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Abstract

:

The purpose of the field experiments was to show possible differences in the quality and size of onion yield and the amount of working liquid used in the technology of the precise application of herbicides. The research material was an onion plantation during three growing seasons in 2015/2016, 2016/2017, and 2017/2018. Cultivation conditions were the same for all plots covered by the experiment. Onions were grown in the row-strip method with a spacing of 150 cm. The experimental factor was the method of weed control on the plots: A—without weeding (control); B—manual weeding; C—conventional herbicide application; D—precise herbicide application. Herbicides were used: Agil 100EC, Pendigan 330EC, Roundup 360SL, Galigan 240EC, Goal 480SC, Lontrel 300SL, Emblem 20WP, Fusilade Forte 150EC, Szogun 10EC, and Lentagran 45WP. The total onion yield did not differ statistically within the accepted confidence interval, regardless of the weeding method in the growing seasons studied. The developed technology allows a reduction in herbicide consumption in onion cultivation by 26% compared to conventional technology, which is of great importance in the aspect of introducing chemical substances into the environment and their accumulation in crops.
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1. Introduction


The need to reduce the harmful compounds in agricultural products forces a reduction in the amount of pesticides used in field cultivation [1,2]. A solution to this problem may be strip spraying technology and the precise application of working liquid, which, as many researchers claim, also allows for savings in the amount of chemical compounds used [3,4]. Main et al. [5], in carrot cultivation, showed that the strip spraying of rows 30 cm wide, with the addition of weeding by other methods, allowed herbicide to be saved by 66%. Oliver et al. [6], in research carried out in the cultivation of sugar cane, showed that strip application of the herbicide allowed for a 60% saving of the substances used to destroy weeds, and in the case of cultivation on elevated ridges, this allowed a reduction in the amount of active substances in the water in the drainage system. Similar results were obtained by Ivany [7] in an experiment in potato cultivation, where the herbicide was applied in rows 30 cm wide, and weeds were destroyed within rows using mechanical hoes. Despite the presence of individual weeds in this method of controlling them, the amount of yield did not differ compared to the conventional method.



In the case of the chemical method of reducing weed infestation, the row zone is often sprayed with selected herbicides, while the inter-row zone is sprayed with cheaper non-selective ones. However, the use of non-selective herbicides requires a different approach in terms of the application method and the use of crop protection shields. Such research was carried out by Collins et al. [8] in lupin cultivation, confirming the effectiveness of spraying with herbicide shields. The experiments carried out by [9] in the cultivation of sugar beet with the use of a high-precision positioning system (RTK-GPS) showed that strip spraying with selective herbicide shields in rows and non-selective ones in the inter-rows allowed a reduction in the average manual weeding time by 53% and the use of selective herbicides by 76%. The use of this experimental technology has allowed, according to Carballido et al. [10], savings of 54 EUR∙ha−1 and optimized sugar beet production in terms of weed control technology. Savings due to the application of pesticides of about 50% when using the above weed control method with the use of an automatic steering system with high accuracy were also confirmed in the research by Perez-Ruiz et al. [11]. Similarly favorable results were obtained by Serim et al. [12] in an experiment in sunflower cultivation, where strip spraying with non-selective herbicide with shields in inter-rows was also used and selective herbicides were used in rows.



Sugar cane growers from Australia have also noticed the benefits of spraying in the shield, bypassing the crops. According to Hunt [13], the solution that allows the application of herbicides to weeds, bypassing the crop, reduced spray liquid drift. Vegetable growers who apply glufosinate in a strip manner have improved the effectiveness of weed control without damaging the crop cultivation [14,15]. Additionally, the studies by Foster et al. [16] show the beneficial effect of the use of shields to reduce the working liquid drift. Under the set conditions of comparative tests, at a wind speed of 11–14 (km∙h−1), relative drift at a distance of up to 7 (ft) was definitely different for the two spraying methods. Shielded spraying reduced the fine drop drift to 20%, where virtually 100% of fine drops were carried away by conventional spraying without shields. In the case of medium drops, it was below 20% for spraying with shields and more than 60% for conventional spraying. For very coarse drops, less than 10% of the liquid was carried away in shielded spraying, and less than 20% of the liquid was carried away in conventional spraying. On the other hand, when spraying with ultrathick drops, less than 5% of the liquid was carried away in shielded spraying and less than 15% in conventional spraying. Clayton’s [17] research shows that the use of shields in the wind tunnel reduces the drift at a wind speed of 2 m∙s−1 and at a distance of up to 7 m against the wind between 95 and 100% for all tested sprayers. Many other researchers confirm that for some crops strip application allows a reduction in the amount of spray liquid used to 60% due to the smaller actual spraying area, which is not without significance for the environment and crops [18,19,20,21,22,23,24,25,26]. Appropriate construction of the sprayer enables the additional application of other pesticides or fertilizers during one treatment, which in connection with precise automatic steering with an accuracy of 2–3 cm improves the economic and environmental aspect of this technology.



