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Abstract

:

Straw returning is an important measurement to determine the utilization of straw resources. Understanding the decomposition process and nutrient release process of straw is of great significance to the efficient utilization of straw resources and the sustainable development of the agricultural economy. In this study, the literature published in the CNKI and WOS from 2002 to 2022 was used as the data pool, and a keyword co-occurrence network map was drawn with the CiteSpace (6.2.R4) software. Visual analyses were based on the straw returning literature (1998 articles) and straw decomposition agent literature (125 articles), and the decomposition and nutrient release of straw under the action of a decomposition agent were analyzed using a straw decomposition characterization experiment. In general, returning straw can effectively improve soil fertility conditions and provide nutrients for crop growth, and the use of a straw decomposition agent can further improve soil conditions and increase crop yield. The straw decomposition characterization experiment further showed that Pseudomonas could effectively increase the decomposition rate and increase the nutrient release rate of straw. According to the above results, determining how to improve the utilization efficiency of straw resources via decomposable bacteriological agents according to local conditions will become a research hotspot in the future.
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1. Introduction


With the continuous improvement of agricultural technology, agricultural production is growing. The amount of crop straw has soared, and the annual output of crop straw has reached 965 million tons [1]. Crop straw is a type of easily dispersed and low-density agricultural waste that is prone to regional, seasonal, and structural surplus problems [2]. The decomposition rate of crop straw is slow, and large amounts of crop straw accumulation will create a soil C/N imbalance [3]. These problems have limited the enthusiasm of farmers in the use of in situ straw returning. At present, the utilization of excess crop straw is in a critical stage of transitioning from “quantitative change” to “qualitative change”. Crop straw used as fertilizer, raw material energy, agricultural raw materials, and industrial raw materials is of great significance to the sustainable development of the agricultural economy [4,5]. Thus, how to use crop straw more effectively and avoid farmland ecological nonpoint source pollution during crop straw utilization are becoming research hotspots.



Crop straw, as an important soil fertilizer, can return some of the nutrients absorbed during the crop period to the soil, improve soil fertility conditions, and promote the growth of crops in later periods. Firstly, straw returning can change the physical and chemical properties of the soil. Straw can help improve soil water retention performance, reduce soil bulk density, increase soil total porosity, improve soil aeration conditions, and promote soil deep root penetration [6,7]. Straw returning can improve the nutrient absorption of crops by promoting the soil permeability of deep roots and increasing crop yield [8]. Secondly, straw returning provides better breeding conditions for microorganisms and improves soil biodiversity by increasing the number of microorganisms in the soil. For example, Zhang et al. [9] effectively increased the diversity and abundance of fungi in the 0–10 cm soil layer by returning sugarcane straw to the field in 14 months. Thirdly, straw returning also has a positive effect on soil pollution by heavy metals. Greenhouse pot experiments showed that rice straw could reduce nickel bioavailability by 68% with a 2% return application [10]. However, the slow decomposition rate of returning straw will affect the germination and rooting of the next crop, and long-term straw mulching may increase the risk of blight and lead to crop death [11]. Thus, using a decomposition agent to accelerate straw decomposition is an effective way to solve these problems.



Straw decomposition agents are composed of microorganisms that can degrade straw rapidly, including fungi, bacteria, and actinomyces. The principle of these agents is to convert the cellulose, hemicelluloses, and lignin in straw into glucose, amino acids, fatty acids, and other small molecular organic compounds and minerals via the microbial metabolism [12]. The results show that adding a decomposition agent can significantly improve the decomposition rate of straw and prevent or reduce the adverse effects of excessive straw in the field on crop growth [13]. In addition, adding a decomposition agent can improve the soil microbial activity, kill pathogenic microorganisms in straw, provide more nutrients for crop growth, increase yield, and improve quality [14]. At present, most studies on the application of straw decomposition agents focus on the influence of decomposition agents on soil properties. However, nutrient release due to changes in the straw decomposition rate remains an understudied area.



Bibliometric analysis is a popular technical tool for quantitatively analyzing published literature on a specific topic in scientific research. The CiteSpace (6.2.R4) software is often used in academic research. This software was developed by the Chinese scholar Dr. Chen Chaomei using mathematical and statistical methods [15] and was introduced in China in early 2007. This software has been widely applied by scholars from various fields [16]. CiteSpace can draw a visual map through literature data retrieval; concisely and intuitively display the publication time, author institutions, research hotspots, and frontiers of literature in related fields [17]; and help further interpret and analyze the research status and development direction in this field [18,19].



With the continuous improvement of straw resource utilization and the gradual maturity of decomposition technology, the research results in the field of straw returning are becoming increasingly comprehensive, which provides strong guidance for the practical application of straw returning. In view of the above research background, the CiteSpace software was used to summarize the relevant research progress and research trends in straw returning and the application of straw decomposition agents in this paper, as well as to clarify the research context and frontiers to timely and comprehensively understand the technical level and application direction of straw returning. In addition, the improvement effects of straw returning were also analyzed in this paper, and the application effects of straw decomposition agents on straw returning are discussed. A simulation test was used to explore changes in the decomposition rate and nutrient release of straw returning under different decomposition agents. The purpose of this paper is to help researchers quickly understand the research development direction and existing achievements in the field of straw returning, providing reference for further related research.




2. Research Vein and Trend Analysis of Straw Returning


2.1. Statistical Analysis of Straw Returning Studies


In total, 1999 studies published from 2002 to 2022 were retrieved from the China National Knowledge Infrastructure (CNKI) with the keyword “straw returning”. In total, 995 studies were retrieved from the international database Web of Science (WOS) with the keyword “straw mulching”.



