL) and outer (OL) sections of the upper (UL), middle (ML), and lower (LL) layers of the eucalyptus sprout canopy; (C, D) positioning according to the angle and alternate phyllotaxy of eucalyptus leaves.



Both card types were collected five minutes after application of each treatment, using powder-free nitrile gloves, to allow the solution to evaporate, maintaining only the dye. They were then placed in kraft paper bags (water-sensitive paper cards) or labeled plastic bags (flexible polyvinyl chloride cards), which were labeled. These samples were then placed in expanded polystyrene boxes and taken to the Laboratory of Mechanization and Agricultural Defensives (LMDA) of the Northern Espírito Santo University Center of the Federal University of Espírito Santo, in São Mateus, ES, Brazil for analyses.

A wireless system (DropScope®; SprayX, São Carlos, Brazil) was used to scan the water-sensitive paper cards for data acquisition and analysis. This system consists of an application software and a wireless digital microscope equipped with a digital image sensor with a resolution of over 2,500 dpi, allowing for the detection of partially overlapping droplets with a diameter of approximately 25µm. Recent research studies have confirmed the reliability of data obtained using this system for assessing spectra of droplets sprayed on shrubby crops by RPAs (Vitória et al., 2023; Lopes et al., 2023; Santos et al., 2024; Ribeiro and Vitória, 2024).

The following parameters were obtained through water-sensitive paper cards: droplet coverage (%); droplet density (droplets cm-2); volume distribution by droplet size class (Dv0.5 or VMD, Dv0.1, and Dv0.9, i.e., diameters of droplets composing 50%, 10%, and 90% of the applied volume, respectively); relative amplitude, a coefficient that determines droplet uniformity (dimensionless); and potential drift risk (%), which is the percentage of the applied volume composed of droplets smaller than 100µm.




2.5 Droplet deposition

Droplet deposition was estimated by removing the dye in the laboratory, washing the flexible polyvinyl chloride cards with 50 mL of deionized water per sample. The samples were manually shaken for approximately 60 seconds; the resulting solutions were subjected to absorbance readings at 630 ηm on a digital UV-VIS spectrophotometer with a holographic flashing monochromator (IL-226-NM-BI; Kasuaki®, China).

The development of the calibration curve was based on absorbance of seven solutions with standard concentrations (0, 2.5, 5, 10, 20, 25, and 100 ppm). The analysis of the linear relationship between the concentration and the absorbance of standard solutions resulted in a coefficient of correlation of R2 = 0.999. The equation that described this correlation was y = 0.0008x + 0.0015. Droplet deposition per unit area (µL cm-2) was calculated considering the spectrophotometer readings, the calibration curve data, and area of flexible polyvinyl chloride cards, as described by Vitória et al. (2022); Crause et al. (2023), and Ribeiro et al. (2023a).




2.6 Determination of occupational exposure of applicators

The solution described in section 2.4. was applied as a substitute of pesticides to measure and compare the occupational exposure of applicators to droplets applied by an RPA and an MEBS, using operational conditions identical to those described in section 2.2. The experimental treatments were similar to those described in section 2.3.

The test with the RPA was conducted with two volunteer applicators (mean height of 1.70 m and mean weight of 70 kg), who stayed 60.0 m distant from each other, at 15.0 m from the RPA flight path in the experimental area, as shown in the experimental setup in section 2.3 (Experimental design). The test with the backpack sprayer was carried out with the selection of an applicator with technical experience in spraying, as the applications of herbicides in forest areas; the applicator with a lance held in the right hand carried out up and down movements of 0.50 m over the canopy of plants, moving forward continuously through the area to be sprayed.

The potential for dermal occupational exposure of applicators was determined using whole-body dosimetry, as described in previous studies (Tsakirakis et al., 2014; Cao et al., 2015; Yan et al., 2021; Lake et al., 2021). Prior to each experimental treatment, the volunteer applicators (RPA and MEBS) were dressed on their everyday clothing, disposable coveralls with micropore laminated tissue hood (Steelflex®, São Paulo, Brazil), a pair of disposable powder-free nitrile gloves with texturized fingertips, a disposable valveless respirator with synthetic fiber filters, and safety transparent glasses produced according to the ANSI Z87.1-2003 standard (Figure 4). The two volunteer applicators corresponded to two replications per treatment for each experimental RPA treatment, as they were using new items (disposable coveralls, gloves, and respirators) in each experimental treatment to determine their individual dermal exposure.




Figure 4 | (A) volunteer applicators during simulated exposure (red arrows) to treatments using remotely piloted aircraft (RPA); RPA operator (blue arrow) wearing the required personal protective equipment, as described in Ordinance n°. 298/2021 of the Brazilian Ministry of Agriculture and Livestock (MAPA); (B) applicator using a manual electric backpack sprayer, equipped with disposable coveralls, nitrile gloves, respirators, and transparent safety glasses; (C, D) volunteer applicator (red arrow) exposed and positioned during RPA treatment applications.



Approximately 15 minutes after the application of each treatment, to allow for the evaporation and drying of spray drift droplets, the disposable coveralls, gloves, and respirators were removed carefully by two assistants using nitrile gloves to avoid cross contamination. The disposable coveralls were cut with scissors, sectioning them nine parts corresponding to different parts of the applicator body: head, left arm, right arm, chest, back, right thigh, left thigh, left leg, and right leg (Figure 5). Samples of sectioned parts of disposable coveralls, gloves, and respirators, were placed in labeled plastic bags, individually sealed, taken to the laboratory, and refrigerated until residual dye extraction.




Figure 5 | Sectioning of disposable coveralls for analysis of whole-body dosimetry: (1) head, (2) left arm, (3) right arm, (4) chest, (5) back, (6) right thigh, (7) left thigh, (8) left leg, and (9) right leg.



In the laboratory, sections of disposable coveralls, gloves, and respirators were subjected to the same procedure described in section 2.4. (Determination of application quality) for determination of dye deposition, using spectrophotometry. However, the area of each part of disposable coveralls was measured with a ruler, resulting in the following measurements: 1,080 cm² (legs), 960 cm² (thigh), 3,998 cm² (chest), 1,518 cm² (arms), 705 cm² (head), 330 cm² (respirator), and 680 cm² (hands). Each part was carefully withdrawn from the plastic bags using laboratory tweezers and individually placed in a 2,0 L glass backer. The coverall parts 1-9 were washed using 1,0 L of deionized water, and each glove and respirator was washed using 400 mL of deionized water. The bakers were shaken every minute for ten minutes with aid glass rod to ensure complete extraction of deposited droplets; the solutions were then subjected to spectrophotometric readings.




2.7 Monitoring of weather conditions during applications

The applications were carried out in the mornings. Weather data were recorded by a meteorological station (5500AG; Kestrel®, Boothwyn, USA). Air temperature during the experiment varied between 25.7 and 29.1°C, with a mean relative air humidity exceeding 55%, and mean wind speed between 1.3 and 5.8 km h-1. The methodology described in the ISO Standard 22866 of the International Organization for Standardization (ISO, 2005) establishes that air temperature during applications should be between 5 and 35°C, with a maximum of 10% of wind speed measurements below 1.0 m s−1, and a wind direction limit of 90 ± 30° in relation to the application line.




2.8 Statistical analysis

The Shapiro-Wilk test was applied to evaluate the homogeneity and normality of the data residuals. The results of application quality and droplet deposition were then subjected to the Tukey’s test for pairwise comparisons, and the Dunnett’s test was used for comparisons with the control treatment (MEBS) when needed. All statistical analyses were conducted in the Rbio statistical software at a 5% significance level (Bhering, 2017).





