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Abstract

:

Pesticide operators are often exposed to high levels of contaminants, leading to potential adverse health impacts on these agricultural workers. In tropical regions, pesticide applicators are more vulnerable to dermal exposure than their counterparts in temperate regions. Thus, it is highly desirable to develop new spraying methods to minimize the pesticide exposure level without sacrificing the pest control efficiency. Due to their flexibility, high efficiency, and lower labor intensity, unmanned aerial vehicles (UAVs) have attracted considerable attention in precision pest management. However, the pesticide operator exposure assessment during the spraying application with UAVs, especially the comparison with conventional ground sprayers, has not been well investigated. In this work, the control effect against thrips on cowpea and operator exposure determination by aerial and ground spraying in Hainan Province were carried out and compared. When biopesticide spinetoram with the same dosage was applied, the field control efficacy against cowpea thrips sprayed by UAVs was higher than that of knapsack electric sprayers. Moreover, UAV spraying could greatly reduce water consumption and working time. For UAV spraying, when the amounts of water applied per hectare were 22.5, 30, and 37.5 L, the control effects on thrips on the first day were about 69.79%, 80.15%, and 80.58%, respectively. When Allura Red as a pesticide surrogate was applied under similar spraying scenarios with the field control against thrips on cowpea, the average total unit exposure of the knapsack operator (1952.02 mg/kg) was greatly higher than that of the UAV operator (134.51 mg/kg). The present research indicates that plant protection UAV is the direction of development of modern intensive sustainable agriculture.
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1. Introduction


Pesticides are an important material basis for ensuring food security as well as world peace and stability [1,2]. Estimated by FAO, the use of pesticides can restore the loss of 30–40% of the world’s total crop production. Humankind’s rigid demand for pesticides will exist for a long time. However, agricultural pesticide handlers are often exposed to high levels of pesticides due to missing or improper personal protective equipment (PPE), leading to potential adverse health impacts on these agricultural workers [3]. These exposures occur mainly through inhalation and dermal contact with pesticides when mixing, loading, cleaning equipment, applying the spray mixtures, or entering sprayed areas [4]. Generally, pesticide contamination during spraying makes the greatest contribution to occupational exposure, which is scenario dependent. Multiple factors affect the amount of exposure, such as the application equipment, type of pesticide formulations, crop height and canopy density, application rate and duration, climatic conditions, PPE, and the training and aptitude of the applicators [5]. In tropical regions or countries, pesticide applicators are more vulnerable to dermal exposure than their counterparts in temperate countries [6]. This is ascribed to the fact that operators there do not usually wear PPE during pesticide application activities, mainly due to the discomfort associated with the use of PPE under humid and sultry weather conditions [7].



Hainan Province is located in a tropical region and has a climate and ecological advantage of being one of the major winter melon and vegetable production bases in China. However, due to suitable environmental conditions, insect pests and plant diseases are prone to occur all year round, resulting in a tremendous amount of pesticide consumption [8]. As a result, frequent pesticide application and humid climatic conditions bring about great exposure risk to pesticide applicators. Cowpea, Vigna unguiculata L. Walp, is an important grain legume in the tropics and one of the major winter vegetables in Hainan Province [9]. Insect pests and diseases of cowpea have inflicted a severe impact on cowpea yield and quality [10]. In order to avoid great economic losses, farmers have resorted to indiscriminate use of pesticides to reduce the damage. The commonly used local spray equipment for cowpea pest control is stretcher-mounted power sprayers and knapsack electric sprayers. The local farmers always put themselves in a “spray cloud” when performing the spraying using this equipment (Video S1). Due to the higher cowpea height and density, the spraying of the pesticide solution with these sprayers will bring about great exposure risk to the applicators. Thus, it is highly desirable to develop new spraying equipment to minimize the pesticide exposure level without sacrificing the control efficiency of insect pests.



Due to their flexibility, high efficiency, and lower labor intensity, unmanned aerial vehicles (UAVs), also called drones or unmanned aerial systems (UASs), have attracted considerable attention in precision pest management [11]. Without the need for specific take-off and landing sites, rotary-wing UAVs can operate flexibly and efficiently in complex and uneven terrain, such as paddy fields, hills, and mountains, and they respond quickly to the outbreak of pests [12]. The recent fast development of real-time, high-precision kinematic positioning, flight control, obstacle avoidance, and terrain-following technologies boost the massive application of UAVs in the plant protection field [13]. In China, the academic research and practical applications of UAVs are developing rapidly [14]. According to the statistics data by the Chinese agricultural department, nearly 100,000 crop protection UAVs are used in China, and the spraying area reached about 66 million hectares in 2020.



