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Abstract

:

Low soil fertility and low microbiological activity have been widely observed in certain newly cultivated lands. To develop effective agricultural management practices that can improve soil quality rapidly, a field experiment was conducted on paddy fields reclaimed from unused, low-slope, hilly wasteland in Quzhou City, Zhejiang Province, Southeast China. The six treatments that were applied included (1) control (CK), no crops were planted and no fertilizers were applied; (2) R, rice planted without fertilization; (3) RR, rice–ryegrass rotation without fertilizer application; (4) RRM, rice–ryegrass rotation with the application of mineral fertilizer; (5) RRMO, rice–ryegrass rotation with the application of mineral fertilizer and organic manure; and (6) RRMH, rice–ryegrass rotation with mineral fertilizer and humic acid application. The results showed that the application of fertilizer with ryegrass cropping improved the amounts of soil organic C (SOC) by 115–296% and particulate organic C (POC) by 162–256% (p < 0.05). Additionally, the RRMO treatment had the highest soil quality index value (0.81), which was significantly higher (p < 0.05) than that of the other treatments. The random forest model showed that N-related properties (including urease activity, total N, and particulate organic N), C-related properties (including SOC, POC, and cellulase activity), and available P could significantly (p < 0.05) explain the response of rice yield to different fertilization management strategies. Compared with CK, the cultivated land quality grades of RRMO and RRMH increased from Grade 9 to Grade 7. However, the RRMH obtained the highest net profit from farmland quota trading. Overall, RRMO and RRMH are suggested to rapidly improve soil productivity and maximize the economic benefit of newly cultivated land utilization, respectively.
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1. Introduction


With increasing rapid urbanization, the area of cultivated land has decreased gradually in China [1]. To ensure that food production meets the needs of the growing population, high-quality, arable land is needed for agricultural production. Thus, the Chinese government has implemented the requisition–compensation balance of farmland (RCBF) policy [2], which involves developing and utilizing abandoned and reclaimed lands and improving the virgin soil through agricultural practices such as fertilization or tillage [3,4]. According to this policy, the stakeholders occupying farmlands for non-agricultural development must provide compensation equivalent to the quantity and quality of the requisitioned farmland [5]. However, the RCBF policy has triggered a series of unexpected problems during its implementation, such as “an insufficient amount of compensated farmland” and “superior occupation and inferior compensation”, which may lead to a decline in farmland quality and productivity [6]. Hence, rapidly improving soil quality in the short term has already become a major concern of the RCBF.



The soil quality of newly cultivated lands does not completely meet the demands for a high crop yield, mainly owing to the relatively smaller amounts of soil organic matter (SOM) [7]. The common method to improve soil fertility is the application of organic materials, such as straw, animal manure, or bio-based materials [8,9,10]. However, the positive effects of organic amendments on soil fertility are affected by the quality and dose of organic materials. Doan et al. used a 3-year mesocosm experiment and found that the application of vermicompost had higher soil organic C (SOC), available P (AP), and cation exchangeable capacity levels than that with buffalo manure treatment [11]. An alternative method to improve soil fertility is through cover crop practices, which can provide numerous environmental benefits and improve soil quality [12,13]. Li et al. found that 15 consecutive years of mineral fertilizer and green manure application resulted in 8% higher annual rice grain yield and 57.7% higher total C input than in the NPK-alone treatment [14]. Ryegrass as a green manure can increase SOC and the utilization of residual plant N, P, and K [15]. Additionally, the rice–ryegrass rotation system has been widely used in South China, which increases rice yield and positively affects microbial community composition and function [16,17]. Although the practice of using cover crops is an appropriate choice, it is not clear how its combined effect with different fertilization measures affects soil quality in the short term.



Soil quality is complex, and its assessment requires the integration of several soil properties [18]. Previous studies have used the soil quality index (SQI) to assess the effects of different practices on soil sustainability [19]. In newly cultivated land, however, few studies have analyzed the combined effect of different organic amendments and mineral fertilizers on the SQI and the economic benefit.



Thus, the objectives of this study were to (1) evaluate the effects of different fertilization measures on SQI, soil chemical properties, and rice grain yield; (2) investigate the relative importance of soil chemical properties in predicting rice grain yield; and (3) perform an economic analysis of rice production under different fertilization management strategies in the newly cultivated land based on the RCBF policy.




