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Abstract

:

Straw returning is of significant value for the sustainable development of agriculture, but it can easily cause the decrease of soil moisture content (SMC) and soil temperature (ST), leading to the serious reduction of maize emergence rate (MER). This paper focuses on the influence law and influence principle of straw returning amounts and residue cleaner on SMC, ST, and MER. This paper selected representative areas of China’s three major maize-producing areas as test sites to take two-factor tests. Four levels were selected with straw returning amounts of 30%, 50%, 70%, and 100%. Three types of residue cleaners were selected: corrugated disc (CD), profiling residue cleaner (PRC), and rotary blade (RB). The test results show that the test factors have significant effects on the test indicators, and there is an interaction between the test factors. However, due to the large difference in annual average temperature, the influence of test factors on ST in different major maize producing areas is not the same. In order to obtain the optimal combination of factors in the three major maize producing areas, the nine regression models and the combination of factors corresponding to the extreme values were obtained through MATLAB. The following conclusions are drawn from the regression models: The maize emergence rate reached 91.7% when using PRC, and the amount of straw returning was 52% at the Jilin Maize Production Area. The maize emergence rate reached 94.7% when using CD, and the amount of straw returning was 67% at the Heilongjiang Maize Production Area. The maize emergence rate reached 91.4% when using CD, and the amount of straw returning was 68% at the Inner Mongolia Maize Production Area. This paper discussed the principle that test factors have a significant impact on test indicators. It is believed that, because the test factors can change the residual cover thickness (RCT) and soil compactness (SC), they have a significant impact on SMC and ST. In addition, it is believed because the test factors can change SMC, ST and the difficulty of cleaning operations, they have a significant impact on MER. At the same time, the basis for selecting straw returning amounts and rescue cleaner under different conditions is discussed. This paper can provide theoretical support and data reference for the sustainable development of agriculture in China’s three major maize producing areas.
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1. Introduction


Straw returning means that more than 30% of the residue (stalk) covers the soil after harvesting [1,2]. It has the advantage of preventing soil erosion and increasing the soil organic matter content [3,4]. Therefore, straw returning is of great significance to the sustainable development of agriculture [5,6]. However, the residues covering the soil will impede the exchange of moisture and heat between the soil and the outside world [7], which will have great influences on the soil moisture content (SMC) and soil temperature (ST) during sowing [8]. There will be different SMC and ST values with different straw returning amounts [9,10]. Within a certain range, with the increase of SMC and ST, the transport ability of maize roots to organic matter and water is improved, the respiration of roots is enhanced, the accumulation of carbohydrates is increased, and the activity of microorganisms and enzymes in soil is enhanced [11,12]. In addition,, straw returning can affect the operation quality of the planter [13]. Therefore, if the straw returning amount is not appropriate, the emergence of various food crops, such as maize and soybean, will be difficult [14].



As a typical high-warmth and high-water crop [15,16], the growth of maize requires proper soil Zhengzhou, China moisture and soil temperature [16]. Therefore, if the selected straw returning amount and residue cleaner are unreasonable, the soil moisture content and soil temperature will be insufficient, which will seriously affect the growth of maize [17,18]. The Inner Mongolia Maize Production Area, the Heilongjiang Maize Production Area, and the Jilin Maize Production Area are the three largest maize producing areas in China. They are all located in the Phaeozem region of Northeast China, whose total output accounts for more than 40% of the country [19]. The three major maize producing areas in China are typical cold-temperate climates. Compared with China’s maize producing areas such as Central China, South China, and Northwest China, the temperature is lower and the rainfall is lower [20]. The average temperatures before spring planting (April) are 8.2, 10.1, and 13.8 °C, respectively [21,22,23]. The annual average precipitation is 582, 594, and 576 mm [21,22,23]. At present, is very little research on the influence of the straw returning amount on SMC and ST, and we are faced with a situation where the right straw returning amount cannot be chosen during spring sowing. The maize emergence rate (MER) has even dropped to 75% in some areas where straw returning was implemented [24,25]. Therefore only 15%–20% of the maize growing areas currently use straw returning [26,27]. In summary, it is really necessary to study the effect of the straw return amount on SMC, ST, and MER.



The generalization of any agriculture technique should be supported by matched agricultural equipment [28]. Residue cleaner is the most important agricultural equipment used in straw returning. It is used to clean up the residue and loose soil during sowing [29]. Thus, SMC, ST, and MER are affected by the use of different residue cleaners in sowing.



In all, we conducted a two-factor test at three sites, separately selected, in the three major maize producing areas, to study the effects of the straw returning amount and the type of residue cleaner used on SMC, ST, and MER. Regression models between straw returning amounts and MER were established under different residue cleaner conditions. The optimal straw returning amount and residue cleaner combination that produced the best emerging effect was identified. Our findings will accelerate the generalization of straw returning in China’s three major maize producing areas.




