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Abstract

:

Multiple cropping systems boost grain yields and have an immense potential to increase land productivity. In such cropping systems in China, soybean is directly seeded after the wheat harvest in early June. After the wheat harvest, the farmland has low amounts of soil moisture and contains large amounts of wheat straw, which negatively affect soybean growth and yields. To address these challenges, an integrated management practice (IMP) than can achieve precise direct seeding and straw mulching return, was developed. In this study, differences in the soil temperature and moisture, seedling quality, dry matter accumulation, soybean yield, and greenhouse gas emissions were investigated between IMP and the farmers’ practices (FP). Compared with the FP treatment, IMP significantly increased the soil moisture and decreased the soil temperature in the topsoil layer. In addition, under the IMP treatment, the rate of emergence and developmental uniformity of soybean plants significantly increased by 21.7% and 99.5%, respectively, thus increasing the leaf area index by 30.0% and dry matter accumulation by 12.0% and, in turn, increasing soybean yields by 24.7%. A principal component analysis showed that the dry matter weight, relative water content, leaf area index, and developmental uniformity were strong sensitivity indices for the IMP treatment. In addition, the intensity of emission of N2O and greenhouse gases under IMP both decreased significantly by 25.1% and 28.9% compared with the FP, respectively. Thus, it was concluded that IMP is a suitable farming practice for sustainable agricultural production, and it has broad prospects for application in wheat–soybean double cropping systems in China and other similar areas globally.
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1. Introduction


To meet the needs of the growing global population, grain production must increase by 35–50% relative to current production, particularly in developing countries [1,2,3]. As an important raw material of vegetable oil and vegetable protein, more than 100 million tons of soybean are consumed per year in China. However, the yield of soybean in China is relatively low and is more than 40% lower than that in the United States [4]. Currently, the domestic production of soybeans in China cannot meet the demand for consumption, and approximately 100 million tons are imported each year [5]. Therefore, increasing the yield of soybeans and stabilizing soybean planting areas are the urgent aims for soybean production in China.



The Huang-Huai-Hai (HHH) Plain is one of the most important food production areas in China, and more than 30% of China’s soybeans are grown there [6]. In this region, winter wheat–summer soybean double cropping is commonly practiced. Under this cropping system, wheat is usually harvested in mid-early June, and soybean is sown directly after the wheat harvest (Figure S1). However, during this period, the temperatures are high, and there is a large amount of surface evapotranspiration [7]. Unfortunately, influenced by a monsoon climate, the rainy season has not yet arrived in the HHH region [8]. Drought stress strongly inhibits the germination of soybean seeds and the growth of seedlings, and the germination of soybean is delayed under moderate or high drought conditions [9,10]. The insufficient absorption of water by soybean seeds can block seed germination, which will eventually lead to a lower rate of emergence in the field [11]. Drought stress at the seedling stage can lead to the dwarfing of soybean seedlings that have a lower leaf area index and chlorophyll contents, thus affecting the accumulation of soybean biomass and soybean yields [12]. The low rate of emergence of seedlings caused by water stress can result in a population shortage in the field leading to a decline in soybean yield. Therefore, creating suitable soil moisture and ensuring that there is an adequate supply of soil water during the early stages of soybean growth are urgent aims in soybean production in the HHH region.



In addition, the treatment of wheat straw after the wheat harvest is also an important challenge that affects the formation of soybean yields and production input in the HHH region. In the winter wheat–summer soybean double cropping system, the remaining wheat straw in the field impairs the seeding of soybean, resulting in poor sowing quality, i.e., seed distance and depth can be nonuniform, and final yields can consequently be lower [13]. In the past, these problems were overcome by simply burning the straw in fields. However, the Chinese government has banned the burning of wheat straw in recent years. Accordingly, farmers have instead chosen to remove the wheat straw after the wheat has been harvested and then plant soybean seeds directly into the fields [14]. However, straw cleaning is time consuming and labor intensive and thus increases the cost of agricultural production and the number of agricultural machinery operations. In addition, the excessive use of agricultural machinery causes serious environmental pollution through the emissions of particulate matter and greenhouse gases [15]. Furthermore, unmulched topsoil always forms a crust, which further reduces the emergence and growth of soybean plants (Figure S2) [13,16,17]. Therefore, a convenient and efficient soybean seeding technology that improves sowing quality and reduces environmental costs is also urgently needed in the HHH region.