2.1.1. Number of Published Papers


Figure 1 presents the number of papers related to “straw returning” published from 2002 to 2022, showing a general trend of fluctuating growth. From 2002 to 2013, a total of 514 papers were published, with an annual average of 43. This rate indicates a slow growth trend with a small fluctuation. From 2014 to 2022, the total number of published papers was 1484, with an annual average of 165. The annual growth rate reached 188.72%, much higher than that of the first stage (2002–2013). Notably, the number of papers published in 2014 exceeded 100. Starting in that year, the related studies on straw returning experienced a small upsurge. It can be predicted that straw returning will remain a research hotspot in the future.



Figure 2 shows a co-occurrence network map of the keywords. In general, soil fertility, soil type, crop nutrition, and tillage methods were the main foci of current research on straw returning. The papers in the CNKI encompass 537 nodes and 713 lines, while the papers in the WOS encompass 545 nodes and 4127 lines. The size of each graph node represents the frequency of the keywords, and the betweenness represents the importance of the node in the network. Here, a node with a betweenness exceeding 0.1 is considered a key node. As shown in Figure 2a, in the CNKI, the most frequent keywords were “straw return” and “straw returning”; the frequency was 444 occurrences, and the betweenness was 1.04. The keyword “soil nutrient” ranked second, with a frequency of 55 and a betweenness of 0.11. Ranked next were the keywords related to planted crops, soil indexes, soil types, and tillage, such as “winter wheat”, “grain yield”, “crop yield”, “soil enzyme activity”, “soil organic carbon”, “soil respiration”, “paddy soil”, “black soil”, and “conservation tillage”. As shown in Figure 2b, the most frequent keyword was “yield”; the frequency was 220 occurrences, and the betweenness was 0.07. The keyword “water use efficiency” ranked next, with a frequency of 186 occurrences and a betweenness of 0.04. Ranked next were keywords related to straw, soil indicators, crops, and tillage, including “straw mulch”, “straw mulching”, “soil temperature”, “organic carbon”, “growth”, “winter wheat”, “grain yield”, “crop yield”, “management”, and “tillage”. The keywords of CNKI and WOS were clustered on this basis. The modularity value of CNKI was QCNKI = 0.5739 (Q > 0.3), the mean silhouette of CNKI was SCNKI = 0.8708 (S > 0.5), the modularity value of WOS was QWOS = 0.3588 (Q > 0.3), and the mean silhouette of CNKI was SCNKI = 0.6906 (S > 0.5). The results show that the clustering structure was reasonably divided.




2.1.2. Research Trends of Straw Returning


Figure 3 shows the time and intensity of the keywords’ emergence. The CiteSpace software was used to create the burst detection of the papers. The results show that the use of conservation tillage technology to improve soil fertility conditions will be a future development trend in the straw returning field. The keyword “summer maize” first appeared in 2004. The initial research object in the field of straw returning was mainly maize, which corresponds to a large volume of straw. With the advancement of research, crop straw resources, such as rice (2007) and wheat (2010), have gradually been fully introduced to the field. From 2007 to 2009, the keywords “soil K” and “soil fertility” suddenly appeared, indicating that straw returning research had become an effective way to measure soil improvements and that the importance of soil fertility in agricultural production was gradually becoming recognized. From 2009 to 2011, “CH4 flux” and “greenhouse gas” appeared suddenly, indicating that straw returning research was further extended to explore the air environment. From 2013 to 2014, the emergence of “grain yield”, “crop yield”, and “lime concretion black soil” suggests that the research scope of straw returning extended to soil improvement and crop yield. Notably, the keyword “soil aggregate” first appeared in 2018, ranking first in strength (strength = 4.17). Soil aggregates are the basic units of soil’s structure, composition, and stability, which play important roles in influencing soil pore structure and coordinating water, fertilizer, gas, and heat in soil. These factors determine the sustainability of soil utilization [20]. In addition, the emergence of “microbial community” in 2019 indicates that the research direction of straw returning was shifting from improving soil toward restoring the topsoil’s ecological structure. This shift indicates that research and testing in the field of straw returning is becoming increasingly complex.





2.2. Statistical Analysis of Straw Decomposition Agent Studies


In the CNKI, a total of 58 studies were retrieved with the keywords “maturation agent” and “promoting agent” from 2002 to 2022. In the WOS, a total of 72 studies were retrieved with the keywords “straw decomposing agent” and “straw decomposition agent” from 2002 to 2022.



2.2.1. Statistical Analysis of Straw Decomposition Agent Studies


Figure 4 shows the number of papers related to straw decomposition agents from 2002 to 2022. In general, this chart indicates a fluctuating growth trend year by year, which was divided into two stages. The first stage spanned 2004–2013: the total number of published papers was 48, and the average annual number of published papers was 5. The second phase covered 2014–2022: the total number of publications was 77, with an average annual number of 6, of which only 5 were published in 2017. As can be seen from the visible change trend of the papers in Figure 4, studies on applying decomposition agents to straw returning are mainly concentrated after 2019, with the peak years being 2019 and 2021 (13 articles). Therefore, it can be predicted that research on the application of decomposition agents to straw returning will remain an academic hotspot in the future.



