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Abstract

:

This study aimed to explore the release rate (RR) of wheat straw nutrients during straw return to a paddy field and examined the possible relationship between wheat stalk shear strength and the content of the remaining components in wheat straw. We used the nylon mesh bag technique to study the decomposition of straw nutrients such as total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), total potassium (TK), lignin, and cellulose over time. During the time span of 0–90 days, results showed a rapid decomposition rate with a diverse trend under different tillage operations. Furthermore, the decomposition rate was higher under the plough (PRP) conditions than under dry conditions (RP) or water rotation (PR). Moreover, under PRP conditions, the RR of TOC, TK, lignin, and cellulose increased, while the RR of TK was higher than 95% initially and then increased slightly. However, the carbon to nitrogen ratio was first increased and then decreased; similarly the RR of TP first increased and then decreased; a fluctuating pattern was observed for TN. Additionally, we found a strong correlation between wheat stalk shear strength and the remaining contents of lignin, hemicellulose, and cellulose, with R2 ≥ 0.91, which was higher than 0.82 after computing adjustments. Furthermore, the changing trend of nutrients and components and the relationship between shear strength and the content of the remaining components in wheat straw were used to evaluate the release characteristics of nutrients under straw return. The potential effects of the straw shear strength on soil mechanical properties were determined, providing a remarkable opportunity for acquiring nutrients for sustainable application of soil.
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1. Introduction


The significance of straw return in improving soil nutrients and physicochemical properties is shown in the study on the decomposition characteristics of straw return. Being the largest agricultural country, China produces almost one-third of the total straw production around the globe [1]. As an abundant co-product of agricultural outputs, with a low calorific value and tough collection modes, straw is not fully used in people’s daily life [2]. In the field, straw is either burned, removed, piled, spread, incorporated in the soil, or mulched for the following crop. Inconvenient agricultural production systems (double cropping) have caused its limited utilization in the field. Summer rice and winter wheat cropping systems are used in the middle–lower reaches of Huaihe River in China, where rice quickly needs to be transplanted after wheat due to the variation tendency towards a high temperature [3]. That limits the time for ploughing and straw return. Furthermore, there are two types of straw return, i.e., direct and indirect. Direct straw return can save much time owing to lower costs and fewer operations compared with indirect return, which involves straw collection, transport, fermentation, and then recycling, etc. [4]. However, direct straw return has shortcomings in dual cropping systems. In dual (rice-wheat) cropping systems, the degraded (wheat) straw of the first crop during the rice-growing season relies entirely on the soil, even after the rice is harvested, which negatively influences the tillage operations and straw (rice) return of the next crop. Therefore, it is imperative to study the decomposition characteristics of direct straw return.



A plethora of research has been found in the literature about straw decomposition, concluding that the degradation process of straw happens slowly in the open environment compared with greenhouse experiments due to different atmosphere, rainfall, and soil physicochemical properties, as well as tillage and microorganisms in the soil [5]. Yan explored the decomposition characteristics of rice straw in Northeast China and found that P and K showed better performance at the initial stage, while N and OC showed better effects in the middle to end stage [6]. Nakajima et al. [7] considered CO2 release and soil organic matter improvement as parameters and found that higher temperature and moisture could accelerate the degradation process of straw at the studied farm. Zhao et al. [8] found that straw return with proper chemical fertilization degraded more quickly as compared to the process without chemical fertilization, considering CO2 release and other microorganisms. Pimental et al. [9] found that the decomposition rate of the second year was 25% higher than that of the first year, and the loss of OC and N in the 2nd year was 2 times than in the 1st year. At the end of the experiment, the content of cellulose and hemicellulose decreased by 13% and 7%, respectively, and the relative proportion of lignin compared with the total components increased to 92%. Cai et al. [10] found that the main factors that influenced the long-term decomposition of straw from wheat, corn, rice, soybean, and rape, etc., were temperature and straw quality. Different from previous results, the process of straw degradation was stimulated by mixing straw with biochar, or fertilizer from organic fertilizer or fermentation, or bacteria such as white-rot fungi and wood-rotting fungi [11]. Wang et al. [12] found that the degradation speed of straw was increased by the addition of biochar [13] or biogas fertilizer [14]. Conclusively, higher temperature and moisture were the main accelerating parameters of straw decomposition; moreover, the mixing of straw with biochar, fertilizer, or bacteria was also effective. P and K in straw are released during short-term straw return, while OC and N are released during long-term straw return. However, under field conditions, temperature and moisture cannot be controlled artificially, while mixing of fertilizer or bacteria could adversely affect the field ecosystems. Furthermore, straw could not be chopped or crushed for a long time due to harvesting loss and decreased production efficiency. Therefore, it is imperative to study the release characteristics of nutrients and components in the straw under natural environmental and prevalent tillage conditions, such as ploughing and rotation.