Another method of reducing herbicide consumption is the variable dosage of the working liquid based on real-time image analysis [27,28,29,30]. Research in this area carried out by Dammer et al. [31] allowed the attainment of a yield at a level similar to the conventional application of herbicides. The methods consisted of the minimal application of herbicides when weeds were not detected and an increased application to the required level if weeds were detected. In research years of 2007 and 2010, this allowed them to save herbicides at the level of 30–43%. Both crop quality and total and commercial yield did not show statistical differences compared to conventional herbicide application.



The aim of this work was to develop a technology for the precise application of herbicides in field onion cultivation using the row-strip method, the main pillars of which are: an automatic steering system of a farm tractor and a designed sprayer with an innovative multifaceted adjustment of the spraying unit equipped with a herbicide shield. The proposed solution is to ensure a precise application of plant protection products in various field vegetable cultivation systems, which will reduce the likelihood of active substances accumulating in the crop and the occurrence of phytotoxicity in the case of onions. In addition, a precise application enables the limitation of the dose of active substances per 1 ha of sprayed area, as well as performing effective treatments at wind speeds exceeding 4 m∙s−1. Adjusting the level of weed infestation in the developed technology enables onion yielding at a level comparable to that achieved when using conventional technology.




2. Materials and Methods


The research material was an onion plantation during 3 growing seasons in 2015/2016, 2016/2017, 2017/2018. Cultivation conditions were the same for all plots covered by the experiment (i.e., pre-crop, tillage, variety, sowing technique, fertilization and plant protection products, crop harvest).



Onions were grown in row-strip method with a spacing of 150 cm. The seeding was carried out with a 71 kW tractor, equipped with narrow tires for inter-row cultivation, i.e., at the front: 210/95R36, and at the rear: 230/95R48. A precise pneumatic seed drill with onion sowing discs was mounted on the rear three-point linkage. In addition, the tractor was equipped with an automatic steering system with an accuracy of 2 cm with RTK NET signal correction. In one strip, 4 double rows were sown at a spacing of 7 cm in the section and 27 cm between the extreme rows of adjacent sections. The working speed during sowing was 4.0 km∙h−1. Depending on the conditions in the field, the sowing depth was 2.0–2.5 cm.



The variety was selected based on the recipient requirements and varietal breeder’s recommendations, in accordance with their requirements. According the breeder’s data, this variety has high dry mass content of 12–13%, suitable for dried production and long-term storage.



Selected cultivation areas were characterized by the most homogeneous soil and climatic conditions and the presence of weeds, pests and diseases of similar intensity. The size, placement of the plots and the manner of conducting the experiment were based on the guidelines contained in the standards of the European and Mediterranean Plant Protection Organization regarding the assessment of the effectiveness of plant protection products.



The experimental unit in the study was plots of 10.5 m2 and a size of 7.0 × 1.5 m, arranged in a Latin square. Each of the objects appeared only once in each row and column. The number of objects was equal to the number of rows, the number of columns and the number of objects’ repetitions. Due to the possibility of neighborly interaction and the possibility of the drift of liquids during spraying, 1.5 m wide insulation strips were set between the plots within the row and 10.0 m between the plots along the column (Figure 1).



The experimental factor was the method of weed control on the plots. The following methods of weed control were adopted in the research: A—without weeding (control); B—manual weed control (manual weeding); C—conventional herbicide application; D—precise herbicide application (strip type with herbicide shield, using an automatic steering system). The number of observations for each method was 4.



The following herbicides were used during the research: Agil 100EC, Pendigan 330EC, Roundup 360SL, Galigan 240EC, Goal 480SC, Lontrel 300SL, Emblem 20WP, Fusilade Forte 150EC, Szogun 10EC, Lentagran 45WP.