2. Materials and Methods


2.1. Site and Climate


This study was conducted from September 2017 to October 2019, located in Maxi Village, Quanwang Town, Qujiang District, Quzhou City (119°3′27″ E, 28°56′06″ N). The area has a subtropical, humid, monsoon climate, with an average annual temperature of 17.3 °C, an average annual rainfall of 1700 mm, and a frost-free period of 251–261 days. Newly cultivated paddy fields were set up in July 2017. Before reclamation, the low-slope, hilly wasteland had been covered by natural vegetation and left uncultivated for several decades. The soil belongs to Inceptisols with a sandy loam texture. The basic chemical properties of the topsoil are listed in Table 1.




2.2. Experiment Design


Six treatments were set up in the experiment: (1) control (CK), no crops were planted and no fertilizers were applied; (2) R, rice planted without fertilization; (3) RR, rice–ryegrass rotation without fertilizer application; (4) RRM, rice–ryegrass rotation with the application of mineral fertilizer during rice growth; (5) RRMO, rice–ryegrass rotation with the application of mineral fertilizer and organic manure during rice growth; and (6) RRMH, rice–ryegrass rotation with mineral fertilizer and humic acid application during rice growth. The plot area was 70 m2 (14 m × 5 m), and the experiment was repeated three times. A random block design was adopted. Ridges were built around the plots, and plastic films were used to isolate the plots to prevent fertilizer and water from flowing out.



Ryegrass (Lolium multiflorum cv. “Tetragold”) is an annual grass species introduced from Barenbrug (Tangent, OR, USA). It was sown in October 2017 and 2018, with the sowing amount being 45 kg ha−1. No fertilizer was applied during the growth of ryegrass, and it was turned over in situ before the heading stage in April 2018 and 2019. Rice (Oryza sativa L. cv. “Yongyou 9”) obtained from the Ningbo Academy of Agricultural Sciences was sown in May, transplanted in June with a planting density of 25 cm × 25 cm, and harvested in October 2018 and 2019.



Urea (N = 46%), calcium superphosphate (P = 12%), and potassium chloride (K = 60%) were applied as the fertilization treatments each year. N, P, and K fertilizers were applied at annual rates of 225 kg ha−1, 120 kg ha−1, and 90 kg ha−1, respectively. One day before rice transplantation, a full dose of P and K fertilizers were applied. Urea was applied in two doses: 50% at the basal stage and 50% at the tillering stage.



Mushroom residues were converted into organic manure through a series of composting procedures. Humic acid was extracted from weathered coal. The basic chemical properties of the solid organic manure and humic acid supplied by Zhejiang Fengyu Ecological Technology Co., Ltd. (Jinhua, China) are shown in Table 1. The application rates of organic manure and humic acid were 75 t ha−1 and 30 t ha−1, respectively, and they were applied once in September 2017. The irrigation and pest control practices were consistent for all treatments.




2.3. Sampling and Measurement


Mature rice crops were harvested in October 2018 and 2019. After threshing, the rice grain yield was dried to a 14% standard water content, and the actual yield was measured by weighing. Topsoil samples (0–20 cm) were collected from each plot using a random multipoint sampling method in October 2019. After being uniformly mixed, fresh samples were collected, sieved through a 2 mm sieve, and stored at 4 °C for the determination of soil ammonium N (NH4+-N), nitrate N (NO3−-N), and dissolved organic C (DOC) and N (DON). Inorganic N (NH4+-N and NO3−-N) was determined by extraction with 2 mol L−1 KCl solution, and the filtrate was analyzed using an autoanalyzer (TRAACS-2000, BRAN+LUEBBE, Norderstedt, Germany). The DOC and DON were measured by extraction with 0.05 mol L−1 K2SO4, and the extract was passed through a 0.45 μm membrane filter and determined using a Multi 3100 N/C TOC analyzer (Analytik Jena, Jena, Germany) [20].



