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Abstract

:

Soybean (Glycine max (L.) Merr.) is the most important protein crop globally, with its cultivation area in Europe on the increase. To investigate how alternative tillage systems affect soybean growth, yield performance, and nitrogen fixation capacity in the early conversion period from conventional tillage to conservation and no-tillage practices, a field study was conducted in 2020 under the humid central European climatic conditions of Slovenia. A complete randomized block design with four repetitions was used for the three different tillage systems (conventional, conservation, and no-tillage). The results show that the majority of the studied soybean growth parameters (e.g., plant density, nodes per plant, and shoot and root dry matter) and the yield components (e.g., pods per plant, and 100-seed mass) were greatest for the reference conventional tillage system. The conventional system also showed significantly greater dry nodule mass (p < 0.01) and proportion of large-sized nodules (>4 mm) on both the tap root (p < 0.05) and the lateral roots (p < 0.001). A positive linear correlation between nitrogen content and nodule production in the roots also suggested increased nitrogen fixation for the conventional system. The less intensive conservation and no-tillage systems resulted in significantly greater soil compaction, which negatively affected early plant establishment and resulted in significantly decreased plant densities. Despite the large differences in plant stands and individual plant performances, no significant differences were seen for dry seed yields between these tillage systems. Dry seed yields for the conventional and conservation systems were 4.54 and 4.48 t ha−1, respectively, with only minor (non-significant) yield reduction for the no-tillage system, at 4.0 t ha−1. These data show that soybean cultivation in the early transition period to less intensive tillage systems have no major yield losses under these less suitable agro-climatic conditions if correct crop and weed management measures are implemented.
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1. Introduction


Soybean (Glycine max (L.) Merr.) is a legume crop and represents the largest source of plant protein worldwide. Due to global population growth and increased demand for soy-based animal feed, the worldwide soybean cultivation area is expanding. Genetically modified (GM) soybean represents almost 80% of the global production, although GM soybean in Europe is authorized only for food and animal feed. The leading soybean producers are the United States (32%), followed by Brazil (28%), Argentina (21%), China (7%), and India (4%) [1,2]. The European domestic production of conventional soybean has also more than doubled in the last decade, although it represents only 7% of the total soybean demand in Europe [3,4].



Soybean is highly recommended for crop rotation due to its beneficial effects on soil fertility. Soybean has a high demand for nitrogen, and according to estimates by [5], 80 kg nitrogen is needed to produce 1000 kg soybean seeds. From 50% to 75% of the total nitrogen demand of soybean is provided by biological fixation, where atmospheric nitrogen is converted to ammonia [6]. This occurs through the symbiotic relationship with bacteria of the genus Bradyrhizobium, which enter the roots through infection of the root hairs, and form nodules [7]. As this biological nitrogen fixation is not always sufficient, nitrogen must also be added as a fertilizer to ensure optimal vegetative growth, which consequently provides higher seed yield [8,9]. In new soybean fields in particular, nitrogen addition is necessary due to the low bacterial population in the soil. Optimizing bacterial nitrogen fixation can therefore increase crop yields and reduce production costs [10].



Biological nitrogen fixation is also important because of the reduced need for nitrogen fertilization and its associated negative impact on the environment through nitrogen leaching [11]. The balance of nitrogen in the soil after a soybean harvest is usually more positive than with a non-legume crop. In addition to symbiotic fixation, part of the nitrogen is also released into the soil by decomposition of the soybean plant residues. Moreover, favorable carbon to nitrogen (C/N) ratios and fast mineralization of the plant residues provides reduced fertilizer requirements and beneficial effects on the yield of the succeeding crop [12].



The soil is a fundamental natural resource for agricultural production, and a recent report showed that most of the world soil resources are under considerable threat due to erosion, loss of soil carbon stock, and chemical pollution [13]. For the protection of natural resources, conservation and no-tillage systems have gained popularity in recent decades. With their production practices that include less intensive tillage, these systems offer lower production costs, increased water conservation, and minimized nutrient and soil losses through leaching and erosion [14]. As this tillage systems prevails in the leading soybean producing countries (i.e., USA, Argentina, Brazil), most of the soybean worldwide is grown under conservation and no-tillage systems. The increase in the area under conservation tillage was closely related to the adoption of GM soybean, as also for other GM crops [15]. Herbicide-tolerant crops make the use of conservation tillage practices easier, and large shifts from tillage-intensive systems to reduced or no-tillage systems occurred after implementation of herbicide-tolerant crops into the production system [16]. However, after being widely adopted in the past few decades, conservation tillage practices are threatened by increasing cases of herbicide-resistant weeds in affected areas throughout the world [17].



Conversion to alternative soil-tillage systems can have positive effects on the biological, physical, and chemical properties of the soil, which can then improve crop production. Along with management practices, the environmental, climate, and soil conditions are the key factors behind the soil organic content, and its structure and fertility [18]. However, large ranges in sequestration rates indicate that the magnitude of these changes is highly site specific and is also determined by the time since any management changes [19]. As a result, yield losses can often be observed in the early years of conversion to conservation and no-tillage systems [20].