2. Materials and Methods


2.1. Site Description and Test Time


The soil moisture content (SMC) and soil temperature (ST) are affected by the straw returning amount and the type of residue cleaner. In addition, they are affected by the soil type and climate features, including the sowing temperature, annual sunshine hours, and annual precipitation [30]. Thus, when the test site was selected, its climate needed to be considered [31].



As shown in Table 1, the soil type in the three major maize producing areas is black clay, according to WRB classification. There is little difference in the annual sunshine time and annual precipitation in the three major maize producing areas. Taking the Inner Mongolia Maize Production Area as an example, there is a 200-hour difference between the two sites, with the largest difference being in annual sunshine hours. Additionally, there is only a gap of 42 millimeters between the two sites, with the largest difference being in annual precipitation.



There are large differences in the sowing temperature in the three major maize producing areas. The sowing temperature is 18% and 40% lower in the major producing areas of Inner Mongolia than in the other two major producing areas.



We selected one test site in each of the three major maize producing areas (Figure 1). The basis for selecting the test site is that the difference between the spring sowing temperatures of the test site and the major maize producing areas is not greater than 3%. The climate indicators of the three major maize producing areas in nearly 30 years are shown in Table 1. The climate indicators of the three test sites in nearly 30 years are shown in Table 2. Inner Mongolia Okun River farm (49.79 °N, 124.81 °E, altitude 387 mm) was selected as the test site of the Inner Mongolia Maize Production Area, referred to as N. Xiangfang farm (45.71 °N, 126.66 °E, altitude 152 m), was selected as the test site of Heilongjiang Maize Production Area, referred to as M. Experimental field of agricultural machinery (43.84 °N, 125.33 °E, altitude 152 m), was selected as the test site of the Jilin Maize Production Area, referred to as S. As shown in Table 1 and Table 2, the selected test site can represent the climate characteristics of the major maize producing area in which it is located. Therefore, the research findings from the test site are highly likely to apply to the major maize producing area where it is located.



The data presented in Table 3 were obtained on the day before the sowing operation, and they reflect the soil conditions. The soil temperature was measured by an 11,000 Temperature Gauge (Midwest company, USA). The soil moisture content was measured by the MS-350 Soil Moisture Content Tester (Spectrum company, USA). The soil compactness was measured by the SC-900 Soil Compactness Tester (Spectrum company, USA). The pH was measured by the HT-PHJ Soil Acidity Meter (Lubo company Qingdao, China). The Olsen-K, Olsen-P, organic matter, and total nitrogen content were all measured by the PJ-TQN all-round Soil Fertilizer Nutrient Speedometer (pengjian agricultural science and technology company, Zhengzhou, China). The pH, organic matter content, total nitrogen content, Olsen-K, and Olsen-P indicators in Table 3 indicate the acidity and alkalinity of the soil, as well as the contents of organic matter, N, P, and K in the soil. The above five indicators are affected by the type of fertilizer and the amount of chemical fertilizer applied [32], showing the fertility status of the soil [33]. When soil fertility is better, the maize emergence rate is higher [34]. The test instrument is shown in Figure 2.



To verify that the test data obtained in the spring of 2018 are representative, we compared the data obtained from the Statistical Yearbooks during spring sowing in 2018 with the average values of the past 30 years, including the sowing temperature and annual precipitation at three test sites. The annual sunshine hours and annual precipitation were relatively stable over the past 30 years, except for in 1990 and 1998. The sowing temperature in spring has slightly increased [21,22,23]. The annual precipitation was 593 mm, the annual number of sunshine hours was 2550 h, and the sowing temperature was 8.1 °C at test site N in 2018 [21,22,23]. The annual precipitation was 601 mm, the annual number of sunshine hours was 2600 h, and the sowing temperature was 10.3 °C at test site M in 2018 [21,22,23]. The annual precipitation was 595 mm, the annual number of sunshine hours was 2600 h, and the sowing temperature was 14.4 °C at test site S in 2018 [21,22,23]. The gap was less than 3% between the main climate indicators of the three test sites and their corresponding average values for the past 30 years (Table 2). Therefore, the test data for 2018 were deemed to be generally representative.




2.2. Experimental Design and Treatment Methods


The main problem faced by straw returning in the promotion of China’s three major maize producing areas is choosing a reasonable amount of straw returning and residue clearing [35,36], so this paper aims to study the effects of straw returning and residue cleaner on the SMC, ST, and MER. The definition of straw returning is to cover no less than 30% of straw on the soil [37]. Therefore, the straw returning amount must be greater than 30%. At the same time, residue cleaner must be used to clean the straw out of the seedling belt after the straw returning, to ensure that the seeds fall into the seed trench [38]. The three most common cleaning institutions in China’s three major maize producing areas were selected.



