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Abstract

:

The application of green manure is a common way to increase the soil’s level of total organic carbon (TOC) and its fractions. However, the amount of green manure to apply and how the combined application of phosphate fertilizer affects the movement of TOC, and of its fractions, is still unclear. We conducted a column experiment with two treatments of phosphate fertilizer (with and without) and green manure (0, low amount level, high amount level). The longitudinal movement distance and accumulation amount of each organic carbon fraction were investigated after 14 days and 28 days. The results indicated that green manure, phosphate fertilizer, and incubation time affected the movement of the soil organic carbon fractions by affecting the initial quality of the green manure (TOC, cellulose, and lignin content), as well as the changes in quality. Green manure significantly increased the accumulation amount of the organic carbon fractions in the soil, and the high-level input of green manure increased the movement distance and accumulation amount of the organic carbon fractions; phosphorus fertilizer did not have a significant effect on the movement distance of the organic carbon fractions, but it did significantly affect accumulation amount. The 28-day incubation period increased the movement distance and the accumulation amount of the organic carbon fractions, with the exception of the particulate organic carbon (POC), compared to the 14-day incubation period. Taken together, these findings suggest that the high-level of input of green manure combined with the application of P fertilizer is beneficial for increasing the movement of the organic carbon fractions to the depth of the soil, and promotes their accumulation, which is an important agronomic management strategy for improving soil acidity in tropical regions.
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1. Introduction


The soil organic carbon (SOC) pool is the largest carbon pool in the terrestrial ecosystem, and its carbon storage is five times that of the plant carbon pool and four times that of the atmospheric carbon pool [1]. To improve soil health and to help mitigate climate change, the amount of soil organic matter should be maintained or increased in the long term [2,3]. The SOC pool can be divided into the active soil organic carbon (ASOC) pool and the inert soil organic carbon (ISOC) pool, according to the differences in the carbon pool functions, such as the turnover rate, biochemical properties, and size of the reserves [4]. It is easy for ASOC to mineralize, decompose, and transform, and it has a short cycle in soil, making it able to reflect the dynamic changes in soil organic carbon more sensitively and to reflect the current soil fertility status directly [5,6,7]. Although ASOC usually only accounts for a small part of SOC, it can reflect small changes in soil more sensitively than other types. Active soil organic carbon can participate in the biochemical processes of soil directly and is also an important substrate for soil microorganisms, and a driving force for soil nutrients [8]. It is crucial for maintaining the carbon pool balance and soil biochemical fertility. ASOC fractions mainly include light fraction organic carbon (LFOC), particulate organic carbon (POC), microbial biomass carbon (MBC), and dissolved organic carbon (DOC), etc [9]. ISOC is relatively stable in soil, guaranteeing soil carbon storage. It is a relatively difficult and stable part of the soil organic carbon pool and mainly includes lignin, humus, polyphenols, and protected polysaccharides; the higher its content, the more conducive it is to SOC accumulation. ISOC fractions mainly include heavy fraction organic carbon (HFOC) and mineral-bound organic carbon (MOC), among others.



Green manure is a nutrient-complete source of biological fertilizer. Many studies have shown that planting green manure can improve the physical, chemical, and biological properties of soil; change the diversity and community composition of soil microorganisms; alleviate the shortage of fertilizer resources; and save on the costs of fertilizer input [10,11,12,13,14]. Additionally, it can also effectively increase the organic carbon pool in the soil [15,16]. It is also an important alternative source of fertilizer for the current ‘Chemical Fertilizer Zero Increase’ plan and for the soil organic matter improvement plan, both of which are of great significance to the sustainable development of agriculture. Bharali et al. found that green manure significantly increased both high active organic carbon and high inert organic carbon [17].



Agricultural land occupies about 35% to 37% of the earth’s land [18,19]. It is susceptible to changes in soil organic carbon caused by natural or anthropogenic factors. Therefore, the movement and transformation of sown pasture SOC has always attracted attention. However, how does returning green manure to the field affect the process of the movement of SOC? What factors affect the movement distance and accumulation amount of ASOC and ISOC? In this study, a soil column cultivation experiment was carried out to clarify the movement distance and accumulation amount of the SOC fractions and to provide a theoretical basis and reference for the return of green manure to the field to increase SOC.




