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Abstract

:

This study evaluated weed infestation and health of the soybean crop grown in crop rotation (CR) and monoculture (CM) under conventional tillage (CT) and no-tillage (NT) conditions. The research proved that growing soybean in monoculture and under no-tillage conditions increases weed infestation and infection of soybean with fungal diseases. In these treatments, increased numbers of most of the dominant species were also found. A significantly higher percentage of monocotyledonous species and a much lower percentage of dicotyledonous ones in total weed dry weight were shown in the CR treatment relative to CM and in the NT system compared to CT. The biodiversity of the weed community was similar in monoculture and crop rotation, and slightly greater in the NT system in comparison with CT conditions. In both tillage systems, Amaranthus retroflexus was the weed species that most infested the soybean crop. In soybean grown after itself, Amaranthus retroflexus was the weed that occurred in the greatest numbers, while, in crop rotation, this was Echinochloa crus-galli. In all years of the study, soybean was infected with Septoria glycines to the highest degree, which was followed by Cercospora sojina, whereas infection with Ascochyta sp. was the lowest. Weather conditions in individual years of the study were proven to affect weed infestation and infection of soybean with fungal diseases. The study results prove that cropping systems and tillage systems significantly affect weed infestation and health of the soybean crop.
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1. Introduction


Soybean is one of the world’s leading crops and, at the same time, the most important Fabaceae species. It is characterized by a very valuable chemical seed composition because soybeans contain 18–22% of oil with a high content of unsaturated fatty acids and 33–45% protein with an excellent amino acid composition [1,2]. Due to this, the soybean finds a very wide application in human and animal nutrition, and it is a raw material for many branches of industry. Since soybeans can be grown with minimal use of chemical protection (primarily herbicides) and with reduced nitrogen fertilization, under Polish conditions, soybean cultivation is environmentally-friendly and largely compatible with integrated crop protection [2].



In Poland, the general principles of integrated crop protection are governed by the provisions of the Act of 8 March 2013 on crop protection products (Dz. U. (Journal of Laws) item 455) and the Regulation of the Minister of Agriculture and Rural Development of 18 April 2013 regarding requirements for integrated crop protection (Dz. U. (Journal of Laws) item 505) [3]. In accordance with the currently applicable principles of integrated crop protection, a great role is ascribed to natural fertility of soil and its biological activity. Therefore, the number of ploughings and their depth should be reduced and other implements that deeply loosen the soil without turning it over should be used instead of the plough [2]. The destructive impact of conventional plough tillage on the structure of the topsoil layer and reduced soil biological diversity, among others, make an argument for its abandonment [4,5]. When selecting a tillage system, the specific conditions of a particular farm should be taken into consideration in order to ensure optimal plant growth and developmental conditions [6,7]. Cultural practices affect the amount of crop residue remaining on the soil surface, which, in consequence, determines the growth of pests and weeds as well as the development of diseases [8,9]. Exact mixing of crop residue on which crop pathogens could have survived with soil is considered to be one of the tasks of conventional tillage [10]. On the other hand, an improvement in soil quality, the level of microbial activity, nutrient cycling, and microbial diversity that can be achieved by using no-tillage systems can significantly determine natural resistance of plants to diseases [11].



It is particularly justified to use no-tillage in soybean under rainfall deficit conditions during a growing season. The yield potential of this legume crop is substantially limited by climatic conditions, predominant temperature, and the amount and distribution of rainfall [12,13]. Therefore, in areas with low rainfall levels, it is important to use cultural practices that will ensure retention of the greatest possible amount of rainwater. Agronomic practices that involve replacing the plough with implements and do not turn the soil over offer such a possibility. Thus, no-tillage performs best in a dry climate or in a climate with an uneven distribution of rainfall where crop yields are frequently equal to or higher than in the case of conventional tillage [14].



A correctly designed crop rotation is also the basis for the integrated crop protection system. Monoculture impoverishes both organic matter and soil microbial life [15,16], which leads to increased weed infestation, and deteriorates the phytosanitary condition of a crop [17,18,19]. Due to the fact that, under Polish conditions, soybeans are not severely attacked by dangerous diseases, an attempt was made to investigate its response when it is grown a in short-term monoculture.



The aim of the present study was to evaluate the effect of the cropping system and tillage system on weed infestation and health of the soybean crop.




2. Materials and Methods


2.1. Location of the Experiment and Soil and Climatic Conditions


This study was conducted at the Uhrusk Experimental Farm (51°18′11′′ N, 23°36′50′′ E) over the period of 2014 to 2017. A field experiment was set up on Rendzic Phaeozem [20] with the grain-size distribution of sandy loam. The soil on which the experiment was carried out was characterized by alkaline pH (in 1 M KCl = 7.7), very high phosphorus availability (229.8 mg P kg−1 soil), high potassium availability (150.2 mg K kg−1 soil), and very low magnesium availability (16 mg Mg kg−1 soil). The humus content was 1.5%, whereas the percentage of fine particles (<0.02 mm) in the 0–30 cm layer amounted to 20.7%.



Throughout the duration of the experiment, all growing seasons of soybeans were characterized by a higher mean air temperature and rainfall total than the long-term mean (Figure 1 and Figure 2).