Two-factor multilevel tests were conducted at each test site. Four levels were selected with straw returning amounts of 30%, 50%, 70%, and 100%. Three types of residue cleaner were selected: corrugated disc (CD), profiling residue cleaner (PRC), and rotary blade (RB). First, 4 blocks were set at each test site, and then 3 plots were set in each block. Each plot was 6 ridges wide and 150 m long, with a width of 0.75 m per ridge. Each test plot and its corresponding factor combination is shown in Figure 3. The residue-cleaners and planters are shown in Figure 4.




2.3. Measurements


2.3.1. Soil Moisture Content (SMC)


The SMC has a significant impact on the respiration of crop roots, further affecting the emergence rate of maize [39], so the SMC was selected as one of the test indicators. The SMC was measured on the 15th day after sowing [40]. As shown in Figure 5, 5 points were randomly selected on the diagonal line of each plot, and the SMC of each point at a depth of 200 mm was detected by the MS-350 Moisture Meter (Spectrum company, USA, resolution: 0.1% VWC, accuracy: ±0.3% (EC < 2 mS/cm), range: 0–50%, power: 4 AA batteries, data capacity: 50,000 GPS data). Each point was detected 3 times, and the average value is obtained from 15 measured values, which was used as the SMC of the corresponding plot. Then, the average value and standard deviation of SMC of the corresponding plot were determined as follows:


     M   S  n k      ¯  =   ∑  i = 1  5     ∑  j = 1  3      M   S  n k i j       15        



(1)






   M   S  n k       ′  =     ∑  i = 1  5        (    ∑  j = 1  3      M   S  n k i j      3    −    M   S  n k      ¯   )   2   5       



(2)




where      M   S  n k      ¯   (%) is the average SMC in the    S  n k    .    M   S  n k       ′   (%) is the standard deviation of SMC in the    S  n k    .    M   S  n k i j      (%) is the j-th measurement value of the i-th test point in the    S  n k    .    S  n k     is the kth plot in the n-th block in the test site (Figure 3).




2.3.2. Soil Temperature (ST)


The ST has a significant impact on the enzyme activity of soil, further affecting the emergence rate of maize [41], so the ST was selected as one of the test indicators. The ST was measured on the 15th day after sowing [40]. As shown in Figure 5, 5 points were randomly selected on the diagonal line of each plot, and the ST of each point at a depth of 200 mm was detected by the 11,000 ST Meter (Midwest company, USA, range: –40 to 150 °C, accuracy: ±0.5 °C, resolution: 0.1 °C, battery: 1.5 V button battery). Each point was detected 3 times, and the average value is obtained from 15 measured values, which was used as the ST of the corresponding plot. Then, the average value and standard deviation of the ST of the corresponding plot were determined as follows:


     T   S  n k      ¯  = =   ∑  i = 1  5     ∑  j = 1  3      T   S  n k i j       15        



(3)






   T   S  n k       ′  =     ∑  i = 1  5        (    ∑  j = 1  3      T   S  n k i j      3    −    T   S  n k      ¯   )   2   5       



(4)




where      T   S  n k      ¯   (℃) is the average ST value in the    S  n k    .    T   S  n k       ′   (℃) is the standard deviation of the ST in the    S  n k    .    T   S  n k i j      (℃) is the j-th measurement value of the i-th test point in the    S  n k    .    S  n k     is the k-th plot in the nth block in the test site (Figure 3).




2.3.3. Maize Emergence Rate (MER)


Reduction of the maize emergence rate is the worst impact during straw returning in China’s three major maize producing areas [42], so MER is regarded as the most important evaluation indicator. As shown in Figure 6, The planter was operated three times in each plot during sowing with an advanced distance of 50 m each time. The first 10 m and the last 10 m of each operation were used as speed adjustment areas, and the rest of the area was used as the data-required area. During the tests, the planter was driven by a John Deere 1204 tractor, and the running speed was 6–8 km/h, which is often adopted in maize sowing works in this region. The maize emergence time in China’s three major producing areas does not exceed 15 days, so the MER was detected on the 15th day after sowing [43]. Then, the average values and standard deviations of MER of the corresponding plots were determined as follows:


   E   S  n k i     =    N   S  n k i         30  L  × 6   × 100 %  



(5)




where    N   S  n k i       is the number of emergences after the i-th operation of the planter in Zone    S  n k    . L(m) is the maize plant spacing. The length of the test area was 30 (m). The number of ridges was 6.    S  n k     is the k-th plot in the n-th block in the test site (Figure 3).