The date of herbicide application resulted from the assessment of crop and weed development stages, as well as weather conditions. During the entire growing season of onions in 2016, there was 284 mm of precipitation recorded, and the irrigation was 50 mm. During the growing season, ground frost occurred: April 1: −1 °C, April 2: −4 °C, April 3: −1 °C, April 23: −2.5 °C, April 25: −3.5 °C, April 26: −3 °C and April 29: −1 °C. The precipitation in the amount of 317 mm and the irrigation of 35 mm were noted during the growing season of onions in 2017. During the growing season, ground frosts also occurred: April 19: −1.5 °C and May 9 and 10: −4 °C. In the growing season of 2018, the precipitation of 225 mm was noted in onion cultivation, while irrigation was 150 m.



Precipitation and irrigation measurements in all analyzed periods included a period of seven days before sowing to the day of crop harvesting.



Conventional spraying of onions was carried out using a trailed sprayer with a working beam width of 18 m. The sprayer was equipped with wheels with narrow tires for inter-row cultivation (270/95R48). The tractor also had narrow tires for inter-row cultivation, i.e., at the front 270/95R32 and at the rear 270/95R46. The working speed during spraying was 7.0 km∙h−1 and the working pressure was 3.5 bar, and the universal injector flat spray nozzles AirMix 110-03 producing coarse drops were used.



Precise spraying was carried out using a designed and made prototype sprayer with herbicide shield and strip nozzles TeeJet TP9501EVS and TeeJet TP9502EVS, producing fine drops and using an automatic steering system with declared accuracy of 2 cm. The working speed was 6 km∙h−1 and the working pressure was 2.5 bar.



Strip nozzles enable the height of the boom to be lowered significantly in relation to the area to be sprayed. This improves application precision. The spray belt width can be adjusted either by changing the boom height or by rotating the nozzle in relation to its axis. In the tests, the height was 0.18 m—this gave a spray strip width of 0.40 m.



The total sprayed area in strip row cultivation of onions is smaller than in the case of conventional spraying. This was due to the small distance between the rows within the single sowing section (7 cm). On the other hand, the spraying sections were arranged in strips between the rows of adjacent two-row sections and in spaces between the extreme rows of adjacent strips (Figure 2).



The width of the sprayed strip during precise spraying in onion cultivation was adjusted by the nozzle rotation in its vertical axis and changing the distance from the sprayed surface in accordance with the manufacturers’ recommendations for strip spraying.



Harvest dates were in line with those contained in the crop cards and resulted from the maturity of crops and the end of the onion growing season. Harvesting of all plots in the experiments was performed manually to reduce possible mechanical damage. Onions were harvested according to the most commonly used technology, i.e., in two stages. First, the onions were dug up and laid in rows. During the studies carried out, the yield from each plot was stored separately and marked accordingly. After drying, the onions were collected and stripped to 2–3 cm in length using the propeller cutter.




3. Results


In 2016, the highest average total yield of 83.3 t∙ha−1 was recorded from manually weeded objects, and a slightly lower yield, namely, 80.5 t∙ha−1, was recorded from objects sprayed in the conventional way. A total yield of 79.7 t∙ha−1 was recorded from precisely sprayed objects, and the lowest one was recorded from the control objects, −42 t∙ha−1. The average height of the commercial yield was subjected to the same distribution: as in the case of the total yield, the highest height was recorded from objects weeded manually (81.8 t∙ha−1), then from conventionally sprayed objects (79.4 t∙ha−1) and from objects sprayed in a precise way (78.5 t∙ha−1), and the lowest height was recorded from control objects (39.5 t∙ha−1). The amount of non-commercial yield looks different. The highest average value was noted on control objects (2.5 t∙ha−1), a slightly lower one was noted on the manually weeded objects and those sprayed precisely (1.2 t∙ha−1), and the lowest on objects sprayed conventionally (1.1 t∙ha−1) (Figure 3).



The total onion yield did not differ statistically within the accepted confidence interval, regardless of the weeding method. Objects weeded manually (B) and those sprayed in the conventional way (C) and in a precise way (D) yielded the same level. The difference in yield was only in the case of the control object (A), which was not weeded (Figure 4).