Straw mainly includes lignin, cellulose, hemicellulose, N, P, and K, etc. [15]. After the straw is returned to the soil, some nutrients are easily transformed into CO2 by mineralization of microorganisms in the soil. However, straw OC, which remains in the straw lignin, cellulose, and hemicellulose, remains in the soil for a longer time because macro-molecules such as lignin are not easily assimilated and transformed by bacteria in the soil [16]. The actualities mentioned above confirmed that the rest of the straw might have unique surface morphology and mechanical properties that might have a continuous effect on the tillage and soil compaction [17]. The changing content of straw lignin, cellulose, and hemicellulose can explain the decomposition characteristics of straw and may have some potential influences on the changing trend of straw mechanical properties. Hence, exploring the relationship between straw mechanical properties and changing content of components such as lignin is essential to indicate the decomposition performance and potential effects of straw shear strength on soil tillage and compaction. Therefore, this study was specifically designed to explore the release characteristics of single-season straw return and the relationship between shear strength and the remaining components of the wheat straw in the middle–lower reaches of Huaihe River, China. According to the best of the authors’ knowledge, no study was found in literature about nutrient release from the perspective of the nutrient source (straw return). Furthermore, the necessity of nutrients in a short-term dual cropping system highlights the requirement to determine the rate of nutrient release, as in a short time period, straw is not completely decomposed, which could affect the growth of the following crop. Therefore, this study intended to a provide scientific reference for wheat straw return to the soil.




2. Materials and Methods


2.1. Site Description


This study was conducted at Sihong county experimental farm, located at 118°15′21.90" E~118°15′42.38" E; 33°21′47.50" N~33°22′04.53" N, Suqian district, Jiangsu Province, China, during the rice-growing season, dated, 2018-06-30 to 2018-09-30. The site is located in the middle reaches of Huaihe River, 11.6 meters above sea level.



The study area situated in the East Asian monsoon region has a typical climatic transition characteristic with an average annual temperature of 14.6 ℃ and average annual rainfall of 893.9 mm, moreover, the extreme changes in temperature and rainfall during the experimental time span has been further depicted in Figure 1. Summer rice (June–October) and winter wheat (November–June) are the core cropping systems in the study area.




2.2. Test Method and Order


The single-factor method was adopted in this study, and the following steps were carried out.



	
On the 10th of June, 2018, Qianmai 088, a wheat variety, was harvested with a Kubota 588Q, but stalks were not chopped.



	
The wheat stalks were collected and transported to the warehouse where the stalks were air-dried in the naturally cool and ventilated environment until their qualities were constant (as moisture from the stalks was evaporated, the weight became constant and uniform).



	
The stalks were then artificially chopped into 15 cm lengths.



	
The chopped stalks were weighed and placed in nylon mesh bags (55 × 35 cm, 0.425 mm mesh), 400 g each.



	
The experimental field was subdivided into 7 subfields (1–7) as shown in Figure 2; a field without a number was not selected for the experiment. After wheat harvesting, subfields 3 and 6 were cleared from wheat stalk and stubble, while stalks were homogeneously placed on the rest of the fields. Furthermore, three tillage treatments were carried out, i.e., PRP (subfields 1, 2, and 3 were ploughed first; then, we used a rotary tiller and later puddled the fields for more than 40 h), RP (4, 5, and 6 were rotary tilled first and then puddled for more than 40 h), and PR (field 7 was puddled first for more than 40 h and then rotary tilled). Moreover, 1 and 4 were only treated with wheat straw return, and there was no other rice straw return in the previous season before wheat straw return, while the rest (2, 5, and 7) had alternate wheat and rice straw return in every season.



	
Nylon mesh bags were buried in the topsoil layer (5–20 cm depth); 6 bags were placed in each subfield. Therefore, a total of 30 bags were placed in the whole field. The bold vertical lines represent the location of nylon bags in each subfield (1, 2, 4, 5, and 7).



	
Finally, rice nursery seedlings were transplanted into the field on the 20th of June, 2018.



	
The buried straw samples were collected at different intervals of time as shown in Table 1. Only one bag was collected in every subfield at the sampling time and was used for the results presented for subfields (1, 2, 4, 5, and 7).







2.3. Test Parameters and Data Analysis


2.3.1. Test Parameters


Straw parameters included the physical and chemical index. The physical index is the straw shear strength force, calculated by using the following Equation (1):


  τ =  F  τ max   / A  



(1)




where τ is shear strength (MPa); Fτmax is the maximum shear force of wheat stalks, (N); A is the cross-sectional area of the wheat stalk (mm). Fτmax was measured by using the Food Texture Analyzer of series TMS-PRO, from Food Technology Corporation. The length and width of wheat stalks were measured by digital vernier calipers from Shanghai Meinette Industrial Co., Ltd.



Chemical indexes were the cumulative release rate of nutrients (OC, N, P, and K) and components (lignin and cellulose) and the remaining contents of lignin, cellulose, and hemicellulose.



Total organic carbon (TOC) in straw was measured both by oxidation with potassium dichromate and by titration with ferrous ammonium sulfate. Nutrients, including N, P, and K, were first measured by digestion with H2SO4-H2O2, and then total nitrogen (TN), total phosphorus (TP), and total potassium (TK) were measured by the Kjeldahl method, the Mo-Sb Anti-spectralphotometer method, and the flame photometry method, respectively [6]. Except for C (measured twice), these indexes were measured three times for one sample, and average values were calculated.



Lignin in straw was measured by the sodium thiosulfate titration method. Cellulose was measured by the anthrone (60%) sulfuric acid colorimetry method. Hemicellulose in straw was measured both by using hydrochloric acid hydrolysis and by DNS colorimetry [18]. These indexes were measured once in one sample by the Yizhiyuan Company.



The following Equation, (2), was used to calculate the release rate of nutrients or components in wheat straw:


  R R = (  m 0  −  m n  ) /  m 0  × 100 %  



(2)




where RR is the release rate of nutrients or components in wheat straw (%), m0 is the initial content of nutrients or components in wheat straw, mn is the nth sample content of nutrients or components in wheat straw, n is the nth collected sample. C:N is the ratio of the straw residual TOC to TN [6]. Additionally, Abbreviation of parameters has been further depicted in Appendix A Table A1.