Many studies have confirmed that straw mulching technology can reduce the loss of soil moisture, and these techniques have been widely promoted in arid and semi-arid areas [18,19]. Straw mulching and simultaneously returning it to the field as the soybeans are sown can not only reduce environmental problems caused by straw treatment but also reduce the loss of soil moisture and promote soybean production in the HHH region. To ameliorate the negative effects of wheat straw on soybean seeding and growth in double cropping systems based on full straw retention, a novel cultivation technique was developed by the China Agriculture Research System-Soybean (CARS-Soybean) designated precise direct seeding plus straw mulching [20]. Under this new seeding practice, the wheat straw and stubble are moved laterally to cover the former seedling belts (Supplementary Video). The application of this new seeding practice has resulted in remarkably positive effects on crop yield and reduced costs and environmental damage. The average yield of soybeans reached 4630.8 kg ha−1 under the new method (Table S1), which represented an increase of 133.9% compared with the average soybean yield of the HHH region (1980.0 kg ha−1) [21]. This technology significantly reduces the number of mechanical operations and improves the efficiency of production, which is conducive to sustainable production. In addition, we hypothesized that straw mulching could reduce the soil water loss and promote the growth of soybeans and subsequent yield formation. The objectives of this study were (1) to examine the soil temperature and moisture, seedling quality, and yield formation process of soybeans under the new management practices; (2) to evaluate the crop growth parameters under different farming practices; and (3) to investigate the effect of the integrated management practice on energy conservation and a reduction in emissions.




2. Materials and Methods


2.1. Experimental Site


Field experiments were conducted at two experimental sites in 2018–2019. In 2018, the field experiments were conducted at both the Xinxiang Experimental Station (35°09′ N, 113°48′ E) of the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, located in Xinxiang city, Henan Province and at the Suzhou Agricultural Academy (33°44′ N, 117°08′ E), Suzhou city, Anhui Province. In 2019, the field experiment was only set at the Xinxiang Experimental Station. The soil at Xinxiang is sandy loam, and the soil at Suzhou is lime concretion black soil (U.S. classification system: Typic Paleustults). Before the experiment, the organic matter, plant available nitrogen (N), plant available phosphorous (P), and plant available potassium (K) in the upper 0.4 m of soil at the Xinxiang site were 12.9 g kg−1, 63.8 mg kg−1, 15.9 mg kg−1, and 112.1 mg kg−1, respectively. The organic matter, plant available nitrogen (N), plant available phosphorous (P), and plant available potassium (K) in the upper 0.4 m of soil at the Suzhou site before the experiment were 10.4 g kg−1, 51.5 mg kg−1, 14.4 mg kg−1, and 89.2 mg kg−1, respectively. The monthly air temperature and rainfall during the soybean growing season are shown in Table 1.




2.2. Experimental Design


At each test site, the experiments were conducted using a randomized complete block design with four replicates, and it included the following two practice patterns (Figure 1): (1) Integrated management practice (IMP), in which the soybean plants were directly seeded with a combined precision seeding and straw mulching soybean planter, which can simultaneously complete straw mulching and seeding (Figure 1A); (2) Farmers’ practice (FP), the soybean plants were seeded by a traditional soybean planter after the wheat straw was cleared from the field (Figure 1B). The seeders were calibrated to ensure that the seeding depth (4 ± 1 cm) and seeding density (1.8 × 105 plants ha−1) were consistent between the two treatments before the seeds were sown at each experimental site. The soybean planting patterns are described in further detail in Table 2. Each plot was 72 m2 (7.2 m × 10 m). The soybean variety ‘Hedou19’ (HD19) was selected as the experimental material at Suzhou site. ‘ZhongzuoXA12938’ (ZZXA12938) and ‘Zhonghuang301’ (ZH301) were selected as experimental materials at the Xinxiang site in 2018 and 2019, respectively. These varieties of soybean are all commonly planted locally. Soybean seeds were sown at a row spacing of 0.4 m in mid-June in both years. Each plot was sprayed with 30 mm of water immediately after sowing using a nozzle. The soybean seed was harvested in mid-October in both years. Both plots were seeded with soybeans using FP before this study.




2.3. Sampling and Measurements


2.3.1. Soil Temperature and Moisture


The soil temperature in the top 0–5 cm of soil and the relative water content in the top 0–20 cm of the soil during the period from 2 to 5 days after seeding (DAS) were measured using a TZS-2X-G thermohygrograph (Top Instrument, Hangzhou, Zhejiang, China). The temperature probe was buried to a soil depth of 2.5 cm, while the humidity probes were buried to a soil depth of 2.5, 7.5, 12.5, and 17.5 cm.




