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Abstract

:

Tillage systems comprise physical, chemical, and biological modification processes that influence soil properties. Soil cultivation aims to create favorable conditions for the development and growth of crops, as evident in their yields. Three growing seasons (winter 2019/2020 (wheat), summer 2020 (cowpea), and winter 2020/2021 (wheat)) were studied in field experiments in Sidi Salem, Kafr El-Sheikh, Egypt, to investigate the effects of soil tillage and the application of organic and beneficial microbes on various biological, chemical, and physical properties of soil and its productivity. Three replicates of the experimental treatments were set up in a split-plot design, in which there were four main plots: conventional soil tillage (ST) treatment for all three seasons (ST1); tillage in the first and second seasons (ST2); tillage only in the first season (ST3); and no tillage for all three seasons (ST4). However, the subplots (soil additives) were conditioned as follows: without treatment (control, T1); compost (C, T2); beneficial microorganisms (BM, T3); and combination (C + BM, T4). The biological property results showed that ST4T4 treatment produced high levels of microbial communities (bacteria, fungi, and actinomycetes), as well as high levels of soil enzyme activity (dehydrogenase, urease, and phosphatase), during the three growing seasons. However, the second season produced high numbers and dry weights of cowpea plants’ nodules. Additionally, changes in the chemical and physical properties showed that the application of various soil tillage treatments during the examined seasons led to significant increases in electrical conductivity (ECe, dSm−1), bulk density (BD, kg m−3), and soil infiltration rate (IR, cm h−1), following the trend of ST4 > ST3 > ST2 > ST1. In contrast, the results revealed decreases in the exchangeable sodium percentage (ESP, %), porosity (PO, %), soil aggregates (stable aggregates and optimal-sized aggregates, %), and soil penetration resistance (SPRa, Mpa). The combination treatment (ST4T4) provided the best yields, with grain yields of 4.991 and 5.325 tons ha−1 and straw yields of 5.214 and 5.338 tons ha−1 in the first and third seasons (wheat), respectively. Cowpea plants showed the same pattern in the second season. Therefore, improvements in soil properties and enhancements in biological activity help maintain its productivity and fertility through simplified tillage processes that reduce interference with the soil surface layer.
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1. Introduction


Human health and environmental sustainability are related to soil quality. As a result, it is necessary to assess how agroecosystems affect soil quality [1]. The different characteristics of the soil (physical, chemical, and biological), which are influenced by environmental factors and soil management [2,3], make soil quality difficult to define and quantify. According to [4], a healthy soil is one that “...continually has the capacity to sustain biological productivity, maintain the quality of the air, water and environments, which due to promote plant, animal, and human health”. On the other hand, crop management is a biotic factor that modifies soil microorganisms and their processes by altering the quantity and quality of plant residues that are introduced into the soil, the tillage technique used, the distribution of seasonal and spatial crop residues, the proportion of above- and below-ground inputs, and the nutrient inputs [5].



The assimilation of residues, moisture retention, microorganisms, pH, structure, and bulk density are all factors that tillage can affect positively or negatively [6]. Thus, by reducing the turnover rate of macro-aggregates, enhancing the physical protection of particulate organic material, and minimizing soil to residue contact, reducing tillage or introducing no-tillage (NT) has the potential to reduce the amount of soil organic carbon (SOC) lost [7]. The adoption of no-tillage systems has grown throughout the world due to the desire to cut costs, to plant winter crops quickly, and the alleged environmental advantages. However, the primary goal of using no-plowing tillage is to lower production costs while maintaining or increasing yields and reducing costs by up to 20% in the form of time and equipment savings [8,9]. According to [10], how sustainably soil resources are used depends on the properties of the soil, which are influenced by soil tillage (ST). Using tillage properly might reduce soil-related restrictions; however, doing so incorrectly can result in a number of unfavorable processes. Alternative techniques have been developed to increase soil organic matter and improve soil quality while minimizing tillage and using renewable organic resources. No-tillage (NT) and reduced-tillage systems (RTS) are techniques that could preserve and enhance soil quality [11,12,13].



Compost is an organic fertilizer source that has been found to increase soil quality and soil organic matter (SOM); its addition to soils can modify soil biological characteristics [12,14]. Additionally, compost treatment could enhance soil aeration, drainage, and aggregate stability [15], and drastically change soil bulk density [16]. According to [17], compost treatment enhances soil biological properties such as the variety of microorganisms, biomass C and N, soil respiration, and enzymatic activities. As a result, adding compost to the soil could have a significant impact on soil fertility and health. For example, [18] reported that employing no-tillage systems of maize and of maize with soybean reduced N2O emissions by 40% and 57% when utilizing moldboard and chisel ploughs, respectively.



Beneficial microbes regulate the main processes that take place in soil, including the cycling of biogeochemicals, stimulation of plant development, decomposition of organic matter, and the different interactions with physical processes [19]. During the decomposition of green manures and plant residues, different microbial communities perform particular activities. Due to their great sensitivity to environmental changes and close relationship to the soil and ecosystem, soil microbial parameters are important markers of changes in soil health under various soil management practices [20].



No-tillage and organic fertilizer are examples of conservation–agriculture practices that can significantly influence the biochemical characteristics of soils, the activities of the soil microbial population, and the health of the soil [21,22]. Reduced tillage, compost, and mineral fertilizers have been demonstrated to alter the microbial structure and biochemical characteristics of soil [23,24]. Tillage typically favors aerobic species with rapid metabolic rates typical of bacterial species in soil microbial communities. According to earlier research, the ratios of fungi to bacteria were reduced while moving from a no-tillage system to a disc or plough management system [25].



To date, this is the first study that has been performed on the effects of zero-tillage and organic application in the Sidi Salem region, Kafr El-Sheikh, where the aim of farmers is to avoid issues with soil compaction, poor drainage, and aeration that may arise in the absence of tillage under clayey soil conditions. Consequently, the purpose of this three-season study was to assess the effects of tillage, and the individual or combined application of compost and beneficial microorganisms, on some biological properties (microbial community, number and dry weight of nodules of cowpea, and soil enzymes activity), chemical properties (ECe and ESP), physical properties (bulk density, soil porosity soil aggregates, soil penetration, and soil infiltration rate), and the productivity of wheat and cowpea plants.




2. Materials and Methods


2.1. Location


For three growing seasons—winter 2019/2020 (wheat, Cv. Sakha-95), summer 2020 (cowpea, Cv. Kafrelsheikh), and winter 2020/2021 (wheat, Cv. Sakha-95)—in the Sidi Salem region (31°18′57″ N latitude and 30°48′08″ E longitude), Kafr El-Sheikh, Egypt, field experiments were carried out to examine the impact of soil tillage and the application of organic and beneficial microbes on various characteristics of the soil (physical, chemical, and biological) and its productivity. To conduct various physical and chemical analyses, soil samples (3 replicates) were taken from the experimental site at 3 successive depths (0–20, 20–40, and 40–60 cm). The key results are shown in Table 1; the biological data are presented in Table 2. The region has a semi-arid climate, is 170 km north of Cairo, and is situated at an altitude roughly 6 m above sea level. Figure 1 depicts the weather information for the location during the growing seasons.




2.2. Compost and Beneficial Microorganisms


Compost (C) and beneficial microorganisms (BM) were applied as soil supplements, provided by the Bacterial Laboratory, SWERI, Sakha Research Station, Egypt. According to [14], compost was applied to the soil at a rate of 10 tons ha−1 during the ploughing process at a depth of 20 cm for the tillage treatments and spread over the soil surface for the no-tillage treatments. Table 3 details the compost analysis that was conducted. For BM, two strains of Bradyrhizobium sp. (TAL-169) and Azospirillum lipoferum SP2 were used as beneficial microbes. Bradyrhizobium sp. was cultivated on yeast extract mannitol medium [26], and A. lipoferum was cultured on a semi-solid malate medium [27]. Using 50 g of the sterilized carrier and 100 mL of 108 CFU mL−1 from each culture, a combination of strains (1:1) was created as peat-based inoculums and mixed with the seeds for 20 min before application on a plastic sheet out of the direct sun.