3 Results

The results found for all variables evaluated in the inner and outer sections of the eucalyptus sprout canopy layers (ESCL) (upper, middle, and lower ESCL) were not significantly different. The interaction effect between the factors was not significant for any ESCL (p ≥ 0.05). Thus, the factors evaluated for the remotely piloted aircraft (RPA) (application range and droplet size) were analyzed separately.



3.1 Drop coverage, drop density, drop deposition, and the potential risk of drift

Droplet size and application range significantly affected droplet density and potential drift risk when using RPA for all ESCLs. Droplet deposition on all canopy layers was not significantly affected by the factors, confirming the null hypothesis of no difference between treatments (Table 2).


Table 2 | Analysis of variance for droplet coverage (%), droplet density (droplets cm-2), droplet deposition (µL cm-2), and potential drift risk (%) on eucalyptus sprout canopy layers (ESCL) (upper, middle, and lower) when using a remotely piloted aircraft.



The 9.0 m application range resulted in greater mean droplet coverage for all ESCLs, presenting means 15.09% and 30.18% higher than those found for application ranges of 7.0 and 11.0 m, respectively (Table 3). However, these differences were not statistically significant. Droplet size was significantly affected by the application range only for the lower ESCL, in which 300µm droplet size had the highest mean coverage. Despite the variations in mean droplet coverage among the ESCLs, according to the different droplet sizes, the overall means for 150, 300, and 450µm were similar (Table 3).


Table 3 | Mean droplet coverage (%) and droplet density (droplets cm-2) on the upper, middle, and lower layers of the eucalyptus sprout canopy based on different application treatments using a remotely piloted aircraft (RPA) and a manual electric backpack sprayer (MEBS).



The application ranges of 7.0 and 9.0 m presented higher mean droplet density for all ESCLs, with a significant mean increase of approximately 2.0-fold in the quantity of droplets cm-2 compared to the 11.0 m application range (Table 3). However, the 9.0 m application range had a more uniform distribution in all canopy layers, but not differing statistically from the 7.0 m application range. Droplet size and droplet density were inversely correlated in all layers. Droplet sizes of 150 and 300µm presented higher means compared to 450µm, with increases of 6.29 droplets cm-2, equivalent to 67.84% and 47.36% respectively (Table 3).

Using the manual electric backpack sprayer (MEBS) resulted in a significantly higher mean droplet coverage, which was 65.0% higher than that found using the RPA (Table 3). Although the RPA treatments showed a lower mean droplet density, statistical analyses did not show a significant difference compared to the control treatment.

The application ranges of 7.0 and 9.0 m presented a higher droplet deposition on all ESCLs, whereas the 11.0 m application range resulted in the lowest droplet deposition, accumulating primarily on the upper ESCL (0.007µL cm-2) (Figure 6). The smallest droplet size (150µm) resulted in the highest droplet deposition on the upper (0.009µL cm-2), middle (0.006µL cm-2), and lower (0.003µL cm-2) ESCL compared to those found for 300 and 450µm. However, no significant difference within application ranges and droplet sizes was found for RPA, as shown by Anova (p ≥ 0.05).




Figure 6 | Droplet deposition (µL cm-2) on the upper, middle, and lower layers of the eucalyptus sprout canopy using a remotely piloted aircraft and a manual electric backpack sprayer (control); color gradient: dark green (higher deposition) to light green (lower deposition). Effects of factors in RPA application treatments analyzed separately: application range (7, 9, and 11 m) and droplet size (150, 300, and 450µm).



Droplet deposition showed a consistent trend with droplet coverage and droplet density, regardless of the factors analyzed for the RPA treatments (application range and droplet size). The upper and middle ESCL presented higher droplet deposition compared to the lower layer (Figure 7). MEBS resulted in higher droplet deposition on the upper (0.161µL cm-2), middle (0.095µL cm-2), and lower (0.074µL cm-2) ESCL (Figure 7). For example, the highest deposition of 150µm droplets found using RPA for the upper (0.009µL cm-2), middle (0.006µL cm-2), and lower (0.003µL cm-2) ESCL were significantly different from those found using the MEBS (control), which was 94.40%, 93.68%, and 95.94% higher, respectively.




Figure 7 | Potential drift risk (PDR) (%) in the upper, middle, and lower layers of the eucalyptus sprout canopy using a remotely piloted aircraft (A, B) and a manual electric backpack sprayer (C). Factor effects analyzed separately: (A) application range (m) and (B) droplet size (µm). RPA: bars with different letters within canopy layers are significantly different from each other by the Tukey’s test (p < 0.05). MEBS: ** Means significantly different from RPA treatments by Dunnett’s test (p < 0.01).



The 11.0 m application range resulted in the highest potential drift risk (PRD) for all ESCLs when using RPA, with significant differences of 38.82% and 15.33% higher compared to application ranges of 7.0 and 9.0 m, respectively. Contrastingly with the application ranges, which showed a directly proportional relationship with PRD, droplet size presented an inversely proportional relationship. The smallest droplet (150µm) resulted in a higher PRD for all ESCLs, whereas the largest droplet (450µm) showed a PRD lower than 13% for all layers (Figure 7).

The control treatment (MEBS) showed the highest mean PRD for all ESCLs compared to treatments using RPA. The overall mean PRD for MEBS in all ESCLs was 51.65%, denoting a significant PDR during the applications, significantly different from treatments using RPA.




3.2 Volumetric distribution by drop size class (DV0.5, DV0.1, DV0.9)

The application range significantly affected relative amplitude, but only in the middle and lower ESCL. The Anova indicated significant differences (p ≤ 0.001 and p ≤ 0.05) only for droplet size, volume distribution by droplet size class, and relative amplitude among ESCLs (Table 4).


Table 4 | Analysis of variance for volume distribution by droplet size class (DV0.5, DV0.1, DV0.9) and relative amplitude (RA) in the upper, middle, and lower layers of eucalyptus sprout canopies when using a remotely piloted aircraft.



The application range showed no significant effect on variables related to volume distribution by droplet size class. DV0.5, DV0.1, and DV0.9 were significantly and directly proportional to droplet size. Thus, individually, the larger the droplet size set on the RPA control (represented by DV0.5) during the experimental treatments, the greater the mean droplet sizes (150, 300, and 450µm). The 9.0 m application range and 150µm droplet size combination presented the highest mean relative amplitude for all ESCLs, which directly affected the uniformity of droplet distribution.

Using the MEBS showed significant differences in variables related to volume distribution by droplet size class compared to treatments using RPA, exceeding 50% increase in these variables. However, the differences in mean relative amplitude were not significantly different in the different ESCLs when using RPA.

Considering the droplet size of DV0.5, or volume median diameter (VMD), the means of canopy layers for the smallest droplet size set on the RPA control (150µm) was the closest to the actual droplet size (179.02µm) (Table 5). However, the mean DV0.5 of 300 and 450µm droplets differed from those set on the RPA during the experimental treatments. These results were confirmed by the analysis of droplet distribution using water-sensitive papers, considering the different treatments applied to the different eucalyptus canopy layers using RPA and MEBS (Figure 8).


Table 5 | Mean DV0.5, DV0.1, DV0.9 (µm) and relative amplitude (RA) in eucalyptus sprout canopy layers (ESCL) (upper, middle, and lower) using a remotely piloted aircraft (RPA) and a manual electric backpack sprayer (MEBS).