2.3.2. Data Analysis


WPS Excel 2019 software (Kingsoft Office Corporation, Beijing, China)was used to analyse the data for nutrients, components, and shear strength, while SPSS 24 (IBM, Armonk, New York, USA)was used for statistical analysis (ANOVA of a single factor), and Origin 9.0(OriginLab Corporation, Northampton, Massachusetts, USA) was used for fitting analysis and graphics. Moreover, in fitting analysis, Origin calculated R2 and showed 2 values; one was the original, the other was the adjusted R2 (the value after Origin auto-deleted irrational values).






3. Results


3.1. Release Rate of Nutrients and Components under PRP Conditions


Table 2 shows the changing trend in the RR of nutrients and components over time under PRP conditions. Additionally, for the subfield, during the whole-time span of 0–90 days, the RR of TOC increased from 31.76% to 57.78% and oscillated on days 46 and 60. The RR of TN showed a fluctuating trend during the whole time span and decreased slightly at the end. The C:N ratio decreased from 259 to 238, rose to 255, and then gradually decreased to 158. The RR of TP rose from 47.03% to 52.31% and then quickly decreased to 25.44%, but the value was higher than the expected rising trend on day 60. From day 0–90, the RR of TK was higher than 96% and slowly increased from 96.48% to 98.75% from day 16–90. From day 0–90, the RR of straw lignin increased from 1.74% to 4.76%, but the values were lower than the rising trend on days 46 and 60. The RR of straw cellulose continually rose from 50.59% to 71.52% from day 0–90.



For subfield 2 in Table 2, from day 0–90, the RR of TOC increased and ranged from 36.07% to 58.55%, but the number was lower than the expected trend on days 30 and 46. From day 0–90, the RR of TN first increased from 43.18% to 47.79% and then decreased to 37.42%. The C:N ratio initially increased from 241 to 328 and then decreased to 142. From day 0–90, the RR of TP decreased from 75.03% to 30.02%, but the value was lower than the expected declining trend on days 46 and 60. From day 0–90, the RR of TK exceeded 95% and slowly increased from 95.34% to 98.87% from day 16–90, but the value was lower than the expected rising trend on day 46. From day 0–90, the RR of straw lignin slowly increased from 2.73% to 4.85%, but the values were lower than the rising trend on days 30 and 60. From day 0–90, the RR of straw cellulose continually rose from 46.47% to 70.84%, but the value was lower than the rising trend on day 60.



Conclusively, for both subfields under PRP conditions, we could say that from 0–90 days, the RR of TOC, TK, lignin, and cellulose increased, the RR of TK exceeded 95%, the C:N ratio and the RR of TN first increased and then decreased, and the RR of TP in subfield 2 constantly decreased.




3.2. Release Rate of Nutrients and Components under RP Conditions


Table 3 shows the changing tendency of the RR of nutrients and components over time under RP conditions. From the data of subfield 4, from 0–90 days, the RR of TOC increased from 17.85% to 53.89% with a lower number than expected. The highest value of TOC was observed on day 60. From 0–90 days, the RR of TN followed a zigzag path. First, it increased from 40 to 58%, decreased to 39% on day 46, then increased again, and finally decreased to 17.99%. The C:N ratio decreased from 295 to 138, but the value was lower than the expected declining trend on day 46. The RR of TP rose from 32.29% to 64.35% initially and then decreased to 5.90% sharply, but the value of the declining trend was found lower on day 60. From 0–90 days, with a slight fluctuation, the RR of TK stayed higher than 95%. Throughout 0–90 days, the RR of straw lignin first increased from 0.91% to 3.85% and then decreased to 2.94%. The RR of straw cellulose consistently rose from 37.88% to 64.98%, but the value was lower than the rising trend on day 75.



Furthermore, for subfield 5 in Table 3, from 0–90 days, the RR of TOC increased from 28.09% to 70.53% and then decreased to 56.17%. The RR of TN first rose from 54.36% to 57.50% and then decreased to 41.17%. With the same trend, the C:N ratio first increased from 335 to 349 and then decreased to 160. Similarly, the TP first increased (from 72.69 to 75.48%) and then decreased. The RR of TK was over 95% and gradually increased from 96.52% to 98.38%. The RR of straw lignin first increased from 1.24% to 5.16% and then decreased to 3.85%. From day 0–90, the RR of straw cellulose continually rose from 33.59% to 70.75%, but the value was higher than the rising trend on day 60.



Succinctly, in both subfields 4 and 5 under RP conditions, the RR of TK and cellulose incessantly increased, and the RR of TK remained over 95%, and the C:N ratio and the RR of TOC, TN, TP, and lignin in subfield5 initially increased and then decreased.




3.3. Release Rate of Nutrients and Components under PR Conditions


As we can see from the data of subfield 7 in Table 4, the RR of TOC and TN showed almost the same trend and increased initially from 16 to 30 days, then decreased and rose again from 46 to 60 days; the RR of TOC then decreased on the 75th day and increased again and ended at 52.10%, while the RR of TN decreased gradually and ended at 24.19%. The C:N ratio first increased from 218 to 297 and then decreased to 135. The RR of TP first increased from 43.30% to 76.17% and then decreased to 45.95%, but the value was lower than the expected declining trend on days 46 and 60. The RR of TK was over 94% and slowly increased from 94.23% to 98 ± 0.5% from 0–90 days, but the value was higher than an expected rising trend on day 30. The RR of straw lignin slowly increased from 1.23% to 5.50% and then decreased to 4.33%, but the values were lower than the rising trend on days 46 and 75. From day 0–90, the RR of straw cellulose first rose from 60.87% to 81.35% and then decreased to 66.65%, but the value was lower than the declining trend on day 75.