2.3. Field Experiment


Prior to the start of the experiment, the field (48 plots) had been prepared for a winter wheat–summer cowpea rotation system. The experimental design consisted of a split-plot design with three replicates. There were four main plots: conventional soil tillage (ST) for three seasons; tillage in the first and second seasons; tillage in the first season; and no tillage for three seasons. The soil was plowed to a depth of 20 cm (El Nasr Automotive Manufacturing Co., Cairo, Egypt). The subplots (soil supplements) were conditioned as follows: without treatment (control), compost (C), beneficial microorganisms (BM), and C + BM, as shown in Table 4.



Wheat seeds were obtained from the Field Crops Research Institute, SARS, Kafr El-Sheikh, Egypt, which were sown across seasons following standard drilling methods on 20 November 2019 and 25 November 2020 at a rate of 140 kg ha−1. Each plot for the soil tillage treatments had 20 rows, 3 m wide and 3.5 m long, with a row spacing of 15 cm; the distance between replications was 1 m. During soil tillage, P fertilizer was added at a rate of 360 kg ha−1 as calcium superphosphate (15.5% P2O5), while K fertilizer was added at a rate of 120 kg ha−1 as potassium sulfate (48% K2O). Urea (46.5% N) was applied at 2 distinct rates: full dose (360 kg ha−1) for most treatments; two-thirds of a full dose (240 kg ha−1) split into 2 equal doses (before the first and second irrigations) for BM-inoculated treatments.



Cowpea seeds were obtained from the Horticulture Research Institute, SARS, Kafr El-Sheikh, Egypt, and sown on 20 May 2020, at a rate of 75 Kg ha−1. For soil tillage treatments, each plot included 5 ridges that were 4 m long and 60 cm apart. Three seeds were planted in each hole with a one-meter gap between replications. P and K were spread and integrated at rates of 360 kg and 120 kg ha−1, respectively, during soil tillage. Urea was applied at 2 distinct rates: full dosage (100 kg ha−1) for most treatments; one-third of a full dose (35 kg ha−1) split into 2 equal doses (before the first and second irrigations) for BM-inoculated treatments.




2.4. Measurements and Analyses


2.4.1. Estimations of the Microbial Community and Soil Enzymes


After 45 days from sowing, 10 g soil samples (rhizosphere) from each plot were collected in a bottle containing 90 mL of sterile water and shaken for 30 min at 150 rpm. According to [28], TCB was estimated using soil extract agar media, TCF was estimated using Martin’s medium, and TCA was estimated using Jensen’s medium. All microbial populations were expressed as the CFU (log 10) g−1 dry soil. Additionally, the number and dry weight of nodules (mg plant−1) were determined for cowpea plants. According to [29], soil samples were spectrophotometrically tested for dehydrogenase activity (mg TPF g−1 soil day−1) by reducing 2, 3, 5-triphenylotetrazolium chloride (TTC) to triphenyl formazon (red). The amount of ammonium produced by urea hydrolysis in soil was used to calculate the urease activity (mg NH4+-N g−1 soil day−1) of soil samples [30]. According to [31], the phosphatase activity (μg pnp g−1 soil h−1) of soil samples was assessed by hydrolyzing p-nitro-phenol phosphate to p-nitro-phenol (yellow).




2.4.2. Chemical and Physical Properties of Soil


After harvesting for all treatments, soil samples were taken from 3 successive depths (0–20, 20–40, and 40–60 cm) for physical and chemical investigation. According to [32], the salinity of saturated soil paste extract (ECe) and the exchangeable sodium percentage (ESP) were calculated. Using the core sample procedure outlined in [33], soil bulk density [34] and soil porosity were calculated through the following equation = (1 − (Bulk Density/Particle Density) × 100. The penetration resistance was measured using a cone penetrometer [35]. The infiltration rate was calculated using a double-cylinder infiltrometer [36]. Aggregate stability was determined using the sieve method [37].





2.5. Statistical Analysis


Data were statistically analyzed using Co Stat statistical software, version 6.303. The various treatments were compared using ANOVA. Multiple comparisons were performed via Tukey’s range tests at p ≤ 0.05 [38]. Data are presented as the mean ± SD and the Excel program, Office 2016 was used to prepare the figures for the manuscript.





3. Results


3.1. Biological Properties


3.1.1. Microbial Community


In comparison with no-tillage treatments during the three growing seasons, soil tillage conditions resulted in a considerable reduction in the soil microbial structure. In terms of the overall counts of bacteria, fungi, and actinomycetes, there was also a significant interaction between the tillage and soil additives (Figure 2). Concisely, during the course of the experiment, soil treatments and soil tillage conditions dramatically affected the soil microbial population 45 days after seed sowing. Comparing the ST4 treatment (no-tillage) with other distinct tillage treatments, the ST4 treatment exhibited high microbial community levels (Figure 2). On the other hand, the dual application of BM + C to ST4 (no-tillage) significantly enhanced the total counts of bacteria (6.32, 6.34, and 6.40 Log CFU g−1; Figure 2A), the total counts of fungi (4.77, 4.82, and 4.91 Log CFU g−1; Figure 2B), and the total counts of actinomycetes (5.21, 5.59, and 5.63 Log CFU g−1; Figure 2C) during the three growing seasons, respectively, compared with the control.




3.1.2. Number and Dry Weight of Nodules of Cowpea Plants


Figure 3 displays the number of nodules and dry weight of cowpea plants 45 days after planting that developed under various soil tillage and soil additive treatments. Under various soil tillage conditions, co-treatment with BM + C generally enhanced the number of nodules and dry weight of nodules per plant compared with BM, C, and control treatments. The number and dry weight of cowpea nodules were significantly affected by the interaction between the various soil tillage treatments and soil additives during the second growing season (Figure 3). In comparison with other treatments, the ST4T4 treatment (no-tillage and soil additives with BM + C) recorded high values of 49.57, followed by 47.83 for ST3T4 (tillage for the first season only + soil additives with BM + C), 47.50 for ST2T4 (tillage for the first and second seasons only + soil additives with BM + C), and 38.90 for ST1T4 (tillage for all seasons + soil additives with BM + C) (Figure 3). The same pattern was observed for the dry weight of nodules, which followed the trend of ST4 > ST3 > ST2 > ST1 for soil tillage treatments and T4 > T3 > T2 > T1 for soil additive treatments (Figure 3).




3.1.3. Soil Enzymes Activities


During the three growing seasons, the activity of soil dehydrogenase (mg TPF g−1 dry soil d−1), urease (mgNH4+ g−1 dry soil d−1), and phosphatase (μg pnp g−1 soil h−1) enzymes was dramatically reduced after applying soil tillage (Table 5). In the first season (wheat), second season (cowpea), and third season (wheat), dehydrogenase enzyme activity increased with the application of BM + C (T4) treatment by 216.00, 224.02, and 232.86 mg TPF g−1 dry soil d−1, respectively, compared with the control treatment (T1) under no-tillage treatment (ST4). On the other hand, the highest value of urease enzyme activity was 138.00, followed by 106.00 and 89.76 mgNH4+ g−1 dry soil d−1 for the ST4T4 treatment (no-tillage + BM + C), followed by the ST4T3 treatment (BM) and the ST4T2 treatment (C), over the control treatment (ST4T1) in the first season (Table 5).



In the second and third seasons, the same pattern was observed (Table 5). Additionally, in comparison with the other investigated treatments, the T4 treatment (BM + C) effectively enhanced the phosphatase enzyme activity by 5.16, 5.01, 4.87, and 4.09 μg pnp g−1 soil h−1 for ST4, ST3, ST2, and ST1, respectively, in the first season. In the second and third seasons, comparable findings were found (Table 5).





3.2. Chemical Properties of Soil


ECe and ESP


The results shown in Table 6 generally indicate that soil tillage and soil additives had an impact on the analyzed chemical characteristics of the soil (ECe and ESP), which exhibited a substantial decrease. The application of various soil tillage treatments during the examined seasons led to a significant increase in ECe, with ST4 being followed by ST3 > ST2 > ST1. On the other hand, during the identical treatments (soil tillage), ESP data showed a considerable drop. In contrast, compared with control plants over the growing seasons, the administration of the combined application or individual soil supplements considerably improved the soil ECe and ESP (Table 6).



