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Abstract

:

Including the correct combination of factors for the application technology of pesticides can improve their distribution on their targets. The aim of this work was to use multivariate analysis to study the effect size and the order of influence of three factors that interfere with pesticide application technology in corn crops. A 2 × 2 × 3 factorial experiment was conducted with two droplet size classes (fine and coarse), two application rates (80 and 150 L ha−1), and the presence of adjuvants (mineral oil one and two, and no adjuvant). A knapsack boom sprayer was used for the applications. Droplet deposition on the corn leaves was evaluated by detecting a tracer added to the spray via spectrophotometry and the droplet spectrum by analyzing water-sensitive papers. Univariate and multivariate statistical analyses were performed to integrate the variables analyzed. Droplet size has proven to be the most important factor in spraying planning, and the second factor is the application rate. With the association between fine droplets and higher application rates, a better performance was obtained in coverage, droplet density, and droplet deposition.
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1. Introduction


Among application technologies for crop protection products, the use of adjuvants, the correct selection of droplet size, and consequently operating pressure and nozzle type, as well as the definition of the application rate, can impact the deposition of the spray liquid on the target and thus optimize the control of pests and diseases. In general, depending on the spraying conditions and crops, application rates vary from very high (>1000 L ha−1) to ultra-low (<50 L ha−1) volume [1]. Within this range, studies have shown increased spray deposition with increased [2] or decreased [3] application rates for perennial plants. In annual plants, different results in deposition and control efficacy have also been reported at different application rates and droplet sizes [4,5,6].



The use of adjuvants can help improve the quality of application through preparing and maintaining the physical stability of the spray liquid over time and improving the performance of treatments [7]. However, the incorrect use of adjuvants can be detrimental to the deposition of the active ingredient on plants because they can alter the physical-chemical properties of the solution. Furthermore, with the addition of adjuvants to the tank mixture, care must be taken with the application rate, because if these two factors are not perfectly combined, the spray retention on the leaves can be decreased, and consequently, increase runoff to the soil [8].



Currently, the required deposition of the pesticide throughout the plant profile is related to the combination of several factors, such as plant architecture, planting density, droplet size produced by different types of spray tips, application rate, working speed, working pressure, wind speed, and type of equipment [9,10,11,12,13], with the relationship between the application rate, spray tip type, and solution quality being key factors [14]. However, due to numerous results in the different crops, it has been challenging to define a priority among these factors for the proper planning of the application of crop protection products.



The product used is often considered more important than other factors [15]. However, even when applying a highly effective molecule, the application technology is a limiting factor for pest control to be adequate without detriment to efficiency.



Many studies have highlighted the importance of droplet size, application rate, and adjuvant use but did not weigh them at the time of planning through multivariate analysis. Thus, this work aims to study the effect size and the order of influence of the droplet size class, the application rate, and the adjuvant use on the quality of the ground application of pesticides on the corn crop.




2. Materials and Methods


The corn crop trials were conducted on the Eldorado farm (Municipality of Uberlândia, Minas Gerais, Brazil). The corn field was planted with hybrid DKB 335 Vt Pro 3, with a density of 64,000 plants ha−1 and rows spaced at 0.5 m with 3.2 plants per meter.



To study the most influential factors on the spray deposition on targets, this study followed the methodology used by Palma et al. [16], using a completely randomized design with four replications in a 2 × 2 × 3 factorial model, with two droplet classes (fine and coarse), two application rates (80 and 150 L ha−1), and three mixture compositions (two treatments with different adjuvant and one without). To facilitate the identification of the treatments in the graphs, each replication was associated with the letters a, b, c, and d (Table 1). The adjuvants used in the trials were two mineral oils: aliphatic hydrocarbon adjuvant 428 g L−1—Nimbus® (Syngenta, São Paulo, Brazil), and aliphatic hydrocarbon adjuvant 756 g L−1—Assist® (Basf, São Paulo, Brazil). The concentrations/doses of the adjuvants recommended in the label of 0.5 mL per 100 L of water for Nimbus® and 1 L ha−1 for Assist® were adopted. The use of these adjuvants is intended to improve the spray coverage and droplet adhesion to the leaves.



The applications were made in the vegetative phenological stage (stage 16 on the BBCH code) [17], 38 days after sowing (DAS), using a CO2 pressurized knapsack sprayer with a 2 m boom and 4 tips (Figure 1). Teejet’s XR11002 and AIXR 11002 air-induction flat spray tips (Glendale Heights, IL, USA) were used to generate the fine (volume median diameter between 106 and 235 µm) and coarse (volume median diameter between 341 and 403 µm) droplet class, according to the ASABE S572.3 standard [18]. The working pressure was 200 kPa and the work speed was adjusted according to the required droplet size and application rate (1.4 m s−1 for 150 L ha−1 and 2.8 m s−1 for 80 L ha−1). The nozzle height above the spray target was 0.5 m.