Figure 5 presents a co-occurrence network map of the major keywords. In general, soil fertility and straw type were the main concerns of current research on straw decomposition agents. The documents in the CNKI encompassed 102 nodes and 197 lines, and the documents in the WOS encompassed 344 nodes and 1318 lines. As shown in Figure 5a, “straw returning” appeared eight times, with the highest frequency in the CNKI in the field of straw decomposition agents, and the betweenness was 0.63. The keywords “decomposing agent”, “decomposition agent”, and “decomposing inoculant” ranked second, with a frequency of 17 and a betweenness of 0.65, followed by keywords related to soil indicators and straw types such as “soil nutrient”, “soil enzyme activity”, “nutrient release”, “rice straw”, and “wheat straw”. As shown in Figure 5b, the highest occurrence frequency among the keywords was “decomposition” in the WOS, with 220 occurrences and a betweenness of 0.07. The next most common keywords were related to soil properties and straw properties, such as “carbon”, “organic matter”, “nitrogen”, “microbial community”, “bacterial”, “CH4 emission”, “bioma”, “lignin”, “lignocellulosic bioma”, and “mineralization”. The keywords were clustered on this basis. The modularity value of CNKI was QCNKI = 0.7351 (Q > 0.3), the mean silhouette of CNKI was SCNKI = 0.9496 (S > 0.5), the modularity value of WOS was QWOS = 0.726 (Q > 0.3), and the mean silhouette of CNKI was SWOS = 0.9267 (S > 0.5). The results show that the clustering structure was reasonably divided.




2.2.2. Research Trend of Straw Decomposition Agent


Figure 6 shows the time and intensity of keywords’ emergence. The results indicate that the development trends of straw decomposition agents focused on how to improve soil fertility and promote crop growth by accelerating straw decomposition. The keyword “transformation promoter” first appeared in 2005 and remained commonplace for seven years, with strength = 2.42. From 2011 to 2016, keywords for soil properties and straw properties emerged, such as “organic matter”, “soil enzyme activity”, and “lignin”. This result indicates that earlier research on straw maturation agents focused on soil fertility and straw decomposition effects. From 2016 to 2019, the keywords “bioma” and “crop yield” appeared suddenly, and related research was further extended toward crop physiological and biochemical indexes and yield. In 2019, the emergent keywords “CH4 emissions” and “biochar” indicate that the research was extended to soil carbon and air-quality effects. The keywords of “decomposing agent”, “decomposition agent”, and “straw returning” emerged in 2020, indicating the great significance of straw decomposing agents in straw returning.






3. Study on the Ecological Effects of Straw Returning to Farmland


3.1. Effects of Straw Returning on Soil Physical and Chemical Properties


Straw returning is one of the most important agronomic measures to improve soil’s physical and chemical properties and can help reduce soil bulk density, increase soil porosity, and prevent soil compaction. Lu et al. [21] found that straw returning significantly reduced the soil bulk of surface soil (5–25 cm) by 9.15–23.99%, increased the total porosity by 4.6–15.4%, and increased the capillary porosity by 8.78–58.8%. Straw returning prevents soil water from escaping and evaporating by changing the contact between the soil surface and the external environment. At the same time, straw returning on the soil surface can reduce surface runoff and increase rainwater seepage into the soil layer, impacting evaporation inhibition, water collection, and water retention [22,23]. Straw returning can significantly increase the soil moisture of crops (such as wheat, corn, and potato) by 6.3–61.0% during the most critical period of water demand [24,25,26,27].



Soil organic matter is the foundation of farmland fertility, and organic carbon is one of the main elements of organic matter, which is of great significance to crop yield and agricultural environmental sustainability. Research showed that the soil organic carbon content of monoculture with dry crop residues incorporation (i.e., conventional monoculture) (7.59 t/ha) was significantly higher than that of monoculture with residues removal (i.e., alternative monoculture) (1.02 t/ha) over the 2006–2016 period [28]. An increase in soil organic matter content can provide a better environment for the growth and propagation of microorganisms. Hu et al. [29] demonstrated that 3-year straw returning could increase soil organic matter content by 0.07%. The combined application of returned straw and inorganic fertilizer was found to have positive effects on the diversity and population of soil fungi in paddy fields and significantly changed the function of fungi [30]. The combined application of returned straw and fertilizer, the bacterial richness (Shannon index), and the AMF bacterial richness (Shannon index) of maize root increased by 63.6% (27.9%) and 40.1% (35.7%), respectively [31]. Soil enzyme activity, which is a potential index to maintain soil fertility, shows positive correlations with soil TC and TN content and also plays an important role in the ecological cycle [32,33]. Straw returning combined with lower fertilizer use of a reduction of 20% compared to conventional fertilization significantly increased urease activity in the rice season by 20.31% and in the rape season by 24.33% [34].



With appropriate environmental conditions and soil microorganisms, N, P, K, and other mineral nutrients released by straw decomposition can be reabsorbed by crops. Returning straw has already become an important nutrition source in place of chemical fertilizer [35]. Many studies have shown that straw returning can effectively reduce not only fertilizer use but also soil nutrient loss [36,37,38]. The potential for crop straw to replace K2O, N, and P2O5 fertilizers was 33.08–285.95 kg/hm2, 9.52–82.32 kg/hm2, and 4.91–28.71 kg/hm2, respectively [39]. In addition, the nutrient release rate of straw returning was significantly different during decomposition, when the release rate of K was the highest, followed by P. The release rate of N was the lowest [40].