Similarly, in the case of commercial yield in the 0.95 confidence intervals, the yield did not differ regardless of the weeding method. Only the control object yielded at a much lower level (Figure 5).



The share of individual fractions in total yield in 2016 varied depending on weed control methods. The non-commercial yield was the highest in the case of control objects, and the average was 2.5 t∙ha−1. Nearly 34 t∙ha−1 was an average harvest of the 40–60 mm fraction in the case of the control objects, while about 55 t∙ha−1 was for various weeding methods. At a similar level of about 25 t∙ha−1, the average yield of the 60–70 mm fraction was harvested from objects marked as B and C, whereas almost 19 t∙ha−1 was collected from objects marked as D. The highest average yield for the fraction above 70 mm was achieved in manual weeding and precise spraying, slightly over 2 t∙ha−1, while in conventional spraying it was 1.4 t∙ha−1. On control objects, this fraction averaged only 0.1 t∙ha−1 (Figure 6).



In subsequent years of research, i.e., in 2017, in the case of non-commercial yield, its quantity was the largest in control objects and amounted to 3.8 t∙ha−1, whereas it was slightly more than 1.5 t∙ha−1 in other cases. The average commercial yield for the methods marked as C and D was at a similar level and amounted to about 58 t∙ha−1, similarly to the total yield (about 60 t∙ha−1) and slightly higher for the B method, and amounted to about 63 t∙ha−1 (commercial yield) and almost 65 t∙ha−1 (total yield). The control was characterized by a total yield of 38.7 t∙ha−1 and a commercial yield of 34.9 t∙ha−1 (Figure 7).



When comparing total and commercial statistical yield, also in 2017 there were no differences between weeding methods. Total and commercial yield in the case of control objects was significantly lower compared to objects weeded with various methods (Figure 8 and Figure 9).



The average share of individual fractions in the yield for individual objects in 2017 is shown in Figure 10. The non-commercial fractions, in the case of various weeding methods, yielded between 1.5 and 1.7 t∙ha−1, and for control objects it was 3.8 t∙ha−1. The 40–60 mm fraction was at a similar level for methods A, B and C, whereas this fraction was slightly less in control objects (about 28 t∙ha−1). A similar level of the 60–70 mm fraction was characteristic for methods C and D. The amount of the 60–70 mm fraction was the largest for method B and amounted to almost 28 t∙ha−1. The lowest amount, i.e., less than 7 t∙ha−1 of this fraction was present in control objects. The largest onions above 70 mm of the smallest diameter for all methods yielded on average at the level of 1.7 to 2.0 t∙ha−1. There was little of this fraction in the case of the control objects (about 0.2 t∙ha−1).



In the experiment in 2018, the total yield was at a lower level than in 2017 and much lower than in 2016. The average yield for individual weeding methods showed a tendency similar to previous years. The highest average total yield was obtained in this case for method B (nearly 56 t∙ha−1). For methods C and D, it was at a similar level of 53 t∙ha−1. The average commercial yield for the above methods was slightly above 1 t∙ha−1 lower than the total yield. The average commercial and total yield in the case of the control objects was over 20 t∙ha−1 lower compared to various weeding methods, while the non-commercial one was about 0.5 t∙ha−1 higher compared to these methods (Figure 11).



In 2018, the different weeding methods did not differ statistically in terms of total yield. Only the control objects showed a statistically lower yield (Figure 12).



The yield distribution was also similar in the case of commercial yield, where only control objects yielded a lower level (Figure 13).



The share of individual fractions in the average yield collected from the objects in 2018 (Figure 14) was different than in 2016 and 2017. Only the non-commercial yield for control objects and methods B, C and D was at a similar level and amounted to 1.1–1.7 t∙ha−1. The average yield with the fraction with a diameter of 40–60 mm both in control objects and methods B–D was at a similar level and amounted to about 22 to 26 t∙ha−1. In the case of onions with a diameter in the range of 60–70 mm, all the methods are characterized by similar values at the level of about 20 t∙ha−1, while the control objects had nearly 8 t∙ha−1. In 2018, there was a relatively large share of the largest fraction in methods C–D (7.3–9.5 t∙ha−1). In the case of the control, the share of the largest fraction was just over 1 t∙ha−1.