2. Materials and Methods


2.1. Soil and Amendments


Soil was collected at a depth of 0–15 cm (cultivated soil) from the Forage Trial Station of Tropical Crop Genetic Resources, Chinese Academy of Tropical Agricultural Sciences, Danzhou City, Hainan Province, China (19°30′ N, 109°30′ E; Alt. 149 m). The soil was laterite. The soil was thoroughly mixed and air-dried, and it was then sieved (<2 mm). The basic properties of the soil are shown in Table 1.



Green manure (Stylosanthes guianensis) was collected directly from the fields at the same station. The green manure was dried at 70 °C and finely ground (<2 mm). This material was chosen because it is a commonly used soil-improving green manure in the tropics China. The chemical properties of the green manure are outlined in Table 1.




2.2. Column Incubation Experiment


The incubation experiment consisted of three green manure addition treatments: control: 0, low amount level: 58.8 g (10 t ha−1), and high amount level: 235.2 g (40 t ha−1), and two phosphate fertilizer levels (1.048 g (100 kg ha−1) and 0 g (without)) with three replicates, creating a total of six treatments (Table 2). Calcium superphosphate (with 16–18% phosphorus) was used as a phosphate fertilizer in this experiment.



Soil columns [20] were reconstructed using topsoil collected at depths of 0–15 cm (Figure 1). Wax columns (10 cm in diameter and 25 cm high) were used as the test rig. The fertilizer was placed into nylon net bags and then placed on the top of soil (Figure 1). The wax column was filled with 1554 g soil 5 times; then, the wax column was put into the tray, deionized water was added to the tray, and a capillary action was used to make the soil column absorb the water evenly until the soil’s water content reached 36.8% (according to the pre-experiment, this takes about 48 h). Then, the filter paper under the wax column was removed, and both ends were sealed with plastic wrap and rubber bands to prevent water loss. The wax column was placed vertically in a constant temperature incubator at 30 °C (simulating a similar temperature to that in the field), and it was equilibrated in the dark for 48 h. Then, it was taken out of the incubator, and fertilizer packaged in nylon bags was spread evenly on the filter paper above the soil column. The column was then sealed again with plastic wrap, and it was cultivated in a constant temperature incubator at 30 °C in the dark.




2.3. Soil and Green Manure Sampling


The soil columns were destructively harvested after 14 d and 28 d of incubation. Each column was sectioned into 75 2 mm layers, creating a total of 36 columns with 2700 soil samples. Samples were oven-dried at 40 °C and were well mixed to ensure homogeneity before chemical analysis.



The green manure bags were removed at 14 and 28 days after placement. After removal from the wax columns, green manure bags were dried at 65 °C to constant weight, and weights were recorded. After drying, biomass from the green manure bags was crushed and sieved.




2.4. Chemical Analyses


The soil TOC was measured using the acid dichromate wet oxidation method [21]. Total nitrogen (TN) was measured using the Kjeldahl method [22]. The soil LFOC and HFOC were measured using the improved method of Han et al. [23]. The soil POC and MOC were measured using the improved method of Cambardella and Elliott and Shen [24,25].



An external heating-potassium dichromate oxidation method [21] and acid-detergent fiber methods [26] were used to assess TOC, cellulose, and lignin, respectively, for each green manure sample. Here, we used the initial TOC, cellulose, and lignin of green manure to represent the quality of green manure, and the difference of sampling in different periods was used as their decomposition amount, indicating the change of green manure (Figure 2).




2.5. Statistical Analysis


As the data were not normally distributed (the Kolmogorov–Smirnov test), a generalized linear model (GLIMMIX procedure) was applied to quantify the effects of the incubation time (D), green manure (GM), and P fertilizer (P) on the movement distance and accumulation amount of the organic carbon fractions (Table 3). The model is y = D + GM + P + D × GM + D × P + GM × P + D × GM × P + Γ + ε, where Γ is the random effect of the replicate and ε is the model error. All the data were analyzed using SAS software (SAS 9.4, SAS Institute Inc., Cary, NC, USA). The H0 rejection level was set to p < 0.05.



Structural equation modelling (SEM) was utilized to estimate the movement distance and accumulation amount of the organic carbon fractions in response to the incubation time, green manure, and P fertilizer, based on the hypothesis that incubation time, green manure, and P fertilizer have the potential to directly alter the movement distance and accumulation amount of the organic carbon fractions, as well as indirectly by changing the initial quality and by changing the green manure content [27]. We used the Chi-square (χ2) test to judge the fit of the model, with good fit being achieved when 0 ≤ χ2/df ≤ 2 and 0.05 < p ≤ 1 [28]. The SEM results were calculated using AMOS 21 [29].