Concisely, in subfield 7, under PR conditions, the RR of TK continually increased and stayed over 94%, and the C:N ratio and the RR of TOC, TN, TP, lignin, and cellulose first increased and then decreased.




3.4. Relationship to Straw Shear Strength and Residual Content of Components under PRP Conditions


Figure 3 shows the relationship between straw shear strength and the residual content of components under the PRP condition. As depicted in Figure 3A,B, the relationship between straw shear strength and the residual content (RC) of lignin met the exponential decay (ExpDec1) fit (y = y0 + A1 × exp (-(x − x0)/t1)), and the coefficients of determination (R2) for subfields 1 and 2 were 0.93 and 0.94, respectively. After adjustment, the R2 of subfields 1 and 2 was 0.87 and 0.88, respectively. As presented in Figure 3C,D, the relationship between straw shear strength and the residual content (RC) of cellulose met the exponential growth (ExpGro1) fit (y = y0 + A1 × exp ((x − x0)/t1)), and the R2 of subfields 1 and 2 was 0.91 and 0.97, respectively. After adjustment, the R2 of 1 and 2 was 0.82 and 0.93, respectively. Figure 3E,F show the relationship between straw shear strength and the residual content (RC) of hemicellulose met the ExpDec1 fit (y = y0 + A1 × exp (− (x − x0)/t1)), and the R2 of subfields 1 and 2 was 0.91 and 0.93, respectively. After adjustment, the R2 of subfields 1 and 2 was 0.82 and 0.83, respectively.



Briefly, the relationship between straw shear strength and the RC of straw lignin and hemicellulose met the fit of ExpDec1, and the relationship between straw shear strength and the RC of straw cellulose met the fit of ExpGro1; their R2 was over 0.91, which showed a strong correlation. After adjustment, only the R2 of the relationship between straw shear strength and the RC of straw cellulose in subfield 2 was over 0.91.




3.5. Relationship between the Straw Shear Strength and Residual Content of Components under RP Conditions


Figure 4 shows the relationship between the straw shear strength and residual content of components under RP conditions. As shown in Figure 4A,B, the relationship between straw shear strength and the RC of lignin met the exponential decay (ExpDec1) fit (y = y0 + A1 × exp (-(x - x0)/t1)), and the R2 of subfields 4 and 5 was 0.91 and 0.95, respectively. After adjustment, the R2 of subfields 1 and 2 was 0.82 and 0.91, respectively. As shown in Figure 4C,D, the relationship between straw shear strength and the RC of cellulose met the exponential growth (ExpGro1) fit (y = y0 + A1 × exp ((x - x0)/t1)), and the R2 of subfields 4 and 5 was 0.91 and 0.95, respectively. After adjustment, the R2 of subfields 4 and 5 was 0.87 and 0.94, respectively. As shown in Figure 4E,F, the relationship between straw shear strength and the RC of hemicellulose met the ExpDec1 fit (y = y0 + A1 × exp (−(x − x0)/t1)), and the R2 of subfields 4 and 5 was 0.93 and 0.98, respectively. After adjustment, the R2 of subfields 1 and 2 was 0.87 and 0.94, respectively.



Conclusively, the relationship between straw shear strength and the RC of straw lignin and hemicellulose met the fit of ExpDec1, and the relationship between straw shear strength and the RC of straw cellulose met the fit of ExpGro1; their R2 was over 0.91, which showed a strong correlation. After adjustment, only the R2 of the relationship between straw shear strength and the RC of straw lignin, cellulose, and hemicellulose in subfield 4 was over 0.91.




3.6. Relationship between the Straw Shear Strength and Residual Content of Components under PR Conditions


Figure 5 shows the relationship between the straw shear strength and the residual content of components under PR conditions. As shown in Figure 5A, the relationship between straw shear strength and the RC of lignin met the exponential decay (ExpDec1) fit (y = y0 + A1 × exp (−(x − x0)/t1)), and the R2 of subfield 7 was 0.98. After adjustment, the R2 of field 7 was 0.95. As shown in Figure 5B, the relationship between straw shear strength and the RC of cellulose met the exponential growth (ExpGro1) fit (y = y0 + A1 × exp ((x - x0)/t1)), and the R2 of subfield 7 was 0.95. After adjustment, the R2 of field 7 was 0.88. As shown in Figure 5C, the relationship between straw shear strength and the RC of hemicellulose met the ExpDec1 fit (y = y0 + A1 × exp (−(x − x0)/t1)), and the R2 of subfield 7 was 0.97. After adjustment, the R2 of subfield 7 was 0.89.



Briefly, the relationship of the straw shear strength and the RC of straw lignin and hemicellulose met the fit of ExpDec1, and the relationship of the straw shear strength and the RC of straw cellulose met the fit of ExpGro1; their R2 value was higher than 0.95, which showed a strong correlation. After adjustment, only the R2 of the relationship between the straw shear strength and the RC of straw lignin and cellulose in subfield 7 was higher than 0.95.