The study used 48 plots. Each repetition used a 3 × 4 m plot, totaling 576 m2 of experimental area. The central area of 2 × 3 m of each plot was used for sampling.



The weather conditions were monitored using a thermo-hygrometer anemometer (model 4000, Kestrel, Boothwyn, PA, USA), keeping within the parameters recommended for applications of plant protection products: a temperature below 30 °C, relative humidity above 55%, and wind speed between 0.8 and 2.8 m s−1.



After application, two leaves were collected as a sample from each third of the plant profile (upper, middle, and lower) to study the spray deposition on the different positions of the corn crop (Figure 2).



Two Petri dishes were placed below the foliage area approximately 15 cm from the stem to evaluate the runoff to the soil. The samples were placed in a thermally insulating box for transport to the laboratory to avoid sun exposure and prevent tracer degradation.



The tracer “Brilliant Blue (internationally listed by the “Food, Drug & Cosmetic” as FD&C Blue n.1) was added to the spray mixture at a dose of 400 g ha−1” [16]. A spectrophotometer (model SP-22, Biospectro, Curitiba, Brazil) was set to a wavelength of 630 nm to detect the tracer by absorbance. We employed the methodology of Gitirana Neto et al. [10] for tracer extraction in leaf and Petri dish samples. Mechanical shaking of the samples was achieved using a pendular shaking table (model TE240/I, Tecnal, Piracicaba, Brazil) at 21 rad s−1 for 2 min for each sample. The leaf areas were measured with a leaf area meter (L1-3100, Li-Cor, Lincoln, NE, USA).



The droplet spectrum was analyzed and the volume median diameter (VMD), percentage of covered surface, relative span factor (RA), and droplet density were evaluated. For this purpose, one water-sensitive paper (76 × 26 mm) (Syngenta, Basel, Switzerland) was stapled to the leaves’ adaxial part at the leaf sampling heights in each third (upper, middle, and lower) of the plant canopy prior to application (Figure 1). After application, the papers were collected, digitized at 2500 dpi, and analyzed using DropScope v 2015 software (2016.1124.1). This software is specific to water-sensitive paper analysis [19] and takes into account the spreading factor of the paper used. It has an automated routine to calculate the droplet spectrum.



The relative span factor is a parameter calculated as (Dv0.9 − Dv0.1)/Dv0.5 with Dv0.9, Dv0.5 (or VMD) and Dv0.1 being the droplet diameter such that 90%, 50% and 10%, respectively, of the volume of the sprayed liquid is constituted of droplets of a smaller size.



Once the deposition and droplet spectrum data were obtained, statistical analyses were performed using univariate and multivariate statistical techniques to integrate all the variables analyzed [20]. We started by determining the existence of discrepant data with the Mahalanobis distance calculation method (D2). Next, the degree to which the variables are associated with each other was assessed using Pearson’s linear correlation matrix [21,22]. Multivariate normality was also tested for skewness and kurtosis using Mardia’s test. Next, Bartlett’s assumptions of sphericity and the Kaiser-Meyer-Olkin (KMO) measure of sample adequacy were tested.



Univariate analysis of variance (ANOVA) was performed to determine the effects of the factors (droplet size, application rate and mixture composition) on each variable. To determine the magnitude of the effect, the eta square index (η2) was calculated, including whenever it is significant for factorial experiments [23].



Effect size is defined as the estimate of the difference between means as a function of a null hypothesis [24,25]. It is employed to determine whether the effects of specific treatments have an important magnitude, and shows statistical differences [26,27,28]. Therefore, its estimation and interpretation could be more important than determining the desired variability [29]. Furthermore, effect size is considered more suitable than the p-value because it does not depend on the sample size [24].



Furthermore, based on the ANOVA results, response variables with no significant effect were determined to be of minimal or no importance, and were removed from the following analyses.



Next, the similarities between the experimental units were determined using the Euclidean distance method, and Ward’s method was used for hierarchical clustering [16]. The statistical difference between groups was verified by subjecting the clusters to the F-test and then to the Tukey mean-difference test when the number of groups was greater than two. After that, the main characteristics in the cluster were analyzed and the factor that predominates in the cluster (droplet size, application rate or mixture composition) was considered the factor with the most significant influence on the spray deposition.