3. Results


3.1. Dynamic Characteristics of Soil OC Fraction Movement


The movement dynamics of soil organic carbon fractions showed that as the incubation time increased, the content of soil organic carbon fractions (with the exception of POC) increased cumulatively, and the accumulation amount of each OC fraction after 28 days was higher than that after 14 days. The results indicated that the incubation time had a great influence on the movement of the soil OC fractions. Additionally, the accumulation amount OC fractions decreased as the movement distance became longer; the final movement distance was limited, and there were differences in the movement distance between the different treatments (Table 3 and Figure 3).




3.2. Movement Distance of OC Fractions


The movement distances of the soil TOC, LFOC, and MOC were significantly affected by the incubation time, green manure, and their interaction, while the POC was affected by GM and the interaction of GM and the incubation time; the HFOC was only affected by green manure. However, the P fertilizer did not have a significant effect on the movement distance of the OC fractions (Table 3).



The incubation time only had a significant effect on the movement distance of TOC in the LG + P treatment (p < 0.05), and no significant differences were observed in the other treatments (p > 0.05; Figure 4a). The P fertilizer did not have a significant effect on the movement distance of the soil OC fractions at either 14 or 28 days (Figure 4). However, we found that the high green manure treatment significantly promoted the downward movement of the TOC, LFOC, and HFOC at 14 days and 28 days (all p < 0.05; Figure 4a,b,d). The high green manure treatment had no effect on the movement distance of the POC at 14 days (p > 0.05), while it significantly increased the movement distance at 28 days (p < 0.05; Figure 4c). The movement distance of the MOC in the LG + P treatment was not significantly different from that of the HG and HG + P treatments (p > 0.05). However, in the treatments in which only green manure was applied, the HG treatment effectively increased the movement distance of the MOC (p < 0.05; Figure 4e).




3.3. Accumulation Amount of OC Fractions


The accumulation amount of the soil TOC, LFOC, HFOC, and MOC was significantly affected by the incubation time, P fertilizer, green manure, and their interaction, while the POC was not affected by the interactions of incubation time and P fertilizer, nor the interactions between three of them (Table 3).



Increasing the incubation time significantly increased the accumulation amount of the TOC and HFOC in the LG + P, HG, and HG + P treatments, but this did not have a significant effect on the LG treatment. However, in each treatment, the incubation time had a negative effect on the accumulation amount of the POC (Figure 4h).



The accumulation amount of each organic carbon fraction increased significantly under both the HG and HG + P treatments (Figure 4f–j). However, the effect of the P fertilizer on the accumulation amount of the organic carbon fractions was regulated by the organic carbon fractions and the incubation time. After 14 days, the application of P fertilizer had no significant effect on the accumulation amount of the TOC and HFOC. However, after 28 days, the effect of the P fertilizer was significant, and the accumulation amount of the TOC and HFOC resulting from the LG + P and HG + P treatments was higher than those in the LG and HG treatments. After 14 days, under the HG treatment, the application of P fertilizer significantly increased the accumulation amount of the LFOC, while under the LG treatment, the P fertilizer had no significant (Figure 4g). On the contrary, after 28 days, the LG + P treatment significantly increased the accumulation amount of the LFOC, while in the high green manure treatment, the P fertilizer had no significant effect (Figure 4g). At 14 and 28 days, the combinations of green manure with or without P fertilizer did not have a significant effect on the accumulation amount of the POC.



At 14 days, the combined application of P fertilizer had no significant effect on the accumulation amount of the MOC under both the low and high green manure treatments. However, at 28 days, the P fertilizer significantly promoted the amount of MOC accumulation.




3.4. Structural Equation Modelling for Movement Distance and Accumulation Amount of OC Fractions


We found that incubation time affects the movement distance of the OC fractions by affecting the changes in the green manure quality. The direct effect and total effect value of P fertilizer on the movement distance of the OC fractions were small. Green manure treatment affected the movement distance and accumulation amount of the OC fractions by affecting the initial quality and the quality changes of green manure (Figure 5 and Figure 6).



Green manure and incubation time have positive direct effects on the movement distance of the soil TOC, with standardized path coefficients (SPCs) of 0.92 (p < 0.001) and 0.40 (p < 0.01). Green manure affected the movement distance of the soil TOC by affecting the initial amount of lignin (0.94, p < 0.001); the incubation time affected the movement distance of the soil TOC by affecting the decomposition of the TOC in the green manure (0.40, p < 0.01). The total effect of green manure on the movement distance of the TOC was 0.98, while the initial lignin and cellulose content of the green manure had negative effects on the movement distance of the soil TOC, with a total effect of −0.44 and −0.23, respectively.