4. Discussion


4.1. Analysis of the Dynamics of Straw TOC


The results above showed that from 0–90 days, the RR of the straw TOC increased under PRP conditions, while the RR of the straw TOC first increased and then decreased under RP and PR conditions. Contradictory, in the literature, the RR of the straw TOC continually increased or the values increased to peak number and then changed [19]. The difference exists because of the variations in test groups and nutrients, and components in straw were released during the test stage due to the variation in microorganism activities and the components of straw; hence, the RR of straw could differ significantly. Different tillage operations influenced the RR of the straw TOC. From the perspective of soil and its microorganisms, the PRP conditions might have deeply disturbed the soil [20], which led to the more significant changes in soil, creating more space in soil particles that enhances microorganism activities [21], while under RP and PR conditions, these activities are weaker due to less space. Moreover, during the rice growing season, more dry situations led to temporal and space changes in the field temperature [22] that might deter the activities of the microorganisms in the soil [23], which resulted in different decomposition of straw as observed for the lower RR under different tillage operations. In addition, different stages had different influences on the RR of the straw TOC. In the initial stage of return to the field, soil carbon and nitrogen are relatively high, microbial growth is active, promoting the degradation of straw organic carbon, and the value rises; as time goes on, microbial growth reaches a stable state, producing more humic acids and even inhibiting the further reproduction of microorganisms per unit volume, leading to the decline of the straw organic carbon degradation rate. From the view of straw nutrients and components, some nutrients such as protein, monosaccharide, oligosaccharide, and fructose were quickly released, which might occur during the initial or all test stages. In this study, collected samples included wheat stems and a few leaves. The content of these nutrients is very different in straw stalk, and the straw was buried in the soil (5–20 cm), which led to different microorganism activities, and then the RR of the straw TOC differed, so the nonuniform distribution of nutrients in straw might result in lower RR of straw TOC.




4.2. Analysis of the Dynamics of Straw TN


In previous studies, the RR of the straw TN showed a continuously increasing or fluctuating trend. Our findings are inconsistent with literature, the RR of TN first increased and then decreased under PRP, while the values fluctuated under RP and PR conditions. The reasons are the short experimental time period, the release of straw TN might be from some easily degradable proteins in the straw, the distribution of easily degradable nutrients and activities of nitrifying and denitrifying bacteria were very different in the distribution of the spatial and temporal components of soil [24], and the content of the amino acids or proteins in straw and soil changed with time and space [25].



Therefore, we could hypothesize that at the initial stage, the activities of nitrifying bacteria increased because of plentiful nutrients from straw return and soil, and the RR of the straw TN showed a rising trend. During the middle–end stage, the content of the amino acids or proteins in straw and soil after the action of nitrifying and denitrifying bacteria decreased, which led to a slight rising trend of the RR of the straw TN, and the release of TN stopped. As an important structural material of plants, nitrogen is decomposed into ammonia nitrogen and nitrate nitrogen, which are soluble in water by microorganisms. Wheat straw becomes heavier after absorbing water, and there is no large-scale flow in the water environment, which results in a slow loss of nitrogen from straw after release and slow degradation of nitrogen in straw in the later stage. Therefore, the above explanation could be reasonable for the change in the RR of the straw TN.




4.3. Analysis of the Dynamics of Straw C:N


For all tillage treatments, from 0–90 days, the C:N ratio of the wheat straw first increased and then decreased, but the C:N ratio of the straw was different under different tillage operations. The main reasons were the release rate of straw TN and TOC. During the initial stage, the straw TN and TOC were released to some extent, but the release rate of straw TN was higher than that of straw TOC. Moreover, the content of straw TOC was much higher than that of straw TN, so the C:N ratio would increase first during the initial stage, while the RR of straw TN was very slow or stopped during the middle–end stage, and the RR of the straw TOC was higher than that of the straw TN; therefore, these changes may lead to the decrease in the straw C:N ratio. The reasons for different C:N ratios under different tillage operations were that there were comprehensive effects of different soil structures, the distribution of microorganisms in the soil, and the changing trend of the straw nutrients and components during the straw decomposition. Under different tillage operations, different soil structures lead to different distributions of water, temperature, wheat straw, and microorganisms in the soil. Therefore, different distributions influenced the decomposition of the straw nutrients and components, which resulted in different C:N ratios under different tillage operations.




4.4. Analysis of the Dynamics of Straw TP


From 0–90 days, the RR of the straw TP continually decreased under PRP conditions, but under RP and PR conditions, it first increased and then decreased. The main reasons are related to the existing form of wheat straw and content of TP. Generally, the content of TP ranged from 0.20–0.50%, comparatively lower than the straw TN and TK. Additionally, the existing form is an organic form such as nucleic acids and phospholipids, etc. [26]. However, the straw TP in leaves or easily degradable parts would decompose rapidly. Hence this resulted in a higher value or the peak value of the RR of straw TP. Further, as these easily degradable parts decomposed, the residual TP was not released because the content of straw TP is low. Therefore, the RR of the straw TP may stop or decrease slowly.




4.5. Analysis of the Dynamics of Straw TK


For all tillage treatments and straw return modes, during the test stage, the RR of the straw TK exceeded 94% on day 16, and the values were over 94% from 16–90 days. The main reasons might be related to the field environment and existing form of straw TK. One reason is that TK in an inorganic form exists in wheat straw; the other is that all samples were soaked in the water environment of the soil. Hence, the straw TK could be rapidly released, which is consistent with a previous study [27].