The average weight of one onion in a commercial yield for control and individual weed control methods in 2016–2018 is shown in Figure 15. The control object has always had the lowest average weight of one onion in a commercial yield. The average in 2016 and 2017 was between 85 and 88 g. In 2018, it was higher and amounted to 107 g. The average weight of onions in the commercial yield in 2016 and 2018 was similar in all weed control methods and was in the range of 134–139 g. Only in 2017 were there differences between the average weight of onions. For method B, it was the highest and amounted to 120 g, whereas for methods C and D it was at the level of 114 g and 112 g.



The average weight of one onion in the commercial yield was different in individual years of the experiment and statistically the lowest in the case of control objects. However, there were no significant statistical differences between the various weeding methods, as shown in Figure 16, Figure 17 and Figure 18.



Due to the used methodology, it can be assumed in the cultivation of onions that the years were a random factor, and the experiments carried out were a series. Considering the impact of weeding methods on changes in onion yield in individual years of research, it can be assumed that there is no interaction between the objects and individual years of the experiments, regardless of the weather conditions. Such interaction does not occur for both total and commercial yield and the average weight of one onion in the commercial yield, as shown in Figure 19, Figure 20 and Figure 21. The onion’s response to the change in weeding method is the same, only at a different yield level. It can be assumed that onions, in terms of total yield, commercial yield and the average weight of one onion, yield at the same level regardless of the weeding method. Control objects yield every year at a lower level than the weeded objects, also in terms of the average weight of one onion in the commercial yield.




4. Discussion


This research showed significant differences in the yield between the objects where weeding was carried out with the use of various methods and the control objects where weeding was discontinued. Many researchers around the world note the need to look for different methods and combinations of those methods that are useful in weeding onions. Due to the diversity of habitats and the species composition of weeds and varieties in the case of onions, methods that give satisfactory results are still being sought. A number of studies in various areas allow the formulation of general conclusions underlying the development of herbicide strategies. One example of this approach is research conducted by Rahman et al. [32], where the effectiveness of various weeding methods in onion cultivation was compared. The experiment was carried out using random complete blocks during two growing seasons. In three repetitions there were six objects, where one of them was a control (without weeding). Two methods were based only on manual weeding at different frequencies, whereas the other three methods used different combinations of herbicides. Both in the conducted experiment and in the experiment of Rahman et al. [32], the highest weight of onions was recorded from objects weeded manually with high frequency and in the case of one of the chemical methods (the use of pendimethalin), and the lowest one was from control objects without weeding. There were also no statistically significant differences between the onions weeded manually with high frequency and one of the chemical methods—pendimethalin 33% in terms of yield. Additionally, in the research conducted in 2010–2011, conclusions were drawn confirming the need to control weeds in the cultivation of onions in order to obtain a high and good quality yield. The best results, in terms of yield height and onion diameter, were obtained from objects where weeds were removed manually. For example, the average weight of onions in 2011 from objects weeded manually was 72.8 g, whereas the average weight of onions from objects sprayed once with pendimethalin was 37.2 g. With non-weeded objects, the average weight of onions was 27.2 g [33].



In our research results presented for the manual weeding method, it was the highest and amounted to 120 g, whereas for conventional herbicide application and precise herbicide application methods, it was at the level of 114 g and 112 g. However, there were no significant statistical differences between the various weeding methods. What is the benefit? In this situation, the area of herbicide application in onion cultivation was reduced by 26%, which resulted in a reduction in herbicide use by 26%. What is the great advantage of the precise herbicide application method? The cost of the herbicides used is reduced by 26%, and there is an increase in revenue. However, the precise herbicide application method is characterized by the higher cost of the sprayer. However, as our analyses show, with large cultivation areas the costs are reduced.



Less herbicide accumulates in the crop plant. This reduces the adverse effects of phytotoxicity, especially in the early stages of plant growth. Using less herbicide also benefits the environment. Less substances seep into the groundwater.



Sahoo et al. [34] conducted comparative studies of the impact of weed control methods on onion yielding. In their experiment, the cultivation technology, fertilization and protection were the same for all objects, and the weeding method was the differentiating factor. In experiments carried out during two growing seasons with the use of random complete blocks, the yield obtained from objects completely free of weeds was more than twice as high as from the control objects that were not weeded. The average weight of onions from non-weeded objects accounted for about 50% of the average weight of onions from objects completely free of weeds. A similar correlation between the average weight of onions and the presence of weeds on the plantation is confirmed by the conducted experiment, where there are statistically significant differences in this respect. Additionally, the experiment conducted in Polish conditions confirmed the best yielding of onions in plots that were systematically manually weeded. The experiment was conducted by the method of random blocks in four repetitions on plots with an area of 12.15 m2 by Kohut et al. [4] in 2010–2012, and it showed that the highest total yield (461.1 kg∙100 m−2) and commercial yield (448.3 kg∙100 m−2) came from these plots. The strong weed infestation of control objects caused an average soil coverage of 61% and it was higher than in our research, where it was 51%.