The current research on the application of plant protection UAVs mainly focuses on the effect of various parameters of aerial spraying on the droplet deposition distribution and drift distance. These spraying parameters mainly include flight height and velocity [15,16,17,18,19,20,21], spray volume and nozzle size [21,22,23,24], meteorological conditions [17,24,25,26,27,28], plant shape [29,30], and spray system [31,32]. The comparison of control efficiency against different insects and plant diseases between UAVs and conventional sprayers was also investigated [33,34,35,36]. Furthermore, UAVs have been used to deliver biological control agents for pest control [37,38]. Considering the advantages mentioned above, plant protection UAVs are undoubtedly a suitable choice for cowpea pest control, while effectively maintaining the control effect and remarkedly decreasing the occupational exposure to pesticides. However, the pesticide exposure assessment of operators during the spraying application with UAVs, especially the comparison with conventional ground sprayers, has not been well investigated.



In the present study, the control against cowpea thrips Megalurothrips usitatus (Bagnall) in Hainan Province was chosen as the model scenario. Spinetoram suspension concentrate (SC) was used as the insecticide to control cowpea thrips. Due to its distinctive properties, such as solubility in spray mixtures, low toxicity, quick quantification, and a bright color differentiating it from naturally occurring substances, we have reported that water-soluble food dye of Allura Red could be used as a pesticide surrogate for the exposure assessment of operators and spray deposition on target crops [39,40]. In this work, Allura Red was applied for occupational exposure quantification to compare the exposure difference between UAVs and commonly used knapsack electric sprayers. Moreover, the control efficiency against cowpea thrips by aerial and ground spraying was also investigated and compared.




2. Materials and Methods


2.1. Reagents and Materials


Spinetoram SC with a concentration of 60 g/L was provided by Dow AgroSciences LLC. Allura Red with a purity of 85% was purchased from Zhejiang Jigaode Pigment Technology Co., Ltd. (Zhejiang, China). The production of custom-made cotton coveralls with a hood for whole-body exposure determination was consigned at a specialized company. Cotton gloves (200 g/m2) were obtained from Beijing Kuailu Knitting Co., Ltd. (Beijing, China). Deionized water was used for extraction. All other chemicals and reagents were commercially available and used as received.




2.2. Instruments


A knapsack electric sprayer (3WBD-18) with a single cone nozzle that operates at a typical pressure of 300 kPa was used for cowpea thrips control and handler exposure determination. The type of aviation platform used was the T16 UAV (SZ DJI Technology Co., Ltd., Shenzhen, China), which was equipped with Global Navigation Satellite System and Real-Time Kinematic (GNSS RTK) navigation technology. The flying height and velocity were both precisely controlled to be within the centimeter level. The UAV has eight hydraulic nozzles, which are symmetrically arranged on both sides of the fuselage. The flow rate of the spraying can be adjusted by a hand-held ground station. The microplate reader (FlexStation 3, Molecular Devices Shanghai Ltd., Shanghai, China) was used for Allura Red analysis.




2.3. Field Trials


The field experiment of cowpea thrips control was performed in the cliff state area, Sanya City, Hainan Province, China (109.17781″ E; 18.39691″ N), with the meteorological conditions of field temperature 30.2–32.8 °C, wind speed 0.8–1.6 m/s, and relative humidity 56–68%. The average plant height, line spacing, and row spacing of the test cowpea (Yousheng 706) were 2, 1.2, and 0.2 m, respectively. In order to compare the control effect against cowpea thrips and pesticide exposure amount of the operator, a knapsack electric sprayer was used as a control. The detailed working parameters of UAVs and knapsack sprayers for field control against cowpea thrips were set in Table 1. The control effect (%) was determined according to the method of Guidelines on efficacy evaluation of pesticides Part 6: Insecticides against thrips on vegetables (NY/T 1464.6-2007).