In Europe, conservation agriculture and no-tillage systems are not as widely spread compared to other regions in the world, and the majority of soybean is grown in conventionally tilled soils [21]. There are also very contrasting data on soybean productivity for the different tillage systems in the literature. There are reports of soybean yield increase in the conventional tillage systems, while in other studies greater soybean yield was found in the no-tillage systems [22,23]. In contrast, several studies found no differences in the soybean yields in the conventional, conservation, and no-tillage systems [24,25].



As well as the effects of the tillage system on soybean productivity, significant differences can also be seen according to the soil microbial diversity and the dynamics that influence biological nitrogen fixation processes [26]. The quantity of fixed nitrogen can be measured with various methods; however, nodule traits can also be used as an indicator of nitrogen-fixing capacity [27,28]. It has been reported that both tillage system and tillage depth influence the number of nodules produced by soybean plants [29,30]. However, there are studies where the nodule production increased for no-tillage systems with direct seeding, as well as those where there was greater nodulation for conventional tillage systems [31,32].



Several studies have been carried out that have focused on the influence of tillage systems on growth and development of soybean, but few of these were conducted under less favorable humid-temperate climatic conditions of central Europe, where soybean cultivation is rapidly increasing. Furthermore, the aim of our study was to investigate how different tillage systems affect soybean yield performance in the early conversion period from conventional to conservation and no-tillage systems. The objective of our study was also to determine the nitrogen fixation capacities within the newly established alternative tillage systems, and their effects on soybean biomass production and seed yield.




2. Materials and Methods


2.1. Study Site and Weather Conditions


This study was carried out in 2020 in the experimental field of the Agricultural Institute of Slovenia (Infrastructure Centre Jablje pri Mengšu; 46°08′33.9″ N, 14°34′21.5″ E, 309 m a.s.l.). The experimental area was dominated by shallow to medium depth alluvial eutric brown soils on calcareous pebble and sand. The soils were well drained with silty-loam soil texture that comprised 25% clay, 37% silt, and 38% sand. Due to the high pebble content, these soils are prone to drought, as they have limited water storage capacity in the summer.



Soil samples were taken before the beginning of this study in March 2020 at a depth of 0 to 25 cm. Soil analysis was performed at the Central Laboratory of the Agricultural Institute of Slovenia in Ljubljana, with the following characteristics measured: pH (in KCl), available phosphorus and potassium (P2O5, K2O, respectively; calcium–acetate–lactate method [33], organic carbon content [34] and total nitrogen [35]). The results of soil analysis showed that it was neutral (pH 7.6) and well supplied with available phosphorus (30 mg kg−1 P2O5) and potassium (35 mg kg−1 K2O). The total nitrogen (0.27%) and organic matter content (4.3%) were high.



The precipitation and temperatures during the experimental season in 2020 were provided by a weather station near the experimental field (Adcon, A753GSM), and are compared with the 30-year long-term averages in Figure 1. These weather conditions were favorable for soybean growth and development. The mean temperature through the growing season from May to October was 16.9 °C, which was higher than the 30-year long-term average of 14 °C. The soybean plants were not exposed to water stress during their vegetative and generative development, because of the moderate temperatures and well-distributed precipitation during the summer months of 2020. The total precipitation from May to October was 868 mm, which was also above the 30-year long-term average for the region (Figure 1).




2.2. Experimental Design


The experiment was arranged in a complete randomized block system, including three tillage systems: conventional, conservation, and no-tillage systems. The entire experimental field was 90 m in width and 80 m in length. Each tillage system was randomly assigned into four blocks (repetitions), each of which was 30 m in width and 20 m in length.



The experimental field was in the early tillage-conversion stage, with the different tillage methods established in autumn of 2018. The field experiment at the given site with soybean was conducted over only one year, due to crop rotation demands and the potential risk of pest and soil-borne pathogen damage related to second-year or continuous soybeans. The previous crop was winter wheat, which was drilled directly for the conservation and no-tillage systems, while the soil was prepared conventionally with ploughing and seedbed preparation for the conventional system. After the winter wheat harvest, the plant residues were left on the field and mulched, and the cover crop of berseem clover (Trifolium alexandrinum L.) was sown on 10 August 2019. For the conventional and conservation systems, the stubble was tilled with a disc harrow, while in the no-tillage system, the cover crop was sown directly into the winter wheat stubble. The cover crop establishment and development were extremely well, with over 5 t ha−1 of cover crop dry matter (DM) production for all of these tillage systems.



The berseem clover was terminated by frost in November 2019, and the soil was covered until spring of 2020 with a thick layer of dead plant residues. In 2020, the soil for the conventional tillage system was prepared with the plow (depth, 22 cm; 17 April 2020) and the furrows were closed with a drag leveling bar. Pre-sowing soil preparation was carried out on 7 May 2020, with a rotary harrow. For the conservation system, the soil was tilled with a disc harrow (depth, 8 cm; 30 April 2020). For the no-tillage system, the soil was left undisturbed. However, glyphosate was applied 10 days before sowing (2400 g a.i. ha−1; spray volume, 230 L ha−1), to control perennial and winter annual weeds, and volunteer wheat seedlings.