The precise application of herbicides was possible due to running the working unit with high accuracy and separating the working liquid area from the crop and the areas that were not the purpose of application.



The factor that has a negative impact on the precision of application is the spray liquid drift. A small wind with a speed of 1–2 m∙s−1 is beneficial from the point of view of crop penetration; however, it causes the risk of the spray liquid drifting to neighboring plants, reducing the retention of spray liquid on the weed surface. The usefulness of using such a solution was confirmed in the research by Roten et al. [35] and Foster et al. [36]. They showed that the use of low-drift nozzles alone resulted in a reduction in drift in the range of 81% to 94% compared to control (standard) sprayers. However, even better results were obtained with the use of low-drift nozzles in hood shields, where drift was limited from 95% to 99%. Similarly favorable results were obtained thanks to the use of herbicide shields when spraying with fine and medium drops. The drift reduction was of 86% and 56% compared to conventional spraying without shields, measuring to 31 m with wind. At distances from 43 to 104 m with wind, the drift of liquids from sprayers with shields was lower than from open sprayers by about 50%, regardless of the drop size used (fine, medium, very thick or ultrathick). Comparative studies were conducted in field conditions in an unshielded area with a working liquid containing herbicides in order to reflect the conditions occurring during spraying. Analysis carried out by these researchers suggests that the precise application of herbicides is possible when using shields, ensuring cooperation with the appropriate type of nozzle.



Comparative studies of traditional technologies with newly developed solutions allow the evaluation of their effectiveness and the setting of development directions. Precise positioning systems are one of the most commonly used tools. In the experiment, precise positioning allowed for automatic driving of the tractor with the sprayer prototype and the precise application of herbicides omitting the crops. Gidea [37], in his research, used the precise positioning data in a slightly different way. Searching for other effective methods different than the full-area conventional herbicide application, he used precise GPS RTK correction data to create a map of weed infestation in onion cultivation. The range of weed control was lower for precise, local application of herbicides compared to uniform application to the entire surface. The herbicide surface working area was reduced by 31.7% compared to conventional full-area application, which reduced the amount of used herbicides by 31.7%.



In our research, the tractor was equipped with an automatic steering system with an accuracy of 2 cm with RTK NET signal correction. This system made driving the tractor and moving herbicide shields near the plants much easier.



Achieving yield at a satisfactory level with proper weed control and a reduction in herbicide consumption is the subject of many studies. Main et al. [5] conducted studies in the years 2008–2009 in a split-block system. In eight blocks there were 12 combinations of weed control, and six control objects occurred in four repetitions and in two sowing dates.



An experiment conducted in 2009 and 2010 by Pacanoski et al. [38] assessed the effect of herbicides and their mixtures on carrot yield in Macedonia. The experiment was conducted using random complete blocks in four repetitions. The plot area in the experiment was 20 m2. In the course of the experiment, the results were compared from plots treated with herbicides and their mixtures and the control plots, which were not weeded, and the plots that were weeded manually. Echinochloa crus-galli was one of the most dominant weeds in the experiment. The percentage of yield loss recorded in the experiment was estimated on the basis of the comparison of yield from control objects (without weeding) with plots weeded manually, and in the first year of the experiment it amounted to 58% and in the second year it was 66%. In the experiment, no damage to the carrot plants, which may result from the application of herbicides, was observed. None of the used herbicides significantly reduced carrot yield.



The assessment of the effectiveness of various physical methods in weed control was carried out in the research in 2015–2016 by Anyszka and Golian [39]. The experiment was carried out in the cultivation of carrots in a “flat” manner with a row spacing of 45 cm in a set of random complete blocks in four repetitions. The plot area in the experiment was 12.2 m2. A gas burner, mechanical hoes and manual weeding were used to control weeds. There were also control plots left without weeding. Statistically, the highest yield was obtained from plots weeded manually. Different combinations of burning and mechanical weeding and hoeing gave lower yields, but not statistically different. The use of the burner alone resulted in a statistically lower yield than in the case of various firing combinations and other methods. The lowest statistical yield was obtained from control objects.



