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Abstract

:

An important factor along with the availability of food is its quality. It depends, among other things, on the type of plant protection products used and the method of their application. This manuscript presents research on the possibility of using a shielded band sprayer in field onion cultivation. The shielded band spraying technology presented in this article is the subject of a patent application (application number P.428494-The prototype of the machine was produced in Poland in cooperation with the University of Life Sciences in Poznań). The research consisted in comparing the quantity and quality of the obtained crop, based on various methods of reducing the weed population. The research results indicate that the proposed shielded band spraying technology may affect the food quality (the active substance is not sprayed on onion plants) and profitability of farms (less use of plant protection products).
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1. Introduction


Food is the basis of human existence [1]. The increase in the population has caused a need to increase the scale of food production. Agriculture has been intensified to achieve higher productivity [2,3,4]. On the other hand, consumer awareness is increasing, which results in the search for high-quality healthy food [5,6,7]. Growing vegetables is an extremely important element of plant production. Vegetables provide people with vitamins, fiber, and mineral substances. Vegetables should be eaten every day in both fresh and processed form (juices, mousses) and as an addition to other dishes [8,9,10]. Root and alliaceous vegetables are important from a dietary point of view [11,12]. Onion (Allium) is a biennial vegetable plant belonging to the garlic family (Alliaceae Her.). In the process of growing onions, protection against harmful organisms, which primarily include weeds, is an extremely important element. Due to the spread and specificity of onion plants, weeds have very good conditions for development. Mechanical treatment and manual weeding often do not give satisfactory results. In addition, due to the limited availability of the labor force, these results are often unachievable [13]. Currently, the most popular methods of reducing weed infestation are chemical methods, which can significantly reduce yield. The use of herbicides is the most effective method of reducing weed infestation in onion cultivation. Herbicides are defined in the literature as various chemical and non-chemical agents used to inhibit the development of weeds or cause their destruction [13,14]. All herbicides, after reaching the sensitive plant, cause disturbances in its various physiological processes. On-leaf herbicides, after penetrating the plant, through various mechanisms, lead to damage of its cells, tissues, and organs. In the case of soil herbicides, their uptake occurs through the roots, and their action depends on soil and meteorological factors. Herbicides, also known as weed killing agents, constitute the largest group in the sales structure of plant protection products [15,16]. The negative effect of the herbicide on crop is the occurrence of temporary or long-lasting damage called phytotoxicity [13,17]. The effects of phytotoxicity on crops can be observed in all developmental stages and they can affect both parts and whole plants. All the negative effects on crops can affect both the quality and amount of yield. A reduction of the adverse impact on the crop and the natural environment has taken place thanks to the introduction of integrated plant protection, among others. Its purpose is to reduce the consumption of chemical plant protection products [18,19]. Chemical protection treatments should be carried out taking into account three basic principles: Spraying only the object that is necessary, using the amount that is necessary to achieve the intended purpose, and minimizing the amount of plant protection products released into the environment [20].



Systematic reduction of the range of available plant protection products and the occurrence of phytotoxicity in onion plants in the case of using certain herbicides makes it necessary to search for new solutions of weed control. An important aspect is also the improvement of food quality and environmental protection; therefore, integrated production is introduced, and integrated protection is an element of it [21,22,23,24]. The solution that can improve the precision of using plant protection products, and in particular herbicides in in-row cultivation, is the use of band sprayers with a herbicide shield instead of a conventional spraying boom. An additional element improving the precision of the procedure is the use of terrain copying by the support element that the sprayer is mounted on. This solution largely eliminates the horizontal and vertical atomizer movements that occur in the classic spray boom [13]. Movements in the vertical plane are clearly noticeable for the operator, whereas movements in the horizontal plane are often overlooked, and they also contribute to uneven distribution of the spray liquid [25]. It is necessary to conduct research in the field of distribution of spray liquid and coverage of sprayed objects during changes in the position of the field boom during its operation [26]. A very important advantage of inter-row-shielded band spraying is the negligible or complete lack of contact of the spray liquid with the crop. In addition to inter-row spraying, the band method gives the possibility of spraying the crop cultivated in rows with the reduced dose of herbicide (the use of a nozzle with a lower efficiency). The use of a band nozzle allows for an even coverage of the sprayed area over the entire width of the band and the herbicide shield limits the influence of external factors, e.g., wind, on the liquid stream [13].