Green manure and the incubation time have significant positive direct effects on the movement distance of the LFOC, with SPCs of 0.95 (p < 0.001) and 0.13 (p < 0.01), respectively. The incubation time affects the movement distance of the LFOC by affecting the changes of TOC (0.40, p < 0.01) and cellulose (0.36, p < 0.001) of the green manure. The total effect of green manure on the movement distance of the TOC was 0.90, and the initial TOC, lignin, and cellulose contents in the green manure all had negative effects on the movement distance of the LFOC, with total effects of −0.18, −0.50, and −0.80, respectively. The total effect of the incubation time on the LFOC’s movement distance was 0.29, while the total effect of the cellulose changes in the green manure on the movement distance of the LFOC was 0.30.



The green manure had significant positive direct effects on the movement distance of the POC, with an SPC of 0.99 (p < 0.001), and by affecting the initial amount of organic carbon (0.06, p < 0.05) and lignin (0.94, p < 0.001) in green manure, it indirectly affected the movement distance of the POC, with SPCs of −0.93 (p < 0.001) and 0.66 (p < 0.05), respectively. The incubation time indirectly affected the movement distance of the POC by affecting the TOC changes in the green manure (0.40, p < 0.01). The total effect of the green manure on the movement distance of the POC was 0.95, while the initial TOC content, lignin content, and cellulose content in the green manure had negative effects on the movement distance of the POC, with total effects of −0.94, −0.66, and −0.71, respectively.



The direct and indirect effects of the incubation time and the P fertilizer treatments on the movement distance of the HFOC were small. The direct effect of the green manure treatments on the movement distance of the HFOC was 0.98 (p < 0.001), and they affected the movement distance of the HFOC by affecting the initial amount (0.94, p < 0.001) and the changes (0.78, p < 0.001), respectively. The total effect of the green manure on the movement distance of the HFOC was 0.97, and the total effect of the initial TOC content and lignin content in green manure on the movement distance of the HFOC were 0.66 and −0.49, respectively.



The total effect of the green manure on the movement distance of the MOC was 0.91, and both the initial amount of cellulose and the TOC of the green manure had a negative effect on the movement distance of the MOC, with total effects of −0.70 and −0.57, respectively (Figure 5b).



We found that the incubation time affected the accumulation amount of soil OC fractions by affecting quality changes in the green manure. The direct effect and total effect of P fertilizer on the accumulation amount of soil OC fractions were small, while the green manure treatments affected the accumulation amount of soil OC fractions by affecting the initial quality and the quality changes in the green manure.



The green manure and incubation time affected the accumulation amount of TOC in the soil by affecting the changes in the cellulose in the green manure (0.44, p < 0.05; 0.36, p < 0.001). In addition, the incubation time affected the accumulation amount of TOC in the soil by affecting the changes in the TOC of the green manure (0.40, p < 0.001) (Figure 6a). The incubation time, green manure, and P fertilizer, as well as the initial quality and the quality changes in the green manure, all promoted the accumulation amount of TOC in the soil (Figure 6b).



The direct effect of green manure on the accumulation amount of LFOC was −0.67 (p < 0.001). The incubation time affected the accumulation amount of LFOC by affecting the changes in the TOC (0.40, p < 0.001) and cellulose (0.36, p < 0.001) of the green manure. The green manure affected the changes lignin (0.78, p < 0.001) by affecting the initial lignin quality (0.94, p < 0.001), and it then affected the accumulation amount of LFOC (0.42, p < 0.001). On the other hand, green manure affected the accumulation amount of LFOC by affecting the initial quality of lignin (0.94, p < 0.001) and TOC (0.06, p < 0.05) in the green manure. The incubation time, green manure, and P fertilizer, as well as the initial quality and the changes in the green manure, all promoted the accumulation amount of LFOC (Figure 6b).