Figure 8 | Droplet distribution in water-sensitive paper cards (representative of each treatment) using a remotely piloted aircraft (RPA) (regardless of application ranges) and a manual electric backpack sprayer (control treatment) in different eucalyptus sprout canopy layers (considering inner and outer canopy sections). VMD = volume median diameter or DV0.5.






3.3 Occupational exposure of applicators

Regarding the risk of occupational exposure for applicators when using RPA, treatments with 150µm droplets (T1, T2, and T3) showed higher accumulation of droplets on upper limbs, regardless of application ranges (Figure 9). This is confirmed by the highest total mean accumulated volume in the different body parts of applicators in T1, T2, and T3. For example, the 150µm droplet size with application ranges of 7.0 m (T1) and 9.0 m (T2) resulted in a higher volume deposited on the gloves, respirator, and legs, respectively. In the 11.0 m application range (T3), the deposits were limited to legs and gloves. This result was also found for treatment T4, which consisted of using 300µm droplets and 7.0 m application range.




Figure 9 | Occupational exposure of applicators (different body parts) using a remotely piloted aircraft and sum for the treatments evaluated (∑T) expressed as accumulation of droplets (µL cm-2). Treatments (droplet size × application range): (A) - T1 = 150µm × 7.0 m; T2 = 150µm × 9.0 m; T3 = 150µm × 11.0 m; (B)- T4 = 300µm × 7.0 m; T5 = 300µm × 9.0 m; T6 = 300µm × 11.0 m; (C)- T7 = 450µm × 7.0 m; T8 = 450µm × 9.0 m; and T9 = 450µm × 11.0 m.



Droplet depositions on different body parts are below the spectrophotometer’s detection limit, as evidenced in T4, indicating that the null absorbance readings were due to the low accumulation of droplets on different parts of applicators’ bodies when using RPA. This was found in all treatments using the largest droplets on the RPA (T7, T8, and T9).

Using an MEBS (control) resulted in a higher accumulation of droplets on all body parts compared to treatments using RPA (Figure 10). The highest deposited volumes were found in gloves, respirator, legs, thighs, and back. Comparing the total highest volume accumulated in all body parts found for the control treatment and the RPA treatment 1 (0.0034µL cm-2), MEBS presented deposits 0.544µL cm-2 (99.37%) higher, corresponding to approximately 160-fold higher deposits of droplets on the applicators’ bodies, thus increasing the risk of occupational exposure for applicators.




Figure 10 | Occupational exposure of applicators (different body parts) using a remotely piloted aircraft and sum for the treatments evaluated (∑T) expressed as accumulation of droplets (µL cm-2) for a manual electric backpack sprayer (control, T10).







4 Discussion

This study showed the effect of theoretical application range used in the RPA during the evaluations, differently from other studies that traditionally approach application ranges to evaluate the droplet spectrum on total and effective ranges in agricultural crops (Xiao et al., 2020; Cao et al., 2021; Dengeru et al., 2022) and weeds (Ahmad et al., 2020). Eucalyptus plants have higher foliage in the middle and lower layers, explaining the higher means for droplet coverage, density, and deposition on the upper and middle layers of eucalyptus sprout canopies and lower means for the lower layer. Previous studies on RPAs have demonstrated their effects on olive (Martinez-Guanter et al., 2020), common hazel (Özyurt et al., 2022), and apple (Wang et al., 2023) trees. Moreover, there was no sufficient statistical evidence of significant difference between inner and outer sections of the eucalyptus canopy for any treatment due to the little difference in leaf density between canopy sections, contrasting with results found for guava (Verma et al., 2022) and citrus (Yan et al., 2023) trees.

The highest mean droplet coverage, density, and deposition found for the 7.0 and 9.0 m application ranges indicated a higher application quality and uniformity in droplet density, as well as a lower potential drift risk (PRD) for the different ESCLs compared to the highest application range (11.0 m). However, the choice of the RPA application range affects the operational efficiency, flight speed, and droplet overlapping, explaining the highest mean droplet density and deposition. Therefore, reducing the application range results in greater droplet deposition; however, operational efficiency is decreased due to the need for frequent stops for tank refilling and battery changes when using RPAs.

Droplets of 150µm and 300µm maximized droplet coverage and penetration, but significantly increased PRD throughout the eucalyptus canopy compared to 450µm droplets, which decreased PRD to ≤ 13%, despite limiting droplet deposition on the upper canopy layer. Shan et al. (2021) and Wang et al. (2024) found similar results. Smaller droplets generally result in better droplet coverage and density, increasing droplet penetration into shrubby crops, which is desirable for applications of contact-action pesticides. However, these droplets are susceptible to drift and evaporation under unfavorable weather conditions (Chen S. et al., 2020; Ribeiro et al., 2023b). Conversely, larger droplets have higher kinetic energy due to their greater mass and speed, minimizing the impacts of primary drift, but maximizing canopy effects, limiting coverage in the lower layers (Li et al., 2021; Vitória et al., 2022; Shan et al., 2022; Ribeiro and Vitória, 2024).

The eucalyptus stumps in the experimental area had numerous sprouts, resulting in a rounded canopy architecture with high leaf density, significant branch and leaf overlaps, reaching a mean canopy height of 2.80 m. Therefore, the experimental challenge was high, as chemical control using herbicides is the primary method for eradication of eucalyptus sprouts in eucalyptus forestry. However, sufficient sprout height and leaf area for absorption and translocation of herbicides should be considered for a higher control efficiency (Ferreira et al., 2010). In addition, eucalyptus sprouting capacity is influenced by its genetic potential and the presence of lignotubers (Ferrari et al., 2005). These factors are essential for selecting the appropriate operational parameters for RPA operation during herbicide application planning for eucalyptus sprouts.

Volume distribution by droplet size class was strongly affected by droplet size. However, the RPA used had centrifugal spray nozzles with multiple radial grooves in the internal disc wall. The centrifugal distributor operates based on the centrifugal force generated by the rotation of the rotor during flight. This rotation propels the liquid, breaking it into droplets that are directed over the area to be sprayed.The main characteristic of this type of spray nozzle is the possibility of adjusting the droplet size by varying rotation speed; high rotation speeds generate finer droplets, whereas lower speeds produce larger droplets (Chen et al., 2022; Nascimento and Vitória, 2022; Crause et al., 2023). One of the main advantages of this nozzle type is the reduced clogging risk, making it adequate for spraying low-solubility pesticide and foliar fertilizer solutions (Qingqing et al., 2017; Wang et al., 2020). However, the droplet spectrum classification generated by these nozzles in RPAs is not yet fully understood and, currently, consolidated norms for spray nozzles are applied for their classification (ASABE, 2020; ISO, 2018).

According to the DV0.5, or volume median diameter, obtained for the different layers of the eucalyptus sprout canopy, only 150µm and 300µm droplets were similar to the actual droplet size set on the RPA control, as only the droplets with these sizes easily penetrated into the eucalyptus sprout canopy. Additionally, the downwash effect, which is the air flow generated by the RPA multi-rotors, contributed to increases in low-diameter droplets (Wang et al., 2023) by the turbulence under the eucalyptus sprout canopy. Typically, the results of droplet size distribution are poorly evidenced in studies on RPAs with centrifugal nozzles; thus, the droplet size set on an RPA with centrifugal nozzles does not always correspond to the droplet size that reaches the target, as the distance between the spray nozzle and the target becomes greater, directly affecting droplet lifespan (Wang et al., 2018).