Attempts to control weeds in field crop cultivation has been presented by many authors [26,27,28,29,30,31]; however, due to the high availability of cheap plant protection products and their high efficiency, some of the results described were abandoned.



The aim of the study was to compare the effectiveness of weed control in onion cultivation using band spraying technology and weed control during conventional spraying. The comparative studies were carried out by spraying the selected experimental plots with herbicides using conventional technology and the selected plots using band spraying technology. During the season, herbicidal treatments were performed, and their effectiveness was assessed. For comparative purposes, plots with manual weeding were formed and so-called control plots without weeding.




2. Materials and Methods


The research material was the onion plantation of the Hyduro F1 variety (The seed of the Dutch producer Bejo Zaden was purchased from a local agent of the means of production) in row-band cultivation (Figure 1). All field operations were performed using the parallel steering system.



The plantation was located in Poland in the Kuyavian-Pomeranian Voivodeship, in Inowroclaw district, on soil with botanical class IVa and V, pH 6.3, vegetation season 2016. As part of the experiment, 20 experimental plots were formed, with an area of 1.5 m2 each, and placed on the field at random. The plot distribution is shown in Figure 2. The experiment was carried out with 5 repetitions for each experimental combination, i.e.:




	
Control—without weeding,



	
Manual weeding,



	
Conventional spraying and



	
Band spraying.








Table 1 Presents all herbicidal treatments performed, along with the active substance dose.



For band spraying, a prototype machine was used, which was built specially for the purpose of the study (the solution is subject to a patent application). The assumption was to apply the spray liquid to the largest area of the field possible, without contact with the crop. As a base for the construction of the machine, a conventional field-mounted sprayer was used with full equipment except for the spray boom. It was placed on a specially designed frame. Each of the spraying sections were placed on a parallelogram construction with a support wheel, enabling ground copying. The essence of this solution was the possibility to apply herbicides to the inter-row surface of the field with full reduction of the contact with the cultivated plant. The spray heads were covered with individually designed herbicide shields (shields were made in 3D printing technology). The shield is presented in Figure 3.



The proposed solution required the use of nozzles with a non-standard spray liquid distribution. On the entire working width of the nozzle, an even distribution of liquid is necessary, because unlike in traditional applications, the spray liquid does not overlap with adjacent nozzles. The area where the spray goes is in the range of just one nozzle. The used nozzles are characterized by an even flat jet, which results in an even flow of liquid over the entire working width. Figure 4 and Figure 5 show the liquid distribution diagram between two adjacent nozzles and the arrangement of nozzles and the working width of the band sprayer. The ejector atomizer manufactured by Agrotop-Germany was the factory equipment of the Amazone sprayer) AirMix 110-03 nozzles were used for conventional spraying. The working speed during spraying was 7.0 km∙h−1 and the working pressure was 3.5 bar. TeeJet TP9501EVS and TeeJet TP9502EVS fine droplet belt sprayers were used for belt spraying with herbicide cover. During the spraying, the band of onions, due to the need to spray bands of varying widths in order to balance the amount applied sprayers of varying capacity, were used on the surface of the liquid. A vascular test of the nozzles output was carried out. The amount of liquid obtained was converted into a unit of area sprayed by a given sprayer. TP9501EVS nozzles were used between the rows in the lane. In contrast, between the rows of adjacent sections, TP9502EVS nozzles were used. The working speed was 6 km h−1 and the working pressure was 2.5 bar.



The working width of the machine was equal to the working width of the sowing drill and it was 1500 mm. The yellow color in Figure 5 is used to mark the nozzles’ coverage area. The sprayers located above the tractor’s ruts operated at a different angle in the vertical axis from those located in the rows of the crop (Figure 6). Such a nozzle placement forced the use of sprayers with two different orifice sizes to even out the distribution of liquid per area unit. For the sprayers above the ruts, the orifice size was accordingly larger.