2.3.2. Rate of Emergence


Three-m-long sowing strips were selected from each plot at 6 DAS to record the number of seedlings (SN) until the seedling numbers were unchanged. The rate of emergence was calculated as follows:


   Rate   of   emergence     ( % )  =   S N   S R   × 100  








where SR is the number of seeds in the sowing strips.




2.3.3. Developmental Uniformity


At 50 DAS, 3-m-long sowing strips were selected from each plot to record the number of expanded leaves for each soybean plant. The developmental uniformity was calculated as follows:


  Uniformity =  μ     1  n − 1     ∑   i = 1  n     (   x i  − μ  )   2       








where μ is the average number of expanded leaves per plant in the sample and n is the number of the plants in the sample.




2.3.4. Leaf Area Index and Dry Matter Weight


Five plants were randomly obtained from each plot during stages R1–R8 as described by Fehr and Carviness [22]. The plants samples were obtained at the R1, R3, R5, and R7 stages. The leaf area was measured with a LI-3000C leaf area meter (Li-COR, Lincoln, NE, USA). The leaf area index (LAI) was calculated as follows:


  LAI =  leaf   area  ×  N S   








where N is the number of soybean plants per unit area of field and S is the unit area of the field. The plants were then dried in a forced draft convection oven at 80 °C until a constant weight was reached. The weight of seed and the other parts of the plant were determined separately.




2.3.5. Photosynthetic Rate


Ten plants were randomly selected from each plot at the R1, R3, R5, and R6 stages. The photosynthetic rate (Pn, μmol CO2 m−2 s−1) was measured from the middle lobules of the third leaf (from the top toward the bottom) of 10 plants in each plot at 9:00–11:00 on a sunny day with a portable photosynthesis measurement instrument (LI-6400xt, LI-COR, Lincoln, NE, USA). The chamber was equipped with a red/blue LED light source. The PAR was set at 1200 μmol m−2 s−1. The values were measured using an open system.




2.3.6. Yield and Yield Components


At the harvest, soybean seed yield (kg ha−1, determined after drying to 13.5% water content) was measured from a randomly selected 2.4 m2 area of each plot. The number of harvested plants, seeds number per plant, 100-seed weight, and total seed weight per plant were also determined.




2.3.7. Intensities of N2O and Greenhouse Gas Emission


The direct N2O emission (kg N ha−1), NH3 volatilization (kg N ha−1), and NO3- leaching (kg N ha−1) were calculated according to the following formulae [23,24].


     Direct   N   2   O   emission  = 0.48  e  0.0058 X    










    NH  3     volatilization  = 0.24 X + 1.3  










    NO    3 −       leaching  = 4.46  e  0.0094 X    











In these formulas, X is the N rate (kg N ha−1). The indirect N2O emissions were estimated using the IPCC methodology (IPCC, 2006), where 1% and 0.75% of the volatilized N-NH3 and leached N-NO3 were assumed to be lost as N2O-N. The N2O emission intensity (kg N Mg−1) was calculated as follows:


   N 2   O   emission   intensity  =      total   N   2   O   emissions     soybean   yield     











Total greenhouse gas emissions (kg CO2 eq; including CO2, CH4, and N2O) during soybean production were represented as three discrete components: (1) emissions associated with N fertilizer application; (2) emissions associated with N fertilizer production and transportation; and (3) emissions associated with the production and transportation of P and K fertilizers and pesticides, as well as the diesel fuel that was combusted during farming operations, such as sowing, tilling, and harvesting. The components were calculated using the following formula [23,24].


   Greenhouse   gas   emissions   during   N   use  = 298 ×  N 2   O  total   × 44 / 28  











In the formula, N2Ototal (kg N ha−1) is the sum of direct and indirect N2O emissions. The conversion factor for 1 kg of N2O to an equivalent amount of CO2 is 298. The conversion factor for N to N2O is 44/28.


   Greenhouse   gas   emission   during   N   production  =  N  input   × 8.21  











In this formula, Ninput is the amount of nitrogen applied, while 8.21 represents the greenhouse gas emissions from the production and transportation of 1 kg of N.


   Greenhouse   gas   emission   during   other   pathways   =  P 2   O  5 input   ×   EF  p  +  K 2   O  input   ×   EF  k  + Pest  .  input   ×   EF   pest .    + Fuel  .  input   ×   EF   fuel .   + 9.2 × Irri . ×   EF   elec .    