In the first season, soil EC (dS m−1) dramatically decreased from 4.12 (control, T1) to 2.86 (C, T2), 3.22 (BM, T3), and 2.45 (C + BM, T4). When soil tillage was used throughout all seasons (ST1), a similar tendency was also seen in the second and third seasons. The optimum treatment for ESP, however, was a combined regimen (C + BM, T4). For instance, the first seasons showed the lowest values for ST1, ST2, ST3, and ST4 at 10.21, 10.08, 9.97, and 12.32%, respectively (Table 6).





3.3. Physical Properties of Soil


3.3.1. Soil bulk Density and Soil Porosity


The data (Table 7) demonstrated that, under various soil tillage settings during the examined growth seasons, soil additive treatments significantly affected soil bulk density and soil porosity. Different soil tillage treatments resulted in a noticeable increase in soil bulk density (kg m−3), with ST4 achieving the greatest values when compared with the other soil tillage treatments. On the other hand, under the key treatments (ST1, ST2, ST3, and ST4), soil porosity (%) showed a considerable decline.



In comparison with the other examined treatments at ST4 over the first, second, and third seasons, soil supplements (combined, T4) recorded values of 1.351, 1.353, and 1.362 kg m−3 for soil bulk density and 44.02%, 48.94%, and 48.59% soil porosity, respectively (Table 7). For soil bulk density, soil supplements were often organized as T4 (C + BM) < T3 (BM) < T2 (C) < T1 (control), and for soil porosity, T4 (C + BM) > T3 (BM) > T2 (C) > T1 (control).




3.3.2. Soil Aggregates


After three growing seasons, there was a substantial (p ≤ 0.05) interaction effect between tillage and soil additives on soil aggregates (%). Total stable aggregates and optimal-sized aggregates were significantly impacted by the tillage strategy (Table 8). In comparison with other soil tillage treatments, full-tillage (ST1) treatment produced the greatest values of total stable aggregates and optimal-sized aggregates. When compared with the control treatment (T1) under full-tillage treatment (ST1), the application of BM + C (T4) treatment recorded the highest values of 42.92%, 43.55%, and 44.41% for total stable aggregates in the first (wheat), second (cowpea), and third (wheat) seasons, respectively.



However, for ST1T4 treatments (tillage + BM + C), ST1T2 treatments (tillage + C), and ST1T3 treatments (tillage + BM), compared with the control treatment (ST1T1), the maximum values of optimal-sized aggregates were 24.73%, 23.59%, 20.76%, and 19.53%. The second and third growth seasons both showed similar patterns (Table 8).




3.3.3. Soil Penetration Resistance (SPRa) and Soil Infiltration Rate (IR)


The soil penetration resistance (SPRa) and infiltration rate (IR) values over the three growth seasons (wheat, cowpea, and wheat) that were impacted by various soil tillage and soil additive treatments are shown in Table 9. Under different soil tillage scenarios, SPRa results increased as the number of soil tillage operations increased (ST1 > ST2 > ST3 > ST4); however, the opposite transpired in the results for IR (ST1 < ST2 < ST3 < ST4). In comparison with BM, C, and control treatments, the SPRa achieved 1.089, 1.152, and 1.253 Mpa and the IR reached 0.803, 0.781, and 0.752 cmh−1 in the first, second, and third seasons under ST4 treatment, respectively (Table 9).





3.4. Yield of Wheat and Cowpea


According to the results detailed in Table 10, soil tillage practices and soil additives had the greatest impacts on the production of wheat and cowpea (grain and straw, ton ha−1) during the three growing seasons. When compared with a single treatment and the control, the combination treatment (no-tillage + BM + C, ST4T4) produced the highest grain yields of 4.991 and 5.325 for wheat. The straw yield also followed a similar trend, reaching 5.214 and 5.338 in the first and third seasons, respectively (Table 10).



In terms of cowpea yield (Table 10), a different increase was observed in the dual treatment under ST4 (no-tillage) compared with control and other studied treatments, where recorded yields of grain and straw for the second seasons were 4.188 and 4.513 ton ha−1 under the T4 treatment (BM + C), 3.782 and 3.480 ton ha−1 under the T3 treatment (BM), and 3.840 and 3.528 ton ha−1 under the T2 treatment (C).





4. Discussion


Crop growth and soil fertility have been shown to be significantly improved by soil tillage techniques and soil additives. The three growing seasons studied here assessed the combined impacts of compost and advantageous microorganisms on the microbial communities, enzyme activities, and physicochemical properties of the soil. Our findings support the hypothesis that beneficial microorganisms and compost can improve the microbial activity in wheat and cowpea plant rhizospheres, as reflected in the various soil properties and yield.



Farmland ecosystems evolve, in part, due to the role played by soil microbes. In addition to being the primary factor in encouraging and maintaining material circulation and energy flow, microbes are the primary force behind the movement of soil nutrients and organic matter [39]. Figure 2 indicates that the ST4T4 treatment cultured a larger microbial community than the other treatments.



The plausible explanation is that no-tillage treatments induced less mechanical soil disturbance and higher surface soil water content, which promoted the restoration of soil microbial genotypes under favorable conditions. As a result, short-term modifications to agricultural practices can alter the traits of soil microbial communities [40]. Similar results were found by [12], who observed that the application of soil additives, such as farmyard manure and compost under no-tillage conditions, dramatically boosted soil microbial populations. This may be due to the fact that the addition of organic fertilizer increases the organic matter content of soil and enhances its characteristics, which, in turn, boosts the diversity of microbial communities and metabolic activities in the soil [41,42,43].



Legume crops always exhibited a positive trend, which encouraged soil microbial activities, and always had a favorable impact on the release of crucial nutrients into the soil that are necessary for both plant and microbial growth [44]. According to [45], the cultivation of legume plants (chickpea, lentil, and lathyrus) with bio-mulching (maize stalk mulch + paddy straw (5 t ha−1)), combined with no tillage, will not only boost the soil microbial communities but also improve the soil fertility status.



Soil enzymatic activity, which fluctuates with farming practices and fertilization, is a sensitive indicator of environmental changes. The soil’s organic matter content and environmental conditions, which are crucial in regulating the overall nutrient cycle and availability, influence variations in enzyme activity [46,47,48].



By combining soil additions with no-tillage farming practices, the enzyme activities of soil dehydrogenase, urease, and phosphatase were considerably improved (Table 5). Soil dehydrogenase activity is crucial because it indicates the biological activity of soil microflora, which is influenced by a number of soil-related variables, including moisture content, redox potential, and organic matter concentration [49]. According to [13], the soils used for organic farming and those with minimal tillage exhibit the highest levels of dehydrogenase activity, which helps to maintain soil fertility and produce stable crops because they use less mineral fertilizer. In the no-tillage practice, the co-application of compost and BM created favorable circumstances for increased urease activity (Table 5). According to [50], applying manure to soil increases urease activity and combats soil compaction. According to research presented in [12], applying compost and farmyard manure to sunflower fields without tillage significantly increases the activity of the urease enzyme. In a maize–soybean rotation that has been in place for 18 years in eastern Canada, [51] found that the activity of alkaline phosphatase was higher under no-tillage (NT) management than moldboard plough (MP) management during the maize growing season. The increased hydrolysis of organically bound phosphate into free ions, which plants can absorb, may be caused by increased phosphatase activity.



According to the results, the combined application or individual soil supplements considerably improved the soil ECe and ESP under ST4 treatment (no-tillage), as shown in (Table 6). Increases in soil EC and decreases in ESP can both result in declines in soil quality. The surface soil in this system is not mixed with the deeper layers; therefore, the greater level of EC can be attributed to salt buildup in the soil. In comparison with a conventional tillage (CT) system, [52] discovered that a minimum tillage (MT) system had higher soil EC. However, [53] determined that the EC under the no-tillage method was higher than the EC under the MT and CT systems; they were unable to distinguish between the MT and CT systems. According to [54], the tillage system has no appreciable short-term impact on soil EC. At deeper soil layers (5–15 and 15–30 cm), EC levels were not significantly affected by the tillage system [55].