2.2. Experimental Design and Agronomic Practices


The soybean cultivar ‘Merlin’ was grown in an experimental area of 768 m2 (area of all crops in crop rotation) and 192 m2 (area of soybean in monoculture). The total area of the soybean in each year of the experiment was 384 m2 (soybeans in crop rotation had a total area of 192 m2 and soybeans in a monoculture had a total area of 192 m2), while the single plot area was 32 m2. A field experiment was set up as a split-block design in triplicate. Two experimental factors were included in this study.




	I.

	
CS—cropping system: CR—soybean grown in crop rotation after winter wheat (crop rotation: soybean—winter wheat—winter oilseed rape—winter wheat), CM—soybean monoculture cropping.




	II.

	
TS—tillage system: CT—conventional tillage, NT—no-tillage.









The experiment diagram shows the distribution of the cropping system and tillage systems and the place of soybeans in crop rotation during individual years of the experiment (Table 1). In each year of the research, soybean was sown in a different crop rotation field after winter wheat. Levels of one factor (cropping system involving crop rotation and monoculture) are arranged in rows, and levels of the second factor (tillage system involving conventional tillage and no-tillage) are arranged in columns. The levels of both factors arranged perpendicularly are crossed to form a combination of these factors. Random levels of one factor determined sub-blocks for levels of the other factor and vice versa. Therefore, the accuracy of assessing the effects of both factors is the same. In all years of research, conventional tillage (CT) and no-tillage (NT) was used for all plants sown in crop rotation (CR) and the soybean monoculture (CM).



Under the conventional tillage system, the following tillage operations were carried out: skimming + harrowing, harrowing, autumn ploughing, spring: harrowing, NPK fertilizers application, cultivating with harrowing, seeding, and harrowing. Under the no-tillage system, the following tillage operations were done: stubble cultivator: grubber + cage roller instead of skimming and cultivating instead of autumn ploughing, and spring: the same tillage operations as under the conventional tillage system.



Mineral NPK fertilization was applied before sowing soybean and fertilizer rates were determined by taking into account the crop’s nutritional requirements and soil nutrient availability. Fertilization was applied at the following rates: N—30 kg ha−1 (34.5% ammonium nitrate), P—40 kg ha−1 (40% superphosphate), and K—80 kg ha−1 (60% potassium salt).



In the years 2014 and 2016, the sowing time was in the last 10 days of April, whereas, in 2015 and 2017, the sowing time was in the first 10 days of May. Each time before sowing, seeds were dressed with Bradyrhizobium japonicum bacteria and the seed dressing Vitavax 200 FS (carboxin, thiuram) at a rate of 80 g and 80 g (active ingredients) per 100 kg of seeds. Seeds were sown at a depth of 3 cm, a row spacing of 20 cm, and with a planned density of 100 plants per 1 m2.



Weed management in the soybean crop involved mechanical and chemical weed control. Immediately after seeding, a mixture of the following herbicides was applied: Afalon Dyspersyjny 450 SC (linuron) + Dual Gold 960 EC (metolachlor-S) at a rate of 450 g + 1728 g ha−1 (active ingredients). Mechanical weed control included harrowing 3–4 days after seeding and double harrowing after emergence of soybeans (at the first trifoliate leaf stage—BBCH 12, and at the third trifoliate leaf stage—BBCH 13).



Soybeans were harvested at full maturity of soybeans (BBCH 89) in the second 10 days of September in 2014 and 2016, while, in 2015 and 2017, soybeans were harvested at full maturity in the third 10 days of September.




2.3. Scope of Study and Statistical Analysis


The evaluation of the species’ composition of the weed community as well as of weed density and dry weight, which was performed by the dry-weight-rank method at the pod and seed ripening stage (BBCH 81/82). The sampling area was delineated by a quadrat frame with the dimensions of 1 m × 0.5 m in two randomly selected points of each plot. Weed species nomenclature followed Mirek et al. [21].



The Shannon-Wiener diversity index (H′) and the Simpson dominance index (SI) were calculated according to the following formula [22,23].


H′ = −Σ Pi ln Pi



(1)






SI = Σ Pi 2



(2)




where:



Pi—probability of species occurrence in a sample,



Pi = n/N,



n—number of individuals in species,



N—total number of individuals in the sampling area,



ln—natural logarithm.



The higher the value of the Shannon-Wiener index, the greater the diversity of a community. The range of Simpson index values is from 0 to 1 with values close to 1 indicating a clear dominance of one or several species.



The evaluation of soybean health was carried out at the first pod set stage (BBCH 70) on 50 plants from each plot. The determination was made using a five-point scale (0–4) expressing increasing plant infection, where 0 denotes leaves without disease symptoms, 1 denotes up to 10% of leaf surface infected, 2 represents up to 50%, 3 represents up to 75%, and 4 represents 100% of leaf surface infected. Having established the degree of plant infection, the number of plants within a specific degree of infection was determined for all replicates. Next, the disease index was calculated according to McKinney’s formula [24].


Wch = (∑a)/(∑b) × 100



(3)




where:



Wch—disease index;



Σa—sum of the numeric indices in the scale multiplied by the number of plants corresponding to a given index;



Σb—total number of examined plants multiplied by the highest index in the scale.