The direct effect of green manure on the accumulation amount of POC was 0.99 (p < 0.001), and it indirectly affected the accumulation amount of POC by affecting the initial TOC (0.06, p < 0.05) and cellulose (0.23, p < 0.01) in green manure. On the other hand, the green manure affected the changes in the lignin (0.78, p < 0.001) by affecting the initial lignin (0.94, p < 0.001), and it then affected the accumulation amount of POC (0.31, p < 0.01). The incubation time indirectly affected the accumulation amount of POC (−0.14, p < 0.001) by affecting the changes of TOC in the green manure (0.40, p < 0.001). The total effect of the incubation time and the green manure on the accumulation amount of POC was −0.38 and 0.85, respectively, while the total effect of the initial TOC content in the green manure on the accumulation amount of POC was −0.92; moreover, the initial lignin and cellulose contents had little effect on the accumulation amount of POC. The changes of quality in the green manure had a negative total effect on the accumulation amount of POC (Figure 6b).



The direct and indirect effects of the incubation time and P treatments on the accumulation amount of HFOC were small, and the direct effect of the green manure on the accumulation amount of HFOC was 0.80 (p < 0.05). The incubation time, green manure, P fertilizer, and initial quality and changes in the green manure all promoted the accumulation amount of HFOC (Figure 6b).



The direct effect of the green manure on the accumulation amount of MOC was −0.21 (p < 0.001), and it indirectly affected the accumulation amount of MOC (−0.28, p < 0.001) by affecting the initial cellulose content (0.23, p < 0.01). The incubation time indirectly affected the accumulation amount of MOC (0.03, p < 0.01) by affecting the changes in the TOC of the green manure (0.40, p < 0.001). The incubation time and green manure jointly affected the accumulation amount of MOC by affecting the changes of cellulose in the green manure (0.36, p < 0.001; 0.44, p < 0.05). The incubation time, green manure, P fertilizer, and initial quality, and the changes in the green manure, all promoted accumulation amount of MOC (Figure 6b).




3.5. The Movement Distance and Accumulation Amount of Total Nitrogen


The movement migration dynamics of the soil TN showed that as the incubation time increased, the content of the TN increased cumulatively, and the accumulation amount of TN after 28 days was higher than that after 14 days. The results indicated that the incubation time had a great influence on the movement of the soil TN. Additionally, the accumulation amount of TN decreased as the movement distance became longer; the final movement distance was limited, and there were differences in the movement migration distance between the different treatments (Table 3 and Figure 7).



The incubation time, the interaction between P fertilizer and green manure, and the interaction of the three factors all had significant effects on the movement distance and accumulation amount of soil TN (Table 3). During the first 14-day incubation period, the effects of green manure and P fertilizer had no effect on the movement distance and accumulation amount of soil TN (Figure 7). During the 28-day incubation period, the movement distance and accumulation amount were higher in LG and HG + P treatment than that in the LG + P and HG treatment.





4. Discussion


Globally, the application of organic fertilizers has increased organic carbon stocks. However, this increased effect is related to many factors, including environmental factors such as the soil temperature, humidity, and pH, as well as biological factors such as the quality and quantity of exogenous organic matter input, enzyme activity, and microbial diversity. Additionally, these factors lead to large differences in the increased soil organic carbon storage [30,31,32]. In order to explore the effect of returning green manure to the field on the movement of soil organic carbon fractions, this study conducted a soil column cultivation experiment, controlled the environmental conditions to ensure that they were consistent, and ensured that only the input amount of green manure and the application of inorganic P fertilizer were different.



4.1. Effects of Green Manure on the Movement Distance of Soil Organic Carbon Fractions


In the study, the maximum movement distance of the organic carbon fractions reached 30 mm, and we found that the movement distance of the organic carbon fractions was affected by the initial quality and the changes in the green manure, such as those in the TOC, lignin, and cellulose content (Figure 5). However, we found that the movement distance of the POC and HFOC in the study was not affected by the incubation time, and there was no significant difference in the movement distance between 14 and 28 days (Figure 3 and Table 3). This shows that POC and HFOC complete rapid movement in the first 14 days and that green manure combined with P fertilizer has no significant effect on the movement distance of the OC fractions. Additionally, green manure, regardless of whether it was combined with P fertilizer or not, had no significant effect on the movement distance of the OC fractions. Additionally, we found that after 14 days of incubation, the movement distance of each OC fraction in the low green manure treatment group was significantly different (Figure S1), while in the high green manure treatment group, no significant differences in the movement distance of each OC fraction were observed. After 28 days of incubation, no significant differences in the movement distances of each OC fraction were observed, regardless of whether the high or low green manure had been applied. This indicated that each OC fraction, including the active and inert OC fraction, has a difference movement distance after 14 days but that it can move the same distance within 28 days.