The very early soybean variety ‘Altona’ (maturity group, 00) was sown with 18-cm row spacing and a seed rate of 600,000 seeds ha−1. No additional inoculation with Rhizobium bacteria was performed. Soybean sowing was carried out on 22 May 2020, under optimal conditions, using a direct planting machine with high pressure on the seeding unit (Diretta; Maschio Gaspardo Campodarsego PD; Italy). Prior to the soybean sowing, basic fertilization with NPK fertilizer (6:12:24) was applied (380 kg ha−1); no fertilizers were used after sowing.



To obtain uniform germination conditions, the entire experimental field was compacted with a Cambridge roller after sowing. One day after sowing (23 May 2020) a mixture of the active ingredients pendimethalin (2500 g ha−1) and S-metolachlor (1000 g ha−1) was applied (spray volume, 230 L ha−1). Due to the favorable weather conditions with sufficient moisture, the herbicide mixture used was very effective, and no additional post-emergence weed control was required.




2.3. Plant Sampling, Yield Assessment and Seed Analysis


The plant sampling and measurements (i.e., height, number of branches, number of nodules and pods) were carried out on 20 August 2020, when soybeans reached the maximum pod filling stage (BBCH 77 [36]). Five soybean plants were randomly selected within each block for nodule assessment and below-ground and above-ground biomass (DM) production. The plants were excavated with the entire root clod, and the visible nodules were separated from the root system by hand. The rest of the nodules were removed from the roots by soaking in water. The individual plant parts and nodules were then dried at 60 °C for 3 days, and the biomass (DM) was weighed. Shoot and root samples were analyzed for carbon and nitrogen content using the Dumas combustion method (Vario Max CN analyzer; Elementar Analysensysteme GmbH, Germany). Shoot and root C/N ratio was calculated based on shoot and root total carbon and total nitrogen contents, as given in Equation (1):


C/N = (Total C (%))/(Total N (%))



(1)







Sampling for the soybean yield component was performed on 1 October 2020, with five plants randomly selected within each block to determine the number of the pods per plant. The soybean harvest for yield analysis was performed using a small plot harvester (Quantum; Wintersteiger AG Ried, Austria) on 9 October 2020, on two randomly assigned 30 m2 subplots within each block. After the harvest, the soybean seeds were dried at 30 °C, and their nutritional composition was analyzed. Soybean crude fats, protein, fiber, and ash (mineral compounds) were determined using a spectrophotometer (Nir Tango-Bruker Optik GMBH, Gerhardt Analytical Systems device-Gerhardt Koenigswinter, Germany). Specific soil compaction was measured after the soybean harvest (14 October 2020), using a hand-held hydraulic penetrometer (GKA 6860; Gouda Geo-Equipment B.V., The Netherlands), at a depth of 10 to 15 cm using a cone rod of diameter 1.28 cm and surface of 1.286 cm2, designed to measure heavier soil densities. The soil compaction was displayed by the manometer as specific soil resistance when the penetrometer tip penetrated the ground (i.e., Cl-Cone index, expressed in bars) [37]. The average soil moisture content from a depth of 0 to 15 cm was determined simultaneously with the soil compaction measurements, in close proximity to the hydraulic penetrometer sampling points. Soil moisture is expressed as volumetric water content, measured by the Time Domain Reflectometry method (Field Scout Soil Moisture Meter; Spectrum Technologies, Plainfield, IL, USA).




2.4. Statistical Analysis


All of the data were examined for homogeneity of variance using Levene’s tests prior to the statistical analysis. These tests showed that the data were normally distributed, and no transformation was required. Soybean plant density, morphological parameters, yield and yield components, nutritional composition, and soil compaction data were then subjected to factorial analysis of variance (ANOVA), considering the tillage systems as main factors and the blocks as replicates. The means obtained by ANOVA were compared using post hoc Tukey’s HSD tests, with a p = 0.05 level of significance. Statistical analysis of the data was performed using the R program [38]. The relationships between the different variables were described using linear and non-linear regression models. Pearson’s test for correlation (p < 0.05) between different soybean growth parameters and total nitrogen content and dry nodule mass was performed to show a relationship between these factors.





3. Results and Discussion


3.1. Soybean Growth Parameters and Biomass Production


Soybean growth and development were significantly affected by the tillage systems, for all of the study parameters. In particular, the plant density, plant height, and number of nodes and branches differed significantly between the three tillage systems (Table 1). The highest plant density was for the conventional system (56.0 plants m−2), while the lowest plant density was for the no-tillage system (35.2 plants m−2). Soybean production using a no-tillage system is often less successful in poorly drained soils [39], in part because of the cooler and wetter soil conditions at planting [40]. Such soil conditions can lead to slower soybean germination and emergence, which makes the seedlings more vulnerable to seedling diseases. Ref. [41] also reported their highest plant density for conventionally tilled soil (49 plants m−2), which was decreased for their no-tillage system (36 plants m−2). The main reason for decreased soybean stands in the present study was the lower germination and establishment rates for the conservation and no-tillage systems. Although professional no-tillage seeding equipment was used, which allowed high down pressure per seeding unit, the upper soil layer was compacted during the sowing. Therefore, a portion of the seeds was not adequately covered with fine soil for the no-tillage system, and to lesser extent also for the conservation system.