(1)







In these formulae, each variable EF is the emission factor of a different source of greenhouse gas emission, and the values of EFp, EFk, EFpest, EFfuel, and EFelec. were 0.79, 0.55, 19.13, 3.75, and 1.14 kg CO2 eq per unit input, respectively. The greenhouse gas intensity (kg CO2 eq Mg−1) was calculated as follows:


   Greenhouse   gas   intensity  =    total   greenhouse   gas   emissions     soybean   yield     












2.3.8. Statistical Analyses


Statistical analyses were conducted using SPSS 17.0 (SPSS Inc., Chicago, IL, USA). The effects of the treatments on parameters measured (relative water content, rate of emergence, developmental uniformity, leaf area index, dry matter weight, yield, and yield components) were evaluated using a univariate analysis of variance (ANOVA) procedures. The difference in photosynthetic data was analyzed using a t test. Differences were determined to be significant using the LSD test at a 0.05 probability level. A principal component analysis (PCA) was used to select the most appropriate crop parameters. All the figures were drawn using Sigma Plot 12.0 (SYSTAT Software Inc., San Jose, CA, USA).






3. Results


3.1. Soil Temperature and Moisture


In the present study, the soil temperature in the top 0–5 cm and the soil relative water content in the top 0–20 cm of the field were both investigated during the period from 2 to 5 DAS. At this point, we described it with the data of Xinxiang test site (Figure 2 and Figure 3). Compared with the FP, the soil surface temperature under the IMP treatment decreased significantly, particularly between 12:00 and 18:00 each day (Figure 2). Typically, no significances in the soil relative water content were found between the two treatments at 2 DAS (Figure 3A,E). With the increase in days after sowing, the water content of 0–10 cm soil layer under IMP remained at a high level (Figure 3B,C,F,G). At 5 DAS, the relative water content of soil in the top 0–20 cm under the IMP treatment was significantly higher than that under FP with the exception of 0–5 cm layer in 2018.




3.2. Rate of Emergence


Figure 4 shows the effects of seeding management practices on the rate of emergence for soybean at Suzhou in 2018 and at Xinxiang from 2018 to 2019. The rate of emergence for soybean increased significantly under IMP condition (Figure 4). The rate of emergence for soybean under IMP increased significantly by 23.8% at Suzhou and 19.6% at Xinxiang. Accordingly, IMP promoted the rate of emergence for soybeans. Under the IMP treatment, it took six days to reach a 50% emergence rate of soybean seedling, which was a reduction in time of 14.3% at Suzhou and 13.7% at Xinxiang compared with the FP treatment.




3.3. Developmental Uniformity


The developmental process of soybean plants was investigated, and the developmental uniformity was calculated at 50 DAS. Figure 5 shows the effects of seeding management practices on the developmental uniformity for soybeans at Suzhou in 2018 and at Xinxiang from 2018 to 2019, respectively. The developmental process of soybean plants was promoted under the IMP treatment. In addition, the developmental uniformity for soybeans under IMP increased significantly by 57.4% at Suzhou and 141.5% at Xinxiang.




3.4. Leaf Area Index and Dry Matter Weight


The leaf area index of soybean was investigated after the flowering stage. The leaf area index of soybean generally exhibited unimodal curves with peaks between the R3 and R5 periods (Figure 6A–C). Compared with the FP treatment, IMP significantly increased the leaf area index of soybean plants. The leaf area index of soybean under IMP was significantly increased by 20.8% (mean after flowering) at Suzhou in 2018 and 38.2% (mean after flowering) at Xinxiang in 2018 and 2019 on average.



The total dry matter weight and seed dry matter weight of soybean were both investigated after the flowering stage. The total dry matter weight of soybean plants increased gradually after the R1 stage, as well as the seed weight, after the R5 stage (Figure 6D–F). Moreover, the total dry weight of soybean decreased at the R8 stage because the leaves began to fall off after R7 stage. Compared with the FP treatment, IMP significantly increased the total biomass after R3 stage and seed weight after R5 stage. At the R8 stage, the total biomass and seed weight under IMP treatment increased significantly by 12.0% and 19.4% on average, respectively, compared with the values under FP conditions.




3.5. Photosynthetic Rate


In the present study, the photosynthetic rate of soybean was investigated during the period from R1 to R6. Here, we present the data of Xinxiang test site (Figure 7). The Pn of soybean remained at a high level before the R5 stage, while it decreased after the R5 stage. Under the IMP treatment, the Pn of soybean was significantly higher (by 27.7% on average of two years) than that under the FP condition of period from R1 to R6 stages. In addition, the Pn of soybean decreased slowly during the period from R5 to R6 under IMP (by 52.3%) compared with the FP treatment (by 54.2%).