The soil bulk density (kg m−3) increased noticeably as a result of various soil tillage practices, with ST4 exhibiting the highest values when compared with the other soil tillage practices. In addition, soil porosity (%) showed significant decreases under the key treatments: ST1, ST2, ST3, and ST4 (Table 7). The short-term increase in soil BD with less tillage is mostly caused by minimal or no mechanical rupture and the subsequent compaction of the soil surface layer. Decreases in mechanical rupture and the subsequent compactions of soil surface layers are the main factors contributing to increases in soil BD under reduced tillage in the short term [56,57].



No-tillage systems have been widely used because of their known benefits to soil properties, including improvements in moisture content, reductions in temperature oscillations, the prevention of water and wind erosion, and increases in soil BD [58,59], which are consistent with the findings of this study. Additionally, [60] reported that the addition of inorganic fertilizers results in a reduction in BD, which is attributable to the increase in nutrients in the soil, particularly the content of organic matter. Moreover, in line with our findings, conservation tillage tends to increase connectivity and pore dispersion due to biological activity, which means that plant root growth and water infiltration may not be significantly constrained [61].



The total stable aggregates and the optimal-sized aggregates were strongly impacted by the tillage method, according to the interaction effect of tillage and soil additives on the percentage of soil aggregates (Table 8). Some of the effects of tillage on soil qualities that have been mentioned are related to how crop residues are integrated into the system, which means that tillage intensity influences both the quantity and depth of incorporated residues. In fact, because it mixes crop residue into the soil, disturbs soil aggregates, and increases soil aeration, vigorous tillage can decrease the storage of soil nutrients [62].



Taylor [41] found that the soil fauna is irritated by the frequent application of soil additives (mineral fertilizers) on the soil surface, which reduces pore formation and aggregate stability and results in higher bulk density and poorer moisture retention.



The SPRa results improved as more soil tillage operations were conducted under various soil tillage conditions, following the trend of ST1 > ST2 > ST3 > ST4. However, the opposite was true in the IR results: ST1 < ST2 < ST3 < ST4 (Table 9). In a similar study [63], there was greater penetration resistance with no tillage than with conventional tillage. Furthermore, soils that received a high application of NPK fertilizer demonstrated a greater penetration resistance of sandy clay loam under reduced tillage than soils that received a medium or low application, according to the research presented in [64]. Under both no-tillage and conventional tillage scenarios, a further impact of soil moisture content on penetration resistance was observed at soil depths between 30 and 35 cm. It has been posited that high penetration resistance is induced by encouraging the growth of more plant roots that use more moisture at this depth or by utilizing a plough pan or residual plough pan [41].



Our findings, detailed in Table 10, show that over the three growing seasons, soil tillage techniques and soil additives had the greatest effects on the yields of wheat and cowpea (grain and straw, ton ha−1); the combination treatment (BM + C) performed the best, with the highest grains and straw yields. According to [65], increased grain N uptake under decreased tillage systems with no N constraints leads to higher grain yields. In [66], the effect of tillage and N application on maize output was assessed; the findings indicated that decreased tillage systems required greater N application to produce their highest possible grain yield. Similarly to conventional tillage systems, reduced tillage requires the application of 16–55 kg ha−1 more N to reach its maximum grain yield, according to [67].



As long as organic fertilizer compensates for the lower nitrate and nitrogen levels typically found under limited tillage compared with conventional tillage systems, [68] reported that equivalent yields of wheat and maize can be achieved under various tillage management conditions. Wheat and cowpea grain yields were significantly affected by the interaction between tillage and soil additive rates (p ≤ 0.05). According to [55], the highest grain production was obtained using a minimum tillage system with the application of 250 kg of nitrogen per hectare, which is 38% more nitrogen than a conventional tillage system requires at the same rate. Therefore, better understanding of the interactions between specific cropping systems and other crop management practices, their resulting changes in soil microbial ecology, and their roles and effects on crop health and productivity is required for the creation of more efficient and sustainable crop production systems.




5. Conclusions


In developing countries, the trend towards reducing tillage operations is inevitable in sustainable agriculture in order to preserve crop yields as well as to preserve the chemical, physical, and biological properties of soil.



Based on the results of our short-term study, the combination treatment (no-tillage + C + BM, ST4T4) provided high levels of microbial communities, increased numbers and dry weights of cowpea plants’ nodules, and increased soil enzymes during the three growing seasons. Additionally, the application of different soil tillage treatments during the analyzed seasons resulted in considerable increases in electrical conductivity, bulk density, and soil infiltration rate, following the trend of ST4 > ST3 > ST2 > ST1, which was reflected in the productivity of the wheat and cowpea plants. However, the percentage of exchangeable sodium, the porosity of the soil, the aggregates, and the soil penetration resistance were found to be inversely related. In order to investigate the potential impact of reduced tillage on soil attributes, the study of wheat–cowpea systems should be continued in the longer term. Through streamlined tillage procedures that cause less interference with the soil surface layer, improvements in soil characteristics and enhancements in biological activity aid in maintaining the productivity and fertility of soil.
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Figure 1. Meteorological data from winter 2019/2020, summer 2020, and winter 2020/2021 growing seasons. R.H.: relative humidity (%); W.V.: wind velocity (at 2 m height); P.E.: pan evaporation. 
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Figure 2. The impact of soil tillage and soil treatments on the microbial community in the wheat and cowpea rhizospheres over the course of three growing seasons: (A) bacteria; (B) fungi; (C) actinomycetes (CFU log10 g−1), a–n: Duncan’s letters. 
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Figure 3. The impact of soil tillage and soil treatments on the number and dry weight of nodules in cowpea plants during the second growing season; a–j: Duncan’s letters. 
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Table 1. Physical and chemical properties of the studied soil before the experiment.
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Soil Depth (cm)

	
Sand

	
Silt

	
Clay

	
Tx

	
pH

	
CaCO3

(%)

	
EC

(dS m−1)

	
ESP (%)

	
OM

(g Kg−1)




	
(%)






	
0–20

	
15.65

	
26.31

	
58.04

	
clay

	
8.02

	
1.85

	
4.12

	
13.11

	
17.4




	
20–40

	
18.75

	
25.10

	
56.15

	
clay

	
8.11

	
1.98

	
4.14

	
13.15

	
16.9




	
40–60

	
18.95

	
24.95

	
56.10

	
clay

	
8.13

	
2.10

	
4.16

	
13.18

	
15.5




	
Soil Depth (cm)

	
CEC

(cmole kg−1)

	
FC

	
WP

	
AW

	
TSA

	
OSA

	
BD

(kg m−3)

	
PR

(Mpa)

	
IR

(cm h−1)




	
(%)

	




	
0–20

	
31.45

	
44.15

	
21.91

	
22.24

	
37.11

	
19.78

	
1.370

	
1.240

	
0.75




	
20–40

	
30.11

	
41.19

	
20.08

	
21.11

	
36.61

	
20.05

	
1.372

	
1.241




	
40–60

	
29.55

	
39.25

	
19.03

	
20.22

	
35.45

	
18.77

	
1.375

	
1.242








Tx: texture; pH: determined in suspension (1 soil: 2.5 water); EC: electrical conductivity; ESP: exchangeable sodium percent; CEC: cation exchange capacity; OM: organic matter; FC: field capacity; WP: wilting point; AW: available water; BD: bulk density; TSA: total stable aggregates; OSA: optimal-sized aggregates; PR: penetration resistances; IR: infiltration rate.













 





Table 2. Biological properties of the studied soil before the experiment.
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	Soil Depth (cm)
	TCB
	TCF
	TCA
	DHA

(mg TPF g−1 Soil Day−1)
	URE

(NH4+-N g−1 Soil Day−1)
	PHOS

(μg pnp g−1 Soil h−1)





	0–20
	109 × 106
	66 × 103
	81 × 105
	78.92
	45.28
	3.19







TCB, TCF, and TCA: total count of bacteria, total count of fungi, and total count of actinomycetes, respectively; DHA: dehydrogenase; URE: urease; PHOS: phosphatase.