In addition, the movement distance of the POC was smaller after the 28-day incubation time, and the difference was significant under the HG + P treatment (Figure S1). This indicates that HG + P treatment had a greater impact on the movement distance of the POC.



The movement distance of TN was linearly positively correlated with the movement distance of TOC and MOC at a high amount green manure treatment, but it was linearly positively correlated with LHOC at both a low and high amount green manure treatment (Figure S3). It shows that the movement distance of soil TN is not consistent with the movement distance of soil OC fractions. This may be caused by the different activities of C- and N-related enzymes [33].




4.2. Effects of Green Manure on the Accumulation Amount of the Soil Organic Carbon Fractions


Increasing the amount of biomass in soil through green manures (preferably legumes) or crop residues is known to increase the accumulation of organic carbon in soil, and it is an important practice for carbon sequestration in soils in tropical and subtropical regions [34]. As one of the most common organic fertilizers, green manure can not only improve the physical and chemical properties of soil, but it can also increase the organic carbon content in soil, especially active organic carbon [35]. In this study, it was found that with the application of low and high levels of green manure, the active organic carbon content and inert organic carbon content in the soil were significantly increased with or without the application of P fertilizer. Additionally, this is consistent with the study of Bharali et al., in which green manure significantly increased both the highly active organic carbon and highly inert organic carbon [17]. Leguminous green manure mainly builds an active carbon pool in shallow soil, while grass-based green manure mainly builds an active carbon pool in deep soil [36]. In this study, it was found that the content of the organic carbon fractions was affected by the amount of green manure the was applied, the application of P fertilizer, and the incubation time. The accumulation amount of OC fractions increased as the incubation time increased [37]. In this study, the accumulation amount of TOC, LFOC, HFOC, and MOC increased as the incubation time increased, but the accumulation amount of POC decreased as the incubation time increased. This shows that the POC is more active under green manure treatment and that it may be quickly transformed or utilized by microorganisms. The LFOC increased significantly, and the amount increased as the incubation days increased. This is consistent with the findings of Ma and Huang, in which green manure from Chinese vetch can increase the active organic carbon content in soil by an average of 15% [38]. Similarly, green manure also significantly increases the activated carbon pool of the corn–pea planting system [8]. Cover tillage management significantly increases the organic matter content in topsoil [39]. However, these results may be different under different climatic conditions or in different soil types. Other studies have shown no changes in organic carbon sequestration under cover crop systems [40].



Phosphorus fertilizer, which promotes the accumulation of total organic carbon and inert organic carbon (HFOC and MOC) in soil in the low and high levels of green manures, was applied, but the most significant effect was found at the 28th day of incubation, indicating that the movement effect caused by green manure combined with inorganic fertilizers on the TOC and inert organic carbon in soil is affected by the incubation time; however, the effect on active organic carbon has no regularity, indicating that active organic carbon is more sensitive to the changes in the environment and is volatile. The active carbon pools are characterized by fast turnover (low mean residual time) and are known to be highly sensitive to agricultural management. They make up the food web of soil; therefore, their content largely affects the nutrient cycling that maintains soil quality and agricultural productivity [41]. Green manure combined with inorganic fertilizer can significantly increase the total organic carbon content in soil, and the proportion of inorganic fertilizer applied has no significant effect on the total organic carbon content in soil, but the combined application of 60% inorganic fertilizer can significantly increase the active carbon content in soil [42]. Ma and Huang also found that the TOC in soil increased by 8% on average, and the active organic carbon content increased by 15% on average under each treatment of green manure composed of Chinese vetch and nitrogen fertilizer [38].



In contrast, the inert or passive carbon pool is part of the TOC that is slowly altered by microbial activity [43]; therefore, it plays an important role in the accumulation of organic carbon stocks [44]. Song et al. found that green manure composed of Chinese vetch + straw significantly increased and promoted the accumulation of inert forms of carbon such as aromatic carbon in two paddy soil aggregates [45]. It is more conducive to improving the stability of organic matter, and it has great application potential in actual agricultural production. We found that the accumulation amount of POC and HFOC was significantly higher than that of LFOC and MOC after 14 days of incubation at both high and low levels of green manure treatments, while the inert organic carbon accumulation amount (HFOC and MOC) was significantly higher than the active organic carbon (LFOC and POC) after 28 days of incubation. When low levels of green manure were applied, no significant differences were observed in the accumulation amount between the active organic carbon in the LFOC and POC, and no significant differences were observed in the accumulation amount between the inert organic carbon in the HFOC and MOC. However, when high levels of green manure were applied, the accumulation amount of LFOC was significantly higher than that of POC, and the accumulation amount of MOC was significantly higher than that of HFOC (Figure S2), indicating that a higher amount of green manure would affect the accumulation amount of soil-active and inert organic carbon fractions.