The control treatment, using a manual electric backpack sprayer (MEBS), showed a higher droplet coverage and deposition on all canopy layers. However, droplet density was lower than those obtained in treatments using the RPA. These results can be attributed to the combination of a high application rate (100 L ha-1) and the use of flat-fan spray nozzles, which results in the formation of extremely coarse droplets, reduces droplet density, and significantly increases internal drift risk, according to results reported by Ribeiro et al. (2023b). However, the high droplet coverage, density, and deposition provided by ground sprayers do not always lead to greater target control, as RPAs have smaller tank capacities and reduced application rates, resulting in extremely concentrated droplets (Wang et al., 2019; Vitória et al., 2023). Furthermore, the ergonomical restriction posed to applicators during spraying is one of the main challenges of backpack sprayers, mainly on mountainous terrain.

The use of RPAs for agricultural applications is one of the few methods in which the applicator operates remotely, outside the spraying zone, ensuring the operational safety and efficiency. The results of the present study showed that the accumulation of droplets on applicators using a RPA is concentrated on upper limbs, hands, respirator device, and legs, primarily by 150µm droplets, regardless of application ranges. Recently, Lan et al. (2024) evaluated the use of RPAs in mango trees and found that fine droplets resulted in less contamination of applicators compared to medium and coarse droplets, which accumulated mainly on lower limbs and different RPA parts. Wang et al. (2024) evaluated applications on coconut palms and found that most droplets deposited on applicators were on the upper part of their bodies, mainly on the chest. Additionally, Dubuis et al. (2023) evaluated applications on an apple orchard and found the highest accumulation of droplets on legs, followed by chest, back, and thighs. Thus, the results of previous studies differ from those found in the present study, denoting variability in the accumulation of droplets on applicators depending on the canopy architecture, distance of applicators from the target area, weather conditions, and operational parameters defined for the RPA.

Regarding the risk of exposure for applicators when using MEBS, the high mean accumulation of droplets on applicators’ body parts was due to the longer exposure time to sprayed solution. The applicator held the sprayer lance and move it from top to bottom of the canopy on both sides the planting row due to the height of the eucalyptus sprout canopy, as typically done during the control of eucalyptus sprouts. Therefore, higher accumulation of droplets was found on the applicators’ upper limbs due to increased hand exposure, reaching approximately a 160-fold higher accumulation compared to the RPA. Yan et al. (2021) and Kuster et al. (2023) found similar results, with significant decreases (>90%), when comparing RPA and MEBS. However, the exposure to pesticides can occur through several routes in the body, including dermal (contact with the skin) respiratory (inhalation of vapors, particles, or droplets), oral (accidental ingestion), and ocular (splashing into mucous membranes). Therefore, the use of personal protective equipment before, during, and after applications of pesticides is essential, regardless of the application technique used (ground or aerial) (Tsakirakis et al., 2014; Cao et al., 2015).

Although the results of the present study demonstrate for the first time the quality of droplet distribution in eucalyptus sprouts and the lower risk of exposure for applicators using RPA compared to MEBS, further studies are needed to confirm the efficiency for applications of chemical or biological pesticides and foliar fertilizers. Moreover, additional operational parameters that can be set on RPAs (operational flight height and speed, application rates, and droplet size) should be tested in different phenological stages of eucalyptus plants, comparing to conventional application methods, focused on enhancing results related to application efficiency. Thus, efficient and safe use of RPAs in forestry will be possible, as already reported by Leroy et al. (2019) and Pachuta et al. (2023), aligned with the United Nations (UN) Sustainable Development Goals (SDGs), specifically the SDG 2 (Hunger Zero and Agriculture) and SDG 15 (Life on Land), established to promote the sustainable protection of crops and planted forests, while contributing to global environmental security (Pranaswi et al., 2024).




5 Conclusions

The interaction between factors (application range and droplet size) was not significant for application quality, droplet deposition, and occupational exposure risk for applicators when using a remotely piloted aircraft (RPA).

Setting the RPA to application ranges of 7.0 and 9.0 m with droplet sizes of 150µm and 300µm resulted in higher quality of droplet distribution throughout eucalyptus sprout canopies. However, it increased the risk of occupational exposure for applicators, although the risk was not significant compared to the use of a manual electric backpack sprayer.

Setting the RPA to droplet size of 450µm resulted in droplets concentrated mainly on the upper and middle layers of eucalyptus sprout canopies, and decreased the potential drift risk (≤ 13%).

The use of a manual electric backpack sprayer resulted in lower uniformity in droplet distribution throughout eucalyptus sprout canopies and increased the risk of occupational exposure for applicators by up to 99.37% compared to the use of an RPA.





Data availability statement

The datasets presented in this article are not readily available because Private company research and experiment. Requests to access the datasets should be directed to luis.f.ribeiro@edu.ufes.br.





Ethics statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

LF: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. EL: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. HP: Investigation, Project administration, Resources, Supervision, Visualization, Writing – review & editing. JV: Funding acquisition, Resources, Visualization, Writing – review & editing. JA: Funding acquisition, Resources, Visualization, Writing – review & editing. AD: Validation, Visualization, Writing – review & editing. TG: Data curation, Validation, Visualization, Writing – review & editing. FA: Validation, Visualization, Writing – review & editing. JV: Data curation, Validation, Visualization, Writing – review & editing. SA: Visualization, Writing – review & editing. PC: Validation, Visualization, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by Emflora Serviços e Empreendimentos Florestais (São Mateus-ES/Brazil).




Acknowledgments

We would like to thank Emflora Serviços e Empreendimentos Florestais (São Mateus-ES/Brazil) for their valuable support in human resources, infrastructure, and funding, which were essential for the realization and publication of this study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Ahmad, F., Qiu, B., Dong, X., Ma, J., Huang, X., Ahmed, S., et al. (2020). Effect of operational parameters of UAV sprayer on spray deposition pattern in target and off-target zones during outer field weed control application. Comput. Electron. Agric. 172, 105350. doi: 10.1016/j.compag.2020.105350

 Almeida, A., Gonçalves, F., Silva, G., Mendonça, A., Gonzaga, M., Silva, J., et al. (2021). Individual tree detection and qualitative inventory of a Eucalyptus sp. stand using UAV photogrammetry data. Remote Sens. 13. doi: 10.3390/rs13183655

 Alvares, C. A., Stape, J. L., Sentelhas, P. C., Gonçalves, J. D. M., and Sparovek, G. (2013). Köppen’s climate classification map for Brazil. Meteorol. Z. 22, 711–728. doi: 10.1127/0941-2948/2013/0507

 Arakawa, T., and Kamio, S. (2023). Control efficacy of UAV-based ultra-low-volume application of pesticide in chestnut orchards. Plants 12, 2597. doi: 10.3390/plants12142597

 ASABE (2020). Spray Nozzle Classification by Droplet Spectra. ASABE (St. Joseph, MI, USA: American Society of Agricultural and Biological Engineers).