3.6. Yield and Yield Components


Experimental site and practice patterns had significant effects on seed yield and yield components (Table 3). The yield of soybean at the Xinxiang site was 4190.2 kg ha−1 on average, which was significantly higher by 29.5% than that under the Suzhou site (3236.0 kg ha−1). Compared with the FP treatment, seed yield, harvesting density, and seeds per plant under IMP significantly increased by 24.70%, 19.28%, and 18.84% on average, respectively. No significant differences in the 100-seed weight were found between the two practice patterns at the Suzhou site, while the 100-seed weight under IMP treatment were significantly higher than those under FP at the Xinxiang site.




3.7. Greenhouse Gas Emissions


In the present study, the greenhouse gas emissions under different practice patterns were calculated. Under the IMP model, the intensity of N2O and greenhouse gas emissions both significantly decreased at the two experimental sites as the production inputs of soybeans were significantly reduced (Table 2, Figure 8). Compared with the FP model, the intensity of N2O emissions under IMP conditions decreased by 31.6% at Suzhou and 18.5% at Xinxiang (Figure 8A–C). In addition, the intensity of greenhouse gases under IMP condition decreased significantly by 36.3% at Suzhou and 21.6% at Xinxiang compared with the FP model (Figure 8D–F).




3.8. Principal Component Analysis


Crop parameters under the two practice patterns were evaluated by PCA in the present study. In the PCA, the two principal components (PC1 and PC2) were selected, since they each had eigenvalues greater than 1 and together explain 93.593% of the total variance, which thus effectively represents the original eight parameters (Table 4). PC1 had an eigenvalue of 6.360 and explained 79.502% of the variance, while PC2 had an eigenvalue of 1.127 and explained 14.091% of the variance. Figure 9 shows the sensitivity indices for the two practice patterns. In the present study, the dry matter weight, relative water content, leaf area index, and developmental uniformity were strongly sensitive indices of IMP.





4. Discussion


4.1. Integrated Management Practice Optimized Soil Temperature and Soil Water Content


Double-cropping systems in which soybean is planted after the harvest of wheat within a single year have the potential to increase production and sustainability, which are widely shared goals around the world, particularly in the Americas and Asia [25,26,27,28,29]. In the HHH region, the wheat is often harvested in hot weather with little rain, and the content of soil moisture is low, which limits the emergence of soybean plants [28,30,31,32]. In addition, because of the high planting density and high population biomass of wheat crops, there is more residue in the fields after wheat harvest, which is not conducive to soybean sowing, resulting in poor sowing quality when direct seeding methods are used [26,28,33]. However, clearing straw from the fields not only increases the production costs but also causes the ground to be bare, thereby increasing the evaporation of soil water, which further hinders the emergence and growth of soybean plants [32,34,35].



In the present study, the soil water content in the top 0–20 cm of soil under IMP was significantly higher than that under FP on average, primarily as a consequence of straw mulching (Figure 3), which was consistent with the findings of Chang et al. [36] and Deng et al. [37] in the Loess Plateau of China and those of Singh et al. [38] in a subtropical region of India. First, IMP decreased the soil temperature by reducing direct solar radiation owing to the straw mulching (Figure 2), thus reducing the evaporation of soil water. Alternatively, the soil porosity improved under straw mulching, which increased the infiltration of rainwater into soil, thus improving the capacity of soil water storage [39,40]. When the soil temperature is consistently above 35 °C, root activity and the antioxidant metabolism of crops are inhibited [41]. Under IMP treatment, straw mulching increased the relative water content and reduced the soil temperatures (Figure 2 and Figure 3). Thus, the rate of emergence of soybean plants under IMP increased significantly (Figure 4). Based on the PCA, the dry matter weight, relative water content, leaf area index, and developmental uniformity were strong sensitivity indices for the IMP, which was confirmed in the results described above (Figure 9).




4.2. Integrated Management Practice Promoted Soybean Growth and Yield


In the present study, IMP improved nearly all the plant parameters according to the statistically significant differences that were observed. A significant positive correlation has been observed between crop growth uniformity and crop yield, which was subsequently verified in the productivity of soybean [32], maize [42], and wheat [43]. Under IMP, the developmental uniformity of soybeans increased significantly (Figure 5), which was associated with the improvement in soil moisture and moderate temperatures [44,45,46]. Continuous soil moisture and well grown soybean crops result in favorable plant growth conditions as well as higher LAI and Pn, which increased the accumulation of dry matter (Figure 6 and Figure 7).