Next, the association between the groups formed and the variables were studied using principal component analysis (PCA). The components were chosen following the criteria proposed by Kaiser [30], in which “the number of components chosen is the one whose eigenvalue is greater than one and which explains up to 70% of the accumulated variance of the data”.



The relationships of the variables and the groups were displayed on biplot graphs, where each treatment/cluster is placed on the x and y axes corresponding to the variables with which they have the most significant influence. Each group formed was considered a new population, and to determine the second most influential factor, the analyses were repeated within each cluster. All statistical analyses were performed using R v 4.0.2 software [31] with a significant level of p ≤ 0.05 when necessary.




3. Results and Discussion


3.1. Discrepant Data Analysis and Multivariate Analysis Assumptions


All plots were used in the analyses because no discrepant values were detected with the Mahalanobis distance test (D2). Multivariate normality was also determined (p-value asymmetry = 0.0662; kurtosis = 0.0550).



Correlation between studied variables was proven (X2 = 500.07; p-value < 0.001). The sample adequacy measure was determined to be adequate, with a KMO coefficient of 0.62.




3.2. Univariate Analysis of Variance and Effect Size (η2)


A comparative scale with the results of other studies using effect size estimates can be used when there is no accepted scale [32]. However, no studies were found that referred to any scale regarding research in the area of application technology for crop protection products.



Although there is no scale for the valuation of the eta-squared (η2), Cohen’s scale is used as a reference [33], which proposes a small or low effect for a value of η2 = 0.0099, a medium effect for η2 = 0.0588, and a large effect for η2 = 0.1379.



Even effect size can be analyzed on response variables with no statistical difference [34]. Since variables in this condition do not contribute to determining the priority of factors over response variables, they could be eliminated from the analyses [16]. In this study, variables that showed these conditions were deposition in the upper and middle part of the plants, and relative span factor in the middle and lower part of the plants (Table 2).



Only the droplet density variable showed dependence (p < 0.05) between droplet class and application rate in the middle and lower third, with an η2 estimate of 0.05 for both cases, which is considered low (Table 2). Plots with high application rate and fine droplet class reached a higher quantity of droplets per cm2,130 at the middle and 96 at the lower third of the corn plants (Tables S2 and S3).



All remaining variables showed a difference between means only for factors as main effects. The VMD showed a high effect size estimate, which was expected since it aimed to contrast two droplet classes. The difference between the measured VMD values and the values from the droplet class (ASABE standard [18]) is probably due to the difference from the used methods. In this paper, an indirect method was used (water-sensitive paper), which differs from the direct methods (e.g., laser diffraction).



Density was a direct function of droplet size in the upper (0.36), middle (0.31), and lower (0.27) thirds. This observation can be attributed to the ease with which the fine droplets can penetrate the lower parts of the plant canopy. The droplet density for the fine and coarse classes differed by 3.9 times (115 and 29 drops cm−2, in average respectively).



Coverage was a function of application rate with high effect size estimates in the upper (0.33), middle (0.40), and lower (0.20) thirds (Table 2). Variation in coverage due to application rate has also been reported by Ferguson et al. [35] in evaluations in oats. For coverage and droplet density, differences were observed in the plots to the treatments applied with fine droplets at the upper (7.86%), middle (4.91%), and lower (4.0%) thirds of the plants (Table S1, Table S2, Table S3, respectively), but not to a specific treatment. This behavior may be due to the effect size estimates for the evaluated factors being between medium and high.



Spray deposition, depending on the combination of the other parameters involved in the application technology, varied with the application rate or the tip used [4]. In this study, no factor influenced the deposition in the upper and middle third, so the estimation of these effects was not analyzed. In the lower third, deposition varied as a function of droplet class with a medium effect size (0.10). With coarse droplets, greater deposition was achieved in the lower third (0.16 µg cm−2); however, runoff to the soil was also droplet class dependent, but with a low effect size (0.1). Runoff to the soil can also be higher with a higher application rate (4.08 µg cm−2) when compared to the lower application rate (2.89 µg cm−2) (Table S4). The Petri dishes collected part of the direct spray plus the runoff (part of the droplets that were deposited on the leaves went to the soil).



In the upper third, the relative span factor differed as a function of the application rate with a high effect size (0.14). A higher application rate could result in a less technical application, characterized by a higher relative span factor (0.68) when compared to the lower application rate (0.55) (Table S1). However, these results cannot be considered as a determinant because droplet size uniformity (relative span factor) is more related to the different droplet sizes generated by the same spray tip [36]. The use of adjuvants had no effect.



In corn applications, there was a decreasing gradient in deposition between the thirds going up the plants, regardless of the significance of the treatments. A similar effect was reported by Machado and Reynaldo [36] when evaluating the differences between aerial and ground applications. This difference can be mitigated depending on the equipment and technology used [37].