     E   S  n k      ¯  =   ∑  i = 1  3      E   S  n k i      3     



(6)






   E   S  n k       ′  =     ∑  i = 1  3        (   E   S  n k i     −  E   S  n k      )   2   3       



(7)




where      E   S  n k      ¯   (%) is the average MER in the    S  n k    .    E   S  n k       ′   (%) is the standard deviation of MER in the    S  n k    .    E   S  n k i      (%) is the MER after the i-th operation of the planter in the    S  n k    .    S  n k     is the k-th plot in the n-th block in the test site (Figure 3).




2.3.4. Other Indices


Residual Cover Thickness (RCT)


We suspect that the RCT may have an impact on the SMC and ST, because the straw remaining on the soil will also absorb heat and moisture [44]. The RCT was detected on each plot after sowing. As shown in Figure 5, 5 points were randomly selected on the diagonal line of each plot. The cover thickness at each point was measured by using digital images. As shown in Figure 7, the RCT was determined in MATLAB by using the threshold analysis of images, and the average value of 5 points was used as the RCT of the corresponding plot:


     H   S  n k      ¯  =   ∑  i = 1  5      H   S  n k i      5     



(8)






   H   S  n k       ′  =     ∑  i = 1  5        (   H   S  n k i     −  H   S  n k      )   2   5       



(9)




where      H   S  n k      ¯    (mm) is the average RCT in the    S  n k    .    H   S  n k       ′    (mm) is the standard deviation of the RCT in the    S  n k    .    H   S  n k i       (mm) is the RCT after the i-th operation in the    S  n k    .    S  n k     is the k-th plot in the n-th block in the test site (Figure 3).




Soil Compactness (SC)


The SC represents the degree of soil porosity [45], so we believe that the SC may have an impact on the SMC, ST, and MER. The SC was measured on the 15th day after sowing. As shown in Figure 5, 5 points were randomly selected on the diagonal line of each plot, and the SC of each point at a depth of 200 mm depth was detected by the SC-900SC detector (Spectrum company, USA, range: 0–450 mm, pressure range: 0–2 Mpa, accuracy: 0.01 Mpa, conical head diameter: 12.827 mm, power: 4AA batteries). Each point was detected 3 times, and the average value is obtained from 15 measured values, which was used as the SC of the corresponding plot. Then, the average value and standard deviation of SC of the corresponding plots were determined as follows:


     C   S  n k      ¯  =   ∑  i = 1  5       ∑  j = 1  3      C   S  n k i j      3     5    =   ∑  i = 1  5     ∑  j = 1  3      C   S  n k i j       15        



(10)






   C   S  n k       ′  =     ∑  i = 1  5        (    ∑  j = 1  3      C   S  n k i j      3    −    C   S  n k      ¯   )   2   5       



(11)




where    C   S  n k       ′    (MPa) is the average SC in the    S  n k    .    C   S  n k       ′    (MPa) is the standard deviation of SC in the    S  n k    .    C   S  n k i j       (MPa) is the j-th measurement value of the i-th test point in the    S  n k    .    S  n k     is the kth plot in the n-th block in the test site (Figure 3).






2.4. Statistical Analyses


Analysis of variance (ANOVA), Least Significant Difference (LSD), regression analysis, and Goodness of Fit (GOF) were used in this paper to analyze the statistical data. ANOVA was used to analyze the variance of the obtained data and determine whether the test factors significantly impacted the test indicators. LSD was mainly used to determine whether there were significant differences among the different levels of one test factor and to compare the averages of different levels. The regression analysis was used to build regression models and find theoretical optimal values. The fitness and the significance of the regression equation were tested by the GOF and ANOVA, respectively.





3. Results


The analysis of variance (ANOVA) results of the variables with the respective average values and the results of F-tests are shown in Table 4. The results of F-tests shown in Table 4 were used to determine whether the test factors (SRA and RC) have significant effects on the test indicators (SMC, ST, and MER). The test factors all had significant effects on the test indicators, and there was an interaction between each two test factors.



3.1. Effects of SRA and RC on SMC


The ANOVA showed that the straw returning amount significantly affected the SMC (Table 4). The effect of the straw returning amount on SMC in the three major producing areas is roughly the same. The Least Significant Difference (LSD) analysis showed that SMC increased as the straw returning amount increased when the straw returning amount was 30%, 50%, and 70% (Figure 8). However, no significant difference was observed between straw returning amounts of 70% and 100% (Figure 8). The RCT increased as the straw returning amount increased (Table 4). The results show that the straw returning amount had a significant influence on the SMC, as it was found to affect the RCT. Though the residual cover cannot fully block water dissipation, it can decrease the speed of soil water dispersion within a certain range. The above results show that there is a straw returning amount threshold. When the straw returning amount is less than the threshold, SMC is significantly affected. ZhiQing Zhang’s research in the Greater Xing’an Mountains also obtained a similar result [46].