The soybean plants for the conservation system reached 117.9 cm in height, which was significantly greater than both the conventional (106.5 cm) and no-tillage (95.8 cm) systems. Conventional tillage can improve the water-air regime and the mobility of minerals in the deeper soil layers and has been shown to increase soybean plant height compared to no-tillage [42,43]. For no-tillage systems, soybean growth can be inhibited by the soil compaction, which reduces the root density and absorption efficiency at greater soil depths [30].



The nodes per plant in the present study was significantly higher for the conventional system (17.1 nodes per plant), while similar values were seen between the conservation and no-tillage systems (15.3, 15.8 nodes per plant, respectively). Ref. [44] also observed more nodes on soybean plants from conventionally cultivated soil compared to those from shallow-tilled soil. Although the soybean density for the no-tillage system in the present study was the lowest, these plants showed similar numbers of branches to the conventional system (6.1 and 5.8 branches per plant, respectively). This was not expected, as the plant density and intraspecific competition in both the conservation and no-tillage systems were reduced, which would thus allow the plants to show stronger lateral growth. Ref. [41] also noted more plant branching for less intensive soil tillage and indicated positive effects on the side-shoot development. The linear correlations shown in Figure 2 show that plant height and plant density, and number of nodes per plant and plant height, were positively correlated (33.8%; p = 0.008 and 5.7%; p = 0.664, respectively), whereas the number of branches were negatively correlated with plant density (−8.4%; p = 0.523).



These tillage systems also had significant effects on soybean shoot and root dry matter (DM) production (Figure 3). The greatest mean shoot DM per plant was seen for the conventional system (65.5 g plant−1), and the lowest for the conservation system (35.6 g plant−1), with the no-tillage system at an intermediate level (51.6 g plant−1). The greatest root DM was also seen for the soybean plants grown under the conventional system (6.2 g plant−1); this was not significantly different from that for the no-tillage system (5.5 g plant−1), and these were both significantly greater than for the conservation system (3.5 g plant−1). Refs. [26,45] and showed that alternative tillage systems improved both soil biological characteristics and plant growth. These findings agree with the present study, where shoot and root DM in the no-tillage system were significantly greater than the conservation tillage system. According to [26], improved crop growth with no-tillage is related to several factors, including higher soil moisture, lower soil temperature, permanence of soil aggregates, and higher soil carbon content.




3.2. Soybean Yield Components and Dry Seed Production


These tillage systems also showed significant differences for mean number of pods per plant, number of pods per unit area (m−2), and 100-seed mass (p < 0.001). The greatest number of pods per plant was for the conventional system (103.6 pods plant−1), while the lowest was for the conservation system (only 46.5 pods plant−1) (Table 2). The greatest pod number was seen for the conventional system (5799 pods m−2), with significantly lower pod numbers for the conservation and no-tillage systems (2206 and 2547 pods m−2, respectively) (Table 2). Ref. [46] also reported that their conventional and reduced tillage systems showed greater pod numbers per plant compared to their no-tillage system. The 100-seed mass for the conventional system (19.7 g) was significantly greater than for the conservation and no-tillage systems, which were similar (17.3 and 16.4 g, respectively) (Table 2). Indeed, such tillage systems have been shown to have relevant effects on absolute seed mass [47], while [48] reported that their conventional system favored soybean seed size (as 1000-seed mass) over their no-tillage system. However, [25] showed lower soybean 100-seed mass (11.4 g) than the present study and reported no effects of their tillage systems on soybean seed size. Then, in contrast to both the present and [25] study, [49] showed greater seed mass for their no-tillage system, with their effects of plant density on seed weight not consistent across the 4-year study.



Although in the present study the heights of the first pods (Table 2) were related to the heights of the soybean plants (Table 1), there were no significant differences in first pod heights between the tillage systems. The numerically greatest first pod height was seen for the conventional system (17.4 cm) and the numerically lowest for the no-tillage system (13.1 cm). Soybean seed loss during harvesting is a major problem, and this has been related to first pod height [50,51]. First pod height is affected by the genetic structure, cultivation processes, and precipitation or irrigation levels [52]. Ref. [53] reported that seed losses were avoided when the first pod height was >20 cm; however, the first pods height should not be greater than the height of the cutter bar of the combine harvester; most frequently reported first pod height is between 10 and 12 cm.



Soybean dry seed yields were similar between the tillage systems in the present study (range between 4.00 and 4.54 t ha−1) (Table 2). Indeed, consideration of the soybean yield components here demonstrates the highly flexible nature of this legume crop. Compared to the conventional system, the conservation system had lower plant density, produced half the number of pods per plant, and had about 10% lower 100-seed mass, which suggested greater numbers of seeds in the pods for the conservation system.