4.6. Analysis of the Dynamics of Straw Components


The RR of the straw lignin and cellulose increased under PRP conditions; the RR of the straw lignin first increased and then decreased, and the RR of the straw cellulose increased under RP conditions. The RR of the straw lignin and cellulose first increased and then decreased under PR conditions. Moreover, the RR of the straw cellulose was 33.59–81.35%, and that of lignin was below 5.50%. This demonstrated that the changing trend of the RR of the straw lignin and cellulose was different among different tillage treatments for 0–90 days, and the release of the straw cellulose was easier than that of lignin. The reason may be a comprehensive result of tillage, straw, soil, straw return time, and atmosphere. There were different structural changes of the soil under different tillage operations [28], so these actions distributed the soil, moisture in the soil, and microorganisms. Besides, irrigation or soil drying in the field can also influence the temperature in the day or growing season. This showed the different decomposition performance of microorganisms in the wheat straw in the soil, as polymer compounds from the straw lignin, cellulose, and hemicellulose were not easily degraded owing to a complicated structure. Even in proper environments such as a proper temperature, bacterial colonies such as wood-rotting fungi and white rot fungi, and proper living environment for bacteria in the soil, the straw lignin, cellulose, and hemicellulose were released slowly. However, in the open field with artificial management, the release of the straw components was lower than that in the greenhouse with a controlled environment [29]. Hence, the different treatments of tillage, straw, soil, and changing atmosphere resulted in different decomposition performances under different treatments. However, the main reason might be different structures of the straw lignin, cellulose, and hemicellulose because cellulose is macromolecular polysaccharide and is easily decomposed compared with the straw lignin, which is an aromatic polymer and has a complicated structure. The straw lignin released slowly because the structure of straw lignin and its existing form varies in different parts of the straw due to the different methods of collecting lignin [30]. Lignin is the most stable component in straw and the main limiting factor of straw degradation. Compared with hemicellulose and cellulose, lignin has a complex and irregular molecular structure and is resistant to enzymatic hydrolysis. At the early stage of return to the field, the dense epidermis and vascular bundles in straw were relatively complete, the cell wall was thick, and the internal structure was tight. The encapsulation of lignin restricted the degradation of hemicellulose and cellulose by microorganisms. As a whole, the content of lignocellulose and hemicellulose, which are easy to degrade, changed in the middle and later stages of the reaction. Therefore, the RR of the straw cellulose was higher than that of the straw lignin.




4.7. Relationship Analysis Between Straw Shear Strength and the Residual Components


For all tillage treatments, from 0–90 days, the relationship of the straw shear strength—RC of lignin, shear strength—RC of hemicellulose, and shear strength—RC of cellulose followed exponential decay, exponential decay, and exponential growth equations, respectively, and their coefficients of determination (R2 ≥ 0.91) indicated a strong correlation. After computing adjustment, the R2 was higher than 0.82, showing a relationship between the straw shear strength and the components of the straw. Following the theory of material mechanical properties, the material mechanical properties are always related to the structure and components of the material itself [31]. In general, straw contains lignin, cellulose, hemicellulose, and other components or nutrients. Lignin as a fibrous component of the straw can strengthen the fibrous nature of the straw, hemicellulose is a heteropolymer composed of xylose, arabinose, and other monosaccharides, while cellulose is a macromolecular polysaccharide composed of glucose. Due to the structure and components of straw lignin, cellulose, and hemicellulose, cellulose is more easily degraded than the straw lignin and hemicellulose [32]. Moreover, lignin is an energy inactive substance that is not easy to degrade. Cellulose and hemicellulose are energy active substances, which are easy to degrade. The content of each component affects the degradation and mechanical properties of straw. At the initial stage of the reaction, the content of monosaccharide and other substances is high, the relative content of lignocellulose is low; it is not easy to degrade, and the shear strength is high. As time goes on, the residual content of lignocellulose and hemicellulose decreases, and the cellulose rises, resulting in different degradation activities and different shear strengths of straw. Therefore, after a period of straw return, glucose and amino acids were released completely [33]. Lignin, cellulose, and hemicellulose are also the main forms of the straw fiber, and the relationship between the straw shear strength and the RC of straw lignin has been shown [34]. After computing adjustment, most R2 values exceeded 0.82, but the relationship was slightly stronger under the open field conditions with many uncontrollable factors.





5. Conclusions


Our findings revealed that under different tillage treatments, the straw components and nutrients released quickly in the natural environment from 0–90 days without any additives such as biochar, organic fertilizer, etc. Furthermore, during this time span (0–90 days), the changing trend of the RR of straw nutrients (TOC, TN, TP, and TK) was observed, and in the release of straw components, the decomposition of straw lignin and cellulose happened under certain circumstances. Moreover, the release trend of the nutrients and components under direct straw return was different under different tillage treatments. Rapid decomposition of straw TN, TP, TK, lignin, and cellulose was observed under all three tillage treatments at the initial stage, while no or slightly increased decomposition occurred at the middle–end stage. Furthermore, the relationship with straw shear strength and the RC of straw lignin and hemicellulose fitted the ExpDec1, with R2>0.91, and showed a strong correlation. The adjusted R2 of the relationship between straw shear strength and the RC of straw lignin, cellulose, and hemicellulose exceeded 0.82. Hence, a rapid decrease of mechanical properties showed a lower potential effect on the tillage operations of the next wheat sowing season. Future research could be on the relationship between straw mechanical strength and chemical components to optimize the evaluation method of straw return, keeping the straw mechanical properties as parameters, because the traditional evaluation method for straw return is more strongly based on the chemical index.
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Table A1. Nomenclature.