 





Table 3. Physical, chemical, and biological characteristics of the used compost.
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	Parameters
	Value





	pH
	8.26



	EC (dS m−1)
	4.55



	Organic carbon (%)
	20.71



	Bulk density (kg m3)
	560



	Moisture content (%)
	37



	C/N ratio
	15.11



	N (%)
	1.42



	P (%)
	0.55



	K (%)
	1.73



	Germination (%)
	92.45



	TCB
	102 × 106



	TCF
	34 × 103



	TCA
	69 × 105



	E. coli
	0.0



	Salmonella sp.
	0.0



	Shegella sp.
	0.0







TCB: total count of bacteria; TCF: total count of fungi; TCA: total count of actinomycetes.













 





Table 4. Layout of the experimental treatments.
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Main Plot

	
Subplot




	
Soil Tillage

	
First Season (Wheat)

	
Second Season

(Cowpea)

	
Third Season

(Wheat)

	
Soil Supplements






	
ST1

	
Tillage

	
Tillage

	
Tillage

	
Control




	
C




	
BM




	
C + BM




	
ST2

	
Tillage

	
Tillage

	
No-tillage

	
Control




	
C




	
BM




	
C + BM




	
ST3

	
Tillage

	
No-tillage

	
No-tillage

	
Control




	
C




	
BM




	
C + BM




	
ST4

	
No-tillage

	
No-tillage

	
No-tillage

	
Control




	
C




	
BM




	
C + BM








C: compost; BM: beneficial microorganisms.













 





Table 5. The impact of soil tillage and soil additives on soil enzyme activities in the wheat and cowpea rhizosphere over the course of three growing seasons.
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Treatments

	
DHA (mg TPF g−1 Soil Day−1)

	
URA (mg NH4+-N g−1 Soil Day−1)

	
PHOS (μg pnp g−1 Soil h−1)




	
First Season

	
Second Season

	
Third Season

	
First Season

	
Second Season

	
Third Season

	
First Season

	
Second Season

	
Third Season






	
ST1

	
T1

	
50.00 ± 4.58 l

	
58.02 ± 4.62 n

	
65.41 ± 6.01 n

	
45.33 ± 1.53 k

	
50.18 ± 0.58 j

	
55.12 ± 0.53 j

	
2.65 ± 0.14 n

	
3.74 ± 0.15 l

	
4.55 ± 0.32 j




	
T2

	
74.00 ± 2.65 k

	
80.35 ± 2.65 m

	
89.00 ± 2.16 m

	
58.33 ± 3.51 j

	
62.18 ± 2.52 i

	
67.03 ± 2.11 i

	
3.03 ± 0.04 m

	
4.15 ± 0.14 k

	
5.15 ± 0.24 i




	
T3

	
84.00 ± 4.00 j

	
91.68 ± 4.73 l

	
100.62 ± 6.87 l

	
71.33 ± 3.79 i

	
74.84 ± 3.79 h

	
79.74 ± 3.95 h

	
3.81 ± 0.16 k

	
4.95 ± 0.14 i

	
5.93 ± 0.14 g




	
T4

	
80.00 ± 3.00 jk

	
86.35 ± 3.00 lm

	
96.94 ± 1.00 l

	
89.00 ± 3.61 f

	
93.51 ± 3.61 e

	
98.32 ± 3.46 e

	
4.09 ± 0.03 i

	
5.23 ± 0.05 g

	
6.21 ± 0.15 f




	
ST2

	
T1

	
104.67 ± 5.51 i

	
111.35 ± 4.58 k

	
118.94 ± 3.99 k

	
57.00 ± 2.65 j

	
60.18 ± 3.21 i

	
64.95 ± 3.31 i

	
3.72 ± 0.09 l

	
4.81 ± 0.16 j

	
5.43 ± 0.37 h




	
T2

	
147.33 ± 5.69 f

	
153.68 ± 5.69 h

	
162.40 ± 7.09 h

	
71.00 ± 2.00 i

	
76.18 ± 3.06 h

	
81.08 ± 2.82 h

	
4.32 ± 0.05 g

	
5.44 ± 0.15 f

	
6.48 ± 0.12 de




	
T3

	
169.33 ± 5.51 d

	
175.02 ± 5.13 f

	
183.46 ± 5.94 f

	
82.67 ± 3.21 g

	
87.18 ± 3.21 f

	
92.02 ± 3.44 f

	
4.76 ± 0.14 d

	
5.85 ± 0.26 d

	
6.85 ± 0.05 b




	
T4

	
184.33 ± 4.16 c

	
190.02 ± 3.79 d

	
198.06 ± 3.51 cd

	
97.00 ± 2.00 d

	
102.18 ± 3.06 d

	
107.21 ± 3.20 d

	
4.87 ± 0.05 c

	
6.09 ± 0.28 bc

	
7.13 ± 0.16 a




	
ST3

	
T1

	
122.33 ± 5.51 h

	
128.68 ± 5.51 j

	
136.79 ± 4.46 j

	
68.67 ± 2.52 i

	
72.51 ± 1.73 h

	
77.44 ± 1.65 h

	
3.97 ± 0.04 j

	
5.07 ± 0.14 h

	
6.12 ± 0.14 fg




	
T2

	
158.33 ± 4.04 e

	
164.68 ± 4.04 g

	
173.57 ± 5.23 g

	
77.67 ± 3.51 h

	
82.18 ± 3.51 g

	
86.94 ± 3.44 g

	
4.53 ± 0.13 f

	
5.60 ± 0.18 e

	
6.58 ± 0.18 cd




	
T3

	
176.00 ± 3.61 d

	
183.35 ± 2.00 e

	
192.06 ± 3.56 de

	
92.67 ± 3.51 e

	
98.84 ± 4.16 d

	
103.62 ± 4.22 d

	
4.87 ± 0.09 c

	
6.01 ± 0.14 c

	
7.00 ± 0.15 ab




	
T4

	
201.33 ± 3.51 b

	
212.35 ± 1.73 b

	
220.26 ± 3.34 b

	
124.33 ± 3.51 b

	
129.84 ± 3.21 b

	
134.75 ± 3.60 b

	
5.01 ± 0.13 b

	
6.10 ± 0.22 bc

	
7.13 ± 0.16 a




	
ST4

	
T1

	
134.33 ± 4.16 g

	
140.68 ± 4.16 i

	
147.61 ± 4.12 i

	
76.33 ± 2.08 h

	
80.51 ± 2.00 g

	
85.49 ± 2.14 g

	
4.24 ± 0.15 h

	
5.31 ± 0.18 g

	
6.32 ± 0.05 ef




	
T2

	
172.00 ± 4.58 d

	
178.35 ± 4.58 ef

	
186.82 ± 4.71 ef

	
89.67 ± 3.06 ef

	
94.18 ± 3.06 e

	
99.25 ± 2.86 e

	
4.69 ± 0.03 e

	
5.79 ± 0.14 d

	
6.80 ± 0.18 bc




	
T3

	
190.00 ± 3.61 c

	
196.35 ± 3.61 c

	
205.19 ± 4.97 c

	
106.00 ± 4.36 c

	
111.84 ± 4.93 c

	
116.53 ± 4.94 c

	
5.01 ± 0.15 b

	
6.11 ± 0.23 b

	
7.11 ± 0.17 a




	
T4

	
216.00 ± 5.57 a

	
224.02 ± 5.51 a

	
232.86 ± 6.40 a

	
138.00 ± 4.58 a

	
143.51 ± 5.29 a

	
148.33 ± 5.39 a

	
5.16 ± 0.16 a

	
6.21 ± 0.13 a

	
7.20 ± 0.14 a




	
F-test

	

	

	

	

	

	

	

	

	




	
Main

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Sub main

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Interaction

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
**








Duncan’s test revealed significant differences between treatments in the means designated by different letters (p ≤ 0.05). The values are the means and standard deviations (SD) of triplicates. DHA: dehydrogenase; URA: urease; PHOS: phosphatase; ST1: tillage for three seasons; ST2: tillage for two seasons; ST3: tillage for one seasons; ST4: no-tillage; T1: control; T2: compost; T3: beneficial microbes; T4: combination; **: highly significant.