3.2. Effects of Straw Returning on Saline Soil Properties


Salinized soil is widely distributed globally, covering 424 million ha of topsoil (0–30 cm) and 833 million ha of subsoil (30–100 cm) [41], with an annual growth rate of 1.0 × 106–1.5 × 106 hm2 [42,43]. The character of saline soil includes a heavy texture, poor permeability, high salt content, lack of nutrients, and low microbial activity, which seriously affects crop growth and ecosystem functions [44,45]. However, the saline soil area is flat, which is suitable for mechanical cultivation and has great fertility potential. Therefore, this soil plays a key role in alleviating the shortages of cultivated land resources and promoting the sustainable development of agriculture through scientific improvements and the exploitation of salinized soil.



As an effective form of conservation tillage, straw returning is considered to be an effective measure for improving saline soil. As a barrier for water and salt migration in the soil layer, returning straw can promote soil salt leaching during precipitation and irrigation, inhibit soil salt return, and reduce soil salt accumulation in the topsoil [46,47]. Zhang et al. [48] found that the soil salt content in the 0–40 cm soil layer decreased by 3.07–36.82% after a three-year straw returning. A soil column experiment conducted by Liao et al. [49] showed that treatment with desulfurized gypsum and decomposed straw could significantly reduce the soil salinity of sodic saline soil after leaching. The simultaneous application of straw returning and nitrogen fertilizer improved the properties of the Shandong coastal saline soil and reduced the soil salinity by 27.08% [50]. Straw returning can also optimize the root growth environment by changing water and salt migration, soil porosity, and aggregate size distribution in the soil layer [51,52]. Straw returning can provide sufficient organic matter for microbial proliferation [53,54]. Additionally, organic matter mineralization releases nutrients for crop growth and increases soil nitrogen, phosphorus, and potassium contents [55,56]. A 4-year straw-return cotton experiment showed that soil salt decreased by 6.8–11.9% in the 0–20 cm and 20–40 cm soil layers [57].




3.3. Effects of Straw Returning on Greenhouse Gases


Straw returning has an important effect on controlling greenhouse gas emissions. CO2 is the main source of soil carbon pool input. Straw returning has a good carbon sequestration effect, which is of great significance for soil organic carbon (SOC) fixation and CO2 emission reductions. After returning to the field, 8% to 35.7% of the organic carbon in straw is converted into soil organic carbon and stored in the soil carbon bank [58], which enables the conversion of farmland from a carbon source into a carbon sink and indirectly reduces CO2 emissions. Therefore, how to quantitatively estimate the carbon emission and carbon sink effects of straw with different disposal methods, how to optimize the efficient utilization of straw resources, and how to maximize the potential of carbon emission reductions are current research hotspots in agricultural sustainable development. Using the emission factor method, Ma et al. [12] calculated that the average annual carbon sink from straw returning in China is 271 tons of CO2, contributing 10–31% of the global terrestrial carbon sink [59]. A meta-analysis found that straw returning significantly increased CO2, CH4, and N2O emissions by 31.7%, 130.9%, and 12.2%, respectively [60], and the annual carbon sequestration could reach 0.597 tons/ha [61]. Taking Jiangsu Province in China as an example, the carbon emission reduction potential of straw returning was evaluated based on the amount of recoverable straw resources. It was found that the carbon emission reduction potential of straw returning totaled 362,000 tons of CO2e, equivalent to 0.18% of the greenhouse gas emissions in Jiangsu Province [62]. In addition, straw returning can significantly increase CH4 emissions (21.1–39.6%) and enhance the soil’s ability to absorb CH4 [63,64]. The increase is 21.1–39.6% but has no effect on the emissions of N2O [65]. Recent studies have shown that the utilization of biogas produced from agricultural wastes has reduced greenhouse gas (GHG) emissions [66]. Biogas is produced through anaerobic digestion of various biomass energy sources. Anaerobic digestion (AD) technology allows for the bioconversion of organic matter from agricultural wastes, as well as the recovery of biogas for the generation of electricity or the production of biomethane [67,68] and renewable fertilizers biogas residue [69]. Cynara cardunculus L. residue has been widely used as a source of biomass for biogas production process because of its high biomass content and renewable characteristics [70]. De Menna et al. [71] investigated the biogas production potential of five different varieties of artichoke and found methane production of 292 LCH4/kg VS.





4. Study on Accelerating Decomposition of Retuning Straw


4.1. Mechanism of Straw Decomposition Agent


Cellulose, hemicellulose, lignin, protein, and soluble sugar are the main components of straw, and cellulose, hemicellulose, and lignin account for approximately 80% of straw’s total dry matter mass [72]. Straw is also rich in C, N, P, K, Ca, Mg, and other elements. However, because of the slow decomposition of straw under natural conditions [73], only 25% of the mass of straw is effectively returned to the field [74]. Therefore, the rational application of a straw decomposition agent is one of the most important measures to promote the use of straw returning technology.



A straw decomposition agent is mainly composed of bacteria, fungi, actinomyces, and bioenzymes. These microorganisms can effectively degrade straw components in the process of growth and reproduction and convert straw components into mineral elements such as N, P, K, Ca, and Mg, which are required for crop growth [12]. The application of a decomposition agent can effectively improve the decomposition rate and degree of straw [75].