 Bhering, L. (2017). Rbio: A tool for biometric and statistical analysis using the R platform. Crop Breed Appl. Biotechnol. 17, 187–190. doi: 10.1590/1984-70332017v17n2s29

 Biglia, A., Grella, M., Bloise, N., Comba, L., Mozzanini, E., Sopegno, A., et al. (2022). UAV-spray application in vineyards: flight modes and spray system adjustment effects on canopy deposit, coverage, and off-target losses. Sci. Total Environ. 845, 157292. doi: 10.1016/j.scitotenv.2022.157292

 Burrows, G. E. (2013). Buds, bushfires and resprouting in the eucalypts. Aust. J. Bot. 61, 331. doi: 10.1071/BT13072

 Cao, L., Chen, B., Zheng, L., Wang, D., Liu, F., and Huang, Q. (2015). Assessment of potential dermal and inhalation exposure of workers to the insecticide imidacloprid using whole-body dosimetry in China. J. Environ. Sci. 27, 139–146. doi: 10.1016/j.jes.2014.07.018

 Cao, Y., Yu, F., Xu, T., Du, W., Guo, Z., and Zhang, H. (2021). Effects of plant protection UAV-based spraying on the vertical distribution of droplet deposition on Japonica rice plants in Northeast China. Int. J. Agric. Biol. Eng. 14, 27–34. doi: 10.25165/j.ijabe.20211405.5490

 Carneiro, R. P., Garcia, L. C., Dalazen, G., Gomes, J. A., Raetano, C. G., and Boller, W. (2024). Variation of glyphosate spray volume in the drying of ground cover plants with an unmanned aerial vehicle. Crop Protection, 106694. doi: 10.1016/j.cropro.2024.106694

 Chen, P., Douzals, J. P., Lan, Y., Cotteux, E., Delpuech, X., Pouxviel, G., et al. (2022). Characteristics of unmanned aerial spraying systems and related spray drift: A review. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.870956

 Chen, P., Lan, Y., Huang, X., Qi, H., Wang, G., Wang, J., et al. (2020). Droplet deposition and control of planthoppers of different nozzles in two-stage rice with a quadrotor unmanned aerial vehicle. Agronomy 10, 303. doi: 10.3390/agronomy10020303

 Chen, S., Lan, Y., Zhou, Z., Ouyang, F., Wang, G., Huang, X., et al. (2020). Effect of droplet size parameters on droplet deposition and drift of aerial spraying by using plant protection UAV. Agronomy 10, 195. doi: 10.3390/agronomy10020195

 Clarke, P. J., Lawes, M. J., Midgley, J. J., Lamont, B. B., Ojeda, F., Burrows, G. E., et al. (2013). Resprouting as a key functional trait: how buds, protection and resources drive persistence after fire. New Phytol. 197, 19–35. doi: 10.1111/nph.12001

 Crause, D. H., Vitória, E. L. D., Ribeiro, L. F. O., Ferreira, F. D. A., Lan, Y., and Chen, P. (2023). Droplet deposition of leaf fertilizers applied by an unmanned aerial vehicle in Coffea canephora plants. Agronomy 13, 1506. doi: 10.3390/agronomy13061506

 Dengeru, Y., Ramasamy, K., Allimuthu, S., Balakrishnan, S., Kumar, A. P., Kannan, B., et al. (2022). Study on spray deposition and drift characteristics of UAV agricultural sprayer for application of insecticide in redgram crop (Cajanus cajan L. Millsp.) Agronomy 12, 3196. doi: 10.3390/agronomy12123196

 Dubuis, P. H., Droz, M., Melgar, A., Zürcher, U. A., Zarn, J. A., Gindro, K., et al. (2023). Environmental, bystander and resident exposure from orchard applications using an agricultural unmanned aerial spraying system. Sci. Total Environ. 881, 163371. doi: 10.1016/j.scitotenv.2023.163371

 Ferrari, M. P., Ferrari, C. A., and Silva, H. D. (2005). Condução de plantios de Eucalyptus em sistema de talhadia (Colombo: Embrapa Floresta), 28.

 Ferreira, L. R., MaChado, A. F. L., Ferreira, F. A., and Santos, L. D. T. (2010). Manejo integrado de plantas daninhas na cultura do eucalipto (Viçosa-MG: UFV), 140.

 Gugan, G., and Haque, A. (2023). Path planning for autonomous drones: challenges and future directions. Drones 7, 169. doi: 10.3390/drones703016

 Guo, H., Jun, Z., Fei, L., Yong, H., He, H., and Hongyan, W. (2020). Application of machine learning method to quantitatively evaluate the droplet size and deposition distribution of the UAV spray nozzle. Appl. Sci. 10, 1759. doi: 10.3390/app10051759

 IBÁ (2024). Disponível em (Brasília: IBÁ), 100. Available at: https://www.iba.org/publicacoes (Accessed July 28, 2024).

 ISO (2005). Equipment for crop protection—methods for field measurements of spray drift (Geneva: International Organization for Standardization), 1–17.

 ISO (2018). Crop protection equipment—droplet-size spectra from atomizers—measurement and classification (Geneva: International Organization for Standardization).

 Kuster, C. J., Kohler, M., Hovinga, S., Timmermann, C., Hamacher, G., Buerling, K., et al. (2023). Pesticide exposure of operators from drone application: a field study with comparative analysis to handheld data from exposure models. ACS Agric. Sci. Technol. 3, 1125–1130. doi: 10.1021/acsagscitech.3c00253

 Lake, E. C., David, A. S., Spencer, T. M., Wilhelm, V. L. Jr, Barnett, T. W., Abdel-Kader, A. A., et al. (2021). First drone releases of the biological control agent Neomusotima conspurcatalis on old world climbing fern. Biocontrol Sci. Technol. 31, 97–106. doi: 10.1080/09583157.2020.1828280

 Lan, X., Wang, J., Chen, P., Liang, Q., Zhang, L., and Ma, C. (2024). Risk assessment of environmental and bystander exposure from agricultural unmanned aerial vehicle sprayers in golden coconut plantations: effects of droplet size and spray volume. Ecotoxicol. Environ. Saf.. 282, 116675. doi: 10.2139/ssrn.4684307

 Leroy, B. M., Gossner, M. M., Lauer, F. P., Petercord, R., Seibold, S., Jaworek, J., et al. (2019). Assessing insecticide effects in forests: a tree-level approach using unmanned aerial vehicles. J. Econ. Entomol. 112, 2686–2694. doi: 10.1093/jee/toz235

 Li, X., Giles, D. K., Niederholzer, F. J., Andaloro, J. T., Lang, E. B., and Watson, L. J. (2021). Evaluation of an unmanned aerial vehicle as a new method of pesticide application for almond crop protection. Pest Manag. Sci. 77, 527–537. doi: 10.1002/ps.6052

 Li, L., Hu, Z., Liu, Q., Yi, T., Han, P., Zhang, R., et al. (2022). Effect of flight velocity on droplet deposition and drift of combined pesticides sprayed using an unmanned aerial vehicle sprayer in a peach orchard. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.981494

 Liao, K., Yang, F., Dang, H., Wu, Y., Luo, K., and Li, G. (2022). Detection of eucalyptus leaf disease with UAV multispectral imagery. Forests 13, 1322. doi: 10.3390/f13081322

 Liu, Y., Lei, P., You, Q., Tang, X., Lai, X., Chen, J., et al. (2023). Individual tree aboveground biomass estimation based on UAV stereo images in a eucalyptus plantation. Forests 14, 1748. doi: 10.3390/f14091748

 Lopes, L., Cunha, J., and Nomelini, Q. S. S. (2023). Use of unmanned aerial vehicle for pesticide application in soybean crop. AgriEngineering 5, 2049–2063. doi: 10.3390/agriengineering5040126

 Mahmud, M. S., He, L., Heinemann, P., Choi, D., and Zhu, H. (2023). Unmanned aerial vehicle-based tree canopy characteristics measurement for precision spray applications. Smart Agric. Technol. 4, 100153. doi: 10.1016/j.atech.2022.100153

 Marques, T., Carreira, S., Miragaia, R., Ramos, J., and Pereira, A. (2024). Applying deep learning to real-time UAV-based forest monitoring: leveraging multi-sensor imagery for improved results. Expert Syst. Appl. 245, 123107. doi: 10.1016/j.eswa.2023.123107