Both conventional and band spraying was carried out using a tractor equipped with an automatic steering system based on GPS signal with RTK/NET correction (The real-time correction data from the private base station was sent to the receiver via a mobile network transmission). This allowed the treatments to be performed with high precision and avoided mistakes when using the herbicides. The experimental plots located on the plantation were marked and transferred to the application map of the conventional sprayer, which made the experiment easier, and, above all, ensured the repeatability and accuracy of the journeys. It also eliminated possible human error, which could occur when using herbicides on the rest of the plantation and, e.g., the plot/plots could be sprayed in an uncontrolled manner.




3. Results


The chart below (Figure 7) shows the average number of onion plants in the seedling phase on the date of 11 May 2016 and the total number of harvested onions for each plot on 2 September 2016 in relation to the average number of seedlings at the level of 113 pieces.



The average values obtained for each of the plot groups were adopted for the general assessment. The groups were divided in terms of weeding methods (Table 2).



The average yield for each weeding method was calculated based on the results in individual plots. The average total yield (without division into fractions) for one plot was between 9140 and 11,720 g (Figure 8).



The results obtained in the experiment were subjected to statistical analysis. The following plot designations were adopted in the analysis:



A—without weeding,



B—band spraying,



C—conventional spraying and



D—manual weeding.



The data presented in the table below were obtained after manual harvesting of individual plots, and then each batch was weighted and measured and counted in accordance with the adopted division assumptions. Detailed data for each individual plot were taken into account for the sake of statistical analysis (Table 3) and compiled as described below.



Normal distribution was tested by the Shapiro–Wilk method. In the case of normal distribution, Bartlett’s test was performed to verify the homogeneity of variance. Then, Tukey’s test allowed comparison of statistically significant differences.



If the Shapiro-Wilk test showed that the variable distribution was not close to normal, i.e., the probability value (p-value) is was than 0.05, a Kruskal-Wallis test was performed in order to determine the differences between groups of plots.



The analysis showed that the weeding method did not statistically significantly affect the average number of harvested onions (Figure 9). The average number for the trail without weeding was slightly more than 88 pieces and for band spraying was 87 pieces. The highest probability of occurrence of the number of harvested onions was determined at 82 pieces for plots without weeding and 85 pieces for band weeding.



In terms of the number of harvested onions, the cultivation method without weeding was significantly statistically different from the manual weeding (Figure 10). The dominant value for group A was 20 pieces lower than in group D. The analysis showed no significant differences in the number of onions for the B and C methods.



The varieties differed statistically significantly in the number of onions harvested from the plot that were not a productive yield, depending on the weeding method (Figure 11). In addition, there were significant differences in the numbers among plot groups. For the weed control by band spraying, it can be expected that onions with a diameter below 40 mm will occur in a quantity of 3 pieces, whereas for plots without weeding, this value is 10 pieces. On one of the plots without weeding, the onions that were not the main yield occurred most numerously, i.e., 17 pieces. Crop growing in the company of other plants competes for water and nutrients. The high density of plants caused the division of available nutrients between them, which resulted in lower growth and lower final yield of the crop. In addition, for a large part of the onions, there was not enough water and nutrients, so they could not grow up to the size required by the market and consumers, a result of which was onions with a diameter below 40 mm, thus constituting a loss.



The A method differed significantly from the D method in terms of the total weight of onions harvested from the plot (Figure 12). The value for the method without weeding was 8800 g and for manual weeding it was 11,600 g. For individual plots, the highest weight was 13,400 g on the plot with band weeding. Comparing the band spraying method and the conventional one, the probability of obtaining a higher yield was higher in the B plot, with 5000 g.



The weeding methods showed significant differences taking into account the weight of onions in the productive yield (Figure 13). The lowest average yield was obtained on the plots without weeding. On plots weeded with the band spraying method, there was the highest probability of obtaining a weight of 11,050 g, whereas in the case of the conventional spraying method, there was the probability of obtaining a weight of 10,500 g. The highest dominant occurred in the group of manually weeded plots and it amounted to 11,500 g. The highest productive yield among the individual plots was obtained from the B group plot and it was 13,290 g.




4. Discussion


Roten et al. [32] and Foster et al. [33] showed that the use of low-drift nozzles resulted in a reduction of drift in the range from 81% to 94% compared to control nozzles (standard ones). As it is clear from the analyses carried out by these researchers, the precise application of herbicides is possible using a shield, ensuring cooperation with the appropriate type of sprayer. One of the main purposes of this paper was the design and implementation of a herbicide shield with the desired parameters. The shields were made using 3D printing technology. The comparative studies of traditional technologies with newly developed solutions allow an assessment of their effectiveness and set development directions.