2.4. Exposure Determination of Operator to Pesticide


In this study, Allura Red was applied as a pesticide surrogate for exposure quantification to compare the exposure difference between UAVs and knapsack electric sprayers. The spraying scenarios were the same with the field control against thrips on cowpea. The wind speed was 0–0.5 m/s. For knapsack electric sprayers, two local farmers (operator A: female, 42 years old; operator B: male, 41 years old) with rich experience as volunteers performed the field experiment with a spraying technique similar to that used for field control against thrips on cowpea, as discussed above. With the lance in their right hand in front of them, the operators swung the lance from top to bottom, walking forward into the area being sprayed (Figure 1). Allura Red with concentrations of 0.5 and 10 g/L was sprayed for knapsack electric and UAV sprayers, respectively. For one treatment of the knapsack sprayer, 15 L of Allura Red aqueous solution was sprayed within 15 min, avoiding overexposure or runoff of the spray mixture from the garment. For one treatment of the UAV sprayer, 4 L of Allura Red aqueous solution was sprayed under the working parameters of flight speed of 1.8 m/s, flight height of 2 m above the cowpea canopy, and flow velocity of 1.28 L/min. The UAV pilot was in an upwind location 2 m away from the cowpea field and manipulated the spraying (Figure 1). Each operator conducted the same application in triplicate. For operators A and B, the average durations were 12.9 and 11.5 min, respectively, for one treatment. For UAV spraying, the average duration was 1.3 min for one treatment.



For potential dermal quantification, a whole-body dosimetry method was adopted according to our previously reported method [38]. Before the spraying application, the operators, including the UAV pilot, were dressed in a new custom-made cotton coverall with a hood, cotton gloves, and a disposable mask. The coveralls were worn over their daily clothing. Following the spraying, the coveralls, gloves, and masks were removed carefully with the help of an assistant who wore new disposable nitrile gloves to avoid cross-contamination. The coveralls were then sectioned into nine pieces corresponding to different body parts of the operator (Figure 2). The samples were individually sealed in new polythene bags, which were accurately labeled and stored in a freezer until water extraction and analysis.




2.5. Chemical Analysis


The coverall sections and gloves were extracted in closed 2 L plastic bottles using 1000 mL of water for pieces 1–3 and 6–9, 1500 mL for 4 and 5, and 200 mL for each glove and mask. The concentration of Allura Red in each extract was determined using a microplate reader. The linear regression equation of the calibration curve was y = 0.0258x + 0.0421 (R2 = 0.9995). The amounts deposited on each coverall part and glove were calculated by multiplying the concentration of Allura Red in each extract and the extraction volume. Exposure levels are expressed as the unit exposure (UE) according to USEPA, which is defined as the mass of active ingredient (ai) exposure per unit mass of active ingredient handled (mg/kg of ai).




2.6. Statistical Analysis


Statistical analysis was performed using the Origin software (OriginLab 2018, Northampton, MA, USA). The statistical significance of the results between different groups was analyzed by Duncan’s multiple range test. p < 0.05 was accepted as significant.





3. Results and Discussion


3.1. Control Effect against Thrips on Cowpea


Cowpea is one of the main economic crops in Hainan Province. Thrips are one of the main pests that endanger the yield and quality of cowpea. The unique climatic environment has created favorable conditions for the reproduction of thrips and caused huge losses to farmers’ income. Pesticide application has become the most commonly used method to control cowpea thrips. With the increasing awareness of food safety, pesticides with high efficiency and low risk have received more and more attention. Biopesticides have become a hot spot in current research and development and application. Spinetoram, a new spinosyn insecticide that is more effective than the related pesticide of spinosad but maintains spinosad’s low toxicity to mammals and other non-target species, is currently widely used to control lepidopteran larvae, thrips, leaf miners, etc. [41]. In the present study, spinetoram was selected to perform the field control against thrips on cowpea.



The pesticide application equipment greatly affects the pest control effect and labor cost. For local farmers in Hainan Province, the commonly used spray equipment for cowpea pest control is knapsack electric and stretcher-mounted power sprayers. With the increase in land intensification and the shortage of rural labor, plant protection UAVs with multiple advantages and suitability for a variety of terrains are moving towards the center of the stage. Nevertheless, people are always considering whether plant protection UAVs can achieve the same or better control effect as ground-based, high-efficiency pesticide application equipment. In this work, the comparison of field control effect against cowpea thrips between UAVs and knapsack electric sprayers was conducted.



In order to clearly demonstrate the difference of control efficiency, all the treatments applied the same dosage of active ingredient per hectare (300 mL of 60 g/L spinetoram SC/ha). Following the treatments, the control effect was observed and calculated on the first, third, and fifth day. The field control effects (%) against cowpea thrips sprayed by UAVs and knapsack electric sprayers are presented in Table 2 and Figure 3. When using a knapsack electric sprayer to control cowpea thrips, the control effects on thrips on the first, third, and fifth day were 68.55%, 67.98%, and 65.23%, respectively. All of these values were lower than those treated by UAV sprayers on the same day, indicating the enhanced field control effect by UAV application.