In the literature, there are inconsistent data on the effects of soil tillage systems on soybean seed yields, probably due to differences in soil and environmental conditions across the relevant studies. Under more arid climatic conditions in particular, soybean yields for a no-tillage system can be increased, which was reported as due to better crop emergence and establishment, and/or to greater retention of soil moisture [54]. Studies performed in more humid climates are in line with the numerical trend in the present study of greater soybean seed yields for the tilled systems. The main contributing factors identified for greater soybean yields for conventional tillage were the beneficial effects of tillage on soil structure, porosity, infiltration rate, and nutrient absorption [41,43]. Moreover, some studies have indicated that for no-tillage systems, soybean yield can be reduced due to lower nitrogen availability and/or lower soil temperature, because of the greater soil coverage by the crop residues compared to a conventional system [40,55].




3.3. Soybean Nodule Production


The data for the mean numbers of nodules on the tap and lateral roots are given in Table 3. The tillage system had a significant effect on the number of nodules per plant for the tap roots (p = 0.0069), although not for the lateral roots (p = 0.2388). The greatest nodule production for the tap root of the individual soybean plants was seen for the conventional and no-tillage systems (11.3 and 8.8 nodules plant−1, respectively); these were significantly higher than for the conservation system (4.3 nodules plant−1). Although the nodule development on the lateral roots were not significantly different between the tillage treatments, these followed the same pattern of nodule production on the tap root (Table 3). Across the tillage systems, the numbers of large-sized nodules (diameter >4 mm) on the tap roots were not significantly different (p = 0.2761), contrary to that seem for the lateral roots (p = 0.0102). The large-sized nodules on the tap roots were numerically similar for the conventional and the no-tillage systems (5.7 and 4.8 nodules >4 mm plant−1) and tended to be lower for the conservation system (2.4 nodules >4 mm plant−1). For the lateral roots, most of the large-sized nodules were seen for the conventional system (12.0 nodules >4 mm plant−1), with significantly fewer for the conservation system (1.0 nodule >4 mm plant−1). Here, the no-tillage system produced an intermediate number of large-sized nodules on the lateral roots (Table 3).



Due to the significant differences in the plant densities across these tillage systems, nodule production per plant was also expressed per unit area (m−2). Analysis of these data showed generally analogous effects across the tillage systems as seen for nodule production per plant (data not shown). Thus, again, there were significant effects of these tillage systems for the number of nodules m−2 on the tap roots (p = 0.023), while this did not reach significance for the lateral roots (p = 0.089). Additionally, like the measure of the large-sized (diameter >4 mm) nodules per plant, for the large-sized nodules m−2 the tillage systems had a significant effect for the lateral roots (p = 0.0084). Instead, for the tap roots, when these data were expressed per plant, they did not differ significantly between the tillage treatments, significant differences were seen for these large-sized nodules when expressed per unit area for the tap roots (p = 0.0155). Furthermore, significantly more large-size nodules were seen for the conventional system (280 nodules m−2) compared to the conservation system (113.8 nodules m−2) and no-tillage (172.5 nodules m−2).



These data are in line with the study of [30], where the numbers of effective nodules on the roots increased with increasing tillage depth. In contrast, [56] reported greater nodule development on soybean grown in medium-shallow tilled soil (depth 12–14 cm), compared to medium-deep tilled soil (depth 14–16 cm). The nodules that are formed on the lateral roots are the result of the existing bacteria in the soil, while the nodulation of already infested roots results in a high number of small nodules with decreased densities of bacteroides and decreased nitrogen fixation [1]. Indeed, the nitrogen-fixing activities of root nodules are closely related to their size, whereby larger nodules have a greater proportion of Rhizobium-infected area and show higher nitrogen-fixing activity [57]. Ref. [28] also reported that larger nodules (diameter >4 mm) on soybean root have greater nitrogen-fixing activity than small ones (diameter <2 mm). Nitrogen-fixing activities can change with the nodule development stages, although due to their quantity, it is the numbers of medium-sized nodules that eventually determine the overall amount of nitrogen fixation [28].



These tillage systems had significant effects on the dry nodule mass plant−1 (p = 0.01). Here, the conventional system (1.1 g plant−1) was significantly higher than both the conservation and no-tillage systems (0.5 and 0.7 g plant−1, respectively) (Figure 4). These tillage systems also had significant effects on the dry nodule mass m−2 (p = 0.0007), which was again greatest for the conventional system (61.6 g m−2), and significantly lower for the conservation and no-tillage systems (23.7 and 24.6 g m−2).



A no-tillage system promotes an ecological environment that is different from a conventional system, especially in the first centimeters of soil depth, where decreased temperature fluctuations and increased moisture can promote microbial activity [58]. These benefits are also observed in the Rhizobium-legume symbiosis with enhanced nodule development at greater soil depth. Furthermore, cell numbers, nodule production, and diversity of Bradyrhizobium are also increased, thus providing greater rates of biological nitrogen fixation [59].