 Martinez-Guanter, J., Agüera, P., Agüera, J., and Pérez-Ruiz, M. (2020). Spray and economics assessment of a UAV-based ultra-low-volume application in olive and citrus orchards. Precis Agric. 21, 226–243. doi: 10.1007/s11119-019-09665-7

 Mewes, W. L. C., Teixeira, M. M., Fernandes, H. C., Zanuncio, J. C., and Alvarenga, C. B. D. (2013). Aplicação de agrotóxicos em eucalipto utilizando pulverizador pneumático. Rev. Árvore 37, 347–353. doi: 10.1590/S0100-67622013000200016

 Montes, W. G., Tuffi Santos, L. D., Barros, R. E., Paiva Ferreira, G. A., Silva Donato, L. M., Reis, M. M., et al. (2022). Post-harvesting glyphosate and imazapyr application on eucalyptus stumps to control coppice. Aust. For. 85, 97–104. doi: 10.1080/00049158.2022.2107756

 Nascimento, V. P., and Vitória, E. L. (2022). Spraying quality using unmanned aerial vehicle in citrus. Rev. Eng. Agric. 30, 214–221. doi: 10.13083/reveng.v30i1.13700

 Özyurt, H. B., Duran, H., and Çelen, I. H. (2022). Determination of the application parameters of spraying drones for crop production in hazelnut orchards. Tekirdağ Ziraat Fakültesi Dergisi 19, 819–828. doi: 10.33462/jotaf.1105420

 Pachuta, A., Berner, B., Chojnacki, J., Moitzi, G., Dvořák, J., Keutgen, A., et al. (2023). Propellers spin rate effect of a spraying drone on quality of liquid deposition in a crown of young spruce. Agriculture 13, 1584. doi: 10.3390/agriculture13081584

 Palma, J., Hakamada, R., Moreira, G. G., Nobre, S., and Rodriguez, L. C. E. (2021). Using 3PG to assess climate change impacts on management plan optimization of Eucalyptus plantations: a case study in southern Brazil. Sci. Rep. 11, 2708. doi: 10.1038/s41598-021-81907-z

 Pinto, B. G. S., Soares, T. K. M., Linhares, M. A., and Ghisi, N. C. (2020). Occupational exposure to pesticides: genetic danger to farmworkers and manufacturing workers – a meta-analytical review. Sci. Total Environ. 748, 141382. doi: 10.1016/j.scitotenv.2020.141382

 Prabhu, A., Liu, X., Spasojevic, I., Wu, Y., Shao, Y., Ong, D., et al. (2024). UAVs for forestry: metric-semantic mapping and diameter estimation with autonomous aerial robots. Mech. Syst. Signal Process 208, 111050. doi: 10.1016/j.ymssp.2023.111050

 Pranaswi, D., Jagtap, M. P., Shinde, G. U., Khatri, N., Shetty, S., and Pare, S. (2024). Analyzing the synergistic impact of UAV-based technology and knapsack sprayer on weed management, yield-contributing traits, and yield in wheat (Triticum aestivum L.) for enhanced agricultural operations. Comput. Electron. Agric. 219, 108796. doi: 10.1016/j.compag.2024.108796

 Qingqing, Z., Xinyu, X., Weicai, Q., Chen, C., and Liangfu, Z. (2017). Optimization and test for structural parameters of UAV spraying rotary cup atomizer. Agric. Biol. Eng. 10, 78–86. doi: 10.3965/j.ijabe.20171003.3119

 Ribeiro, L. F. O., Ribeiro, M. E. A., Santos, T. M., Aiala, M. L. C., and Vitória, E. L. (2023a). Simulated herbicide application between rows of black pepper crops. Braz. J. Prod. Eng. 9, 41–55. doi: 10.47456/bjpe.v9i1.39943

 Ribeiro, L. F. O., and Vitória, E. L. (2024). Impact of application rate and spray nozzle on droplet distribution on watermelon crops using an unmanned aerial vehicle. Agriculture 14, 1351. doi: 10.3390/agriculture14081351

 Ribeiro, L. F. O., Vitória, E. L. D., Soprani Júnior, G. G., Chen, P., and Lan, Y. (2023b). Impact of operational parameters on droplet distribution using an unmanned aerial vehicle in a papaya orchard. Agronomy 13, 1138. doi: 10.3390/agronomy13041138

 Richardson, B., Rolando, C. A., Somchit, C., Dunker, C., Strand, T. M., and Kimberley, M. O. (2020). Swath pattern analysis from a multi-rotor unmanned aerial vehicle configured for pesticide application. Pest Manag. Sci. 76, 1282–1290. doi: 10.1002/ps.5638

 Santos, T. M., Aiala, M. L. C., Santos, T. G., Nunes, J. G. P., Ribeiro, M. E. A., Barbosa, M. E. S., et al. (2024). Deriva na pulverização de calda aplicada por aeronave remotamente pilotada em uma lavoura de café conilon. Epitaya E-Books 1, 73–84. doi: 10.47879/ed.ep.2024493p73

 Santos, A., Biesseck, B. J. G., Latte, N., Santos, I. C., Santos, W. P., Zanetti, R., et al. (2022). Remote detection and measurement of leaf-cutting ant nests using deep learning and an unmanned aerial vehicle. Comput. Electron. Agric. 198, 107071. doi: 10.1016/j.compag.2022.107071

 Shan, C. F., Wang, G. B., Wang, H. H., Xie, Y. J., Wang, H. Z., Wang, S. L., et al. (2021). Effects of droplet size and spray volume parameters on droplet deposition of wheat herbicide application by using UAV. Int. J. Agric. Biol. Eng. 14, 74–81. doi: 10.25165/j.ijabe.20211401.6129

 Shan, C., Wu, J., Song, C., Chen, S., Wang, J., Wang, H., et al. (2022). Control efficacy and deposition characteristics of an unmanned aerial spray system low-volume application on corn fall armyworm Spodoptera frugiperda. Front. Plant Sci. 13, 900939. doi: 10.3389/fpls.2022.900939

 Tang, X., Lei, P., You, Q., Liu, Y., Jiang, S., Ding, J., et al. (2023). Monitoring seasonal growth of eucalyptus plantation under different forest age and slopes based on multi-temporal UAV stereo images. Forests 14, 2231. doi: 10.3390/f14112231

 Tsakirakis, A. N., Kasiotis, K. M., Charistou, A. N., Arapaki, N., Tsatsakis, A., Tsakalof, A., et al. (2014). Dermal & inhalation exposure of operators during fungicide application in vineyards: evaluation of coverall performance. Sci. Total Environ. 470, 282–289. doi: 10.1016/j.scitotenv.2013.09.021

 Verma, A., Singh, M., Parmar, R. P., and Bhullar, K. S. (2022). Feasibility study on hexacopter UAV based sprayer for application of environment-friendly biopesticide in guava orchard. J. Environ. Biol. 43, 97–104. doi: 10.22438/jeb/43/1/MRN-1912

 Vitória, E. L., de Oliveira, R. F., Crause, D. H., and Ribeiro, L. F. O. (2022). Effect of flight operative height and genotypes on conilon coffee spraying using an unmanned aerial vehicle. Coffee Sci. 17, e172003. doi: 10.25186/.v17i.2003

 Vitória, E. L., Krohling, C. A., Borges, F. R., Ribeiro, L. F. O., Ribeiro, M. E., Chen, P., et al. (2023). Efficiency of fungicide application using an unmanned aerial vehicle and pneumatic sprayer for control of Hemileia vastatrix and Cercospora coffeicola in mountain coffee crops. Agronomy 13. doi: 10.3390/agronomy13020340