However, the effects of straw decomposition agents on straw decomposition were found to be different under different field temperatures. When the temperature was below 3 °C, the decomposition rate of rice straw after 25 days was basically 0. When the temperature was higher than 3 °C, the decomposition rate of rice straw increased rapidly with an increase in temperature [76]. During the wheat season, the field temperature was low for 30 to 60 days of rice straw decomposition, so the effect of the decomposition agent was not obvious [77]. Therefore, it is necessary to analyze the climatic characteristics of the cultivation area and select a suitable decomposition agent to provide ideal environmental conditions for a straw decomposition agent and, thus, ensure effective straw decomposition. Adding a straw decomposition agent also increased the diversity of the microbial community in the soil [78] and significantly enhanced the activities of hydrolase and other soil enzymes [79], thus effectively improving soil texture, alleviating soil nutrient loss, improving soil fertility, and improving crop quality and yield [80,81].




4.2. Effects of Accelerating Straw Decomposition on Soil Properties


Adding a straw decomposition agent to straw returning can further improve the soil structure and increase soil fertility. Compared with the control soil, the soil water content of the soil with a straw decomposition agent increased by 1.88–10.80% [82], and soil N, P, and K concentrations also increased significantly [83]. In rape cultivation, soil total nitrogen and available nitrogen levels increased by 3% and 4%, respectively, under straw returning treatment with a microbial agent [84]. Microorganisms play a vital role in the straw decomposition and soil nutrient cycle, which can accelerate straw decomposition [85,86]. The straw returning treatment, which involved rotary tillage with microbial agents, yielded a higher decomposition rate of cellulose, hemicellulose, and lignin at 35.49%, 84.23%, and 85.50%, respectively, and the soil microbial biomass carbon and soluble carbon under these treatments increased by 14.22 mg/kg and 25.10 mg/kg compared with the levels under other treatments [87]. Under the condition of no-tillage straw returning, the straw was exposed to the surface. Because of insufficient contact between the straw and soil, the decomposition agent was affected by sunlight and water shortage. For this reason, microorganisms could not fully play their respective roles, thereby affecting the decomposition and nutrient release of the straw [88,89]. Microbial agents can also enhance the functional diversity of soil microorganisms and increase the content of enzymes in the microbial community, thus accumulating more enzymes in the soil. Soil enzyme activity is involved in nutrient cycling and the decomposition of organic matter and has a synergistic correlation with soil nutrients [90,91,92].




4.3. Effects of Accelerating Straw Decomposition on Crop Growth


Yield and quality are important indicators related to the economic and social benefits of agricultural products. Straw returning combined with a decomposition agent can promote the growth of crops and increase yield. In this study, straw returning combined with a microbial agent significantly increased crop water utilization rates by 7.9–8.4% and rice yield by 7.3–7.7% [93], possibly because microbial agents can rapidly release nutrient elements in crop straws and improve soil properties to promote the growth of rice [94,95]. Zhang et al. [96] found that when rape straw was decomposed and returned to the field, the plant height, ear length, and other agronomic traits of rice from the subsequent crop were improved compared with the traits of rice from crops not exposed to a decomposition agent, and the yield further increased by 14.73%. A meta-analysis showed that the effects of straw-decomposing microbial inoculant (SDMI) on crop yield were significantly different under different soil conditions [97]. Compared with neutral soil, SDMI significantly increased the straw decomposition rate and crop yield in acidic soil and alkaline soil. This result may reflect the competition between SDMI and the microbial community in neutral soil, which limited the efficacy of SDMI [98].





5. Quantitative Characterization Experiment of Straw Decomposition


5.1. Materials and Methods


5.1.1. Experimental Sample


(1) Wheat straw: The straw was taken from a wheat field in Lianyungang, with a length of 3–5 cm. The nutrient content of the straw included total N of 2.82 mg/kg, total P of 2.23 mg/kg and total K of 18.94 mg/kg.



(2) Straw decomposition agent: Bacillus subtilis (wettable powder) was produced by Byvo Co., LTD. (Beijing, China), and the active ingredient content was 10 billion CTU/g.



(3) Pseudomonas (wettable powder) was produced by Shandong Huimin Zhonglian Biotechnology Co., LTD. (Shandong, China), and the active ingredient content was 300 billion/g.



(4) The yeast quick rot agent was produced by Huaian Dahua Biotechnology Co., LTD. (Jiangsu, China), and was mainly composed of Bacillus subtilis, Rhizopus oryzae, lactic acid bacteria community, and tablet pentose, with an effective viable bacteria number ≥ 0.5 million.



(5) The EM bacteria was produced by Jiangsu Werner Biotechnology Co., LTD. (Jiangsu, China), and the main components were lactic acid bacteria, yeast, actinomyces, and photosynthetic bacteria, totaling more than 80 varieties of functional beneficial microbial flora. The effective viable bacteria number was 200 million/mL.




5.1.2. Experiment Design


A total of 20 g wheat straw was evenly sprayed with water to reach 60% water content; then, the straw was wrapped and sealed with plastic wrap and placed at room temperature to facilitate rot decomposition (20 °C–25 °C). In total, 5 treatments were used: control group (CK), straw + Bacillus subtilis (T1), straw + enzyme quick rot agent (T2), straw + Pseudomonas (T3), and straw + fecal treasure (T4). Each treatment used 3 replicates (shown in Figure 7).




5.1.3. Research Trends of the Straw Decomposition Agent


On the 7th, 15th, and 30th d of decomposition, the straw was put in an oven until dried (75 °C) to a constant weight, and its dry weight was determined. The straw was then ground and screened (0.1 mm) to determine the content of total N, total P, and total K.