Hanhur et al. [56] argued that among other factors, the number and mass of symbiotic nodules are mainly influenced by soil moisture, gas exchange between the soil and the environment, and soil temperature. Increased nodule development has also been linked to the sensitivity of Rhizobium bacteria to soil desiccation and light, with no-tillage systems characterized by greater water retention capacity of the soil. Furthermore, due to the absence of tillage in this system, there is also less evaporation of water from the soil. No-tillage systems also promote the greater contents of organic carbon and macronutrients in the soil, which represent sources of nutrients for microorganisms [60]. The reason for the greater dry mass of the nodules for the conventional system in the present study might therefore be related to the less-compacted soil and the good water-air regime. Furthermore, the favorable environmental conditions here of moderate summer temperatures and abundant rainfall in the 2020 season will have reduced the differences in water availability between the tillage systems.




3.4. Nitrogen and Carbon Content in Soybean Shoots and Roots


The nitrogen contents in the shoots and roots were not significantly affected by the tillage systems (p = 0.187 and 0.204, respectively), as for the carbon content in the roots (p = 0.0681). However, the carbon content in the shoots was significantly influenced by the tillage system (p = 0.0205). Overall, the nitrogen content in the shoots was about twice that in the roots (2.6% vs. 1.2%, respectively), while the carbon content was similar for shoots and roots. The carbon content in the shoots was slightly, but significantly, higher for the conventional system (43.2%) compared to both the conservation and no-tillage systems (42.4% and 42.3%, respectively) (Table 4).



There was a positive linear correlation (70.8%; p = 0.01) between total nitrogen content in the roots and dry nodule mass (Figure 5). The numerically (although not significantly) greatest nitrogen content in the roots for the conventional system was associated with the (significantly) greatest dry nodule mass (Figure 5). In contrast to these data for the shoot and root nitrogen contents, several other studies have shown high amounts of fixed nitrogen for soybean for no-tillage systems, where there is minimal soil disturbance and more rhizobial activity and nitrogen fixation [26,61].



The tillage systems had no significant effects on the C/N ratio in either the shoots (p = 0.131) or roots (p = 0.251) (Figure 6). Indeed, the differences in the C/N ratios for the shoots were minor, although the no-tillage system showed indications of being higher (17.4). For the roots, there were larger differences in the C/N ratio, although these did not reach significance; numerically, the conservation system was the highest (37.3), and the conventional system was the lowest. Soybean residues generally contain low C/N ratios (15-41), and thus its residues can be mineralized faster, without soil microbes tying up the inorganic nitrogen in the process (i.e., nitrogen immobilization) [62,63]. The nitrogen credit from soybean residues arises from the effects of the residue decomposition on the inorganic nitrogen pool, and not from the fixed nitrogen from the root nodules. This increases the plant-available nitrogen in the soil system for the following crop without the need for any nitrogen fertilizer input.




3.5. Nutritional Composition of Soybean Seeds


Significant differences between the tillage systems were seen for the crude protein content (p = 0.00112), while there were no significant differences for the crude fat, fiber, and ash (Table 5).



Soybean seeds usually contain 180 to 220 g kg−1 crude fat [64]. In the present study, this varied from 186 g kg−1 for the conservation system to 190 g kg−1 for the conventional system. The mean crude protein in these samples ranged from the significantly lower no-tillage system at 354 g kg−1 DM, to the same value for the other two tillage systems of 371 g kg−1 DM. Protein content in leguminous plants can be influenced by several factors, including variety, climatic conditions, and management factors (e.g., nitrogen fertilization), and therefore significant variations are seen between studies in the literature [65]. Ref. [66] reported higher protein contents, which varied from 404 g kg−1 for their conventional system, to 418 g kg−1 for no-tillage system. Higher protein contents have also been attributed to the cropping system, although lower fat content was shown compared to soybean grown in monoculture [3]. Ref. [50] reported that the protein content was also influenced by plant density. This is in line with the present study, where significantly lower protein content was seen for the no-tillage system (Table 5), where there was significantly lower plant density (Table 1). For the mean contents of crude fiber, these soybean seeds showed little, if any, variation (54–55 g kg−1 DM). Ref. [3] concluded that the greatest fiber content was observed in years with high temperatures and moderate precipitation throughout the growing season. Soybean is also a good source of minerals. The nutritional composition of soybean seeds is affected by the type of crop management, tillage system, soil, and climatic conditions [67]. In the present study, the mean content of mineral compounds in the form of ash did not vary significantly between the tillage systems (54–56 g kg−1 DM).




3.6. Soil Compaction and Soil Moisture Content


Soil compaction is a result of the natural soil aggregation processes as well as the differences in the intensities of the tillage operations. Soil moisture content is the most important factor in the process of soil compaction [68]. As the soil moisture content increased, the effectiveness and depth of compaction increased significantly [69]. The measurement with a hand-held hydraulic penetrometer showed that the tillage systems had significant effects on the soil compaction (p < 0.001). The greatest soil compaction was seen for the no-tillage system (16.9 bar), followed by the conservation and conventional systems (13.7, 10.5 bar, respectively). Soil moisture (expressed as volumetric water content) was also significantly different between the tillage systems (p > 0.05). The soil moisture for conventional tillage (19.7%) was significanty lower than the conservation (24.1%) and no-tillage (26.8%) systems.