The study results collected over the period 2014–2017 were analyzed using two-way analysis of variance with repeated measurements over the four growing periods. The significance of differences was estimated by Tukey’s test at a significance level of α = 0.05. ANALWAR–5.3.FR statistical software was used for calculations. The distribution conformity with normal distributions was verified with the Shapiro-Wilk test, while homogeneity of the variance was tested with the Bartlett test. When necessary to homogenize the variance, the data were subjected to angular transformation before the variance analysis [25]. Before performing the statistical calculations, the percentage values were transformed using the following equation.


  y = a r c s i n  x   



(4)









3. Results


3.1. Weed Infestation of Soybean Crops


Cropping systems and tillage systems caused significant differences in weed infestation of the soybean crop (Figure 3 and Figure 4). On average over the study period, in the soybean monoculture, the number and dry weight of weeds was, respectively, higher by 69.4% and 28.6% than in crop rotation. The significant interactions between the cropping system and the tillage system were not found (Figure 5 and Figure 6). The weed of dry weight did not differ between both tillage systems only in the first year of the experiment. The highest weed of dry weight was found in 2014 in the soybean monoculture both under plough tillage (CT) and no-tillage (NT) conditions. Weed infestation of the soybean crop expressed as dry weight of weeds was highest in the first year of the experiment (2014), which was characterized by a higher amount of precipitation than the other years of the experiment and the long-term mean, especially in May and June. The lowest number and dry weight of weeds were found in 2015 and 2016 (Figure 3 and Figure 4).



The statistical analysis revealed that the studied factors significantly modified the percentage of monocotyledonous and dicotyledonous species in total weed dry weight (Figure 7). In crop rotation (CR), the percentage of monocotyledonous species was significantly higher, whereas the percentage of dicotyledonous ones was much lower than in the soybean monoculture (CM). The NT system significantly increased the percentage of monocotyledonous species and decreased the percentage of dicotyledonous ones in total weed dry weight in comparison with the CT system. As far as the interactions between the experimental factors are concerned, it was proven that the percentage of monocotyledonous species in total weed dry weight was lower in the monoculture under conventional tillage conditions, while the percentage of dicotyledonous ones was higher relative to the other experimental treatments (Figure 8).



The agrophytocenosis of the soybean crop grown after winter wheat (CR) included 22 weed species out of which 18 belonged to annual weeds (81.8%) (Table 2). Four perennial weed species and 17 annual ones, which accounted for 81.0% of the total number of species, were observed in a soybean monoculture (CM). In crop rotation, Echinochloa crus-galli was the most numerous taxon, followed by Amaranthus retroflexus, whereas, in a soybean monoculture, Amaranthus retroflexus was predominant. The number of Amaranthus retroflexus, Chenopodium album, Avena fatua, and Solanum nigrum was significantly higher in monoculture (CM) than in CR. Soybean cultivation in crop rotation (CR) also significantly reduced the numbers of the perennial species Elymus repens. In CR, Anchusa arvensis, Veronica persica, Viola arvensis, and Convolvulus arvensis were found to be present, but they did not inhabit soybeans grown after itself (CM). Euphorbia helioscopia, Thlaspi arvense, and Plantago major infested only a soybean monoculture.



A total of 22 weed species occurred in the soybean crop grown under conventional tillage (CT), whereas, in the no-tillage (NT) treatment, 24 species occurred (Table 2). Anchusa arvensis, Veronica persica, and the perennial species Convolvulus arvensis were found in the NT treatment, but they did not infest soybeans grown under the conventional system. In the CT treatment, on the other hand, the species Thlaspi arvense was observed, which was not found in the NT treatment. Amaranthus retroflexus occurred in the greatest numbers in both tillage systems. In the NT treatment, the number of Avena fatua and Solanum nigrum significantly increased compared to CT.



In crop rotation, 22 weed species were found under no-tillage conditions, while, in the conventional tillage treatment, there were six fewer species (Table 3). The following annual weeds: Anchusa arvensis, Lamium amplexicaule, Veronica persica, and perennial weeds: Convolvulus arvensis, Elymus repens, Sonchus arvensis, did not occur in soybeans grown in crop rotation under CT, but they were found in the non-tilled plots. In the soybean monoculture, greater weed species’ richness (21 species) was observed in the CT treatment where Lamium amplexicaule, Thlaspi arvense, and Sonchus arvensis were found to be present, which are species that did not occur in the non-tilled plots (NT). Both in crop rotation and soybean monoculture, conventional tillage slightly reduced the number of the most numerous weed species. In crop rotation under CT conditions, the number of individuals of the dominant taxon, Echinochloa crus-galli, was 25.0% lower than under no-tillage (NT). However, these differences were not statistically significant. In the soybean crop grown in the monoculture, conventional tillage (CT) slightly reduced the number of individuals of the most numerous species, Amaranthus retroflexus.



The evaluation of the biological diversity of the segetal flora showed that the Shannon-Wiener index (H′) and the Simpson index (SI) did not differ significantly in crop rotation (CR) and a soybean monoculture (CM). The soybean crop grown in the no-tillage (NT) system was characterized by slightly greater diversity of the weed community than under CT. This is indicated by the higher value of the Shannon diversity index and a slightly lower value of the Simpson dominance index (Figure 9).