In addition, the movement of elements in the soil is also affected by the activity of enzymes [33]. Wang et al. found that the treatments of green manure and phosphate fertilizer can significantly increase the accumulation amount of inorganic phosphorus fractions in the soil [46]. We found that the accumulation amount of TN was linearly positively correlated with the accumulation amount of TOC and HFOC at high amount green manure treatment, but it was linearly positively correlated with the accumulation amount of LHOC and MOC and linearly negatively correlated with the accumulation amount of POC at both low and high amount green manure treatments (Figure S3). This shows that the accumulation amount of soil TN is not consistent with the accumulation amount of soil OC fractions, which is affected by the amount of green manure and the types of OC fractions.





5. Conclusions


Our laboratory incubation study indicated that the addition of green manure to soil can significantly increase the movement distance and accumulation amount of the TOC and organic carbon fractions in soil, including the LFOC, POC, HFOC, and MOC, by affecting the initial quality and the quality changes in green manure. However, P fertilizer had no effect on the movement distance of the TOC and organic carbon fractions in soil but affected their accumulation amount. The incubation time increases the movement distance and accumulation amount of soil organic carbon fractions. However, the POC results were opposite to those of the other organic carbon fractions, and despite the higher activity of POC, the differences in its movement distance were not observed, and the accumulation amount decreased after 28 days. These findings suggest that green manure can effectively increase the contents of organic carbon fractions in soil. Appropriately increasing the amount of green manure and increasing the incubation time can increase the accumulated amount of organic carbon fractions in the deep soil. However, we still need to verify this in the field.
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Figure 1. The incubation column design with a reconstructed soil profile. 
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Figure 2. The input amount and decomposition amount of the total organic carbon, cellulose, and lignin of green manure in each treatment. The vertical bands represent the standard error (n = 3), control (CK), single P fertilizer (P), a low amount of green manure (LG), a high amount of green manure (HG), a low amount of green manure mixed with P fertilizer (LG + P), and a high amount of green manure mixed with P fertilizer (HG + P). The asterisk indicates that each index is significantly different at 0.05 level between the two incubation times, while the lowercase letter indicates that different treatments are significantly different at the 0.05 level at the same incubation time. 
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Figure 3. The movement dynamics of soil organic carbon fraction contents at 14 ((left) column) and 28 ((right) column) days of the soil column test. The vertical bands represent the standard error (n = 3), control (CK), single P fertilizer (P), a low amount of green manure (LG), a low amount of green manure mixed with P fertilizer (LG + P), a high amount of green manure (HG), and a high amount of green manure mixed with P fertilizer (HG + P). 
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Figure 4. The final movement distance (a–e) and accumulation amount (f–j) of soil organic carbon fractions at 14 and 28 days. Vertical bands represent the standard error (n = 3), control (CK), single P fertilizer (P), a low amount of green manure (LG), a low amount of green manure mixed with P fertilizer (LG + P), a high amount of green manure (HG), and a high amount of green manure mixed with P fertilizer (HG + P). The asterisk indicates that each index is significantly different at the 0.05 level between the two incubation times, while the lowercase letters indicate that different treatments are significantly different at the 0.05 level at the same incubation time. 
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Figure 5. A structural equation model describing the effects of incubation time, P fertilizer, and green manure on movement distance of OC fractions (a) and standardized total effects (STE, the sum of direct and indirect effects from each variable from the SEM on movement distance) of the OC fractions (b). The numbers labelling the arrows are the standardized path coefficients and indicate the strength of the relationships. No line between the two variables indicates no significant correlation. The significance levels of each predictor are * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 6. A structural equation model describing the effects of incubation time, P fertilizer, and green manure on the accumulation amount of OC fractions (a), and the standardized total effects (STE, the sum of direct and indirect effects from each variable from the SEM on accumulation amount) of the OC fractions (b). The numbers labelling the arrows are the standardized path coefficients and indicate the strength of the relationships. No line between two variables indicates no significant correlation. The significance levels of each predictor are * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 7. The migration movement dynamics of soil total nitrogen content at 14 (a) and 28 (b) days. The final migration movement distance (c) and accumulation amount (d) of the soil total nitrogen at 14 and 28 days. Vertical bands represent the standard error (n = 3), control (CK), single P fertilizer (P), a low amount of green manure (LG), a low amount of green manure mixed with P fertilizer (LG + P), a high amount of green manure (HG), and a high amount of green manure mixed with P fertilizer (HG + P). The asterisk indicates that each index is significantly different at the 0.05 level between the two incubation times, while the lowercase letters indicate that different treatments are significantly different at the 0.05 level at the same incubation time. 
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Table 1. Physical-chemical properties of the tested soil and green manure.
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Soil