Table A1. Nomenclature.





	No.
	Abbreviation
	Definition





	1
	TOC
	Total organic carbon



	2
	TN
	Total nitrogen



	3
	C:N ratio
	The ratio of organic carbon and total nitrogen



	4
	TP
	Total phosphorus



	5
	TK
	Total potassium



	6
	RR
	Release rate



	7
	RC
	Residual content



	8
	RPR
	Ploughing, rotary tiller, puddling



	9
	RP
	Rotary tiller, puddling



	10
	PR
	Puddling, rotary tiller
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Figure 1. Changes in maximum and minimum temperature and the rainfall grade during the experiment. 
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Figure 2. Schematic diagrams of the field. 
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Figure 3. Relationship between the straw shear strength and residual content of components under PRP conditions. Note: (A) subfiled1, fitting of Shear Strength and RC of Straw Lignin; (B) subfiled2, fitting of Shear Strength and RC of Straw Lignin ; (C) subfiled1, fitting of Shear Strength and RC of Straw Cellulose; (D) subfiled2, fitting of Shear Strength and RC of Straw Cellulose; (E) subfiled1, fitting of Shear Strength and RC of Straw Hemicellulose; (F) subfiled2, fitting of Shear Strength and RC of Straw Hemicellulose. 
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Figure 4. Relationship between the straw shear strength and residual content of components under RP conditions. Note: (A) subfiled4, fitting of Shear Strength and RC of Straw Lignin; (B) subfiled5, fitting of Shear Strength and RC of Straw Lignin ; (C) subfiled4, fitting of Shear Strength and RC of Straw Cellulose; (D) subfiled5, fitting of Shear Strength and RC of Straw Cellulose; (E) subfiled4, fitting of Shear Strength and RC of Straw Hemicellulose; (F): subfiled5, fitting of Shear Strength and RC of Straw Hemicellulose. 
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Figure 5. Relationships of straw shear strength and the residual content of components under PR conditions. Note: (A) subfiled7, fitting of Shear Strength and RC of Straw Lignin; (B) subfiled7, fitting of Shear Strength and RC of Straw Cellulose; (C) subfiled17, fitting of Shear Strength and RC of Straw Hemicellulose. 
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Table 1. Test stage and time.






Table 1. Test stage and time.





	
Sampling Number

	
Sampling Time

	
Test Stage






	
1

	
Day 0 (2018/06/30)

	
Initial stage

Initial stage

Initial stage




	
2

	
Day 0–6 (2018/07/16)




	
3

	
Day 16–30 (2018/07/30)




	
4

	
Day 30–46 (2018/08/14)

	
Middle stage

Middle stage




	
5

	
Day 46–60 (2018/08/29)




	
6

	
Day 60–75 (2018/09/13)

	
End stage

End stage




	
7

	
Day 75–90 (2018/09/28)
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Table 2. Release of nutrients and components of returned straw under PRP.
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Time/day

	
Subfield 1




	
C/%

	
N/%

	
C:N

	
P/%

	
K/%

	
L/%

	
Ce/%






	
16

	
31.76 ± 0.02e

	
43.54 ± 8.89a

	
259 ± 5ab

	
47.03 ± 5.32a

	
96.48 ± 0.10d

	
1.74

	
50.59




	
30

	
45.27 ± 0.06c

	
49.22 ± 15.34a

	
238 ± 53b

	
52.31 ± 25.46a

	
96.22 ± 0.66d

	
2.78

	
63.22




	
46

	
21.36 ± 0.09f

	
34.02 ± 9.23a

	
255 ± 8b

	
38.95 ± 4.34a

	
97.16 ± 0.05c

	
2.18

	
64.20




	
60

	
39.81 ± 0.01d

	
39.11 ± 7.75a

	
211 ± 7c

	
44.35 ± 19.31a

	
97.36 ± 0.12c

	
2.01

	
66.35




	
75

	
52.57 ± 0.07b

	
44.91 ± 11.65a

	
186 ± 23c

	
38.18 ± 33.53a

	
98.22 ± 0.17b

	
3.83

	
67.79




	
90

	
57.78 ± 0.06a

	
42.74 ± 10.51a

	
158 ± 7c

	
25.44 ± 22.03a

	
98.75 ± 0.04a

	
4.76

	
71.52




	
Time/day

	
Subfield 2




	
C/%

	
N/%

	
C:N

	
P/%

	
K/%

	
L/%

	
Ce/%




	
16

	
36.07 ± 0.02d

	
43.18 ± 8.12a

	
241 ± 7b

	
75.03 ± 11.30a

	
95.34 ± 0.03d

	
2.73

	
46.47




	
30

	
19.67 ± 0.19e

	
47.49 ± 8.51a

	
328 ± 4a

	
42.82 ± 9.47a

	
97.73 ± 0.07c

	
2.35

	
49.28




	
46

	
35.11 ± 0.09f

	
33.63 ± 10.49a

	
210 ± 6c

	
13.65 ± 31.30a

	
96.63 ± 0.16d

	
2.66

	
61.86




	
60

	
42.19 ± 0.04c

	
31.95 ± 10.67a

	
182 ± 9d

	
19.91 ± 14.27a

	
97.88 ± 0.14c

	
2.37

	
54.20




	
75

	
56.91 ± 0.05b

	
32.96 ± 7.91a

	
138 ± 2f

	
30.02 ± 31.90a

	
98.67 ± 0.04b

	
4.01

	
70.07




	
90

	
58.55 ± 0.04a

	
37.42 ± 8.75a

	
142 ± 3e

	
-

	
98.87 ± 0.04a

	
4.85

	
70.84








L—RR of straw lignin, Ce—RR of straw cellulose, - indicates data lost or scientifically deleted; values for the same parameter followed by different letters (a, b, c, d, e, f, etc.) are significantly different at p < 0.05.
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Table 3. Release of nutrients and components of returned straw under RP conditions.
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Time/day