The cumulative decomposition rate and decomposition rate of straw were calculated using Formulas (1) and (2) [99,100], and Formula (3) was used to calculate the straw nutrient release rate [101]. To further compare the decomposition dynamics of straw under different treatments, a modified Olson exponential decay model (4) was used in this study for fitting [102]:
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where Dt is the cumulative decomposition rate of straw on the T day (%); Vt is the straw decomposition rate (%); M0 is the initial dry weight of straw (g); Mt is the dry weight of straw on the t day of decomposition (g); C0 is the initial nutrient content of straw (mg/g); Yt is the percentage of nutrient release in the process of straw decomposition in t days to the total initial straw nutrient (%); Ct is the nutrient content of residual straw after t days of decomposition (mg/g); D is the residue rate of straw decomposition (%); and K is the decomposition rate constant.




5.1.4. Data Analysis


The straw decomposition rate and nutrient release rate were analyzed using one-way analysis of variance (ANOVA), and the means were compared using a least significant difference (LSD) test at a significance level of p < 0.05 with SPSS.





5.2. Results and Discussion


5.2.1. Effect of the Decomposition Agent on the Wheat Straw Decomposition Rate


As shown in Figure 8, with the straw decomposition process, the decomposition rate of the treatments presented a downward trend, and the difference in the straw decomposition rate between each treatment and the CK was reduced. In the first 7 days of decomposition, the straw decomposition rates of all treatments were higher than 360 mg/d, and the straw decomposition rate of T3 (569.52 mg/d) was significantly higher than that of the other treatments, which was 26.96% higher than that of the CK. During 7–15 d, the straw decomposition rates of all treatments were less than 200 mg/d, among which the decomposition rate of T1 was the fastest (186.25 mg/d), and that of T4 was the slowest (134.17 mg/d). However, there was a significant difference between CK and other treatments. During 15–30 d, there was no significant difference between treatments. The reason for this phenomenon is that a large number of easily degradable substances and carbon sources were present in the straw during the early stages of decomposition, while the microbial activity gradually decreased in the later stages of decomposition, which gradually decelerated the straw decomposition rate [103,104,105]. After adding different decomposition agents, the straw decomposition rate was T3 (straw + Pseudomonas) > T1 (straw + Bacillus subtilis) > T4 (straw + fecal treasure) > T2 (straw + Enzyme quick rot agent) because bacteria have the advantages of fast reproduction and a short fermentation cycle, and a large number of bacteria can accelerate the decomposition of lignocellulosic components in straw after entering the organic material [106].



Table 1 presents the Olson exponential decay model of the straw decomposition rate. The results showed that T3 had the highest k, and the residue ratio of T3 was 63.63% after 30 d, which reduced by 13.17% compared with the CK. T2 had the lowest k, but the residue ratio of T2 was slightly higher than that of the CK after 30 days.



The straw decomposition rate is related to the dosage of the bactericide and temperature [107,108]. Microorganisms are the main decomposers of straw, and their abundance and community composition affect the decomposition rate of straw [109]. As the dominant strain of straw decomposition, Pseudomonas increases the activity of decomposition enzymes, thereby accelerating the decomposition rate of straw [110,111,112].




5.2.2. Effect of the Decomposing Agent on Straw Nutrient Release


As shown in Figure 9, the straw decomposition agent promoted the nutrient release of straw, and the nutrient release rate of each treatment showed a gradually decreasing trend. The nutrient release rates of different treatments were roughly as follows: T3 (straw + Pseudomonas) > T4 (straw + fecal treasure) > T1 (straw + Bacillus subtilis) > T2 (enzyme quick rot agent). The release rates of different nutrients were K > P > N. In the first 7 days of straw decomposition, the N release rate of all treatments was higher than 13%, the P release rate was higher than 20%, and the K release rate was higher than 21%. The N release rate of T3 (18.99%) was higher than that of the other treatments and was 41.61% higher than that of the CK. The P and K release rates of T2 were higher than those of other treatments and increased, respectively, by 21.00% and 22.94% compared with the CK. The N release rate, P release rate, and K release rate of different treatments were 11–17%, 14–20%, and 16–22%, respectively, over 7–15 d of straw decomposition. The release rates of N, P, and K in the T3 treatment were the highest and increased by 39.82%, 32.99%, and 32.73%, respectively, compared with the CK. Over 15–30 d, the N release rate, P release rate, and K release rate of the different treatments were 5–11%, 8–15%, and 9–18%, respectively. The release rates of N, P, and K in the T3 treatment were the highest, showing increases of 85.09%, 66.54%, and 90.00%, respectively, compared with the CK. There was no significant differences in the nutrient release rates among the different treatments with the same decomposition period. The different nutrient release rates among the different treatments were mainly due to the morphology of the elements in straw. Among them, K mainly exists in an ionic state in plant tissues and is easily soluble in water. Thus, the release rate of K is the fastest and the final cumulative release rate is also the highest, P mainly exists in an insoluble organic state, with a smaller presence than K [40,113], and N is mainly composed of insoluble organic matter, which decomposes quickly in the early stages and has difficulty decomposing in the later stages, resulting in a decreased decomposition rate [114]. N, which is the main component of straw, has a high degree of cementation and does not easily decompose, resulting in slow release [115,116]. For different nutrients, there was a significant difference in the nutrient release rate of the CK between the early stage of decomposition (0–7 d) and at the end of decomposition (15–30 d) but no significant difference in the nutrient release rate of T1 and T2; we observed significant differences only in the P release rate of T3 and the K release rate of T4. In the early stage of straw decomposition, the decomposition agent caused a sudden increase in the microbial flora in straw. In addition, soluble organic matter and inorganic nutrients in straw provided a large amount of energy and nutrients for microorganisms, stimulated microbial activity, and accelerated straw decomposition, which promoted nutrient release [117]. At the end of decomposition, the amount of microorganisms gradually decreased, their activity became inhibited, and the effect of promoting decay decelerated, which produced significant differences [118].