Indeed, conventional tillage changes the structure of the soil. It reduces the soil resistance to penetration and increases the numbers of micropores and the soil porosity, while also improving the water retention capacity of the soil [70]. Soil compaction in the present study reduced plant establishment after sowing, which resulted in major differences in the plant densities between the tillage systems (Table 1). Consequently, the precise influence of soil compaction itself, when isolated from the overall effects of the tillage systems, cannot be determined in the present study, as the soybean growth responses and individual plant performances were affected by the differences in the plant stands.





4. Conclusions


Modern arable production is facing major challenges, with recent reports showing that soil degradation has become an increasingly serious threat. Extensive global changes in tillage practices started some 25 years ago with the introduction of the first herbicide-tolerant GM soybean, which was then joined by other GM crops in the following years. Both soybean production and the area under alternative tillage systems in Europe are steadily increasing; however, the main drivers are not related to the expansion of GM crops. Instead, European farmers are adopting conservation and no-tillage systems mainly to improve their economic performance, and to a lesser extent also to address environmental issues related to the current unsustainable crop management practices.



The data from the present field study carried out during the early conversion stages from conventional to conservation and no-tillage systems showed that all of the soybean growth and yield parameters determined were affected by these changes in tillage practices. The plant density, number of nodes, shoot and root DM, and number of pods per plant and per unit area were all highest for the reference conventional tillage system. Although the transition of tilled cropland to conservation and no-tillage systems delivers numerous benefits, reduced crop yields can occur in the period before the improvement of the soil properties. This was not the case in the present study, as particularly high soybean dry seed yields of around 4.5 t ha−1 were obtained for both the conventional and conservation tillage systems. Indeed, a relatively small yield decrease was seen for the no-tillage system (to 4.0 t ha−1), because of the considerable soil compaction that reduced germination and early plant establishment. The high levels of soybean productivity and the relatively small yield differences between the tillage treatments here was facilitated by the favorable weather conditions, where there was sufficient supply of moisture and high initial soil content of organic matter. Consequently, the benefits of greater soil water retention and soil organic matter build-up for less intensive tillage practices would probably not become apparent in such a short conversion period as used here. The data for the soybean growth parameters showed that soybean is a highly adaptable crop that can compensate for considerable plant stand loss, as there was only a minor decrease in the yield for the no-tillage system even when the plant density was substantially reduced.



Although the levels of nitrogen fixation in the present study were not directly assessed, the soybean nitrogen-fixing capacity can be estimated according to the numbers and sizes of the nodules that develop on soybean roots. Regardless of being measured per plant or per area, the soybean under the conventional system showed the greatest number and DM of nodules, as well as the greatest proportion of large-sized nodules (diameter >4 mm) for both the tap and lateral roots. The assumption of increased nitrogen fixation in the conventional system is further supported on the basis that the conventional system also showed the greatest shoot and root nitrogen contents. Furthermore, the soybean dry nodule mass was positively correlated with the root nitrogen content.



Increasing demand for high-protein feed for animals is boosting soybean production in Europe, even in the less suitable central and northern production areas. Currently, the majority of soybean in Europe is produced using 3- or 4-year crop rotation practices with the conventional tillage system. With the expansion of areas under alternative tillage systems, it is likely that increasingly more soybeans will be produced using such alternative tillage systems. Indeed, this field experiment could be conducted over only 1 year due to the soybean crop rotation restrictions. However, the results of the present study suggest that soybean can be an important part of crop rotation in northern production areas and can provide major contributions to crop diversification, the primary component of integrated crop and pest management. The only constraint for crop production in the less intensive tillage practice in the present study was the soil compaction. This can be addressed by subsoiling or other suitable soil-loosening methods prior to the conversion to conservation or no-tillage systems. The present study shows that soybean cultivation in the early transition period to conservation and no-tillage systems can be very productive when adequate crop and weed management measures are implemented.
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Figure 1. Mean temperature and precipitation for the experimental field in Jablje during 2020. 
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Figure 2. Linear correlations between plant density and plant height (A), plant height and number of nodes (B), and plant density and number of branches (C). 






Figure 2. Linear correlations between plant density and plant height (A), plant height and number of nodes (B), and plant density and number of branches (C).