	
Green Manure






	
pH

	
5.6 ± 0.1

	
TOC (g kg−1)

	
249.8 ± 2.5




	
TOC (g kg−1)

	
7.7 ± 0.2

	
Cellulose content (%)

	
25 ± 0.4




	
LFOC (g kg−1)

	
1.25 ± 0.13

	
Lignin content (%)

	
14 ± 0.4




	
POC (g kg−1)

	
6.5 ± 0.1

	

	




	
HFOC (g kg−1)

	
0.34 ± 0.02

	

	




	
MOC (g kg−1)

	
7.4 ± 0.4

	

	




	
Bulk density (g cm−3)

	
1.32 ± 0.12
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Table 2. The fertilization treatments in the experiment.






Table 2. The fertilization treatments in the experiment.





	Treatments
	Green Manure (g)
	Phosphate Fertilizer (g)





	Control (CK)
	0
	0



	Phosphate fertilizer (P)
	0
	1.048



	Low level green manure (LG)
	58.8
	0



	LG + P
	58.8
	1.048



	High level green manure (HG)
	235.2
	0



	HG + P
	235.2
	1.048
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Table 3. The effect of the incubation time (D), P fertilizer (P), green manure (GM), and their interactions on the movement distance and accumulation amount OC fractions (TOC, LFOC, POC, HFOC, and MOC) and total nitrogen (TN) (F and p; * p < 0.05, ** p < 0.01, and *** p < 0.001).






Table 3. The effect of the incubation time (D), P fertilizer (P), green manure (GM), and their interactions on the movement distance and accumulation amount OC fractions (TOC, LFOC, POC, HFOC, and MOC) and total nitrogen (TN) (F and p; * p < 0.05, ** p < 0.01, and *** p < 0.001).





	
Variables

	
TOC

	
TN

	
LFOC

	
POC

	
HFOC

	
MOC






	
Movement Distance




	
D

	
19.6 ***

	
65.3 ***

	
149.3 ***

	
3.9

	
2.2

	
17.4 ***




	
P

	
3.6

	
2.6

	
0.2

	
0.3

	
1.2

	
0.9




	
GM

	
2083.9 ***

	
0.4

	
727.4 ***

	
509.3 ***

	
687.8 ***

	
150.7 ***




	
D × P

	
1.6

	
0.9

	
0

	
0

	
1.2

	
0




	
D × GM

	
4.9 *

	
0.7

	
37.9 ***

	
3.9 *

	
1.5

	
4.4 *




	
P × GM

	
0.9

	
10.8 **

	
0.2

	
0.3

	
0.7

	
2




	
D × P × GM

	
0.7

	
10.1 **

	
0.6

	
1.2

	
2

	
1




	
R2adjust

	
0.99

	
0.79

	
0.98

	
0.97

	
0.98

	
0.9




	
Accumulation Amount




	
D

	
572.4 ***

	
110.7 ***

	
942.4 ***

	
285.6 ***

	
291.4 ***

	
789.5 ***




	
P

	
87.8 ***

	
5.3

	
75.3 ***

	
10.6 **

	
54.0 ***

	
62.2 ***




	
GM

	
2009.3 ***

	
0.2

	
3111.5 ***

	
704.5 ***

	
1086.2 ***

	
1298.5 ***




	
D × P

	
73.5 ***

	
1.8

	
5.1 *

	
1.5

	
77.5 ***

	
66.9 ***




	
D × GM

	
391.3 ***

	
1.1

	
415.2 ***

	
95.9 ***

	
234.5 ***

	
491.9 ***




	
P × GM

	
29.2 ***

	
10.0 **

	
25.4 ***

	
3.6 *

	
18.3 ***

	
24.6 ***




	
D × P × GM

	
65.2 ***

	
8.1 *

	
13.4 ***

	
1.7

	
72.2 ***

	
57.9 ***




	
R2adjust

	
0.99

	
0.85

	
0.99

	
0.98

	
0.99

	
0.99
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