 





Table 6. The impact of soil tillage and soil additives on soil chemical properties in the wheat and cowpea plants over the course of three growing seasons.






Table 6. The impact of soil tillage and soil additives on soil chemical properties in the wheat and cowpea plants over the course of three growing seasons.





	
Treatments

	

	
ECe (dSm−1)

	
ESP (%)




	
First Season

	
Second Season

	
Third Season

	
First Season

	
Second Season

	
Third Season






	
ST1

	
T1

	
4.12 ± 0.01 b

	
4.19 ± 0.02 c

	
4.25 ± 0.02 c

	
13.07 ± 0.5 b

	
12.46 ± 0.09 c

	
11.06 ± 0.03 h




	
T2

	
2.86 ± 0.01 i

	
2.88 ± 0.01 m

	
2.95 ± 0.02 L

	
12.36 ± 0.05 b

	
12.01 ± 0.13 e

	
11.47 ± 0.16 e




	
T3

	
3.22 ± 0.02 f

	
3.23 ± 0.02 k

	
3.21 ± 0.01 j

	
12.23 ± 0.03 b

	
12.21 ± 0.01 d

	
11.85 ± 0.01 c




	
T4

	
2.45 ± 0.01 j

	
2.46 ± 0.01n

	
2.49 ± 0.02 n

	
10.21 ± 0.10 c

	
11.02 ± 0.07 h

	
10.59 ± 0.07 i




	
ST2

	
T1

	
4.11 ± 0.01 b

	
4.14 ± 0.02 d

	
4.23 ± 0.02 c

	
13.20 ± 0.09 b

	
12.67 ± 0.06 b

	
12.11 ± 0.06 b




	
T2

	
2.90 ± 0.01 h

	
2.98 ± 0.02 L

	
3.19 ± 0.02 k

	
12.53 ± 0.05 b

	
11.99 ± 0.11 d

	
11.14 ± 0.05 g




	
T3

	
3.21 ± 0.01 f

	
3.25 ± 0.02 k

	
3.35 ± 0.02 i

	
12.25 ± 0.03 b

	
12.23 ± 0.01 d

	
11.80 ± 0.01 c




	
T4

	
2.41 ± 0.03 k

	
2.47 ± 0.02 n

	
2.81 ± 0.02 m

	
10.08 ± 0.02 c

	
10.79 ± 0.09 i

	
9.64 ± 0.11 k




	
ST3

	
T1

	
4.12 ± 0.01 b

	
4.30 ± 0.04 b

	
4.45 ± 0.02 b

	
12.91 ± 0.08 b

	
12.15 ± 0.10 d

	
11.52 ± 0.01 de




	
T2

	
2.87 ± 0.01 i

	
3.70 ± 0.04 h

	
3.80 ± 0.04 f

	
12.39 ± 0.03 b

	
10.36 ± 0.04 j

	
9.86 ± 0.04 j




	
T3

	
3.26 ± 0.02 e

	
3.85 ± 0.06 f

	
3.92 ± 0.04 e

	
12.15 ± 0.02 b

	
11.85 ± 0.04 f

	
11.40 ± 0.04 f




	
T4

	
2.41 ± 0.03 k

	
3.41 ± 0.02 j

	
3.56 ± 0.02 g

	
9.97 ± 0.03 c

	
8.77 ± 0.03 k

	
8.25 ± 0.03 l




	
ST4

	
T1

	
4.26 ± 0.03 a

	
4.41 ± 0.06 a

	
4.55 ± 0.02 a

	
15.08 ± 0.08 a

	
14.33 ± 0.20 a

	
13.62 ± 0.08 a




	
T2

	
3.31 ± 0.03 d

	
3.78 ± 0.02 g

	
3.80 ± 0.04 f

	
13.07 ± 0.09 b

	
11.96 ± 0.04 e

	
11.54 ± 0.08 d




	
T3

	
3.46 ± 0.03 c

	
3.95 ± 0.02 e

	
4.11 ± 0.02 d

	
13.60 ± 0.05 ab

	
12.50 ± 0.04 c

	
11.81 ± 0.04 c




	
T4

	
3.12 ± 0.04 g

	
3.45 ± 0.04 i

	
3.50 ± 0.04 h

	
12.32 ± 0.08 b

	
11.58 ± 0.15 g

	
11.11 ± 0.06 gh




	
F-test

	

	

	

	

	

	

	




	
Main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Sub main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Interaction

	
**

	
**

	
**

	
**

	
**

	
**

	
**








Duncan’s test revealed significant differences between treatments in the means designated by different letters (p ≤ 0.05). Values are the means and standard deviations (SD) of triplicates. ECe: electrical conductivity; ESP: exchangeable sodium percentage; ST1–ST4: as shown in Table 5; T1–T4: as shown in Table 5; **: high significant.













 





Table 7. The impact of soil tillage and soil treatments on soil bulk density and soil porosity in the wheat and cowpea plants over the course of three growing seasons.






Table 7. The impact of soil tillage and soil treatments on soil bulk density and soil porosity in the wheat and cowpea plants over the course of three growing seasons.





	
Treatments

	

	
Soil Bulk Density (kg m−3)

	
Soil Porosity (%)