Appropriate soil density is also required for crop growth [47,48,49]. Straw mulching can reduce the soil bulk density of the top 0–5 cm of soil, but it does not affect the 5–15 and 15–25 cm deep soil layers [50]. After long-term straw mulching, the soil bulk density of the top 0–5 cm soil layer can be reduced to 1.27–1.32 g cm−3, reaching a soil density level known to be ideal for crop growth [51]. Furthermore, our previous studies have also shown that straw mulching effectively alleviates the adverse effects on topsoil caused by rainfall (e.g., soil impaction and runoff compaction), reduces the phenomenon of soil crust formation after rain, and is thus conducive to the emergence and growth of soybeans [13,28]. In summary, the IMP treatment with straw mulching at its core optimized the topsoil environment and promoted the growth and yield of soybean.



Crop straw mulching techniques have been widely used in arid and semi-arid regions to improve crop yields [38,46,52,53]. In a study conducted in a semi-arid region, Chang et al. [36] showed that straw strip mulching increased the yields of potato by 22.3% on average compared with traditional practices (bare soil). Under straw mulching, the soybean yields also increased significantly by 20.8% [46]. In the present study, IMP increased the yield of grain by 24.7% at two different sites compared with the FP treatment, which confirmed the beneficial effects of straw mulching [28,32,46]. The decrease of living plants was caused by the low rate of emergence of the crop and plant death owing to diseases and particularly pests [54]. Insufficient soil water supply during emergence in the seedling period is also one of the main reasons for rates of poor emergence in soybean crops [13,32,42]. The IMP treatment significantly increased harvest density and seeds per plant, which were responsible for the higher soybean yield (Table 3). In the present study, the suitable soil moisture and temperature achieved under straw mulching significantly increased the rate of emergence (Figure 4), which strongly supported the survival of an adequate number of plants to harvest (Table 3). In addition, straw mulching can also enhance the soil microbial community and improve soil fertility [55,56,57]. Wang et al. [58] and Zhang et al. [59] reported that straw mulching stimulates soil microbial activity and improves the microbial biomass carbon and microbial activity, which both improve the sustainable production capacity of cropland soil. The supportive root layer environment that benefitted from straw mulching under IMP promoted the accumulation of soybean dry matter, while reducing the rate of pod shedding, thus increasing the number of seeds per plant (Table 3) [36,60]. These two main yield components (harvest density and seeds per plant) together had an increased effect on the yield of soybeans grains under IMP. Furthermore, the current straw mulching technology has mostly been developed for strip covering, in which the straw from the former crop only covers the soil between the rows of the later crop [36,53]. However, the IMP treatment in the present study can evenly distribute the straw on the ground (i.e., using straw to cover both the rows and seedling belts), which further enhanced the ability of straw to cover the soil.




4.3. Integrated Management Practice Can Reduce Greenhouse Gas Emissions


The increasing concentration of greenhouse gases (e.g., CO2, CH4, and N2O) in the atmosphere is the main cause of climate warming, with the greenhouse gases associated with agricultural production comprising 10–20% of the total [23,61]. In agricultural production, soil respiration, fertilizer and pesticide inputs, and the fuel combustion of agricultural machinery all produce greenhouse gases [24,62]. Chen et al. [63] determined that integrated soil-crop system management that used advanced crop and nutrient management can produce more grain with lower environmental costs. In addition to the selection of high-yield varieties and the optimal application of fertilizers and pesticides, light and simplified farming practices can also reduce greenhouse gas emissions by reducing the consumption of diesel and electricity [64,65]. Under traditional farming practices (i.e., FP), a large quantity of manpower and machinery are invested in the processes of straw cleaning before seeding (Figure 1, Table 2). Under IMP, a clean seedbed was created by simply laterally casting the straw; moreover, the straw moved along the ground served as mulch once the seeds had been planted (Supplementary Video; Figure 1). Thus, the lateral movement of straw enabled both precise seeding and straw mulching. Furthermore, this work was conducted in a single operation, which reduced the straw handling procedures and resulted in both energy savings and reductions in emission. In the present study, the intensity of N2O and greenhouse gas emissions associated with IMP were significantly lower than those under FP (Figure 9), which confirmed the above conclusion. Thus, this new cultivation methodology can reduce production costs and relieve environmental pressures, thereby contributing to sustainable agricultural production.