3.3. Cluster Analysis


The dendrogram analysis (Figure 3) is the simplest way to present the complex relationships between the elements. The groupings by droplet class agreed with the results obtained in the previous analyses, where this factor had the largest effect size when it was significant. “A very important prerequisite for a good plant protection is optimally adjusted technical spraying factors, with an optimal droplet size distribution, which is the most important” [38].



Despite the plots being separated into three groups, groups 1 and 2 corresponded to the plots applied with mainly fine-class droplets. The separate plots (group 1) mostly correspond to the treatments with adjuvant use; however, since the adjuvant factor did not present statistical significance in the previous analysis, only the fine and coarse droplet groups are considered.




3.4. Principal Component Analysis (PCA)


This analysis allowed us to relate the plots, treatments, and variables in an exploratory way [39,40]. The droplet characterization variables were clustered in component one and the deposition and runoff to the soil variables were clustered in the other components. Four components were required to achieve the given criteria (explains at least 70% of the data variance) due to the smaller number of variables within each analysis (Figure 4).



In the biplot graphs (Figure 4), the variables and treatments had similar behavior, being polarized for component one (horizontal axis), and were more dispersed for component two (vertical axis).



When analyzing the components and treatments grouped according to application rate, patterns could be observed (Figure 4b). The fine droplet application had better coverage, and better droplet density variables. “Coverage of treated area is the main goal of whole plant protection process, and the main task of technical spraying factors is to increase this property” [41].



Variables were discriminated and arranged into components according to the correlation between them. In turn, the group of variables that contributed the most to each component was determined. Low or non-significant correlations were observed between deposition variables and percent coverage, density, relative span factor, and VMD, and these were thus arranged into separate components (Table S5). All variables presented high contributions and high and significant correlations with at least one component, indicating that each was important for explaining the variance and characterizing the quality of the application of pesticides.



Separately analyzing the plots applied with fine drops and those applied with thick drops, it was found that the higher application rate provided greater coverage and droplet density (Figure 5). The 90° angles between the upper third and the middle and lower thirds in coverage and droplet density demonstrates the non-correlation between each group. Therefore, the results for each group must be inferred in isolation.



The limitation of this study is that in practical pesticide applications, farmers use sprayers different from the knapsack sprayer used in this research. Although the spray nozzles and the application rate may be the same as those used in the study, other characteristics may be different, such as travel speed and boom stability. Regardless, the results in the field are not expected to be very different from those found in this work.





4. Conclusions


The droplet class used for application, and consequently the nozzle type, was the most important factor in planning a spray application. The second factor is the application rate.



Effect size of droplet class was higher in deposition, the volume median diameter, and droplet density. The effect for application rate was more predominate in coverage area and runoff to the soil.



Using adjuvants such as mineral oils, linked with a fine droplet class, resulted in greater droplet loss to the soil. However, for application with coarse droplets, adding adjuvants to the spray helped in the deposition and adhesion of droplets on the leaves. With the association of fine droplets and higher application rates (150 L ha−1), better results were obtained for the percentage of covered surface area, droplet density, and overall droplet deposition.
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Figure 1. Pressurized knapsack sprayer used for treatment applications. 
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Figure 2. Sampling scheme on corn crop. 
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Figure 3. Dendrogram of the cluster analysis of the plots as a function of droplet class for spray application on corn crop. 
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Figure 4. Biplot graph containing principal components one and two, and the distribution of treatments and variables in the plane grouped by droplet class (a) and application rate (b). So: solution runoff to the soil. VMD: volume median diameter; RA: relative span factor; C: coverage area; D: droplet density in the thirds u: upper; m: middle i: lower. 
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Figure 5. Biplot graph of principal components one and two with separate plots according to application rate on the corn crop. (a): Fine droplet class. (b): Coarse droplet class. VMD: volume median diameter; RA: relative span factor; C: coverage area; D: droplet density in the thirds u: upper; m: middle i: lower. 
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Table 1. Description of treatments employed.
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	Treatments
	Droplet Class
	Application Rate