	
Subfield 4




	
C/%

	
N/%

	
C:N

	
P/%

	
K/%

	
L/%

	
Ce/%






	
16

	
17.85 ± 0.07f

	
40.05 ± 3.37b

	
295 ± 28a

	
32.29 ± 26.69b

	
95.27 ± 0.23c

	
0.91

	
37.88




	
30

	
50.26 ± 0.03b

	
58.33 ± 8.02ab

	
255 ± 2b

	
64.35 ± 22.42a

	
98.43 ± 0.01bc

	
3.77

	
57.21




	
46

	
43.46 ± 0.07d

	
39.60 ± 8.34b

	
200 ± 5c

	
33.99 ± 10.21ab

	
97.40 ± 0.18c

	
2.77

	
61.55




	
60

	
53.89 ± 0.04a

	
53.46 ± 7.62ab

	
212 ± 6c

	
43.62 ± 11.61ab

	
98.89 ± 0.09a

	
3.85

	
63.66




	
75

	
36.42 ± 0.07e

	
27.54 ± 7.27bc

	
188 ± 6c

	
32.91 ± 8.64b

	
98.62 ± 0.05b

	
2.21

	
53.76




	
90

	
47.06 ± 0.06c

	
17.99 ± 8.18c

	
138 ± 4d

	
5.90 ± 0.37b

	
98.32 ± 0.06c

	
2.94

	
64.98




	
Time/day

	
Subfield 5




	
C/%

	
N/%

	
C:N

	
P/%

	
K/%

	
L/%

	
Ce/%




	
16

	
28.90 ± 0.01e

	
54.36 ± 5.11a

	
335 ± 26a

	
72.69 ± 16.18a

	
96.52 ± 0.11d

	
1.24

	
33.59




	
30

	
28.03 ± 0.12f

	
55.82 ± 7.60a

	
349 ± 3a

	
75.48 ± 29.51a

	
98.59 ± 0.17a

	
2.71

	
49.34




	
46

	
52.41 ± 0.00d

	
27.49 ± 10.81c

	
141 ± 6c

	
14.13 ± 13.29b

	
96.59 ± 0.14cd

	
3.23

	
58.23




	
60

	
70.53 ± 0.01a

	
57.50 ± 8.62a

	
149 ± 3bc

	
57.97 ± 14.86ab

	
98.88 ± 0.07a

	
5.16

	
73.34




	
75

	
52.59 ± 0.02c

	
33.78 ± 14.26bc

	
155 ± 18bc

	
8.48 ± 12.30b

	
98.74 ± 0.01a

	
3.46

	
62.02




	
90

	
56.17 ± 0.05b

	
41.17 ± 6.15abc

	
160 ± 8bc

	
27.46 ± 29.17b

	
98.38 ± 0.05b

	
3.85

	
70.75








L—RR of straw lignin, Ce—RR of straw cellulose, - indicates data loss or scientific deletion, values for the same parameter followed by different letters (a, b, c, d, e, f, etc.) are significantly different at p < 0.05.
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Table 4. Release of nutrients and components of returned straw under PR conditions.
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Time/day

	
Subfield 7




	
C/%

	
N/%

	
C:N

	
P/%

	
K/%

	
L/%

	
Ce/%






	
16

	
28.78 ± 0.05f

	
29.84 ± 8.71b

	
218 ± 4b

	
43.30 ± 25.67ab

	
94.23 ± 0.49d

	
1.23

	
60.87




	
30

	
56.64 ± 0.12b

	
68.75 ± 7.63a

	
297 ± 3a

	
76.17 ± 11.58a

	
99.05 ± 0.02a

	
5.50

	
81.35




	
46

	
48.07 ± 0.07d

	
37.89 ± 8.28b

	
179 ± 1b

	
26.27 ± 21.37b

	
97.61 ± 0.13c

	
3.86

	
74.97




	
60

	
63.79 ± 0.01a

	
42.71 ± 9.21b

	
137 ± 20b

	
37.97 ± 15.12ab

	
98.44 ± 0.04b

	
4.49

	
70.53




	
75

	
47.69 ± 0.03e

	
28.74 ± 9.03b

	
157 ± 1b

	
45.95 ± 37.49ab

	
98.43 ± 0.01b

	
2.70

	
58.89




	
90

	
52.10 ± 0.07c

	
24.19 ± 11.23c

	
135 ± 4b

	
-

	
97.98 ± 0.06c

	
4.33

	
66.65








L—RR of straw lignin, Ce—RR of straw cellulose, - indicates data loss or scientific deletion, values for the same parameter followed by different letters (a, b, c, d, e, f, etc.) are significantly different at p < 0.05.
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