The interaction of the cropping system and tillage system did not cause significant variations in the Shannon-Wiener diversity index and the Simpson dominance index (Figure 10). The agrophytocenosis of the soybean crop grown in crop rotation in the NT treatment was characterized by the greatest diversity, while the lowest one was found in the case of crop rotation and CT conditions. Nonetheless, the difference in the values of the diversity and dominance indices between the individual treatments was not significant.




3.2. Infection of Soybean Plants with Diseases


In every year of the study, soybeans were infected with Ascochyta blight (Ascochyta sp.), Septoria leaf spot (Septoria glycines), and frogeye leaf spot (Cercospora sojina). The severity of diseases observed was dependent on the factors studied, but it was generally low in the 2015 growing season characterized by the lowest rainfall level. The growing seasons in 2014 and 2017, during which the highest amount of rainfall was recorded, promoted the growth of fungal pathogens. During these seasons, infection of soybean with Ascochyta blight, Septoria leaf spot, and frogeye leaf spot was found to be the highest. In 2017, the severity of symptoms of all diseases observed was significantly higher than in 2015 and 2016. Soybean plants were infected with the pathogen Septoria glycines to the greatest degree, which was followed by Cercospora sojina, while infection with Ascochyta sp. Was the lowest (Figure 11, Figure 12 and Figure 13).



On average, over the four-year study period, the experimental factors were proven to influence the health of soybean plants (Figure 11, Figure 12 and Figure 13). In the monoculture, the severity of infection with the pathogens causing Ascochyta blight, Septoria leaf spot, and frogeye leaf spot was higher by, respectively, more than three times, almost two times, and nearly three times when compared to crop rotation. The no-tillage system promoted the severity of all soybean diseases observed in this experiment. It was proven that, under the CT system, plant infection by the pathogens Ascochyta sp., Septoria glycines, and Cercospora sojina was lower by 51.9%, 32.4%, and 43.4%, respectively, than under no-tillage (NT).





4. Discussion


Weeds are strong competitors for soybeans. With heavy weed infestation, plants exhibit nutrient deficiency symptoms and are pale green, while seed yield is lower and of worse quality. Therefore, the profitability of cultivation of this legume crop is greatly dependent on effective elimination of weed infestation [2]. Weed infestation of crops can be effectively reduced, among others, by selecting an appropriate position of a given crop in crop rotation [26]. The study presented in this paper proved that growing soybeans after winter wheat as a previous crop reduces weed infestation when compared to what was determined in the monoculture. The results of a study by Cardina et al. [27] reveal that monoculture cropping promotes the accumulation of weed seeds in the soil. In the study of these authors, the number of weed seeds was also affected by the interaction between tillage and crop rotation since the highest seed density was shown in the monoculture under NT conditions. Our research did not prove the interaction between the cropping system and tillage system impacted weed infestation of the soybean crop, but a slightly higher number of weeds was observed in the soybean monoculture under NT conditions when compared to that found in the other experimental treatments.



The results of studies regarding the effect of tillage systems on weed infestation of crops are not unequivocal. Santín-Montanyá et al. [28] did not prove conventional tillage and no-tillage systems to have a significant impact on the number of weeds in the winter wheat crop. However, the results of these authors’ research, similarly to those presented in our paper, show that weed community diversity, as expressed by the Shannon index, increased under the NT system. Sebayang and Rifai [18], on the other hand, found that the dry weed weight in the soybean crop did not differ significantly between conventional tillage, reduced tillage, and no-tillage. Nonetheless, many authors point out that the no-tillage system increases weed infestation of crops [29,30,31,32]. Our experiment also demonstrated a significant increase in the number and weight of weeds under the NT system in comparison with CT. Such an increase may be due to the accumulation of freshly shed weed seeds in the topsoil layer where they germinate and sprout in great numbers in the succeeding crop [33,34,35]. As a matter of fact, the tillage system does not affect the seed bank size but changes both the composition and distribution of diaspores in the soil profile [36]. The study by Cardina et al. [27] revealed that the number of weed seeds in the soil was highest under NT and generally decreased with increasing tillage intensity. These authors also proved that, under the NT system, weed seeds accumulated near the soil surface (from 0 to 5 cm) whereas, under the other tillage systems, they were evenly distributed across the entire tilled layer. In the opinion of Małecka et al. [37], increased weed infestation under the NT system can generally be observed in the first crop rotation cycle, whereas, during the subsequent period, weed infestation stabilizes and even some positive aspects of no-till field preparation are noticeable.



In the opinion of Chovancova et al. [38], Małecka-Jankowiak et al. [39], and Mancinelli et al. [40], the tillage system modifies soil properties, and, thus, affects plant growth and development. Its effect can be a change in the species’ composition of weeds growing in a crop, as shown, among others, by the research presented in this paper. Velykis and Satkus [41] also proved that no-tillage caused a change in the weed species’ composition in comparison with the conventional system. In particular, it increased the presence of Galium aparine and Chenopodium album in the cultivation of a legume crop (pea). According to Campiglia et al. [42], no-tillage can lead to increased occurrence of perennial weeds, which are difficult to control. This is confirmed by our study, which recorded increased numbers of the species Elymus repens under the NT system when compared to CT.