Other physical and chemical indices were measured after air drying at ambient temperature. The soil pH was measured using distilled water (1:2.5, w/v). The SOM and total nitrogen (TN) were determined using a Vario MACRO C/N elemental analyzer (Elementar Corp, Hanau, Germany). Soil alkaline hydrolysis N (AN) was determined using the sodium hydroxide hydrolysis diffusion method [21]. Particulate organic matter was extracted by shaking with sodium hexametaphosphate solution, and the C and N levels were determined using an elemental analyzer [22]. Labile organic C (LOC) was determined using the 0.333 mol L−1 potassium permanganate solution oxidation method [23]. AP was extracted using an extractant consisting of 0.025 mol L−1 HCl and 0.03 mol L−1 NH4F (1:10, w/v) and then determined by molybdenum blue colorimetry [24]. Available K (AK) was lixiviated using 1 mol L−1 NH4OAc (1:10, w/v) and estimated by flame spectrophotometry. The urease activity was determined as described by Watts and Chrisp [25]. Soil phosphatase and cellulase activities were measured using the microplate fluorescence method [26]. Sucrase activity was analyzed using 3,5-dinitrosalicylic acid colorimetry [27].



The SQI was calculated using the integrated quality index equation described by Doran and Parkin [28]:


   SQI =    ∑    i = 1   n   W i  ×  S i   



(1)




where Wi is the weight of each indicator, Si is the indicator score, and n is the number of variables.



According to the “Regulations for Gradation on Agriculture Land Quality” (GB/T, 28407-2012) [29], the factor method was used to construct the evaluation system for cultivated land quality. Nine indicators, namely, soil basic fertility, surface soil texture, soil organic content, tillage layer thickness, guaranteed rate of irrigation water, altitude, soil pH, effective soil layer thickness, and slope, were selected to calculate the quality score of each evaluation unit. The weights for the soil- and site-condition-related indicators were established based on the growth suitability of the local staple crops of rape and rice. The relationships between indicators and quality scores are shown in Tables S1 and S2. The cultivated land grade index, ICLG, is calculated as follows:


   I  C L G   = 1.2058 ×    α  r a p e   ×  β  r a p e   ×   ∑    n    = 1  j  Q S R  A n  · W R  A n  +  α  r i c e   ·  β  r i c e   ×   ∑    n    = 1  k  Q S R  I n  · W R  I n    ÷ 100 − 246.96  



(2)




where ICLG is the cultivated land grade index; αrape and αrice are the light–temperature (climatic) productive potential indices of rape (=510) and rice (=2178), respectively; βrape and βrice are the production ratio coefficients of rape (=2.85) and rice (=1); QSRAn and WRAn are the quality score and weight, respectively, of the soil indicator n of a rape plot; and QSRIn and WRIn are the quality score and weight, respectively, of the soil indicator n of a rice plot.



The quality of cultivated land is graded according to the grade index interval shown in Table S3. The evaluation result was categorized using a 15-grade system, with Grade 1 indicating the best quality of cultivated land and Grade 15 indicating the worst. Excellent cultivated land (Grades 1–4), high-grade cultivated land (Grades 5–8), middle-grade cultivated land (Grades 9–12), and low-grade cultivated land (Grades 13–15) were the four grades of cultivated land in China [30].



The profit is calculated as follows:


   Profit         USD   ha    − 1     =  total   revenue  −  total   cos t   



(3)






   total   revenue  =  R  C L Q T   +    Y  R I 2018   +  Y  R I 2019     ·  P  R I    



(4)






   total   cost  = 2 ·    S  R I S   ·  P  R I S   +  S  R Y S   ·  P  R Y S   +  F N  ·  P N  +  F P  ·  P P  +  F K  ·  P K    +  C  L R   +  C P  +  C L   



(5)




where RCLQT is the revenue from cultivated land quota transactions. Based on the price of supplementary cultivated land quota transactions in Quzhou City, Zhejiang Province, the compensation fee for requisitioning Grade 10 cultivated land is 50,725 USD ha−1, which will increase by 7246 USD ha−1 for every 1-grade increase and vice versa; YRI2018 and YRI2019 are the yields of rice (kg ha−1) in 2018 and 2019, respectively; PRIS, PRYS, PN, PP, and PK are the price of rice seed, ryegrass seed, and N, P, and K fertilizers (USD kg−1), respectively; SRIS, SRYS, FN, FP, and FK are amounts of rice seed, ryegrass seed, and N, P, and K fertilizers rates (kg ha−1), respectively; CLR, CP, and CL are the cost (USD kg−1) of land reclamation, pesticide, and labor, respectively; labor cost consists of plowing, sowing, transplanting, irrigation, fertilization, pesticide spraying, weeding, and harvesting costs.