 Wang, C., Liu, Y., Zhang, Z., Han, L., Li, Y., Zhang, H., et al. (2022). Spray performance evaluation of a six-rotor unmanned aerial vehicle sprayer for pesticide application using an orchard operation mode in apple orchards. Pest Manag. Sci. 78, 2449–2466. doi: 10.1002/ps.v78.6

 Wang, C., Wongsuk, S., Huang, Z., Yu, C., Han, L., Zhang, J., et al. (2023). Comparison between drift test bench and other techniques in spray drift evaluation of an eight-rotor unmanned aerial spraying system: the influence of meteorological parameters and nozzle types. Agronomy 13, 270. doi: 10.3390/agronomy13010270

 Wang, G., Han, Y., Li, X., Andaloro, J., Chen, P., Hoffmann, W. C., et al. (2020). Field evaluation of spray drift and environmental impact using an agricultural unmanned aerial vehicle (UAV) sprayer. Sci. Total Environ. 737, 139793. doi: 10.1016/j.scitotenv.2020.139793

 Wang, G., Lan, Y., Qi, H., Chen, P., Hewitt, A., and Han, Y. (2019). Field evaluation of an unmanned aerial vehicle (UAV) sprayer: effect of spray volume on deposition and the control of pests and disease in wheat. Pest Manag. Sci. 75, 1546–1555. doi: 10.1002/ps.5321

 Wang, G., Wang, J., Chen, P., Han, X., Chen, S., and Lan, Y. (2022). Droplets deposition and harvest-aid efficacy for UAV application in arid cotton areas in Xinjiang, China. Int. J. Agric. Biol. Eng. 15, 9–18. doi: 10.25165/j.ijabe.20221505.6425

 Wang, J., Lan, Y., Zhang, H., Zhang, Y., Wen, S., Yao, W., et al. (2018). Drift and deposition of pesticide applied by UAV on pineapple plants under different meteorological conditions. Int. J. Agric. Biol. Eng. 11, 837 5–83712. doi: 10.25165/j.ijabe.20181106.4038

 Wang, J., Lan, X., Chen, P., Liang, Q., Liao, J., and Ma, C. (2024). Field evaluation of spray quality and environmental risks of unmanned aerial spray systems in mango orchards. Crop Prot., 106718. doi: 10.1016/j.cropro.2024.106718

 Xiao, Q., Du, R., Yang, L., Han, X., Zhao, S., Zhang, G., et al. (2020). Comparison of droplet deposition control efficacy on Phytophthora capsica and aphids in the processing pepper field of the unmanned aerial vehicle and knapsack sprayer. Agronomy 10, 215. doi: 10.3390/agronomy10020215

 Yan, X., Zhou, Y., Liu, X., Yang, D., and Yuan, H. (2021). Minimizing occupational exposure to pesticide and increasing control efficacy of pests by unmanned aerial vehicle application on cowpea. Appl. Sci. 11, 9579. doi: 10.3390/app11209579

 Yan, Y., Lan, Y., Wang, G., Hussain, M., Wang, H., Yu, X., et al. (2023). Evaluation of the deposition and distribution of spray droplets in citrus orchards by plant protection drones. Front. Plant Sci. 14, 1303669. doi: 10.3389/fpls.2023.1303669

 Zhao, H., Wang, Y., Sun, Z., Xu, Q., and Liang, D. (2021). Failure detection in eucalyptus plantation based on UAV images. Forests 12, 1250. doi: 10.3390/f12091250




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Felipe Oliveira Ribeiro, Leandro da Vitória, Pereira Bastos, Vieira Zanelato, de Assis Martins Júnior, de Vicente Ferraz, Gomes dos Santos, de Assis Ferreira, Victor Oliveira Ribeiro, de Assis Silva and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1504608-g008.jpg
UPPER LAYER MIDDLE LAYER LOWER LAYER

VMD ADJUSTED IN RPA CONTROL: 150 pm

7NID: 1 65.59 um . VMD: 168. 60 pm

VMD ADJUSTED IN RPA CONTROL 300 pm

VMD: 199.01 pm

VMD: 547.01 pm





OEBPS/Images/fpls-15-1504608-g003.jpg
( A) pnd Inner Layer
- » Outer Layer

IL OL
—] —
— (| (]

Upper Layer

Middle Layer

2.5m
1.50 m

Lower Layer

[ ]—» Flexible polyvinyl chloride labels
|:|—> Water sensitive paper labels





OEBPS/Images/fpls-15-1504608-g001.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Droplet distribution and mitigation of occupational exposure risk in eucalyptus sprout eradication using a remotely piloted aircraft

      

        		

          1 Introduction

        



        		

          2 Material and methods

        

          		

            2.1 Characterization of the study area

          



          		

            2.2 Sprayer devices

          



          		

            2.3 Experimental design

          



          		

            2.4 Determination of application quality

          



          		

            2.5 Droplet deposition

          



          		

            2.6 Determination of occupational exposure of applicators

          



          		

            2.7 Monitoring of weather conditions during applications

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Drop coverage, drop density, drop deposition, and the potential risk of drift

          



          		

            3.2 Volumetric distribution by drop size class (DV0.5, DV0.1, DV0.9)

          



          		

            3.3 Occupational exposure of applicators

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1504608-g006.jpg
Volume deposited (pL cm?)

— 0.008
0.006
0.005
0.003
0.001
(11.0 m)
Volume deposited (uL cm2)
0.009
0.007
0.005
0.002
0.001
(150 pm) (300 pm) (450 pm)
Volume deposited (uL cm2) h
0.161 =) Upper Layer
0.150
mmp Middle Layer
0.130
0.095 - Lower Layer
0.074

(Control)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Droplet coverage (%)

Middle

Droplet density (droplets cm@)

Upper

Middle

Lower

Range (R)
Droplet (D)
RxD

CV (%)

Factor

Range (R)
Droplet (D)
RxD

CV (%)

0.30™
0.14™
0.73"

72.14

Upper
0.41™
0.43™
0.69™

72.86

0.97"

0.17%

0.54"™

67.32

Droplet deposition (uL cm™2)

Middle
0.40"
047"
0.49™

31.84

0.10"
<0.05*
0.08™

61.06

Lower
097"
026"
0.62"

55.58

<0.01**
<0.001***
0.06™

55.57

Upper
<0.05%
<0.05*
0.83™

58.72

<0.05*
<0.05*
0.18"
84.45
Potential drift risk (%)
Middle [
<0017
<0.001%%
0.56™

68.90

<0.05*
<0.05*
0.08"™

84.56

Lower
<0017
<0.05*
0.78™

72.12

Range = application range (m); Droplet = droplet size (um); R x D = interaction between application range and droplet size. * = significant at p < 0.05; ** = significant at p < 0.01; *** = significant
at p < 0.001; ns = not significant; CV (%) = coefficient of variation.