From the beginnings of agriculture development, weed control has been carried out using various practices such as soil tillage or crop rotation, while, in recent years, crop protection products have also been used. Widespread application of herbicides has deeply modified agro-ecosystems, negatively affecting their species’ diversity and causing herbicide resistance to occur, which has resulted in the appearance of the superweeds, that is, weeds resistant to glyphosate [43,44]. This threatens many functions of an ecosystem, which is of key importance for food production [43] because biodiversity in crop fields and their surroundings performs a number of biological functions in nutrient cycling and utilization as well as in the maintenance of balance among pathogens attacking crops [45,46]. Therefore, the aim of international policy and conducted research has become biodiversity conservation, including the species diversity of agroecosystems [47,48]. According to Clements et al. [49], if diversity increases and the number of ecological interactions also increases, weed species should be viewed as an interactive community rather than an unrelated set of targets for control. The study presented in our paper demonstrates that the NT positively influences the weed community diversity in the soybean crop relative to the CT system. However, no changes were found in the diversity of segetal flora depending on the cropping system. On the other hand, a study by Suwary et al. [50] proved that monoculture cropping contributes to decreased weed species’ diversity. Under conditions of winter wheat monoculture cropping, Sekutowski and Domaradzki [51] found a greater dominance of weeds and, at the same time, lower weed species’ biodiversity as a result of using tillage reductions.



Weeds occurring in a crop contribute to a change in thermal and moisture conditions in it, which, thus, creates favorable conditions for developing many fungal pathogens [52]. Unwanted vegetation can be an indirect host for pathogenic fungi and contribute to the spread of diseases and greater infection of the crop [53,54,55]. Our research is also a confirmation of these theories because, in the present study, an increased incidence of fungal diseases was found in the treatments with the highest number and dry weight of weeds. Given the above, it is very important to timely and effectively eliminate weeds as a potential reservoir of fungal diseases [56]. Some biologically active substances used to control weed infestation can also contribute to reducing fungal diseases of soybeans. Plenty of attention has been devoted to glyphosate, which is a commonly used active substance. It results in reduced germination of spores of the fungus Phakopsora pachyrhizi, which causes soybean rust and leads to a lower incidence of this disease in plants [57,58]. Application of lactofen and sulfentrazone promotes increased production of phytoalexin in leaves, which is a substance that inhibits the occurrence of Sclerotinia sclerotiorum in soybeans [59,60]. It should, however, be indicated that lactofen can cause minor transient damage to the crop plant [61] through which pathogens can easily penetrate into the plant [62]. In the literature, reports can be found that, among others, glyphosate application leads to increased numbers of fungi and disturbances in soil biological balance [63]. Crops are then more susceptible to infection by diverse fungal pathogens [64].



Symptoms of many diseases caused by fungi can be observed in soybeans, but, under Polish conditions, these diseases have not been economically important so far. It is also rarely necessary to use fungicides [2]. In our study, soybeans were infected with Septoria leaf spot (Septoria glycines) and frogeye leaf spot (Cercospora sojina). Soybeans were infected to the lowest degree with Ascochyta blight (Ascochyta sp.). Nonetheless, Amin and Melkamu [65], Bretag et al. [66], Davidson and Kimber [67] as well as Sudheesh et al. [68] have shown that the fungus Ascochyta sp. can pose a major threat to legume crops and cause a significant loss in yields.



The severity of infection of plants with fungal diseases is largely associated with weather conditions in a particular growing season. Both our research and the studies of other authors reveal that years characterized by a high amount of rainfall most favor the development of fungal diseases [69,70]. In our research in thermal terms, the years 2015 and 2017 proved to be unfavorable for soybean development (Figure 1 and Figure 2). In 2015, in the sowing month and during the initial growth of soybeans (May), when its thermal requirements are very high, a lower temperature was recorded when compared to the long-term mean. The lowest rainfall level was noted in the second growing season (2015), which significantly contributed to reduced weed infestation and decreased infection of soybeans with fungal diseases. The highest rainfall was observed in 2014 and 2017. The year 2017 was unfavorable for soybean development, predominantly in terms of rainfall distribution. There was a rainfall deficit in June (flowering stage), while, in July (flowering/seed filling) and in September, excessive rainfall was recorded. Such a distribution of precipitation favored the development of fungal diseases. In 2017, a lower temperature was observed in April than in the other years of the study when compared to the long-term mean. Due to this and because of torrential rains, sowing of soybeans was done in the first 10 days of May.



Numerous studies, including the study presented in this paper, have proven that monoculture cropping contributes to increased infection of plants with fungal diseases [17,70]. Strom et al. [71] demonstrated that long-term corn and soybean monoculture was associated with substantial changes in fungal communities and their distribution, as the number of host-specific fungal pathogens increased.