[image: Agronomy 11 02477 g002]







[image: Agronomy 11 02477 g003 550] 





Figure 3. Soybean shoot and root production according to the different tillage systems (CN, conventional; CS, conservation; NT, no-tillage). Data are the means ± standard error. Different letters (a, b, c) indicate significant differences (p ≤ 0.05, Tukey’s tests) among treatments. 
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Figure 4. Soybean dry nodule mass production per plant according to the different tillage systems (CN, conventional; CS, conservation; NT, no-tillage). Data are the means ± standard error. Different letters (a, b, ab) indicate significant differences (p ≤ 0.05, Tukey’s tests) among treatments. 
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Figure 5. Linear correlation between total nitrogen content and dry nodule mass of the soybean roots. 
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Figure 6. Soybean shoot and root C/N ratios according to the different tillage systems (CN, conventional; CS, conservation; NT, no-tillage). Data are the means ± standard error. Letters (a) indicate nonsignificant differences (p ≤0.05, Tukey’s tests) among treatments. 
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Table 1. Growth parameters for the soybean plants according to the different tillage systems.
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	Tillage System
	Plant Density (m−2)
	Plant Height (cm)
	Number of Nodes Plant−1
	Number of Branches Plant−1





	Conventional
	56.0 ± 1.4 c
	106.5 ± 2.4 b
	17.1 ± 0.4 b
	5.8 ± 0.4 b



	Conservation
	47.4 ± 1.4 b
	117.9 ± 1.6 c
	15.3 ± 0.3 a
	2.2 ± 0.2 a



	No-tillage
	35.2 ± 1.4 a
	95.8 ± 1.8 a
	15.8 ± 0.3 a
	6.1 ± 0.5 b







Data are the means ± standard errors. Data with different letters within columns indicate significant differences (p ≤ 0.05, Tukey’s tests).
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Table 2. Soybean yield components according to the different tillage systems.
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	Tillage System
	Number of Pods Plant−1
	Number of Pods m−2
	100-Seed Mass (g)
	First Pod Height (cm)
	Dry Seed Yield (t ha−1)





	Conventional
	103.6 ± 7.4 c
	5798.8 ± 414.7 b
	19.7 ± 0.3 b
	15.1 ± 5.9 a
	4.54 ± 0.1 a



	Conservation
	46.5 ± 4.4 a
	2206.5 ± 101.1 a
	17.3 ± 0.8 a
	17.4 ± 3.1 a
	4.48 ± 0.2 a



	No-tillage
	72.3 ± 2.1 b
	2546.7 ± 156.3 a
	16.4 ± 0.4 a
	13.1 ± 7.5 a
	4.00 ± 0.2 a







Data are the means ± standard errors. Data with different letters within columns indicate significant differences (p ≤ 0.05, Tukey’s tests).
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Table 3. Soybean nodule production according to the different tillage systems.






Table 3. Soybean nodule production according to the different tillage systems.





	
Tillage

	
Tap Root

	
Lateral Roots




	
System

	
Number of Nodules Plant−1

	
Number of Nodules >4 mm Plant−1

	
Number of Nodules Plant−1

	
Number of Nodules >4 mm Plant−1






	
Conventional

	
11.3 ± 1.3 b

	
5.0 ± 1.1 a

	
92.6 ± 18.6 a

	
12.0 ± 2.5 b




	
Conservation

	
4.3 ± 1.6 a

	
2.4 ± 0.5 a

	
53.4 ± 11.8 a

	
1.0 ± 3.6 a




	
No-tillage

	
8.8 ± 1.4 b

	
4.9 ± 0.7 a

	
83.5 ± 12.1 a

	
5.7 ± 3.6 ab








Data are the means ± standard errors. Data with different letters within columns indicate significant differences (p ≤ 0.05, Tukey’s tests).
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Table 4. Total nitrogen and carbon contents in soybean shoots and roots according to the different tillage systems.
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	Plant Part
	Tillage System
	Total N Content (%)
	Total C Content (%)





	Shoots
	Conventional
	2.8 ± 0.1 a
	43.2 ± 0.3 b



	
	Conservation
	2.6 ± 0.1 a
	42.4 ± 0.2 a



	
	No-tillage
	2.5 ± 0.2 a
	42.3 ± 0.1 a



	Roots
	Conventional
	1.4 ± 0.1 a
	41.4 ± 0.5 a



	
	Conservation
	1.2 ± 0.1 a
	42.6 ± 0.2 a



	
	No-tillage
	1.1 ± 0.1 a
	42.5 ± 0.2 a







Data are the means ± standard errors. Data with different letters within columns indicate significant differences (p ≤ 0.05, Tukey’s tests).
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Table 5. Nutritional composition of the soybean seeds according to the different tillage systems.






Table 5. Nutritional composition of the soybean seeds according to the different tillage systems.





	Tillage System
	Dry Matter (g kg−1 FW)
	Crude Fats (g kg−1 DM)
	Crude Protein (g kg−1 DM)
	Crude Fiber (g kg−1 DM)
	Crude Ash a (g kg−1 DM)





	Conventional
	944 ± 0.9 a
	190 ± 2.3 a
	371 ± 2.1 b
	54 ± 0.6 a
	56 ± 0.5 a



	Conservation
	943 ± 0.7 a
	186 ± 1.7 a
	371 ± 3.6 b
	54 ± 0.6 a
	54 ± 0.3 a



	No-tillage
	943 ± 0.5 a
	189 ± 1.7 a
	354 ± 3.4 a
	55 ± 0.7 a
	55 ± 0.4 a







Data are the means ± standard errors. FW, fresh weight; DM, dry matter. a Crude ash of the mineral compounds. Data with different letters within columns indicate significant differences (p ≤ 0.05, Tukey’s tests).
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