5. Conclusions


Compared with traditional soybean agricultural practices, IMP significantly increased the rate of emergence and uniform growth of soybean plants. This is owing to the beneficial soil moisture and temperature under straw mulching. Simultaneously, the yield of seed increased by 24.7% on average, which can be attributed to the increase in numbers of surviving plants and seeds per plant. In addition, the new cultivation practice reduced the intensity of N2O and greenhouse gas emissions, relieving environmental pressures. Overall, IMP is a suitable farming practice for sustainable agricultural production (Figure 10), and it has broad prospects for application in wheat–soybean double cropping systems in China and other similar areas throughout the world.
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Figure 1. The operation of the two seeding management practices. IMP, integrated management practice; FP, farmers’ practice. Under IMP, the seeding and straw returning treatment are completed in one operation (A). Under FP, straw baling, straw removing, and seeding are completed in three times (B). 
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Figure 2. The effects of seeding management practices on soil temperature in the top 0–5 cm of the field in Xinxiang site. DAS, day after seeding. IMP, integrated management practice; FP, farmers’ practice. (A,B) represent soil temperatures at Xinxiang site in 2018 and 2019, respectively. 
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Figure 3. The effects of seeding management practices on relative water content in the top 0–20 cm of the field in Xinxiang site. DAS, day after seeding. IMP, integrated management practice; FP, farmers’ practice. * and **, indicate significance different at the 0.05 and 0.01 probability levels, respectively, while ns indicates not significantly different. The left and right bars of each dataset represent standard error. (A–D) and (E–H) represent relative water content of soil at Xinxiang site in 2018 and 2019, respectively. 
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Figure 4. The effects of seeding management practices on the rate of emergence for soybean. IMP, integrated management practice; FP, farmers’ practice. * and **, indicate significance different at the 0.05 and 0.01 probability levels, respectively. The bottom and top bars of each dataset represent standard error. (A) represents the rate of emergence at Suzhou site in 2018. (B,C) represent the rate of emergence at Xinxiang site in 2018 and 2019, respectively. 
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Figure 5. The effects of seeding management practices on developmental uniformity of soybean. IMP, integrated management practice; FP, farmers’ practice. The bottom and top bars of each dataset represent standard error. (A) represents the developmental uniformity of soybean at Suzhou site in 2018. (B,C) represent the developmental uniformity of soybean at Xinxiang site in 2018 and 2019, respectively. 
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Figure 6. The effects of seeding management practices on leaf area index and dry matter weight for soybean. IMP, integrated management practice; FP, farmers’ practice. * and **, indicate significance different at the 0.05 and 0.01 probability levels, respectively. Ns indicates not significant different. The bottom and top bars of each dataset represent standard error. (A) represents the leaf area index of soybean at Suzhou site in 2018. (B,C) represent the leaf area index of soybean at Xinxiang site in 2018 and 2019, respectively. (D) represents the dry matter weight of soybean at Suzhou site in 2018. (D,F) represent the dry matter weight of soybean at Xinxiang site in 2018 and 2019, respectively. 
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Figure 7. The effects of seeding management practices on photosynthetic rate (Pn) for soybean. IMP, integrated management practice; FP, farmers’ practice. The upper and lower box edges of the box represent the 25th and 75th percentiles of all the data, respectively; the bottom and top bars represent the 5th and 95th percentiles, respectively; the solid black dots are outlier. (A–D) and (E–H) represent Pn of soybean at Xinxiang site in 2018 and 2019, respectively. 
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Figure 8. The effects of seeding management practices on N2O emission intensity and greenhouse gas intensity of soybean production. IMP, integrated management practice; FP, farmers’ practice. The bottom and top bars of each dataset represent standard error. (A) represents the N2O emission intensity at Suzhou site in 2018. (B,C) represent the N2O emission intensity at Xinxiang site in 2018 and 2019, respectively. (D) represents the greenhouse gas intensity at Suzhou site in 2018. (E,F) represent the greenhouse gas intensity at Xinxiang site in 2018 and 2019, respectively. 
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Figure 9. Sensitivity indexes under different management practice (Pn, photosynthetic rate; LAI, leaf area index; DU, developmental uniformity; DR, development rate; RE, rate of emergence rate; ST, soil temperature; DMW, dry matter weight; RWC, relative water content). 
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Figure 10. A contrastive diagram for the two seeding management practices in soybean productivity. LAI, leaf area index. Pn, photosynthetic rate. 
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Table 1. Mean monthly air temperature and rainfall during the 2018–2019 growing season.
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Location