In the studies by Kraska et al. [72] and Suproniene et al. [73], tillage systems did not cause differences in infection of wheat by a complex of fungal diseases. The results of our experiment, however, show that the no-tillage system is conducive to the increased prevalence of fungal diseases of soybeans. Vrandečić et al. [74] also proved that fungal infection of soybeans is much higher under reduced tillage and no-tillage conditions compared to that found under conventional tillage. According to these authors, the amount and intensity of rainfall and temperature were the most important factors influencing the level of infection.



The research presented in this paper demonstrates that the no-tillage system and monoculture cropping promoted weed infestation and infection of soybeans with fungal diseases when compared to the conventional tillage system and crop rotation. The results on soybean yield reported in a paper by Gawęda et al. [75] proved that the seed yields in the experiment in question were much lower in the no-tillage treatment. A decreasing trend in yield in a soybean monoculture was observed as late as the fourth year of the experiment [75]. It was also found that infection of soybeans with fungal diseases was greatest in 2020. A high number of weeds and the dry weight of weeds were also recorded.




5. Conclusions


	
The cultivation of the soybean after it promotes weed infestation. The number and dry weight of weeds was proven to be higher in the monoculture (CM) than in crop rotation (CR), respectively, by 69.4% and 28.6%.



	
Under no-tillage (NT), the number of weeds and dry weight of weeds was, respectively, higher by 42.7% and 36.8% than under conventional tillage (CT).



	
The statistical analysis confirmed that growing soybeans in crop rotation, compared to the monoculture, and, in the no-tillage system, increases the percentage of monocotyledonous species in total dry weight of weeds.



	
In crop rotation, Echinochloa crus-galli was the most numerous weeds in the soybean crop, whereas, in a monoculture, it was Amaranthus retroflexus. Reducing the numbers of Amaranthus retroflexus, Chenopodium album, Avena fatua, Solanum nigrum, and Elymus repens was observed in crop rotation.



	
In both tillage systems, Amaranthus retroflexus was the weed species that occurred in the greatest numbers in the soybean crop. A significantly lower number of Avena fatua and Solanum nigrum was found under conventional tillage (CT) when compared to no-tillage (NT).



	
Cropping systems and tillage systems only slightly changed the biological diversity of the weed community in the soybean crop. The Shannon-Wiener index (H′) and the Simpson index (SI) were shown to have similar values in crop rotation (CR) and the soybean monoculture (CM), whereas the biological diversity of the weed community was found to be only slightly greater under the NT system compared to the CT system.



	
Throughout the study period, soybeans were infected with Ascochyta blight (Ascochyta sp.), Septoria leaf spot (Septoria glycines), and frogeye leaf spot (Cercospora sojina). The severity of disease symptoms in most of the growing seasons was greater in the seasons characterized by a high amount of rainfall.



	
Soybean plants were most infected with the pathogen Septoria glycines and least infected with Ascochyta sp.