Therefore, one of the main goals has become the design and implementation of herbicide shields with the desired parameters. The sprayer that produces an even flat stream with an application angle of 95° was chosen as the most optional for conducting the research. The designed shield takes into account the spray range and the required spraying width. When designing it, it was necessary to take into account that during work it will move about 2–4 cm above the ground level (to prevent hitting larger clods and stones). During design works, the possibility of its extension by means of flexible material without interfering with the structure was also taken into account.




5. Conclusions


The conducted research, analysis and verification of the developed technology of the precise application of herbicides in different systems of onion cultivation allowed us to formulate the following conclusions:




	
The developed technology allows a reduction in herbicide consumption in onion cultivation by 26% compared to conventional technology, which is of great importance in the aspect of introducing chemical substances into the environment and their accumulation in crops.



	
Empirical verification of the effectiveness of the developed technology, confirmed by statistical analyses of the obtained results, allows for an equivalent assessment of this method with the conventional method of the application of herbicides used in the study. Both total and commercial yield and the quality resulting from the average weight of onions in both methods do not differ statistically.



	
In the conducted research, no phytotoxicity of herbicides in relation to onions was reported, which results from the lack of statistical differences in the yield between the weed control methods used. This fact was also not noted during the assessment of plants on the objects.



	
Weed control in onion cultivation should be carried out by integrated methods, including the use of herbicides, but with their maximum reduction.



	
In further studies, attention should be paid to the potential danger of the condensation of the working liquid on the inner surface of the shield and the falling of drops into the onion root system.
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Figure 1. A diagram of the placement of experimental plots in onion cultivation, including plot size and insulation strips (source: own work). 
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Figure 2. The width of sprayed strips and the arrangement of spraying sections in strip-row onion cultivation (source: own work). 
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Figure 3. Average onion yield in 2016 (source: own work). 
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Figure 4. Expected marginal averages for 0.95 confidence intervals in total onion yield in 2016 (source: own work). 






Figure 4. Expected marginal averages for 0.95 confidence intervals in total onion yield in 2016 (source: own work).



[image: Agriculture 11 00577 g004]







[image: Agriculture 11 00577 g005 550] 





Figure 5. Expected marginal averages for 0.95 confidence intervals in commercial onion yield in 2016 (source: own work). 
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Figure 6. Average onion yield divided into fractions in 2016 (source: own work). 
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Figure 7. Average onion yield in 2017 (source: own work). 
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Figure 8. Expected marginal averages for 0.95 confidence intervals in total onion yield in 2017 (source: own work). 
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Figure 9. Expected marginal averages for 0.95 confidence intervals in commercial onion yield in 2017 (source: own work). 
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Figure 10. Average onion yield divided into fractions in 2017 (source: own work). 
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Figure 11. Average onion yield in 2018 (source: own work). 
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Figure 12. Expected marginal averages for 0.95 confidence intervals in total onion yield in 2018 (source: own work). 
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Figure 13. Expected marginal averages for 0.95 confidence intervals in commercial onion yield in 2018 (source: own work). 
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Figure 14. Average onion yield divided into fractions in 2018 (source: own work). 
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Figure 15. Qualitative assessment of commercial onion yield (ø ≥40 mm) in terms of the average weight of one piece 2016–2018 (source: own work). 
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Figure 16. Expected marginal averages for 0.95 confidence intervals for the average weight of one onion in the commercial yield in 2016 (source: own work). 
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Figure 17. Expected marginal averages for 0.95 confidence intervals for the average weight of one onion in the commercial yield in 2017 (source: own work). 
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Figure 18. Expected marginal averages for 0.95 confidence intervals for the average weight of one onion in the commercial yield in 2018 (source: own work). 
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Figure 19. Reaction of total yield to changes in weather conditions depending on the weeding method (source: own work). 
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Figure 20. Reaction of commercial yield to changes in weather conditions depending on the weeding method (source: own work). 
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Figure 21. Reaction of the average weight of one onion in the commercial yield to changes in weather conditions depending on the weeding method (source: own work). 
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