The above results are not fully consistent with the findings of Zhao Hongbo et al. from the province of Hebei [47], which indicated that the SMC always increases as the straw returning amount increases. This inconsistency may be attributed to the differences in maize planting modes between Hebei and the three major maize producing areas. The average planting density of the three major maize producing areas is 1.3 times that of Hebei [48]. The average diameters of maize stalks are 28 and 22 mm in the three major maize producing areas and Hebei [48,49], respectively. When the straw returning amount exceeded 70%, the RCT in the three major maize producing areas was already larger than that of full return in Hebei.



The residue cleaner significantly affected the SMC, as determined by the ANOVA (Table 4). The Least Significant Difference (LSD) analysis showed that SMC varied in the order RB < CD < PRC when the straw returning amount was 30% (Figure 9). The SMC varied in the order RB < PRC < CD when the straw returning amount was 50%, 70%, and 100% (Figure 9). SC varied in the order RB > CD > PRC and RCT varied in the order RB > PRC > CD, as shown in Table 4. Wang qingjie ’s research also obtained a similar result [50]. Our results showed that the residue cleaner had a significant influence on the SMC, as it can affect the RCT and SC. The speed of soil water dispersion was affected by the RCT and SC, especially by the RCT when the straw returning amount was more than 50% and the SC when the straw returning amount was 30%. When the straw returning amount was more than 50%, the trend of the SMC was same as that of the RCT, which was RB < PRC < CD. When the straw returning amount was 30%, the trend of the ST was the same as that of the SC, which was RB > CD > PRC.




3.2. Effects of SRA and RC on ST


The straw returning amount significantly affected the ST, as shown by the ANOVA (Table 4). The Least Significant Difference (LSD) analysis showed that the ST increased as the straw returning amount increased at test sites N and M, while the ST declined as the straw returning amount increased at test site S (Figure 10). The results show that the RCT increased as the straw returning amount increased, and this may have inhibited the heat exchange speed between the soil and the outside. Residues can prevent the soil from losing heat under relatively low air temperatures, while absorbing heat under relatively high air temperatures. The temperature at test sites N and M was lower than that at test site S. Therefore, straw returning is more effective for preventing soil from losing heat at test sites N and M than at test site S.



The residue cleaner significantly affected the ST, as shown by the ANOVA (Table 4). The Least Significant Difference (LSD) analysis showed that the ST varied in the order RB > CD > PRC when the straw returning amount was 30% (Figure 11). The ST varied in the order RB > PRC > CD when the straw returning amount was 50%, 70%, and 100% (Figure 11). The residue cleaner affected ST through changing the RCT and SC. After springtime sowing, the use of residue cleaner can decrease the RCT and SC, accelerating the heat absorption speed of soil. Thus, as shown in Table 4, RB had the most significant influence on decreasing the RCT and SC. ST had the highest value after working with RB. The ability of PRC to decrease the RCT was better than that of CD, while PRC decreased the SC to a lesser extent than CD. When the straw returning amount was more than 50%, ST varied in the order PRC > CD. When the straw returning amount was 30%, ST varied in the order PRC < CD.




3.3. Effects of SRA and RC on the MER


The straw returning amount significantly affected the MER, as shown by the ANOVA (Table 4). The effect of the straw returning amount on MER in the three major producing areas is roughly the same. The Least Significant Difference (LSD) analysis showed that MER first rose and then declined as the straw returning amount increased (Figure 12). The MER had the highest value when the straw returning amount was 70% at sites N and M and when it was 50% at site S (Figure 12). The results show the same MER trend with an increase in the straw returning amount at all test sites. This is similar to Hongwen Li’s study conclusion in the province of Shanxi [51]. However, different straw returning amounts were found to be optimal at different test sites, which is similar to the study conclusion obtained by Xu Ying [52]. We believe that the reason for this may be the different temperature conditions.



The residue cleaner significantly affected the MER, as shown by the ANOVA (Table 4). The Least Significant Difference (LSD) analysis showed that, when the straw returning amount was 30%, 50%, or 70%, the MER varied in the order CD > PRC > RB at test sites N and M, while it varied in the order PRC > CD > RB at test site S (Figure 13). When the straw returning amount was 100%, the MER varied in the order RB > PRC > CD at all test sites (Figure 13).