2.4. Data Analysis


Data were analyzed by analysis of variance (ANOVA) followed by Duncan’s multiple range tests at a probability level of 0.05. The relationship between rice grain yield and soil parameters was assessed by Spearman’s correlation analysis using the “ggm” package in R version 4.1.2. Random forest model (RFM) analysis was conducted using the “randomForest” package to identify the relative importance of factors on rice grain yield. The significance of each predictor was further assessed with the “rfPermute” package in R version 4.1.2.





3. Results


3.1. Rice Grain Yield


There were no differences in the rice grain yield between the only rice and rice–ryegrass treatments (Figure 1). However, rice grain yield was significantly improved by the application of fertilizers. In the rice–ryegrass rotation system, the 2-year average rice yield under different fertilization treatments was ranked as RRMO>RRMH>RRM>RR. Compared to the RRM treatment, RRMO and RRMH produced significantly (p < 0.05) higher 2-year average rice grain yields of 10.9% and 6.7%, respectively (Figure 1).




3.2. SOM Fractions


There were no differences in SOC, POC, and LOC levels among the CK, R, and RR treatments, indicating that planting cover crops could not increase SOC and its labile fractions in the short term. In contrast, different types of fertilizer applications under the rice–ryegrass rotation systems could improve SOM and its fractions at different magnitudes (Table 2). Compared with the RR treatment, the RRM, RRMO, and RRMH treatments resulted in significantly higher concentrations of soil LOC, which increased by 14.2–18.8% and 34.2–43.9% for LOC and DOC, respectively (Table 2). In contrast, larger improvements in the levels of SOC (115–296%) and POC (162–256%) were observed in fertilization treatments compared to those under the unfertilized rice–ryegrass rotation system. In addition, the combined use of mineral fertilizer and organic manure resulted in higher SOC, POC, and particulate organic nitrogen (PON) levels than with the mineral-fertilizer-alone treatment (Table 2).




3.3. Soil Nutrients


In the rice–ryegrass rotation cropping system, the application of fertilizers significantly increased the levels of TN (53–159%), AN (71–105%), and NH4+-N (29–154%) compared to those with the unfertilized treatment (Table 3). The RRMO treatment had the highest TN, AP, and AK levels, which increased by 71.8%, 314.6%, and 56.9%, respectively, compared to the RRM treatment (Table 3). In contrast, the RRM and RRMH treatments caused an obvious decrease in the amount of AK compared to that with CK (Table 3).




3.4. Soil Enzyme Activity


In the absence of fertilization, there were no differences in soil enzyme activities involved in C, N, and P cycling, except for sucrase activity between rice–winter fallow (R) and rice–ryegrass rotation systems (RR) (Figure 2). In contrast, the combined use of mineral fertilizer and organic manure in rice–ryegrass rotation resulted in 42.3–287%, 63.1–92.1%, and 29.9–66.6% higher urease, sucrase, and cellulase activities, respectively, than those in the RR, RRM, and RRMH treatments (Figure 2). Neutral phosphatase activity was significantly higher in the RRMH treatment than in the other treatments (Figure 2).




3.5. Influencing Factors of Yield Response to Soil Properties


Except for NO3− and AK, rice grain yield was positively associated with all soil properties. SOC, TN, and AP were positively correlated with soil enzyme activities (p < 0.05, Figure 3). AK was significantly negatively correlated with NH4+ and LOC (p < 0.05, Figure 3). Urease activity in the N cycle was found to be positive (p < 0.05) for NH4+, but negative (p < 0.05) for NO3−. DON had a positive effect on AN and NO3− (p < 0.05).



The RFM was used to identify the most important environmental factors for predicting rice grain yield. The RFM showed that N-related properties (including urease activity, TN, and PON), C-related properties (including SOC, POC, and cellulase activity), and AP could significantly (p < 0.05) explain the response of rice yield to different fertilization treatments (Figure 4). The most important environmental factor was urease activity, followed by AP and POC, indicating that they could predict the rice grain yield better than the other soil properties (including DOC, LOC, and neutral phosphatase activity).




3.6. SQI


After all the indicators were scored and weighted (Table S4), the SQI values were calculated using the total data set (TDS) method, and values ranged from 0.43 to 0.81. Fertilization resulted in a significantly higher (32.6–89.9%) SQI value (p < 0.05) than with the no-fertilizer treatments (Figure 5). The RRMO treatment had the highest value (0.81), which was significantly higher (p < 0.05) than those of the other treatments (Figure 5).




3.7. