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Abstract

:

The utilization of crop straw resources has been highly emphasized by governments and academia in recent decades. The growing importance of straw decomposition in the wheat-maize rotation system and the remarkable diversity of accumulated information on this topic inspired us to quantitatively explore variations in the outcomes of individual studies. We conducted a data analysis of 46 experimental studies reporting the effects of agronomic measures on the straw decomposition rates of wheat (14 studies) and maize (38 studies). Statistical results showed that maize straw crushed and buried in soil with turn-over or rotary tillage can significantly increase straw decomposition rates. Further, with the increase in nitrogen input and straw burial depth in the soil, the maize straw decomposition rate increased significantly, while the amount of straw return showed the opposite trend. Among all agronomic measures in this research, burial depth has demonstrated a significant positive effect on the wheat straw decomposition rate. The random forest analysis identified decomposition time as the most important predictor of straw decomposition rates for wheat and maize. In addition, some agronomic measures and straw decomposition time jointly affect the decomposition rate of straw. In general, agronomic measures are effective factors in controlling straw decomposition in a wheat-maize rotation system.
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1. Introduction


Winter wheat and summer maize are China’s main food and feed crops, which play a strategically fundamental role in achieving food security. According to statistics departments, the total annual output of various crop straw exceeds 1 billion tons in China, accounting for about 30% of the world’s total straw production [1]. For the sustainable development of agriculture, straw return has always been a major challenge encountered not only in China, but also among other western developed countries, such as America and Japan [2,3,4]. Numerous studies have demonstrated that straw return effectively improves soil physical and chemical properties, increases the organic matter and water content of the soil [5,6,7,8,9], alleviates soil degradation in intensive agricultural areas [10], and reduces atmospheric pollution caused by straw burning [11]. However, other studies have reported that crop straw retention in the soil led to a reduced emergence rate and prevented crop growth in the next season due to the failure to harmonize the requirements of nutrients between crop and soil microorganisms during the straw decomposition process [12,13].



The straw decomposition rate is an important index for straw return. Many studies have shown that straw return contributes to improving the emergence rate of crops, reducing diseases and pests, and promoting crop yield [6,14,15,16,17,18]. Ma et al. [6] demonstrated that the decomposition rate of crushed maize straw was relatively faster than that of whole straw at the initial 60 days but gradually reduced in the later stage, and after one year, there was no difference between crushed and whole straws. In comparison, Zheng et al. [19] revealed that crushing maize straws at 2 cm to 6 cm can promote straw decomposition. Wu et al. [20] exhibited that the decomposition rate of wheat straw gradually decreased with the increase in straw consumption, and Kuang Enjun et al. [21] also found that the decomposition rate accelerated with reduced maize straw addition. Furthermore, deep plowing and turn-over were shown to be conducive to the rapid decomposition of straw but have no effects on the final straw decomposition rate [14]. Zhang Yu et al. [22] also found that the sequence of maize straw decomposition rate under tillage methods was turn-over > rotary tillage > no-plowing. Additionally, different straw burial depths have different effects on straw decomposition and microbial diversity [1]. Although it is common practice to apply nitrogen fertilizer during straw return [23,24,25], Chen et al. illustrated that the maize straw decomposition rate did not change with the increase of nitrogen input [26], contrary to the results of Pang et al. [27]. Notably, the effects of all agronomic measures are inseparable from straw decomposition time [25].



The characteristics of straw decomposition have been well documented, but there remains considerable uncertainty regarding the potential response of various agronomic measures. Therefore, this research was an aggregation of national data regarding the straw return of maize or wheat in China, which can provide more representative data to quantitatively assess the effects of these agronomic measures on the straw decomposition of wheat and maize, including straw type, with plastic film mulched or not, covering ground or being buried in soil, burial depth, the amount of nitrogen input and its decomposition time, etc. The aim of this research was to verify the effects of widely used agronomic measures on the straw decomposition of wheat and maize. The research results can not only provide a theoretical basis for China’s wheat-maize rotation system and the practice of straw return but also provide new ideas for promoting the development of clean agricultural production in the world.




2. Database and Methods


2.1. Literature Retrieval


The literature focused on the “straw decomposition of wheat and maize in China” from sources such as CNKI (https://www.cnki.net/, accessed on 30 March 2022) and Web of Science (http://wokinfo.com/, accessed on 30 March 2022) core collection databases were collected. The search terms were “straw decomposition rate,” “maize,” “wheat,” and “China” in Chinese or English from January 1990 to March 2022. The search strategy identified a total of 273 articles (Figure 1). Irrelevant and duplicate publications were eliminated by reviewing the titles and contents of the publications manually. This yielded 46 articles that underwent full-text analysis. The publications included in our dataset had to meet the following criteria:



(i) The basic data of straw decomposition rate must be included or can be converted using the data in the study. (ii) The straw must be maize or wheat straw; (iii) The agronomic measures used must be clearly described; after filtering, 46 publications for the study on straw decomposition rate under agronomic measures were collected.




2.2. Database Construction


The research acquired data directly from text or tables in original papers or extracted data indirectly from figures using GetData software (version 2.22). If straw decomposition rates are not shown directly in the literature, the decomposition rate formula is as follows:


   Decomposition =     M 0  −      M   t     M 0     × 100 %   



(1)







M0 means the quality of the straw before decomposition; Mt means the quality of the straw after decomposition.



Agronomic measures in all publications can be categorized into the following: (i) with plastic film-mulched or un-mulched; (ii) the crushing degree of straw, e.g., crushed, stubble or whole straw; (iii) tillage methods, e.g., turn-over, rotary tillage, subsoiling, no-plowing, deep plowing, turn-over plus rotary tillage or shifting agriculture; (iv) burial depth of straw; (v) the amount of nitrogen input; (vi) decomposition time; (vii) the amount of straw return. The number of entries or studies about decomposition rates under these influencing factors in this study is shown in Table 1.




2.3. Data Analysis


All data were collected and analyzed using Microsoft Excel 2016. Figures were plotted in the Origin 2021 professional version. To calculate the significant difference in straw decomposition rates among agronomic measures, the one-way analysis of variance was utilized, followed by a least significant difference test function in the “Agricola” package in R software [28]. The random forest (“randomForest” (version 4.6-14) package in R software [29]) was utilized to rank the predictors in order of importance, following the method from references [30,31].





3. Analysis and Results


3.1. Effect of Decomposition Time on Straw Decomposition Rate


During the 375 days of the study, the range of decomposition rate of wheat straw was from 11.12% to 80.33%, with a median of 42.86% (Figure 2). However, in 84.1% of the studies, the study period of straw decomposition was mainly concentrated in 120 days, and the decomposition rate of wheat straw ranged between 11.12% and 78.06%, with a median of 40.80%. Additionally, the rapid decomposition period of wheat straw ranged from 0 to 30 days, with an average straw decomposition rate of 36.71%. Regression analysis shows that the decomposition rate of wheat straw was directly proportional to decomposition time (y = 0.1128x + 35.8075, R2 = 0.2586, p < 0.0001).



During the 1460 days of the study, the decomposition rate of maize straw ranged from 1.86% to 92.72%, with a median of 45.24% (Figure 2). In 81.1% of studies, the study period of maize straw decomposition concentrated in 180 days, and the decomposition rate was from 1.86% to 85.61%, with a median of 40.39%. Additionally, the rapid decomposition period was from 0 to 60 days, with an average straw decomposition rate of 31.80%. Regression analysis shows that the decomposition rate of maize straw was directly proportional to the decomposition time (y = 0.0575x + 36.0284, R2 = 0.2263, p < 0.0001).




3.2. Effect of Straw Return Modes on Straw Decomposition Rate


The decomposition rate of crushed wheat straw was 11.12–80.33% with a median of 41.85%, while the straw decomposition rate with stubble straw was 1.86–92.97% with a median of 46.90% (Figure 3). However, there was no significant difference between these two methods of straw return on the decomposition rate. For maize straw, the decomposition rate with crushed straw was 1.86–92.72% with a median of 45.58%, and those with whole straw were 5.84–56.82% with a median of 30.37%. Furthermore, a significant difference analysis illustrated that the decomposition rate of crushed maize straw was significantly increased compared with whole straw.



Additionally, there was a significant difference between the mulched and un-mulched states of straw in terms of the decomposition rate of wheat straw. Under the former treatment, the decomposition rate of wheat straw was 17.00–80.33% with a median of 60.63%, and that under the latter treatment was 11.2–78.06% with a median of 42.27%. However, there was no significant difference in the decomposition rate of maize straw between being mulched and not (Figure 4).




3.3. Effect of Tillage Measures on Straw Decomposition Rate


For wheat straw return, no-plowing and turn-over are essential measures. The average decomposition rates of turn-over, rotary tillage, subsoiling and no-plowing were 42.74%, 37.27%, 36.63%, and 35.03%, respectively. However, there was not a significant difference among these four tillage measures in the decomposition rate of wheat straw. For maize straw return, there were seven types of tillage measures, among which turn-over and rotary tillage were important. The sequence of the straw decomposition rate was turn-over (52.20%) > rotary tillage (45.36%) > no-plowing (36.24%) > turn-over rotary tillage (34.43%) > deep plowing (32.80%) > subsoiling (32.22%) > shifting agriculture (29.93%). Significant difference analysis showed that the tillage measures significantly affected the decomposition rate of maize straw, and the straw decomposition rate in the turn-over and rotary tillage modes was significantly higher than that of the others (Figure 5).




3.4. Effect of Burial Depth on Straw Decomposition Rate


The burial depth of wheat straw return was recorded for 0–25 cm, and the decomposition rate under each burial depth treatment was 0 cm (37.75%), 5 cm (34.64%), 7 cm (48.14%), 10 cm (49.18%), 15 cm (46.30%), 20 cm (68.53%), and 25 cm (39.37%), respectively. Regression analysis showed that the decomposition rate of wheat straw was directly proportional to burial depth (y = 0.4903x + 40.8365, R2 = 0.0319, p = 0.0005) (Figure 6). The coupling effect of the burial depth and the decomposition time of straw illustrated that, in the first 50 days, the straw decomposition rate reduced with the increase of burial depth, while the straw decomposition rate proliferated with the increase of burial depth during 50–120 days, and there was no correlation between them after 120 days (Figure 7).



The burial depth of maize straw return was recorded for 0–50 cm, and the decomposition rate of straw under each burial depth treatment was 35 cm (85.94%), 50 cm (64.42%), 25 cm (56.54%), 10 cm (56.39%), 30 cm (54.30%), 20 cm (52.47%), 5 cm (38.08%), 15 cm (37.76%), and 0 cm (36.67%), respectively. Similar to wheat straw, the decomposition rate of maize was directly proportional to burial depth (y = 0.6015x + 38.2523, R2 = 0.0808, p = 0.0005) (Figure 6). The coupling effect of the burial depth of straw and the decomposition time showed that in 360 days, the straw decomposition rate proliferated with an increase in burial depth (Figure 7).




3.5. Effect of the Amount of Straw Return on the Straw Decomposition Rate


The amount of wheat straw return ranged from 1500 kg∙ha−1 to 8000 kg∙ha−1 in all studies, and the corresponding straw decomposition rate was from 11.12% to 80.33% with a median of 40.21%. However, there was no significant correlation between the straw decomposition rate and the amount of straw return (p > 0.05) (Figure 8). The coupling effect of the amount of straw return and the decomposition time showed that there was no significant correlation between the decomposition rate and the amount of wheat straw return at any stage of decomposition (Figure 9).



The amount of maize straw return ranged from 675 kg∙ha−1 to 20,833.3 kg∙ha−1, and the corresponding straw decomposition rate was 1.86–92.72% with a median of 44.79%. Among them, the amount of straw return ranging from 6000–9000 kg∙ha−1 accounts for the majority, whose straw decomposition rate was 3.06–92.72% with a median of 46.32%. Nevertheless, the decomposition rate of maize straw was inversely proportional to the amount of straw return (y = −0.0010x + 52.5516, R2 = 0.0508, p < 0.0001) (Figure 8). The coupling effect of the amount of straw return and the decomposition time showed that in the first 200 days, the greater the amount of straw return, the lower the straw decomposition rate (Figure 9).




3.6. Effect of the Amount of Nitrogen on the Straw Decomposition Rate


For wheat straw return, the amount of nitrogen ranged from 0 to 810 kg∙ha−1, and the corresponding straw decomposition rate was 11.12–80.33% with a median of 44.93% (Figure 10). Statistics show that there was no correlation between wheat straw decomposition rate and the amount of nitrogen input (p > 0.05). The coupling effect of the amount of nitrogen input and the decomposition time of wheat straw demonstrated that the straw decomposition rate was relatively low when the nitrogen input was high in the early stage of decomposition, while there was no correlation between them in the late stage of decomposition (Figure 11).



For maize straw return, the amount of nitrogen ranged from 0 to 897.75 kg∙ha−1, and the corresponding straw decomposition rate was from 1.86% to 92.97% with a median of 46.2%. Maize straw decomposition rate was significantly correlated with nitrogen input (y = 0.0182x + 43.54, R2 = 0.0243, p < 0.0001) (Figure 10). The coupling analysis of the amount of nitrogen input and the decomposition time of maize straw showed that in the early stage of decomposition, the increase in nitrogen input was helpful for the decomposition of maize straw; the more nitrogen input, the higher the decomposition rate, while there was no correlation between them in the late stage of decomposition (Figure 11).





4. Discussion


The study illustrated that the decomposition rate of maize straw was more significantly affected by agronomic measures. Crushed straw had comparatively higher decomposition rates, which is consistent with many studies [32]. This may be due to the destruction of the tissue structure of the straw crushed by crushing, which increases the contact area between the straw and the soil, consequently promoting straw decomposition not only by the soil microorganisms and enzymes but also due to the exchange of soil moisture and nutrients, thereby influencing the decomposition rate of the straw [33,34,35]. Similarly, other studies demonstrated that tillage treatments also impact maize straw decomposition rates, which affects the structure, as well as metabolic activity of soil microbial communities, delivering more favorable living conditions for microorganisms, thereby benefiting straw decomposition [14,36,37]. Furthermore, turn-over or rotary tillage methods have significant effects on soil ventilation and water permeability [20].



Straw contains considerable amounts of easily degradable organic matter. In the early stages of straw decomposition, microorganisms in soil can use easily degradable organic matter as a carbon source and energy for rapid growth. At this stage, nitrogen input treatment enables the straw to decompose rapidly and the straw decomposition rate accelerates [38,39]. With the extension of decomposition time, the perishable substances in straw gradually decreased, the proportion of refractory organic matter increased, and microbial activity decreased. Even with nitrogen input, the decomposition rate of straw will slow down [40]. Therefore, nitrogen input promoted straw decomposition significantly in the early stage of decomposition; however, during the process, the effect of nitrogen input on straw decomposition grew less significant.



Compared with maize straw, the decomposition rate of wheat straw was less affected by other agronomic measures besides the decomposition time and burial depth. Some studies have shown that the type of soil [41], rainfall and temperature [42], and biome composition [43] are the key factors that influence straw return [44]. During wheat straw return, a rise in temperature and abundant rainfall can result in improving microbial activity and promoting the straw decomposition rate. Zhang Lu [45] found in a study of the seasonal decomposition of wheat straw for consecutive years that high temperatures and high humidity are conducive to the decomposition of wheat straw.



A random forest analysis identified decomposition time as the most important predictor of straw decomposition rates for wheat and maize, especially for the latter (Figure 12). Straw decomposition takes time, and so does the growth of microorganisms. The decomposition of straw can promote an increase in the number of microorganisms, and the growth of microorganisms can also promote straw decomposition in turn [46]. China has successfully explored and proposed the localization of foreign conservation tillage technologies in a single cropping system [47]. However, in the wheat-maize double cropping system, research on agronomic measures and products in straw decomposition should be accelerated, such as the development of straw-decomposing agents and the development of farming machinery in line with China’s national conditions [48]. In addition, the amount of straw return was found to be a secondary factor affecting maize straw decomposition with random forest analysis. A higher amount of straw return can not only unbalance the soil carbon-nitrogen ratio but also reduce the growth of microorganisms if the soil is deficient in nitrogen, affecting straw decomposition rates [49,50]. Additionally, Xu et al. [51] found that the larger the amount of straw return, the higher the concentration of various organic acids and CO2 accumulated in a short period of time and the greater the harmful impact on the growth of the next crop. There is, therefore, a pressing need for the effects of the amount of maize straw return on the decomposition rate, crop yield and agricultural eco-environmental problems.




5. Conclusions


Our statistical analysis of the effects of agricultural measures in wheat-maize rotation systems on straw decomposition rates reveals heterogeneity in the outcomes of experimental studies and identifies a significant influencer of this variation. Agricultural measures, such as crushing straws and burying them in soil with turn-over or rotary tillage measures, increase maize straw decomposition rates. The decomposition rates of maize straw are positively proportional to the changes in burial depth of maize straw in soil and nitrogen input proportional to the amount of straw return. Not surprisingly, there are fewer studies on the decomposition rate of wheat straw compared to maize straw. Analysis suggests that burial depth is one of the crucial factors for straw decomposition rate, compared to other agronomic measures. Additionally, decomposition time is one of the most important predictors of straw decomposition rates for wheat and maize. Some agronomic measures work together with decomposition time on straw decomposition. In general, agronomic measures are effective factors in controlling straw decomposition in a wheat-maize rotation system, but when overapplied, they can prove to be counterproductive. At present, China has implemented a variety of straw return models in line with local conditions, after thoroughly learning from straw return models from all over the world, making great contributions to China’s ecological development. Therefore, all countries should vigorously develop their own straw return modes while meticulously learning from the successful experiences of other countries to realize the effective utilization of straw resources worldwide.
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Figure 1. Process of searching for and screening studies. 
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Figure 2. Relationship between the decomposition rate of wheat or maize straw and decomposition time. 
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Figure 3. Characteristics of the decomposition rate of wheat or maize straw with different return methods. Different letters within the same column indicate significant differences at p < 0.05 according to Duncan’s multiple range tests. 
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Figure 4. Characteristics of the decomposition rate of wheat or maize straw with plastic film mulching. Different letters within the same column indicate significant differences at p < 0.05 according to Duncan’s multiple range tests. 
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Figure 5. Characteristics of the decomposition rate of wheat or maize straw in different tillage measures. Different letters within the same column indicate significant differences at p < 0.05 according to Duncan’s multiple range tests. 
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Figure 6. Relationship between decomposition rate of wheat or maize straw and burial depth. 
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Figure 7. Effect of burial depth and decomposition time on the decomposition rate of wheat or maize straw. 
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Figure 8. Relationship between decomposition rate and the amount of straw return of wheat or maize straw. 
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Figure 9. Effect of the amount of straw return and decomposition time on the decomposition rate of wheat or maize straw. 
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Figure 10. Relationship between the decomposition rate of wheat or maize straw and the amount of nitrogen input. 
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Figure 11. Effect of nitrogen input and decomposition time on the decomposition rate of wheat or maize straw. 
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Figure 12. Forest plot of the intensity of the influence of different influencing factors on the decomposition rate of wheat or maize straw. 
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Table 1. Data on decomposition rates under different agronomic measures.
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Agronomic Measures

	
Unit

	
Wheat

	
Maize

	
Total




	
Ne

	
Ns

	
Ne

	
Ns

	
Ne

	
Ns






	
Decomposition rate

	
%

	
365

	
14

	
1471

	
38

	
1836

	
46




	
Types of straw

	
–

	
365

	
14

	
1471

	
38

	
1836

	
46




	
Decomposition time

	
day

	
365

	
14

	
1471

	
38

	
1836

	
46




	
Crushing degree of straw

	
–

	
365

	
14

	
1471

	
38

	
1836

	
46




	
Plastic file mulching

	
–

	
365

	
14

	
1471

	
38

	
1836

	
46




	
Tillage methods

	
–

	
83

	
5

	
302

	
14

	
385

	
17




	
Burial depth

	
cm

	
349

	
12

	
1229

	
32

	
1578

	
39




	
Amount of straw return

	
kg·ha−1

	
299

	
12

	
1017

	
33

	
1316

	
39




	
Amount of nitrogen input

	
kg·ha−1

	
337

	
11

	
1328

	
31

	
1665

	
37








Ne means the number of entries; Ns means the number of studies; “–” means no clear unit.
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