The need to fight weeds to increase crop yield is undisputed in the literature. Many researchers around the world see the need to search for new methods and their combinations, which are useful in the weeding of crops, including onions. An example of this approach is a study conducted by Rahman et al. [34], where the effectiveness of various weeding methods in onion cultivation was compared. The experiment was conducted in three repetitions during two growing seasons. Six methods were compared in the experiment, two of which consisted only of manual weeding. In both the experiment conducted by our research team and in the experiment conducted by Rahman et al. [34], the highest weight of onions was recorded on plots with manual weeding, and the worst result was on control objects without weeding. Similar results in the research on methods of controlling weed infestation in onion cultivation were obtained by Sahoo et al. [35]. Additionally, the experiment conducted in Polish conditions confirmed that the best yield of onions was from the plots that were systematically manually weeded [36].



Researchers also emphasize the importance of using precise positioning systems when performing herbicide treatments [37,38].



Achieving yields at high levels with an appropriate weed control and reducing herbicide consumption is the subject of many studies [17,39,40,41].



The control of weeds in agricultural crops should be carried out by an integrated method, including the use of herbicides, while simultaneously maximizing their reduction. In some row cultivations, researchers recommend band spraying with herbicides only in the rows of plants (sprayers with shields) and mechanical weed control in the inter-rows [42]. In some cultivations, such as root vegetable cultivations on ridges, the use of mechanical methods is limited due to the possibility of damaging the ridge structure and lowering the quality of the yield.




5. Conclusions


The conducted research, discussion, and analysis of the results allowed the following conclusions to be formulated:




	
The use of band spraying with a shield may lead to less absorption of herbicides by the crop and its faster growth, which should be confirmed in further studies.



	
Similar yield levels in the conventional and band method allow for further testing for spraying during adverse weather conditions (including strong wind).



	
Further research should be carried out, which may indicate the occurrence of statistical differences in the production yield between weed control methods in onion cultivation.



	
It is recommended to continue crop tests based on the band spraying method in terms of the effectiveness of weed control and to extend the scope of tests with the quantitative analysis of the used herbicides and their possible residues in crop yield.
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Figure 1. Row-band system of onion cultivation using the parallel steering system. 
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Figure 2. Diagram of the experimental plots’ placement in the field (plots 1–5 control-without weeding, plots 6–10-band spraying, plots 11–15-conventional spraying, plots 16–20-manual weeding. The transverse distance between plots was a minimum of 1.5 m (field patch width). The longitudinal distance within the band (field patch) was a minimum of 10 m. The protective band was 1.5 m (field patch width). 
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Figure 3. Herbicide shield. 
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Figure 4. Diagram of the liquid distribution between two neighboring nozzles. 
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Figure 5. Arrangement of the nozzles and working width. 
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Figure 6. Shielded band sprayer. 
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Figure 7. Number of onion seedlings (11 May 2016) and the number of harvested onions (02 September 2016) on individual plots for all weeding methods. 
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Figure 8. Average onion yield per plot for individual weeding methods. 
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Figure 9. The number of all onions harvested from the plots. 
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Figure 10. The number of onions harvested from the plots, which is the productive yield. 
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Figure 11. The number of onions harvested from plots that are not a productive yield. 
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Figure 12. Weight of all onions harvested from the plots. 
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Figure 13. Weight of onions harvested form the plots, which is the productive yield (fractions 40−80). 
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Table 1. Table of the used herbicides.






Table 1. Table of the used herbicides.