6. Conclusions


This paper summarized the trends in research on straw returning, analyzed the effects of straw returning decomposition on soil properties and crop growth, and verified the straw decomposition rate and nutrient release rate with a quantitative characterization experiment. The experiment showed that straw combined with Pseudomonas is suitable for application in soil degradation areas, such as those characterized by nutrient deficiency, low yield, and barrenness, and provides more nutrients for crop growth. Straw returning can optimize soil properties and provide nutrients needed for crop growth, and application of a straw decomposition agent will further increase the decomposition rate of straw and promote the release of nutrients therefrom. The overall analysis of straw decomposition agents showed an increasing trend, mainly focusing on straw types, soil fertility changes, and crop growth responses. The regulating effect of straw returning on soil properties is related to the amount of straw returning to the field, the time of straw returning, the length of the straw, temperature, and other factors. To exert the maximum effect of straw returning, it is necessary to conduct in-depth research and establish an optimal model for straw returning treatment suitable for different soils and regions. However, the types of straw for a field are not comprehensive enough at present. Most studies are on the application of crops such as corn and wheat. There are few studies on the utilization of crop straw such as fruit, vegetable, and tea. Therefore, it is necessary to expand the practical research of various crop straw returning to the field.
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Figure 1. Number of papers in the field of straw returning from 2002 to 2022. 






Figure 1. Number of papers in the field of straw returning from 2002 to 2022.



[image: Water 15 03426 g001]







[image: Water 15 03426 g002] 





Figure 2. Keywords co-occurrence network map in the field of straw returning. 
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Figure 3. The first 20 burst terms in the field of straw returning. The blue lines are the periods in which the keywords appear, and the red lines are the sudden periods of the keywords. 






Figure 3. The first 20 burst terms in the field of straw returning. The blue lines are the periods in which the keywords appear, and the red lines are the sudden periods of the keywords.



[image: Water 15 03426 g003]







[image: Water 15 03426 g004] 





Figure 4. Number of papers in the field of straw decomposition agents from 2002 to 2022. 
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Figure 5. Keywords co-occurrence network map in the field of straw decomposition agents. 
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Figure 6. The first 10 burst terms in the field of straw decomposition agents. The blue lines are the periods in which the keywords appeared, and the red lines are the sudden periods of the keywords. 
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Figure 7. Treatment design. 
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Figure 8. Decomposition rates of the treatments. The different capital letters indicate significant differences among treatments measured on the same day (p < 0.05), while the different lowercase letters indicate significant differences on different days in the same treatment (p < 0.05). 
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Figure 9. The nutrient (N, P, and K) release rate of straw under different treatments. The different lowercase letters indicate significant differences on different days during the same treatment (p < 0.05). 
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Table 1. Olson exponential decay equation fitting the straw decomposition residual rate with time.
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Treatment

	
D (%)

	
k

	
R2




	

	
7 d

	
15 d

	
30 d

	

	






	
CK

	
84.30

	
78.00

	
73.05

	
0.013 ± 0.004

	
0.995




	
T1

	
84.12

	
76.67

	
71.57

	
0.014 ± 0.004

	
0.996




	
T2

	
87.17

	
81.27

	
73.33

	
0.012 ± 0.002

	
0.998




	
T3

	
80.07

	
73.50

	
63.63

	
0.018 ± 0.002

	
0.994




	
T4

	
83.50

	
78.13

	
69.28

	
0.014 ± 0.002

	
0.996

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  water-15-03426


  
    		
      water-15-03426
    


  




  





media/file8.jpg
ol






media/file11.png
Keywords Year Strength Begin End 2002 - 2022
transformation promoter 2005 2.42 2005 2011
dynamic change 2005 1.29 2005 2006
chicken manure 2009 1.32 2009 2014
decomposing inoculant 2009 0.76 2012 2014
organic fertilizer 2014 1.51 2014 2016
soil enzyme activity 2006 0.92 2016 2018
straw incorporation 2017 0.94 2017 2019 s
decomposition agent 2010 1.42 2020 2022
decomposing agent 2007 1.42 2020 2022
straw returning 2015 0.76 2020 2022
(b) WOS
Keywords Year Strength Begin End 2004 - 2022
sewage sludge 2009 1.38 2009 2011
organic matter 2006 1.79 2011 2012 N
lignin 2011 1.37 2011 2012 —
morphology 2014 1.16 2014 2015 —
nanocrystal 2014 1.16 2014 2015 —
bioma 2006 1.22 2016 2018
soil 2010 1.74 2017 2018 S—
ch4 emission 2015 1.58 2019 2020 —
biochar 2019 1.49 2019 2022 —
crop vield 2019 1.28 2019 2022 R —

(a) CNKI






media/file6.jpg
Year

2022
2021
2020
2019
2018
2017
2016
2015
2014
2013
2012
2011
2010
2009
2008
2007
2006
2005
2004
2003
2002

R T [N L e O

B






media/file18.png





media/file1.png
Year

2022
2021
2020
2019
2018
2017
2016
2015
2014
2013
2012
2011
2010
2009
2008
2007
2006
2005
2004
2003
2002