	
First Season

	
Second Season

	
Third Season

	
First Season

	
Second Season

	
Third Season






	
ST1

	
T1

	
1.383 ± 0.006 b

	
1.372 ± 0.004 c

	
1.362 ± 0.004 d

	
47.78 ± 0.23 g

	
48.22 ± 0.15 f

	
48.60 ± 0.15 e




	
T2

	
1.362 ± 0.004 e

	
1.352 ± 0.004 e

	
1.332 ± 0.004 g

	
48.59 ± 0.15 b

	
48.97 ± 0.15 d

	
49.72 ± 0.15 b




	
T3

	
1.383 ± 0.006 b

	
1.361 ± 0.003 d

	
1.352 ± 0.004 e

	
47.78 ± 0.23 g

	
48.61 ± 0.11 e

	
48.98 ± 0.15 d




	
T4

	
1.333 ± 0.005 g

	
1.331 ± 0.002 h

	
1.322 ± 0.005 h

	
49.69 ± 0.20 b

	
49.77 ± 0.07 a

	
50.1 ± 0.19 a




	
ST2

	
T1

	
1.381 ± 0.002 c

	
1.372 ± 0.005 c

	
1.383 ± 0.005 b

	
47.88 ± 0.07 f

	
48.22 ± 0.20 f

	
47.81 ± 0.19 g




	
T2

	
1.371 ± 0.002 d

	
1.363 ± 0.005 d

	
1.362 ± 0.005 d

	
48.26 ± 0.07 d

	
48.56 ± 0.20 e

	
48.59 ± 0.19 e




	
T3

	
1.382 ± 0.004 c

	
1.372 ± 0.004 c

	
1.383 ± 0.005 b

	
47.84 ± 0.15 fg

	
48.20 ± 0.17 f

	
47.81 ± 0.19 g




	
T4

	
1.331 ± 0.002 gh

	
1.333 ± 0.005 g

	
1.342 ± 0.005 f

	
49.77 ± 0.07 a

	
49.69 ± 0.20 b

	
49.34 ± 0.18 c




	
ST3

	
T1

	
1.380 ± 0.002 c

	
1.392 ± 0.005 a

	
1.382 ± 0.005 b

	
47.89 ± 0.08 f

	
47.47 ± 0.20 h

	
47.84 ± 0.15 g




	
T2

	
1.371 ± 0.003 d

	
1.362 ± 0.005 d

	
1.373 ± 0.005 c

	
48.25 ± 0.11 e

	
48.59 ± 0.19 e

	
48.18 ± 0.20 f




	
T3

	
1.381 ± 0.003 c

	
1.392 ± 0.005 a

	
1.382 ± 0.005 b

	
47.88 ± 0.12 f

	
47.46 ± 0.19 h

	
47.83 ± 0.15 g




	
T4

	
1.332 ± 0.004 gh

	
1.341 ± 0.004 f

	
1.353 ± 0.004 e

	
49.73 ± 0.15 ab

	
49.37 ± 0.15c

	
48.94 ± 0.20 d




	
ST4

	
T1

	
1.392 ± 0.004 a

	
1.393 ± 0.005 a

	
1.392 ± 0.005 a

	
47.45 ± 0.17 h

	
47.43 ± 0.20 h

	
47.47 ± 0.15 h




	
T2

	
1.391 ± 0.004 a

	
1.393 ± 0.005 b

	
1.383 ± 0.005 b

	
48.23 ± 0.15 e

	
48.18 ± 0.20 f

	
47.81 ± 0.19 g




	
T3

	
1.372 ± 0.004 d

	
1.373 ± 0.005 c

	
1.383 ± 0.005 b

	
47.45 ± 0.17 h

	
47.81 ± 0.19 g

	
47.81 ± 0.19 g




	
T4

	
1.351 ± 0.002 f

	
1.353 ± 0.005 e

	
1.362 ± 0.005 d

	
44.02 ± 0.08 c

	
48.94 ± 0.20 d

	
48.59 ± 0.19 e




	
F-test

	

	

	

	

	

	

	




	
Main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Sub main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Interaction

	
**

	
**

	
**

	
**

	
**

	
**

	
**








Duncan’s test revealed significant differences between treatments in the means designated by different letters (p ≤ 0.05). Values are the means and standard deviations (SD) of triplicates. ST1–ST4: as shown in Table 5; T1–T4: as shown in Table 5; **: highly significant.













 





Table 8. The impact of soil tillage and soil additives on total stable aggregates and optimal-sized aggregates in the wheat and cowpea plants over the course of three growing seasons.






Table 8. The impact of soil tillage and soil additives on total stable aggregates and optimal-sized aggregates in the wheat and cowpea plants over the course of three growing seasons.





	
Treatments

	

	
Total Stable Aggregates (%)

	
Optimal-Sized Aggregates (%)




	
First Season

	
Second Season

	
Third Season

	
First Season

	
Second Season

	
Third Season






	
ST1

	
T1

	
36.39 ± 1.39 fg

	
36.91 ± 1.38 f

	
37.43 ± 1.37 f

	
19.53 ± 1.10 f

	
19.79 ± 1.10 h

	
20.05 ± 1.01 e




	
T2

	
41.32 ± 1.31 b

	
41.88 ± 1.30 b

	
42.44 ± 1.29 b

	
23.59 ± 1.03 b

	
23.87 ± 1.02 b

	
24.15 ± 1.01 b




	
T3

	
37.71 ± 0.48 e

	
38.27 ± 0.47 e

	
38.83 ± 0.45 e

	
20.76 ± 0.40 e

	
21.04 ± 0.41 ef

	
21.32 ± 0.40 d




	
T4

	
42.92 ± 1.05 a

	
43.55 ± 1.01 a

	
44.41 ± 0.98 a

	
24.73 ± 0.34 a

	
25.10 ± 0.34 a

	
25.47 ± 0.31 a




	
ST2

	
T1

	
34.32 ± 1.09 i

	
34.84 ± 1.08 h

	
35.24 ± 1.02 h

	
18.27 ± 1.06 g

	
18.53 ± 1.05 i

	
18.73 ± 1.03 f




	
T2

	
39.04 ± 1.39 d

	
39.60 ± 1.30 d

	
39.60 ± 1.28 d

	
22.56 ± 1.02 c

	
22.84 ± 1.01 c

	
22.84 ± 0.98 c




	
T3

	
35.71 ± 1.45 gh

	
36.27 ± 1.40 fg

	
36.27 ± 1.35 g

	
19.97 ± 1.00 f

	
20.25 ± 0.99 gh

	
20.25 ± 0.94 e




	
T4

	
39.91 ± 2.00 c

	
40.66 ± 2.0 c

	
40.66 ± 1.98 c

	
23.48 ± 0.84 b

	
23.86 ± 0.81 b

	
23.86 ± 0.80 b




	
ST3

	
T1

	
36.31 ± 0.39 fg

	
35.91 ± 0.38 g

	
35.47 ± 0.39 h

	
20.67 ± 0.13 e

	
20.47 ± 0.12 fgh

	
20.23 ± 0.12 e




	
T2

	
38.74 ± 1.20 d

	
38.34 ± 1.11 e

	
37.90 ± 1.01 f

	
21.81 ± 0.65 d

	
21.61 ± 0.61 de

	
21.39 ± 0.60 d




	
T3

	
38.45 ± 0.69 d

	
38.05 ± 0.68 e

	
37.57 ± 0.66 f

	
20.76 ± 1.14 e

	
20.56 ± 1.11 fg

	
20.34 ± 1.01 e




	
T4

	
38.90 ± 2.31 d

	
38.50 ± 2.28 e

	
38.02 ± 2.18 f

	
21.99 ± 0.79 d

	
21.79 ± 0.75 d

	
21.55 ± 0.74 d




	
ST4

	
T1

	
30.06 ± 1.21 k

	
29.66 ± 1.12 j

	
29.22 ± 1.01 k

	
15.87 ± 1.12 h

	
15.67 ± 1.01 k

	
15.45 ± 0.98 h




	
T2

	
35.10 ± 2.41 h

	
34.70 ± 2.31 h

	
34.26 ± 2.01 i

	
20.53 ± 1.85 e

	
20.33 ± 1.83 gh

	
20.11 ± 1.80 e




	
T3

	
32.12 ± 1.27 j

	
31.72 ± 1.25 i

	
31.28 ± 1.04 j

	
17.83 ± 0.44 g

	
17.63 ± 0.43 j

	
17.41 ± 0.41 g




	
T4

	
36.71 ± 2.04 f

	
36.31 ± 1.95 fg

	
35.87 ± 1.41 gh

	
21.67 ± 0.66 d

	
21.47 ± 0.65 de

	
21.25 ± 0.64 d




	
F-test

	

	

	

	

	

	

	




	
Main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Sub main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Interaction

	
**

	
**

	
**

	
**

	
**

	
**

	
**








Duncan’s test revealed significant differences between treatments in the means designated by different letters (p ≤ 0.05). Values are the means and standard deviations (SD) of triplicates. ST1–ST4: as shown in Table 5; T1–T4: as shown in Table 5; **: highly significant.













 





Table 9. Mean values of soil penetration resistance (SPRa) and soil infiltration (IR) as affected by both tillage and soil additives over the course of three growing seasons.






Table 9. Mean values of soil penetration resistance (SPRa) and soil infiltration (IR) as affected by both tillage and soil additives over the course of three growing seasons.





	
Treatments

	

	
SPR (Mpa)

	
IR (cmh−1)