For UAV spraying, when the amounts of water applied per hectare were 22.5, 30, and 37.5 L, the control effects on thrips on the first day were about 69.79%, 80.15%, and 80.58%, respectively. On the fifth day, those values were found to be 69.73%, 75.61%, and 73.68%, respectively. The results demonstrated that the control effect could be enhanced by increasing the amount of water from 22.5 to 37.5 L per hectare, which could most likely be attributed to the improved spraying coverage and droplet density on the target cowpea. However, when the volume of water increased from 30 to 37.5 L per hectare, there was little difference in the control effect on thrips at the same time. Considering the operating efficiency and cost of the UAV, the best liquid consumption to control cowpea thrips was 30 L per hectare under the experimental conditions. Compared to the huge water consumption of 600 L per hectare for knapsack electric sprayer, UAV treatment can not only improve the effectiveness of prevention but also greatly reduce water consumption and working time, which is the direction for the development of green and high-quality agriculture.




3.2. Potential Dermal Exposure of Operators to Allura Red


In recent years, as society continues to pay more attention to issues such as the quality and safety of agricultural products and environmental pollution, attention to pesticide risk assessment has also risen sharply. Pesticide operator exposure measurement is an important part of pesticide risk assessment. Due to the influence of planting scales and modes, many areas in China still use the backpack-type, large-volume spray method to apply pesticides. In addition, pesticide application personnel lack the necessary safety protection. Thus, operator exposure risk to pesticide is worthy of attention.



It is well accepted that pesticide operator exposure is dependent on scenarios. Influential factors such as crop type [42,43], application experience [44], climatic condition [6], and spraying equipment [45,46] can affect the exposure level. It is obvious that the pesticide exposure of the knapsack spray operator is greater than that of the UAV pilot. Despite this, the pesticide exposure assessment of the operator during the spraying application with the UAV, especially the comparison with the conventional ground sprayer of the knapsack electric sprayer, has not been well investigated. In the present study, this comparison was performed. Due to the unique performance mentioned above, Allura Red was used as a pesticide surrogate for exposure assessment of operators. The potential dermal exposure of operators to Allure Red sprayed by knapsack electric and UAV sprayers is summarized in Table 3. For each treatment, the operator conducted similar spraying in triplicate. To eliminate the influence of the differences in spraying time, exposure levels are presented as the unit exposure (UE), namely the mass of active ingredient (ai) exposure per unit mass of active ingredient applied (mg/kg of ai).



As shown in Table 3, the total UE to Allure Red of operators A and B were 2516.17 and 1387.86 mg/kg, respectively, which was greatly higher than that of the UAV operator (134.51 mg/kg), indicating the lower exposure risk for the operator manipulating the UAV. Due to individual spraying experiences and habits, operator A (female) and B (male) had obvious different exposure levels. The height of the cowpea is taller than the operators spraying with a knapsack electric sprayer. Thus, the operators would swing the lance from top to bottom, walking forward into the area being sprayed. As a consequence, both the upper part of the body (head, chest, back, and arms) and the lower part (thigh and leg) were inevitably exposed. Interestingly, the exposures of right hands (158.65 and 140.01 mg/kg) were greater than those of left hands (64.78 and 50.02 mg/kg). The lateralization of hand exposure resulted from the operators holding the spray lance with the right hand such that any leaks from the hose, lance, or trigger handle could contaminate the right hand.



When considering the operators A and B together as a whole, the average total exposure for knapsack spraying was 1952.02 mg/kg, and the potential dermal exposure over different parts of the body to Allure Red sprayed by knapsack electric and UAV sprayers is shown in Figure 4. It is clearly seen that the exposure distribution pattern over the pilot was different from the knapsack operators, which was possibly attributed to the fact that the exposure over the pilot came from the drift of spray droplets. The remarkably lower exposure level over different parts of the operator’s body further demonstrated the intriguing features of high efficiency and low exposure risk endowed by UAV spraying. In Hainan Province, another type of commonly used local spray equipment for cowpea pest control is a stretcher-mounted power sprayer with a wide swath and long range. As seen from the usual spraying scenario shown in Video S1 (in Supplementary Materials), the exposure situation is worse than that of knapsack spraying. In this scenario, the advantages of plant protection UAV in reducing the risk of operator exposure will be more obvious. The operator exposure assessment using a stretcher-mounted power sprayer will be performed in future research.