(L ha−1)
	Spray Composition





	1 (a, b, c, d) *
	Fine
	80
	Without adjuvant



	2 (a, b, c, d)
	Fine
	80
	Nimbus®



	3 (a, b, c, d)
	Fine
	80
	Assist®



	4 (a, b, c, d)
	Fine
	150
	Without adjuvant



	5 (a, b, c, d)
	Fine
	150
	Nimbus®



	6 (a, b, c, d)
	Fine
	150
	Assist®



	7 (a, b, c, d)
	Coarse
	80
	Without adjuvant



	8 (a, b, c, d)
	Coarse
	80
	Nimbus®



	9 (a, b, c, d)
	Coarse
	80
	Assist®



	10 (a, b, c, d)
	Coarse
	150
	Without adjuvant



	11 (a, b, c, d)
	Coarse
	150
	Nimbus®



	12 (a, b, c, d)
	Coarse
	150
	Assist®







* To facilitate the identification of the treatments in the graphs, each replication was associated with the letters a, b, c, and d
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Table 2. Effect size (eta square—η2) of the factors droplet class, application rate, and use of adjuvants on the variables of droplet deposition and droplet spectrum in the three-thirds of the corn plants.
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Third

	
SV

	
DF

	
Deposition

	
VMD

	
RA

	
C

	
D




	
(µg cm−2)

	
(µm)

	

	
(%)

	
(Droplets cm−2)




	
Eta Square (η2)






	
Upper

	
Droplet Class (DC)

	
1

	
-

	
0.65 **

	
0.04 ns

	
0.17 **

	
0.36 **




	

	
Application Rate (R)

	
1

	

	
0.00 ns

	
0.14 *

	
0.33 **

	
0.15 **




	

	
Adjuvant Use (A)

	
2

	

	
0.00 ns

	
0.07 ns

	
0.01 ns

	
0.03 ns




	

	
DC:R

	
1

	

	
0.00 ns

	
0.00 ns

	
0.00 ns

	
0.02 ns




	

	
DC:A

	
2

	

	
0.00 ns

	
0.09 ns

	
0.05 ns

	
0.05 ns




	

	
R:A

	
2

	

	
0.00 ns

	
0.03 ns

	
0.01 ns

	
0.01 ns




	

	
DC:R:A

	
2

	

	
0.03 ns

	
0.04 ns

	
0.00 ns

	
0.02 ns




	

	
Error

	
36

	

	

	

	

	




	
Middle

	
Droplet Class (DC)

	
1

	
-

	
0.55 **

	
-

	
0.09 *

	
0.31 **




	

	
Application Rate (R)

	
1

	

	
0.01 ns

	

	
0.40 **

	
0.17 **




	

	
Adjuvant Use (A)

	
2

	

	
0.01 ns

	

	
0.01 ns

	
0.03 ns




	

	
DC:R

	
1

	

	
0.00 ns

	

	
0.00 ns

	
0.05 *




	

	
DC:A

	
2

	

	
0.00 ns

	

	
0.00 ns

	
0.02 ns




	

	
R:A

	
2

	

	
0.00 ns

	

	
0.05 ns

	
0.05 ns




	

	
DC:R:A

	
2

	

	
0.02 ns

	

	
0.02 ns

	
0.05 ns




	

	
Error

	
36

	

	

	

	

	




	
Lower

	
Droplet Class (DC)

	
1

	
0.10 *

	
0.59 **

	
-

	
0.09 *

	
0.27 **




	

	
Application Rate (R)

	
1

	
0.06 ns

	
0.01 ns

	

	
0.20 **

	
0.18 **




	

	
Adjuvant Use (A)

	
2

	
0.01 ns

	
0.03 ns

	

	
0.01 ns

	
0.04 ns




	

	
DC:R

	
1

	
0.01 ns

	
0.00 ns

	

	
0.00 ns

	
0.05 *




	

	
DC:A

	
2

	
0.04 ns

	
0.01 ns

	

	
0.00 ns

	
0.03 ns




	

	
R:A

	
2

	
0.03 ns

	
0.02 ns

	

	
0.05 ns

	
0.04 ns




	

	
DC:R:A

	
2

	
0.02 ns

	
0.03 ns

	

	
0.05 ns

	
0.06 ns




	

	
Error

	
36

	

	

	

	

	




	
Runoff

to the soil

	
Droplet Class (DC)

	
1

	
0.05 ns

	

	

	

	




	
Application Rate (R)

	
1

	
0.10 *

	

	

	

	




	

	
Adjuvant Use (A)

	
2

	
0.03 ns

	

	

	

	




	

	
DC:R

	
1

	
0.02 ns

	

	

	

	




	

	
DC:A

	
2

	
0.06 ns

	

	

	

	




	

	
R:A

	
2

	
0.01 ns

	

	

	

	




	

	
DC:R:A

	
2

	
0.05 ns

	

	

	

	




	

	
Error

	
36

	

	

	

	

	








SV: source of variation; * significant at 0.05 level of significance; ** significant at 0.01 level of significance and ns not significant in ANOVA; VMD: volume median diameter, RA: relative span factor, C: coverage area, D: droplet density.
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