	Activity
	Dose (Pure Ingredient) [g·ha−1]/Amount of Working Liquid [L·ha−1]
	Plot
	Date





	AAAAAAAConventional spraying
	pendimethalin 330g/250
	C
	5th April 2016



	MMMMMMBand spraying
	pendimethalin 495g/210−230
	D
	5th April 2016



	AAAAAAAConventional spraying
	glyphosate540g/200
	C
	18th April 2016



	AAAAAAAConventional spraying
	oxyfluorofen 24g/250
	C
	12th May 2016



	MMMMMMBand spraying
	oxyfluorofen 24g/210−230
	D
	12th May 2016



	AAAAAAAConventional spraying
	pyridate 720g/250
	C
	20th May 2016



	MMMMMMBand spraying
	pyridate 720g/210−230
	D
	23rd May 2016



	AAAAAAAConventional spraying
	propachizafop 50g/250
	C
	28th May 2016



	MMMMMMBand spraying
	propachizafop 50g/210−230
	D
	28th May 2016



	AAAAAAAConventional spraying
	fluazyfop-P-butyl 90g/250
	C
	8th June 2016



	MMMMMMBand spraying
	fluazyfop-P-butyl 90g/210−230
	D
	9th June 2016



	AAAAAAAConventional spraying
	pendimethalin+oxyfluorofen 330g + 24g/250
	C
	14th June 2016



	MMMMMMBand spraying
	pendimethalin+oxyfluorofen 330g + 24g/210−230
	D
	14th June 2016



	MMMMMMBand spraying
	oxyfluorofen+chlopyralid 24g + 30g/210−230
	D
	23rd June 2016
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Table 2. Average values for all plot groups.
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Weeding Method

	
Number of Harvested Onions

	
Harvested Onion Weight [g]

	
Onion Weight in Individual Fractions [g]

	
Number of Onions in Individual Fractions




	
<40

	
40–60

	
60−80

	
<40

	
40−60

	
60−80






	
A. without weeding

	
88.4

	
9140

	
308

	
6172

	
2660

	
10.6

	
64.4

	
13.4




	
B. band spraying

	
87.2

	
11,100

	
150

	
6666

	
4284

	
5.2

	
60.6

	
21.4




	
C. conventional spraying

	
90.2

	
10,680

	
130

	
7686

	
2864

	
4.8

	
72.0

	
13.4




	
D. manual weeding

	
96.6

	
11,720

	
162

	
8312

	
3246

	
3.0

	
76.4

	
17.2
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Table 3. Detailed data obtained in the experiment.
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Plot no.

	
Number of Harvested Onions

	
Harvested Onions Weight [g]

	
Onion Weight in Individual Fractions [g]

	
Number of Onions in Individual Fractions




	
<40

	
40−60

	
60−80

	
<40

	
40−60

	
60−80






	
1

	
96

	
8800

	
650

	
7000

	
1150

	
18

	
71

	
7




	
2

	
103

	
11,100

	
230

	
6300

	
4570

	
9

	
72

	
22




	
3

	
82

	
9400

	
110

	
6250

	
3040

	
5

	
61

	
16




	
4

	
81

	
8000

	
240

	
5810

	
1950

	
10

	
62

	
9




	
5

	
80

	
8400

	
310

	
5500

	
2590

	
11

	
56

	
13




	
6

	
83

	
1100

	
50

	
6600

	
4450

	
3

	
59

	
21




	
7

	
85

	
7800

	
440

	
5570

	
1790

	
14

	
62

	
9




	
8

	
97

	
13,400

	
110

	
8200

	
5090

	
4

	
67

	
26




	
9

	
79

	
11,100

	
70

	
6090

	
4940

	
2

	
52

	
25




	
10

	
92

	
12,100

	
80

	
6870

	
5150

	
3

	
63

	
26




	
11

	
101

	
10,400

	
170

	
8510

	
1720

	
5

	
86

	
10




	
12

	
79

	
8700

	
100

	
6100

	
2500

	
5

	
66

	
8




	
13

	
92

	
11,600

	
170

	
8210

	
3220

	
5

	
72

	
15




	
14

	
84

	
10,600

	
100

	
7900

	
2600

	
5

	
65

	
14




	
15

	
95

	
12,100

	
110

	
7710

	
4280

	
4

	
71

	
20




	
16

	
92

	
12,200

	
370

	
7650

	
4180

	
3

	
67

	
22




	
17

	
99

	
11,600

	
100

	
9410

	
2090

	
2

	
86

	
11




	
18

	
85

	
11,100

	
20

	
6500

	
4580

	
1

	
59

	
25




	
19

	
101

	
12,600

	
90

	
8520

	
3990

	
3

	
79

	
19




	
20

	
106

	
11,100

	
230

	
9480

	
1390

	
6

	
91

	
9
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