4. Conclusions


In the present study, the control efficiency against cowpea thrips and operator exposure determination by aerial and ground spraying were investigated and compared. When spinetoram with the same dosage of active ingredient per hectare was applied, the field control efficacy against cowpea thrips sprayed by UAV was higher than that of the knapsack electric sprayer. Moreover, UAV spraying could greatly reduce water consumption and working time. When Allura Red as a pesticide surrogate was applied under similar spraying scenarios with the field control against thrips on cowpea, the potential dermal exposure of the operator to Allure Red sprayed by knapsack electric and UAV sprayers was carried out. The average total exposure of the knapsack operator was greatly higher than that of the UAV operator. The present research indicates that plant protection UAV spraying can minimize the pesticide exposure level without sacrificing the control efficiency of pests, which is the direction of development of modern intensive sustainable agriculture.
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Figure 1. The typical scenarios of exposure determination of operator to Allure Red sprayed by knapsack electric and unmanned aerial vehicle (UAV) sprayers. 
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Figure 2. Coverall sectioning for whole-body dosimetry analysis. 1: head, 2: left arm, 3: right arm, 4: chest, 5: back, 6: right thigh, 7: left thigh, 8: left leg, 9: right leg. 
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Figure 3. The field control effect (%) against cowpea thrips sprayed by UAV and knapsack electric sprayers. Different letters above the columns are significantly different at p < 0.05. 
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Figure 4. Potential dermal exposure of operators to Allure Red sprayed by knapsack electric and UAV sprayers (n = 6 for knapsack spraying including two operators and n = 3 for UVA spraying). 
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Table 1. The detailed working parameters of unmanned aerial vehicles (UAVs) and knapsack electric sprayers for field control against cowpea thrips.
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	Treatment
	Spraying

Equipment
	Pesticide Dosage

(mL/ha) a
	Water

Used

(L/ha)
	Flight Height

(m)
	Flight Speed

(m/s)
	Flow Velocity

(L/min)





	T1
	UAV
	300
	22.5
	2
	2.4
	1.28



	T2
	UAV
	300
	30
	2
	1.8
	1.28



	T3
	UAV
	300
	37.5
	2
	1.5
	1.35



	T4
	knapsack
	300
	600
	–
	–
	–







a 60 g/L of spinetoram SC was used.
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Table 2. The field control effect (%) against cowpea thrips sprayed by UAV and knapsack electric sprayers.
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Treatment

	
Spraying

Equipment

	
Control Effect (%) *




	
1st Day

	
3rd Day

	
5th Day






	
T1

	
UAV

	
69.79 ab

	
75.92a

	
69.73 bc




	
T2

	
UAV

	
80.15 a

	
78.86 a

	
75.61 a




	
T3

	
UAV

	
80.58 a

	
75.35 a

	
73.68 ab




	
T4

	
knapsack

	
68.55 b

	
67.98 a

	
65.23 c








* Different letters in the same column are significantly different at p < 0.05.
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Table 3. Potential dermal exposure of operators (n = 3) to Allure Red sprayed by knapsack electric and UAV sprayers.






Table 3. Potential dermal exposure of operators (n = 3) to Allure Red sprayed by knapsack electric and UAV sprayers.





	
Body Region

	
Operator Exposure (mg/kg)




	
Op. A a

Mean

	
Op. A

SD

	
Op. B a

Mean

	
OP. B

SD

	
Op. C a

Mean

	
Op. C

SD






	
Mask

	
13.68

	
4.66

	
5.75

	
3.91

	
1.08

	
0.78




	
Head

	
192.42

	
16.61

	
70.11

	
33.62

	
8.95

	
3.92




	
Chest

	
358.40

	
47.37

	
141.34

	
62.66

	
14.39

	
2.91




	
Back

	
239.53

	
62.02

	
125.84

	
47.37

	
13.91

	
9.34




	
Left arm

	
326.79

	
48.85

	
135.57

	
55.26

	
10.89

	
2.80




	
Right arm

	
259.60

	
43.95

	
125.24

	
38.79

	
12.82

	
2.02




	
Left glove

	
64.78

	
17.79

	
50.02

	
13.78

	
7.49

	
0.88




	
Right glove

	
158.65

	
25.55

	
140.01

	
16.94

	
8.52

	
0.28




	
Left thigh

	
161.41

	
23.30

	
89.06

	
10.76

	
16.38

	
7.32




	
Right thigh

	
190.70

	
23.68

	
102.84

	
35.80

	
15.08

	
7.83




	
Left leg

	
292.33

	
67.25

	
166.58

	
23.30

	
13.79

	
3.67




	
Right leg

	
257.88

	
55.90

	
235.49

	
86.84

	
11.21

	
5.51




	
Total exposure

	
2516.17

	
28.18

	
1387.86

	
238.46

	
134.51

	
38.99








a Op. A: operator A (female), Op. B: operator B (male), Op. C: operator C. Operators A and B performed the spraying with knapsack electric sprayers, and operator C is a UAV pilot.
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