- CNKI
B WOS

140 120 100 80 60 40 20 0 20 40 60 80 100 120 140

Number





media/file13.png





media/file10.jpg
transformation promoter 2005

ynanic change 2005
chicken manure 2000
decomposing moculant 2009
organic ferizer 2014

sol enzyme activky 2006
strawincorporation 2017
decomposition agent 2010
decomposing agent 2007
straw retaning 2015

20
129
132
076
151
092
084
12
122
076

(a) CNKI
Keywords. Year Strength Begin End

2005
2008

2011
2006
2014
014
2016
2018
2019

|l

(b) Wos

Keywords  Year Strength Begin

sewage siudge 2009
organic matter 2006
2011
2014
2014

2010
2015
2000
cropyild 2019

e

il

138 2009
179 2010
137 2010
116 2014
116 2014
122 2006
174 2017
158 2009
149 2019
128 2019

End

2004 -2022





media/file7.png
Year






media/file12.jpg





media/file9.png
straw—decomposing inoculant

decomposing agent

decompos ition agent _rice straw

_decompos ing inocu I ant mushroom residue

chicken manure
heat straw

transformation bromoter

straw mcorporatuon N

| ~ 15\,;_%_sml nutrlent
ial_inoculan soil enzyme activity

\organlc fertilizer

_'dynamic change effective microorganism

nutrient release

\ crop residue
inanure

6&% o

h4 emission

‘gnocellulosm bioma

' -*on-n

straw returning

mposition

(a) CNKI

10 - Betweenness
9L - 0.030 — 0.6300
8 F O 0229 0.5513
7L 0.4725
> 0.428 0.3938
2 6 o O 0.3150
g sl o @ 0.627 0.2363
S 4 0.1575
= = . = 0.07875
3+ Q e o 0.000
2 (<)) : o)
1 =
O | 1 | | 1 1 | 1 1 1 1 1 | 1 1 | 1 1 | 1
<
\';%%eé\ %eg (00\6 \}\‘b» ,&\6 ‘5\‘ ¢\\‘f§‘\ ‘\\\‘ %\é\‘)&\q\ﬂi\\“: 5\‘ \0%‘0% %&\0 \)\fa. \6%6 \)\%'(\ ‘3\:&\
R '(6 0‘50 \\0 Q‘ %\0 \0 {\o \C f&\& {0 "&0 '(0\ S (\\ \\0 &\Q 6\‘
X '(QQ QO% ‘\\o \0 <0 %'0 \(60 (DX &\0 0 \Q \)\S \‘b' ’00
$d§ @ e O TR G Si o e NORE
6,.‘;@0 FCx 66\6060
%\{a"‘ 00&\‘3
(b) WOS Keywords
24 -~ Betweenness
22 - © 0.2 0.4700
20 - O 017 0.4113
18 - 0.3525
16T o 0.32 0.2938
5 14 0.2350
g_ 12 . 0.47 0.1763
S 10 0.1175
o gl ) ) 0.05875
6 k- e o 0.000
4 - ° e ° ° 2 @ . o ° (9]
2 -
O 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1
N Q
& ,beo \O(os\‘ Lo (0\20\\“@ \\%° 6‘&%0 95 \36%&6“%“@5%‘0 o %\o}b \\?\\6"
é'e,oo e g? o 5339\95 .gSquyé 6€;§ es? O
YO O
. %0 00
o W

Keywords





media/file14.jpg
600

'Y
S
3

Decomposition rate (mg/d)
g
g

B B

Ca

Ba

ABbAD
ABb.

Bb

Ab Ab
Ac pc Ac

0-7

7-15
Time (d)

15-30





media/file16.jpg
@N )P @K

2

£
.
5
E
z

15 1530 15 o1 7s
Time (d) Time (d) Time (d)





media/file5.png
(a) CNKI

Keywords Year Strength Begin End 2002 - 2022
summer maize 2004 1.9 2004 2005
returning straw into field 2005 1.95 2005 2007
growth and development 2006 2.44 2006 2008
soil k 2007 1.96 2007 2008
soil fertility 2002 1.92 2007 2008
nitrogen fertilizer 2004 3.09 2008 2010
ch4 flux 2009 1.91 2009 2010 P
conservation tillage 2007 247 2010 2011 —
greenhouse gas 2011 1.92 2011 2013
winter wheat 2004 3.01 2013 2015
grain vield 2007 2.76 2013 2014 S
lime concretion black soil 2014 3.2 2014 2015 S
crop yield 2007 222 2014 2016
nitrogen application rate 2015 2.34 2015 2016 e —
community structure 2013 2.18 2017 2018 R
soil aggregate 2018 4.17 2018 2022 —
straw returning to field 2016 3.41 2018 2022 .
black soil 2011 2.05 2019 2020 —
organic carbon 2013 1.97 2019 2020 —
tillage method 2017 2.13 2020 2022 e —
(b) WOS
Keywords Year Strength Begin End 2002 - 2022
crop 2002 3.94 2005 2011
soil 2002 3.35 2005 2007
yield 2005 5.66 2008 2012
water use 2005 5.21 2009 2012
irrigation 2003 5.24 2010 2015
spring wheat 2010 4.01 2010 2011 —
nitrogen 2002 3.49 2012 2013 e—
temperature 2003 5.39 2013 2015
sediment vield 2015 4.76 2015 2017 S
nitrogen mineralization 2016 4.29 2016 2018 R —
plastic mulch 2003 42 2016 2017 S—
dynamics 2004 3.87 2016 2018
fire 2013 3.57 2016 2017 —
drip irrigation 2003 4.38 2018 2019 S
plant 2014 3.25 2018 2019 P
microbial commun