The results above show that the MER was not only affected by the SMC and ST, but it was also affected by the quality of sowing. The larger the RCT is, the more difficult the planter operation is. SMC had the lowest value after working with RB. However, when only RB was selected, the RCT was effectively decreased with a straw returning amount of 100%, so the sowing quality was the best. All residue cleaners had great effects on the sowing quality, and the MER was affected by the SMC and the ST when the straw returning amount was less than 70%. Different SMC and ST values were obtained with different residue cleaners. So, the best residue cleaner was different at different test sites.



To find the best combination of the straw returning amount and residue cleaner in the three largest maize producing areas in China, the test data were imported into MATLAB for regression analysis, and the regression model (Equation (12)) between SRA and MER was obtained under different RC conditions. Also, significance tests were performed for nine models by Goodness of Fit (GOF) and F-test analyses. The F-values and correction coefficients (R2) of the nine regression models are shown in Table 5. The R2 is close to 1, and the P-value corresponding to the value of F is less than 0.01, which indicates that the nine regression models (Equation (12)) all have high levels of reliability and fitness. The regression curve is shown in Figure 14.



In all, the best combination of MER was 68% + CD, 67% + CD, and 52% + PRC, respectively, at sites N, M, and S. The MER values were 91.4%, 94.7%, and 91.7%, respectively. The conclusions above can be used to guide the straw returning operation in the three major maize producing areas.


   [      M E  R  S − R B         M E  R  S − C D         M E  R  S − P R C         M E  R  M − R B         M E  R  M − C D         M E  R  M − P R C         M E  R  N − R B         M E  R  N − C D         M E  R  N − P R C        ]  =  [      0.2992     − 6.325     41.141     − 2.475       0.2462     − 5.5929     37.63     7.6       0.243     − 5.6821     39.151     7.225       − 0.2036     3.3786     − 14.254     88.15       − 0.2618     3.8393     − 14.837     99.225       − 0.2244     3.5536     − 15.333     98.875       − 0.2201     3.7393     − 16.628     89.975       − 0.2643     3.8643     − 14.814     96.2       − 0.2087     3.2179     − 13.067     91.475      ]  ×  [       x 3         x 2       x     1     ]   



(12)




where x(%) is straw returning amount,   M E  R  N − R B    (%) is MER after RB operation in area N,    M E  R  N − C D    (%) is MER after CD operation in area N,    M E  R  N − P R C    (%) is MER after PRC operation in area N,   M E  R  M − R B    (%) is MER after RB operation in area M,    M E  R  M − C D    (%) is MER after CD operation in area M,   M E  R  M − P R C    (%) is MER after PRC operation in area M,   M E  R  S − R B    (%) is MER after RB operation in area S,   M E  R  S − C D    (%) is MER after CD operation in area S, and   M E  R  S − P R C    (%) is MER after PRC operation in area S.





4. Discussion


This study helps to reveal the principle that the straw returning amount and the residue cleaner have a significant effect on SMC, ST, and MER. It was observed that, when two test factors are combined differently, different RCT and SC values were generated, which is likely to be the root cause of the significant influence of the test factors on the test indicators. Straw covers on the soil has the effect of hindering the exchange of heat and moisture between the soil and the outside world, so when RCT is larger, the exchange rate gets lower. Zhang Wenli also came up with similar views in the study of the relationship between straw returning and soil respiration [53]. The SC value can reflect the size of the soil porosity. When SC goes lower, the soil porosity gets larger, and the exchange rate of heat and moisture increases. Yu Xin also came up with similar views in the study of the relationship between different tillage methods and soil properties [54]. It is furtherly discovered that RCT is determined by the straw returning amount and the residue cleaner. It explains why there was an interaction between each pair of test factors. When the straw returning amount is larger, the residue cleaner’s ability to clean up the straw is worse, causing the RCT to get larger. At the same time, SC is only determined by the residue cleaner. The stronger the loose soil capacity of the residue cleaner, the smaller the SC is. It is believed because the test factors can change RCT and SC, they have a significant impact on SMC and ST.



This study discovered that, because the test factors can change SMC and ST, they have a significant impact on MER. Zhang Dejian also came up with similar conclusions in the study of the relationship between soil physical properties and MER [55]. It is furtherly discovered that, while RCT has a significant impact on SMC and ST, it will also change the difficulty of cleaning operations. When RCT is too large, seeds are too difficult to fall into the seed trench, causing the decrease of MER [38]. It explains the MER was not only affected by the SMC and ST, but it was also affected by the quality of sowing. This paper also validates this view by combining the optimal factors derived from the regression model. For example, when returning amount is 100%, SMC and ST are both the largest, while MER is relatively low in test site N and M. When returning amounts are respectively 68% and 67%, MER is the largest in test site N and M. It is believed that, because the test factors can change SMC, ST, and the difficulty of cleaning operations, they have a significant impact on MER.