	
Growing Month

	
Air Temperature (°C)

	
Rainfall (mm)




	
2018

	
2019

	
2018

	
2019






	
Xinxiang, Henan Province

	
June

	
22.6

	
29.1

	
75.4

	
59.9




	
July

	
27.8

	
29.7

	
78.5

	
30.8




	
August

	
29.5

	
27.1

	
72.7

	
114.6




	
September

	
29.0

	
23.0

	
35.3

	
73.5




	
October

	
16.3

	
16.4

	
0.2

	
64.5




	
Suzhou, Anhui Province

	
June

	
26.3

	
-

	
69.6

	
-




	
July

	
28.3

	
-

	
129.3

	
-




	
August

	
27.8

	
-

	
452.4

	
-




	
September

	
22.3

	
-

	
16.7

	
-




	
October

	
15.9

	
-

	
0.6

	
-
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Table 2. Description of soybean seeding management practices.
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Treatment

	

	
Agricultural Inputs




	
Chemical Fertilizer

(kg ha−1)

	
Pesticides

(kg ha−1)

	
Fuel Consumption for

the Machinery(kg ha−1)

	
Power Consumption for Irrigation

(Kw h ha−1)




	
N

	
P2O5

	
K2O

	
Seeding

	
Straw Treatment

	
Harvesting






	
IMP

	
75

	
100

	
75

	
5

	
36

	
0

	
40

	
552




	
FP

	
75

	
100

	
75

	
5

	
30

	
50

	
40

	
552








IMP, integrated management practice; FP, farmers’ practice.
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Table 3. The effects of seeding management practices on soybean yield and yield components.
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Year

	
Exp. Site

	
Practice

Pattern

	
Plant Density

(104 plant ha−1)

	
Seeds Per Plant (No.)

	
100-Seed Weight (g)

	
Yield (kg ha−1)




	
Seeding

	
Harvesting






	
2018

	
Suzhou,

Anhui Province

	
IMP

	
24.0

	
22.4 a

	
65.8 a

	
23.7 a

	
3800.9 a




	

	
FP

	
24.0

	
18.6 b

	
48.8 b

	
22.8 a

	
2671.0 b




	
2018

	
Xinxiang,

Henan Province

	
IMP

	
27.0

	
22.7 a

	
124.8 a

	
15.8 a

	
4356.6 a




	

	
FP

	
27.0

	
20.6 b

	
114.1 b

	
15.3 b

	
3694.3 b




	
2019

	
Xinxiang,

Henan Province

	
IMP

	
29.4

	
26.0 a

	
107.8 a

	
21.6 a

	
4735.9 a




	

	
FP

	
29.4

	
20.4 b

	
88.3 b

	
20.3 b

	
3973.8 b




	
Analysis of variance

	
F value




	
Exp. site (E)

	
303.6 ***

	
1133.9 ***

	
537.8 *

	
208.8 ***




	
Treatment(T)

	
26.0 ***

	
85.1 ***

	
54.9 *

	
55.5 ***




	
E×T

	
8.8 **

	
5.5 *

	
1.8 ns

	
6.2 *








Values followed by the same letter within a column and year are not significantly different at p < 0.05 as determined by the LSD test. IMP, integrated management practice; FP, farmers’ practice. *, **, and *** indicate significance different at the 0.05, 0.01, and 0.001 probability levels, respectively, while ns indicates not significant different. Different letters within the values in each year indicate significant differences at the 0.05 probability level.
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Table 4. Results of the principal component analysis (PCA) about eight crop parameters.






Table 4. Results of the principal component analysis (PCA) about eight crop parameters.





	
Parameters

	
PCA

	
Communality




	
PC1

	
PC2






	
Photosynthetic rate (μmol CO2 m−2 s−1)

	
0.926

	
0.293

	
0.943




	
Leaf area index

	
0.877

	
−0.223

	
0.818




	
Developmental uniformity

	
0.997

	
−0.059

	
0.998




	
Development rate

	
0.299

	
0.953

	
0.996




	
Emergence rate

	
0.950

	
0.126

	
0.918




	
Surface temperature (°C)

	
−0.985

	
0.162

	
0.996




	
Dry matter weight (g)

	
0.898

	
−0.121

	
0.820




	
Relative water content (%)

	
0.986

	
−0.156

	
0.997




	
Principal component eigenvalue

	
6.360

	
1.127

	




	
Variance explained (%)

	
79.502

	
14.091

	




	
Cumulative variance explained (%)

	
79.502

	
93.593
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