	
No-tillage and monoculture cropping promoted infection of soybeans with fungal diseases in comparison to the conventional system and crop rotation.
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Figure 1. Mean monthly air temperature (°C) at the Bezek Meteorological Station from 2014 to 2017. 
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Figure 2. Total rainfall and rainfall distribution (mm) at the Bezek Meteorological Station from 2014 to 2017. 
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Figure 3. Mean number of weeds in soybean crop depending on cropping system, tillage system, and years of research. CR—crop rotation, CM—monoculture, CT—plough tillage, and NT—no-tillage. Different letters denote significant differences (p ≤ 0.05) among different cropping systems (CR and CM), tillage systems (CT and NT), and years of research. The same letter means it is not significantly different. 
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Figure 4. Air-dry weight of weeds in soybean crop depending on cropping system, tillage system, and years of research. CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage. Different letters denote significant differences (p ≤ 0.05) among different cropping systems (CR and CM), tillage systems (CT and NT), and years of research. The same letter means it is not significantly different. 
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Figure 5. Interactive dependencies of the cropping system and tillage system in shaping the number of weeds in soybean crop (mean for 2014–2017). CR_CT—crop rotation and plough tillage, CR_NT—crop rotation and no-tillage, CM_CT—monoculture and plough tillage, CM_NT—monoculture and no-tillage. The same letter means it does not have a significantly different (p ≤ 0.05) interaction among crop rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT). 
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Figure 6. Interactive dependencies of the cropping system and tillage system in shaping air-dry weight of weeds in soybean crop (mean for 2014–2017). CR_CT—crop rotation and plough tillage, CR_NT—crop rotation and no-tillage, CM_CT—monoculture and plough tillage, CM_NT—monoculture and no-tillage. The same letter means it is not significantly different (p ≤ 0.05) in terms of the interaction among crop rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT). 
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Figure 7. Percentage content of weight of monocotyledonous and dicotyledonous weeds in total weed dry weight depending on the cropping system and tillage system (mean for 2014–2017). CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage. Different lowercase letters denote significant differences (p ≤ 0.05) of monocotyledonous weeds among different cropping systems (CR and CM) and tillage systems (CT and NT). Different capital letters denote significant differences (p ≤ 0.05) of dicotyledonous weeds among different cropping systems (CR and CM) and tillage systems (CT and NT). 
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Figure 8. Percentage content of monocotyledonous and dicotyledonous weeds weight in total weed dry weight depending on the interaction of the cropping system and tillage system (mean for 2014–2017). CR_CT—crop rotation and plough tillage, CR_NT—crop rotation and no-tillage, CM_CT—monoculture and plough tillage, and CM_NT—monoculture and no-tillage. Different lowercase letters denote significant differences (p ≤ 0.05) of monocotyledonous weeds for interaction among crop rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT). Different capital letters denote significant differences (p ≤ 0.05) of dicotyledonous weeds for interaction among crop rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT). 
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Figure 9. Shannon-Wiener’s diversity index (H′) and Simpson’s dominance index (SI) of the weed community in soybean crop depending on the cropping system and tillage system (mean for 2014–2017). CR—crop rotation, CM—monoculture, CT—plough tillage, and NT—no-tillage. Different lowercase letters denote significant differences (p ≤ 0.05) of Shannon-Wiener’s diversity index (H′) among different cropping systems (CR and CM) and tillage systems (CT and NT). Different capital letters denote significant differences (p ≤ 0.05) of Simpson’s dominance index (SI) among different cropping systems (CR and CM) and tillage systems (CT and NT). 
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Figure 10. Interactive dependencies of the cropping system and tillage system in shaping Shannon-Wiener’s diversity index (H′) and Simpson’s dominance index (SI) of the weed community in soybean crop (mean for 2014–2017). CR_CT—crop rotation and plough tillage, CR_NT—crop rotation and no-tillage, CM_CT—monoculture and plough tillage, CM_NT—monoculture and no-tillage. Different lowercase letters denote significant differences (p ≤ 0.05) of Shannon-Wiener’s diversity index (H′) for interaction among crop rotation, monoculture, plough tillage (CT), and no-tillage (NT). Different capital letters denote significant differences (p ≤ 0.05) of Simpson’s dominance index (SI) for an interaction among crop rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT). 
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Figure 11. Mean infection of soybean with Ascochyta blight (Ascochyta sp.) depending on the cropping system, tillage system, and years of research. CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage. Different letters denote significant differences (p ≤ 0.05) among different cropping systems (CR and CM), tillage systems (CT and NT), and years of research. The same letter means it is not significantly different. 
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Figure 12. Mean infection of soybeans with Septoria leaf spot (Septoria glicynes) depending on the cropping system, tillage system, and years of research. CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage. Different letters denote significant differences (p ≤ 0.05) among different cropping systems (CR and CM), tillage systems (CT and NT), and years of research. The same letter means it is not significantly different. 
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Figure 13. Mean infection of soybeans with frogeye leaf spot (Cercospora sojina) depending on the cropping system, tillage system, and years of study. CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage. Different letters denote significant differences (p ≤ 0.05) among different cropping systems (CR and CM), tillage systems (CT and NT), and years of research. The same letter means being not significantly different. 
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Table 1. Experiment scheme. *Soybean location in the experiment. CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage.
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CT

	
NT

	
CT

	
NT
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NT

	






	
CM

	
CM CT

	
CM NT

	
CM CT

	
CM NT

	
CM CT

	
CM NT

	
*soybean 2014–2017




	
CR

	
CR CT

	
CR NT

	
CR CT

	
CR NT

	
CR CT

	
CR NT

	
*soybean 2015




	
CR CT

	
CR NT

	
CR CT

	
CR NT

	
CR CT

	
CR NT

	
*soybean 2016




	
CR CT

	
CR NT

	
CR CT

	
CR NT

	
CR CT

	
CR NT

	
*soybean 2017




	
CR CT

	
CR NT

	
CR CT

	
CR NT

	
CR CT

	
CR NT

	
*soybean 2014




	

	
replicates I

	
replicates II

	
replicates III

	








crop rotation: soybean—winter wheat—winter oilseed rape—winter wheat.
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Table 2. Species composition of weeds per 1 m2 in soybean crop depending on the cropping system and tillage system (mean for 2014–2017).
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Species

	
Cropping System

	
Tillage System




	
CR

	
CM

	
CT

	
NT






	
I. Short-lived




	
Amaranthus retroflexus L.

	
3.4a

	
7.3b

	
4.5a

	
6.1a




	
Anagallis arvensis L.

	
0.1a

	
0.1a

	
0.1a

	
0.1a




	
Anchusa arvensis (L.) M. Bieb.

	
0.3a

	
-

	
-

	
0.3a




	
Avena fatua L.

	
1.5a

	
2.8b

	
1.4a

	
2.9b




	
Capsella bursa-pastoris (L.) Medik.

	
0.8a

	
1.2a

	
1.2a

	
0.9a




	
Chenopodium album L.

	
0.8a

	
3.6b

	
2.2a

	
2.2a




	
Echinochloa crus-galli (L.) P. Beauv.

	
4.2a

	
2.5a

	
3.1a

	
3.7a




	
Euphorbia helioscopia L.

	
-

	
0.2a

	
0.1a

	
0.2a




	
Fallopia convolvulus (L.) Á. Löve

	
0.6a

	
0.3a

	
0.4a

	
0.6a




	
Galium aparine L.

	
0.8a

	
0.2a

	
0.4a

	
0.6a




	
Lamium amplexicaule L.