In summary, to obtain a greater MER, climate characteristics of different corn production areas and the performance of residue cleaner should be considered when a combination of factors are selected. Take the Inner Mongolia Maize Production Area and Heilongjiang Maize Production Area as examples; their temperature and precipitation are low [21,22,23], and the exchange of heat and moisture is mainly based on the trend that soil loss to the outside world. The combination of test factors in the above two major producing areas should be able to obtain greater RCT and SC. All residue cleaners had great effects on the sowing quality, when the straw returning amount was less than 70%. Therefore, the straw returning amount should be relatively high, but should not be higher than 70%. This paper found that, when the straw returning amount is greater than 30%, the impact of RCT on SMC, ST and the difficulty of cleaning operations is greater than that of SC. Compared to PRC and RB, the lateral force applied to the straw during CD operation is the smallest, and the cleaning ability is the weakest. Therefore, in order to improve SMC and ST, CD should be selected as much as possible in the above two major producing areas. The precipitation is low in the Jilin Maize Production Area, but it has a higher temperature than the other two producing areas. Water in the soil continues to evaporate, and the heat is absorbed. Therefore, the straw returning amount selected in the Jilin Maize Production Area should be lower than the other two producing areas. At the same time, in order to accelerate the promotion of soil temperature after spring sowing, the PRC should be chosen which has better cleaning ability and lowest soil-loss ability. The above discussion applies to the case where the straw returning amount can be freely selected. At present, there are few straw-picking machines in China’s three major maize producing areas, so that straw returning amount in some areas has to be chosen as 100%. In these areas, the RB with the strongest cleaning ability should be chosen.




5. Conclusions


Choosing a suitable straw returning amount and residue cleaner can effectively improve the soil moisture content, soil temperature, and maize emergence rate during straw returning. Comparative experiments were conducted with three kinds of residue cleaner under four different straw returning amounts in China’s three largest maize producing areas to reveal the influences of the straw returning amount and type of residue cleaner on the soil moisture content, soil temperature, and maize emergence rate. This study was based in China’s three largest maize producing areas. Due to the relationship between climate and site, three farms that represent the overall climate situation of three major maize producing areas were selected as test sites.



The straw returning amount and type of residue cleaner were shown to have significant effects on the SMC, ST, and MER in the three largest maize producing areas in China. An increase in the straw returning amount was shown to significantly increase the SMC when the straw returning amount was less than 70% in China’s three largest maize producing areas. An increase in the straw returning amount significantly increased the ST in the Inner Mongolia maize producing area and Heilongjiang maize producing area test sites, while it decreased the ST at the Jilin maize producing area test site. An increase in the straw returning amount will also increase the RCT, resulting in a decline in the residue-cleaner working quality, which decreases the MER. Therefore, there should be an extreme point in the straw returning amount so that the MER reaches a maximum value.



After springtime sowing, residue cleaner can decrease the RCT and SC so that the heat-absorption speed of soil is accelerated. In this study, the residue cleaner affected the ST by changing the RCT and SC. The influence of the residue cleaner on the clearing performance was significantly different with different straw returning amounts. Therefore, the best combination of test factors should be used in the three largest maize producing areas in China.



Therefore, in order to obtain a better maize emergence rate, a reasonable straw returning amount and a suitable residue cleaner should be selected. The most optimal combinations of test factors were determined by establishing a regression model of the straw returning amount and the MER with different residue cleaners. In the Jilin maize producing area, when the straw returning amount was 52% and PRC was used as the residue cleaner, the MER was estimated to be 91.7%. In the Heilongjiang maize producing area, when the straw returning amount was 67% and CD was used as the residue cleaner, the MER was estimated to be 94.7%. In the Inner Mongolia maize producing area, when the straw returning amount was 68% and CD was used as the residue cleaner, the MER was estimated to be 91.4%. At present, the straw returning amount is commonly accepted as 100% in China’s three major maize producing areas. The highest MER will occur when RB is used as the residue cleaner, based on the conditions above.