	
First Season

	
Second Season

	
Third Season

	
First Season

	
Second Season

	
Third Season






	
ST1

	
T1

	
1.242 ± 0.004 a

	
1.131 ± 0.003 h

	
1.060 ± 0.020 l

	
0.753 ± 0.004 g

	
0.761 ± 0.003 e

	
0.782 ± 0.004 f




	
T2

	
1.130 ± 0.020 d

	
0.983 ± 0.005 l

	
0.892 ± 0.004 m

	
0.853 ± 0.005 c

	
0.862 ± 0.004 b

	
0.912 ± 0.004 c




	
T3

	
1.231 ± 0.002 a

	
1.122 ± 0.005 i

	
1.050 ± 0.010 l

	
0.763 ± 0.005 f

	
0.761 ± 0.004 e

	
0.793 ± 0.005 e




	
T4

	
1.050 ± 0.020 f

	
0.952 ± 0.004 m

	
0.801 ± 0.002 n

	
0.982 ± 0.004 b

	
1.016 ± 0.041 a

	
1.086 ± 0.011 a




	
ST2

	
T1

	
1.241 ± 0.004 a

	
1.184 ± 0.007 e

	
1.243 ± 0.005 f

	
0.753 ± 0.004 g

	
0.761 ± 0.003 e

	
0.752 ± 0.005 h




	
T2

	
1.151 ± 0.101 d

	
1.073 ± 0.010 j

	
1.173 ± 0.005 j

	
0.853 ± 0.005 c

	
0.862 ± 0.004 b

	
0.853 ± 0.005 d




	
T3

	
1.231 ± 0.003 a

	
1.173 ± 0.005 f

	
1.232 ± 0.003 g

	
0.763 ± 0.005 f

	
0.761 ± 0.003 e

	
0.761 ± 0.003 g




	
T4

	
1.050 ± 0.020 f

	
1.040 ± 0.020 k

	
1.124 ± 0.007 k

	
0.982 ± 0.004 b

	
1.016 ± 0.041 a

	
0.982 ± 0.004 b




	
ST3

	
T1

	
1.241 ± 0.002 a

	
1.213 ± 0.006 d

	
1.293 ± 0.005 c

	
0.752 ± 0.005 g

	
0.702 ± 0.004 f

	
0.683 ± 0.005 j




	
T2

	
1.150 ± 0.103 cd

	
1.133 ± 0.005 h

	
1.222 ± 0.004 h

	
0.853 ± 0.005 c

	
0.782 ± 0.004 d

	
0.753 ± 0.005 h




	
T3

	
1.231 ± 0.004 a

	
1.223 ± 0.005 c

	
1.255 ± 0.006 e

	
0.752 ± 0.005 g

	
0.702 ± 0.004 f

	
0.682 ± 0.004 j




	
T4

	
1.050 ± 0.020 ef

	
1.123 ± 0.005 i

	
1.192 ± 0.004 i

	
0.993 ± 0.005 a

	
0.803 ± 0.005 c

	
0.782 ± 0.004 f




	
ST4

	
T1

	
1.180 ± 0.020 bc

	
1.232 ± 0.004 b

	
1.334 ± 0.007 a

	
0.702 ± 0.004 h

	
0.683 ± 0.005 g

	
0.653 ± 0.005 l




	
T2

	
1.123 ± 0.006 d

	
1.183 ± 0.007 e

	
1.273 ± 0.005 d

	
0.782 ± 0.004 e

	
0.753 ± 0.005 e

	
0.712 ± 0.005 i




	
T3

	
1.186 ± 0.010 b

	
1.253 ± 0.005 a

	
1.323 ± 0.008 b

	
0.702 ± 0.004 h

	
0.683 ± 0.005 g

	
0.663 ± 0.005 k




	
T4

	
1.089 ± 0.011 e

	
1.152 ± 0.004 g

	
1.253 ± 0.006 e

	
0.803 ± 0.005 d

	
0.781 ± 0.002 d

	
0.752 ± 0.004 h




	
F-test

	

	

	

	

	

	

	




	
Main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Sub main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Interaction

	
**

	
**

	
**

	
**

	
**

	
**

	
**








Duncan’s test revealed significant differences between treatments in the means designated by different letters (p ≤ 0.05). Values are the means and standard deviations (SD) of triplicates. ST1–ST4: as shown in Table 5; T1–T4: as shown in Table 5; **: highly significant.













 





Table 10. The impact of soil tillage and soil additives on the yield (grain and straw) of wheat and cowpea plants over the course of three growing seasons.






Table 10. The impact of soil tillage and soil additives on the yield (grain and straw) of wheat and cowpea plants over the course of three growing seasons.





	
Treatments

	

	
First Season (Wheat, Ton ha−1)

	
Second Season (Cowpea, Ton ha−1)

	
Third Season (Wheat, Ton ha−1)




	
Grain

	
Straw

	
Grain

	
Straw

	
Grain

	
Straw






	
ST1

	
T1

	
4.897 ± 0.003 g

	
4.920 ± 0.010 i

	
3.816 ± 0.022 i

	
4.017 ± 0.012 g

	
5.171 ± 0.004 j

	
5.177 ± 0.011 k




	
T2

	
4.935 ± 0.005 d

	
5.252 ± 0.016 c

	
4.106 ± 0.008 c

	
4.462 ± 0.012 e

	
5.214 ± 0.007 f

	
5.220 ± 0.005 g




	
T3

	
4.922 ± 0.008 e

	
5.065 ± 0.010 g

	
3.940 ± 0.004 e

	
4.335 ± 0.014 f

	
5.197 ± 0.003 g

	
5.202 ± 0.006 i




	
T4

	
4.983 ± 0.007 b

	
5.313 ± 0.004 a

	
3.861 ± 0.010 g

	
3.645 ± 0.008 i

	
5.266 ± 0.004 c

	
5.309 ± 0.006 c




	
ST2

	
T1

	
4.892 ± 0.003 g

	
4.920 ± 0.010 i

	
3.816 ± 0.027 i

	
4.0128 ± 0.016 h

	
4.857 ± 0.003 l

	
4.943 ± 0.007 l




	
T2

	
4.937 ± 0.008 d

	
5.248 ± 0.004 c

	
4.099 ± 0.010 d

	
4.461 ± 0.016 d

	
5.230 ± 0.005 e

	
5.242 ± 0.007 f




	
T3

	
4.920 ± 0.010 e

	
5.061 ± 0.020 g

	
3.926 ± 0.006 f

	
4.329 ± 0.004 f

	
5.183 ± 0.007 h

	
5.215 ± 0.004 h




	
T4

	
4.990 ± 0.060 a

	
5.288 ± 0.004 b

	
4.11 ± 0.012 b

	
4.507 ± 0.004 c

	
5.259 ± 0.001 d

	
5.283 ± 0.007 d




	
ST3

	
T1

	
4.893 ± 0.006 g

	
4.924 ± 0.012 i

	
3.232 ± 0.010 l

	
3.468 ± 0.008 j

	
4.619 ± 0.006 m

	
4.634 ± 0.005 m




	
T2

	
4.937 ± 0.003 d

	
5.233 ± 0.012 d

	
3.926 ± 0.020 f

	
4.351 ± 0.012 e

	
5.196 ± 0.004 g

	
5.245 ± 0.005 e




	
T3

	
4.922 ± 0.008 e

	
5.059 ± 0.004 g

	
3.837 ± 0.006 h

	
4.015 ± 0.006 gh

	
5.181 ± 0.004 hi

	
5.214 ± 0.006 h




	
T4

	
4.993 ± 0.006 a

	
5.286 ± 0.008 b

	
4.186 ± 0.006 a

	
4.788 ± 0.006 a

	
5.306 ± 0.003 b

	
5.346 ± 0.004 a




	
ST4

	
T1

	
4.123 ± 0.007 h

	
4.269 ± 0.012 j

	
3.357 ± 0.004 k

	
3.367 ± 0.006 m

	
4.400 ± 0.010 n

	
4.450 ± 0.005 n




	
T2

	
4.954 ± 0.006 c

	
5.133 ± 0.014 f

	
3.840 ± 0.010 h

	
3.528 ± 0.008 j

	
5.180 ± 0.005 i

	
5.220 ± 0.005 g




	
T3

	
4.907 ± 0.003 f

	
5.049 ± 0.004 h

	
3.782 ± 0.005 j

	
3.489 ± 0.004 l

	
5.156 ± 0.010 k

	
5.189 ± 0.001 j




	
T4

	
4.991 ± 0.004 a

	
5.214 ± 0.012 e

	
4.188 ± 0.010 a

	
4.513 ± 0.008 b

	
5.325 ± 0.005 a

	
5.338 ± 0.002 b




	
F-test

	

	

	

	

	

	

	




	
Main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Sub main

	
**

	
**

	
**

	
**

	
**

	
**

	
**




	
Interaction

	
**

	
**

	
**

	
**

	
**

	
**

	
**








Duncan’s test revealed significant differences between treatments in the means, designated by different letters (p ≤ 0.05). Values are the means and standard deviations (SD) of triplicates. ST1–ST4: as shown in Table 5; T1–T4: as shown in Table 5; **: highly significant.
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