	
0.1a

	
0.2a

	
0.2a

	
0.1a




	
Matricaria maritima ssp. inodora (L.) Dostál

	
0.5a

	
1.2a

	
0.6a

	
1.2a




	
Melandrium album (Mill.) Garcke

	
0.2a

	
0.2a

	
0.1a

	
0.2a




	
Polygonum aviculare L.

	
1.6a

	
1.8a

	
1.9a

	
1.4a




	
Solanum nigrum L. Emend. Mill.

	
0.4a

	
2.0b

	
0.5a

	
1.9b




	
Sonchus asper (L.) Hill.

	
0.6a

	
0.5a

	
0.4a

	
0.6a




	
Stellaria media (L.) Vill.

	
0.3a

	
0.4a

	
0.3a

	
0.4a




	
Thlaspi arvense L.

	
-

	
0.1a

	
0.1a

	
-




	
Veronica persica Poir.

	
0.1a

	
-

	
-

	
0.1a




	
Viola arvensis Murr.

	
0.3a

	
-

	
0.2a

	
0.1a




	
II. Perennial

	

	

	

	




	
Cirsium arvense (L.) Scop.

	
0.3a

	
1.0a

	
0.5a

	
0.7a




	
Convolvulus arvensis L.

	
0.1a

	
-

	
-

	
0.1a




	
Elymus repens (L.) Gould

	
0.1a

	
3.4b

	
0.8a

	
2.7a




	
Plantago major L.

	
-

	
0.2a

	
0.1a

	
0.1a




	
Sonchus arvensis L.

	
0.2a

	
0.1a

	
0.1a

	
0.2a




	
Number of weed species

	
22a

	
21a

	
22a

	
24a








CR—crop rotation, CM—monoculture, CT—plough tillage, NT—no-tillage. Different letters denote significant differences (p ≤ 0.05) of the number of weed species among different cropping systems (CR and CM) and tillage systems (CT and NT). The same letter means it is not significantly different.
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Table 3. Interactive dependencies of the cropping system and tillage system in shaping weed species’ composition per 1 m2 in soybean crops (mean for 2014–2017).
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Species

	
CR_CT

	
CR_NT

	
CM_CT

	
CM_NT






	
I. Short-lived




	
Amaranthus retroflexus L.

	
3.2a

	
3.6a

	
5.9a

	
8.7a




	
Anagallis arvensis L.

	
0.1a

	
0.1a

	
0.1a

	
0.1a




	
Anchusa arvensis (L.) M. Bieb.

	
-

	
0.7a

	
-

	
-




	
Avena fatua L.

	
1.2a

	
1.8a

	
1.5a

	
4.1a




	
Capsella bursa-pastoris (L.) Medik.

	
1.0a

	
0.6a

	
1.3a

	
1.2a




	
Chenopodium album L.

	
0.6a

	
1.0a

	
3.8a

	
3.3a




	
Echinochloa crus-galli (L.) P. Beauv.

	
3.6a

	
4.8a

	
2.5a

	
2.5a




	
Euphorbia helioscopia L.

	
-

	
-

	
0.1a

	
0.3a




	
Fallopia convolvulus (L.) Á. Löve

	
0.5a

	
0.7a

	
0.2a

	
0.4a




	
Galium aparine L.

	
0.5a

	
1.1a

	
0.2a

	
0.2a




	
Lamium amplexicaule L.

	
-

	
0.2a

	
0.5a

	
-




	
Matricaria maritima ssp. inodora (L.) Dostál

	
0.4a

	
0.6a

	
0.8a

	
1.7a




	
Melandrium album (Mill.) Garcke

	
0.1a

	
0.2a

	
0.2a

	
0.2a




	
Polygonum aviculare L.

	
1.8a

	
1.3a

	
2.0a

	
1.5a




	
Solanum nigrum L. Emend. Mill.

	
0.5a

	
0.4a

	
0.5a

	
3.4b




	
Sonchus asper (L.) Hill.

	
0.4a

	
0.7a

	
0.5a

	
0.6a




	
Stellaria media (L.) Vill.

	
0.3a

	
0.4a

	
0.4a

	
0.4a




	
Thlaspi arvense L.

	
-

	
-

	
0.2a

	
-




	
Veronica persica Poir.

	
-

	
0.2a

	
-

	
-




	
Viola arvensis Murr.

	
0.4a

	
0.2a

	
-

	
-




	
II. Perennial




	
Cirsium arvense (L.) Scop.

	
0.1a

	
0.5a

	
1.0a

	
1.0a




	
Convolvulus arvensis L.

	
-

	
0.2a

	
-

	
-




	
Elymus repens (L.) Gould

	
-

	
0.2a

	
1.7a

	
5.1a




	
Plantago major L.

	
-

	
-

	
0.1a

	
0.2a




	
Sonchus arvensis L.

	
-

	
0.3a

	
0.1a

	
-








CR_CT—crop rotation and plough tillage, CR_NT—crop rotation and no-tillage, CM_CT—monoculture and plough tillage, CM_NT—monoculture and no-tillage. Different letters denote significant differences (p ≤ 0.05) of the number of weed species for an interaction among crop rotation (CR), monoculture (CM), plough tillage (CT), and no-tillage (NT).
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