This work will accelerate the popularization of straw returning into China’s three major maize producing areas and promote sustainable agriculture development there.
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Figure 1. Location of three test sites. The Okun river farm with the closest climate indicators to the Inner Mongolia major maize producing area in the past 30 years was selected. The Xiangfang farm with the closest climate indicators to the Heilongjiang major maize producing area in the past 30 years was selected. The Jilin farm with the closest climate indicators to Jilin major maize producing area in the past 30 years was selected. 
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Figure 2. Soil condition testing. (a) Soil moisture content field indicator measurement. (b) MS-350 Moisture Meter (Spectrum, USA). (c) Soil-temperature field indicator measurement. (d) A 11,000 Temperature Gauge (Midwest company, USA). (e) Soil compactness field indicator measurement. (f) SC-900 Soil Compactness Tester (Spectrum, USA). (g) CT-8022 pH meter (Lubo company, Qingdao). (h) PJ-TQN all-round Soil Fertilizer Nutrient Speedometer (Zhengzhou pengjian agricultural science and technology). 
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Figure 3. Corresponding distribution map of each test plot and its factor combination. Taking test site S as an example, straw returning amount level was chosen for each block, such as 30% in test block S1. Each block is divided into 3 plots. Each test plot corresponds to a combination of test factors. For example, test plot S11 corresponds to the combination of 30% + CD. 
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Figure 4. Residue-cleaners and planters used in the test. PRC and CD were installed on the Kangda 2BDM-6 No-tillage Planter during the test. RB was installed on the 2BGH-6 Rotary Tillage- planter during the test. 






Figure 4. Residue-cleaners and planters used in the test. PRC and CD were installed on the Kangda 2BDM-6 No-tillage Planter during the test. RB was installed on the 2BGH-6 Rotary Tillage- planter during the test.



[image: Sustainability 11 05796 g004]







[image: Sustainability 11 05796 g005 550] 





Figure 5. Point selection: schematic diagram of the test plot used for detecting the soil moisture content (SMC), soil temperature (ST), soil compactness (SC), and residual cover thickness (RCT). As shown in the figure, five points were randomly taken on the diagonal of each plot. For example, Ms1112 is the second measurement value of the first test point in plot S11. 
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Figure 6. The schematic diagram of the maize emergence rate (MER) measurement method. As shown in the diagram, the planter operated three times in each plot. For example, Es111 is the emergence rate of the first seeding operation in plot S11. 
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Figure 7. Measurement of the residual cover thickness (RCT) by using MATLAB: (a) photo of the measured area of straw; (b) using Matlab to process the photo and get the RCT. 
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Figure 8. Effect of straw returning amount on SMC under different residue cleaner. Averages followed by different lowercase letters are significantly different according to LSD’s multiple range test at the significance level of 0.05. Error bars are standard deviation. 
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Figure 9. Effect of residue cleaner on SMC under different straw returning amount. Averages followed by different lowercase letters are significantly different according to LSD’s multiple range test at the significance level of 0.05. Error bars are standard deviation. 
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Figure 10. Effect of straw returning amount on ST under different residue cleaner. Averages followed by different lowercase letters are significantly different according to LSD’s multiple range test at the significance level of 0.05. Error bars are standard deviation. 
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Figure 11. Effect of residue cleaner on ST under different straw returning amounts. Averages followed by different lowercase letters are significantly different according to LSD’s multiple range test at the significance level of 0.05. Error bars are standard deviation. 
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Figure 12. Effect of straw returning amount on MER under different residue cleaner. Averages followed by different lowercase letters are significantly different according to LSD’s multiple range test at the significance level of 0.05. Error bars are standard deviation. 
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Figure 13. Effect of residue cleaner on MER under different straw returning amounts. Averages followed by different lowercase letters are significantly different according to LSD’s multiple range test at the significance level of 0.05. Error bars are standard deviation. 
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Figure 14. Regression curves between the straw returning amount and MER at different test sites with different residue cleaners. The optimal values of test points N, M, and S should be obtained in the curves of M-CD, N-CD, and S-PRC. 
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Table 1. Soil type, values of sowing temperature, and annual precipitation of three major maize producing areas for nearly 30 years [21,22,23].
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Area

	
Annual Sunshine Hours (h)

	
Annual Precipitation (mm)

	
Sowing Temperature (℃)

	
Soil Type




	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	






	
Inner Mongolia Maize Production Area

	
2500

	
2350

	
2550

	
582

	
601

	
559

	
8.2

	
9.0

	
7.8

	
black clay




	
Heilongjiang Maize Production Area

	
2500

	
2400

	
2600

	
594

	
612

	
568

	
10.1

	
10.8

	
9.5

	
black clay




	
Jilin Maize Production Area

	
2550

	
2500

	
2700

	
576

	
605

	
561

	
13.8

	
14.2

	
13.2

	
black clay








The data in the table are from Inner Mongolia Statistical Yearbook 2018, Heilongjiang Province Statistical Yearbook 2018 and Jilin Province Statistical Yearbook 2018. The values in the table are the average of all farms in each major maize producing area in nearly 30 years.
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