OEBPS/Images/table4.jpg
Range (R) 0.85 ™ 0.87 ™ 0.16 ™ 024" 0.90 ™ 0.35™
Droplet (D) <0.001%** <0.01% <0.001%% <0.001%%% <0017 <0.001%%
RxD 052™ 021 ™ 0.08"™ 098" 0.38" 0.06™
CV (%) 2447 27.15 1734 2393 35.26 30.62
‘ DVoso RA
Factor
‘ Upper Middle Lower Upper Middle Lower
Range (R) 0.44™ 027" 035 ™ 0.17 <0.05* <0017
Droplet (D) <0.01* <0.01* <0.01% <0.01%* <0.05* <0.001%**
RxD 0.98™ 0.14" 050" 074" 0.48™ 023"
CV (%) 26.72 2368 16,53 35.53 3321 28.94

Range = application range (m); Droplet = droplet size (um); R x D = interaction between application range and droplet size. * = significant at p < 0.05; ** = significant at p < 0.01; *** = significant

at p < 0.001; ns = not significant; CV (%) = coefficient of variation.





OEBPS/Images/table3.jpg
roplet density (droplets

rage (%)

RPA application range (m)

‘ Upper ‘ Middle ‘ Lower Mean Upper Middle Lower ‘ Mean
70 m 063 a 040 a 033a 045 2078 a 927a 676 ab 1227
9.0 m 075a 043a 042a 0.53 1693 a 10.37 a 10.84 a 1271
11.0 m 046 a 0422 0222 037 9.0b 574D 405 b 626

RPA droplet size (um)

150um 0.76 a 041 a 0.24b 047 27.52a 12,50 a 8.50 ab 16.17
300um 040 a 0.52a 048 a 0.46 9.61 b 10.09 ab 9.94 a 9.88
450um 0.68 a 031a 0.25b 041 9.58 b 280 b 321b 5.20
MEBS 2.70** 1.47** 1.29" 1.82 10.15 2.08 3.70 5.31

RPA: Means followed by a different lowercase letter in the columns are significantly different from each other by the Tukey’s test (p < 0.05). MEBS: ** = means significantly different from
treatments using RPA by the Dunnett’s test (p < 0.01).





OEBPS/Images/fpls-15-1504608-g010.jpg
~ 0.0600

Accumulation of drops (uL cm2
=3 o =3 o o
o f=3 [=3 [=] f=J
— %) ) & wn
=3 S [—4 (=3 =3
D S (=3 (=] @

0.0000

XT10=0.548uL cm?

Electric Knapsack Sprayer

B Right glove
B Left glove
® Mask
mRight leg

B Left leg

B Right thigh
@ Left thigh
@ Back

O Chest

B Right arm
@ Left arm
OHead





OEBPS/Images/fpls-15-1504608-g004.jpg





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1504608-g002.jpg
.............................................................................................................

...............................................................................................................

v‘ -------------------------------------------------------------------------------------------------------------

AA#AAAAAAAAA#&AA$A

80 m

—> Volunteer Operators





OEBPS/Images/fpls.2024.1504608_cover.jpg
& frontiers | Frontiers in Plant Science

Droplet distribution and mitigation
of occupational exposure risk in
eucalyptus sprout eradication
using a remotely piloted aircraft





OEBPS/Images/fpls-15-1504608-g005.jpg





OEBPS/Images/fpls-15-1504608-g007.jpg
(A) E70m 09.0m W1l.0m W150 pm D300 pm  W450 pm (B)
40.00 - a L

50.00
40.00

30.00

PDR (%)

20.00

10.00

0.00

U L Middle L L L
PR R A SRy Upper Layer Middle Layer Lower Layer

Remotely Piloted Aircraft

70.00 1 (C)

60.00 - o

Remotely Piloted Aircraft

Kk %

50.00 +

~

R 40.00 -

PDR (%

30.00 4
20.00 -

10.00 4

0.00 T T 1
Upper Layer Middle Layer Lower Layer

Electric Knapsack Sprayer






OEBPS/Images/table1.jpg
Application Droplet

Treatments 4 BlIERC
(um) classification
T1 7.0 150
T2 9.0 150 Fine
I3 11.0 150
T4 7.0 ' 300
T5 9.0 300 Mean
T6 11.0 300
T7 7.0 450
T8 9.0 450 Very coarse
T9 11.0 450
T10 Manual electric backpack sprayer Extremely coarse

Source: ASABE §572.1 (ASABE, 2020) and ISO 25358:2018 (ISO, 2018).





OEBPS/Images/fpls-15-1504608-g009.jpg
0.0040 -
0.0035
0.0030
0.0025
0.0020 4
0.0015 A
0.0010 -
0.0005 -
0.0000
-0.0005 -

Accumulation of drops (uL cm2)

-0.0005 A

-0.0010 4

-0.0015

-0.0020 A

Accumulation of drops (uL cm2)

-0.0025

XT1=0.0034 pL cm2

T7

X12=0.0021 uL cm?

Remotely Piloted Aircraft

ET8=-0.002 uL cm2

T3

(A)

XT3=0.0006 pL cm?

T8
Remotely Piloted Aircraft

T9

ET7=-0.001 pL cm2 XT9=-0.001pL cm?

mRight glove
® Left glove
B Mask
mRight leg

B Left leg

B Right thigh
@ Lcft thigh
B Back

B Chest
BRight arm
B Left arm
DHead

m Right glove
BLell glove
@ Mask
ERight leg
BLefi leg

m Right thigh
B Left thigh
@ Back

O Chest

O Right arm
@ Left arm

OHead

Accumulation of drops (pL. em2)

0.0010

0.0005

0.0000

-0.0005

-0.0010

-0.0015

-0.0020

-0.0025

XT4=0.00008 pL cm™

T4

IT5=-0.0006 uL cm?

s
Remotely Piloted Aireraft

To

(B)

XT6=-0.0023 pL cm

BRight glove
BLeli glove
B Mask

B Right leg

B Left leg

B Right thigh
B Left thigh
@ Back

O Chest

@ Right arm
@ Left arm
OHead





OEBPS/Images/table5.jpg
RPA application range (m)

ESCLS
7.0m
9.0 m

1.0 m

150pm
300um
450pm

MEBS

70 m
9.0 m

1.0 m

150um
300um

450um

MEBS

RPA: Means followed by a different lowercase letter in the columns are significantly different from each other by the Tukey’s test (p < 0.05). MEBS: ** = means significantly different from

Upper
204.19a
211.87a

216.3a

154.90b
206.15b
271.32a

448.93**

Upper
285.03a

328.14a

301.95a

245.15b
290.83b
380.0a

553.42*

Middle
21178
223452

222.22a

174.66b
225.05ab
257.75a

567.00**

DVoso

Middle
263.83a
306.26a

271.00a

248.93b
290.60a
301.60a

664.96**

treatments using RPA by the Dunnett’s test (p < 0.01).

Lower
241.26a
217.11a

249.34a

179.02b
238.26b
290.43a

437.81**

Mean
219.07
21747
230.00
RPA droplet size (um)
170.00
223.15
273.16

484.58

Upper

116.64a

128.09a

138.60a

92.05b

120.0b

171.40a

260.0"

RPA application range (m)

Lower
294.58a
296.78a

316.72a

261.78b
308.19ab
338.10a

521.97*%

Mean
281.14
31039
296.55
RPA droplet size (um)
251.95
296.54
340.00

580.11

Upper

0.87a

0.98a

0.73a

0.96a

0.83ab

0.78b

0.68

Middle
137.54a
12691a

138.33a

103.21b
131.50ab
167.96a

328.75**

Middle
0.65ab
0.83a

0.58b

0.78a
0.75ab
0.52b

0.54

Lower
145.152
135.252

170.00a

101.68 ¢
145.80b
203.93a

295.90**

Lower
0.64ab
0.82a

0.58b

0.88a
0.70a
0.46b

0.51

Mean
133.11
130.31

148.97

98.98
132.43
181.09

294.88

Mean
072
0.87

0.63

0.87
0.76
0.59

0.58





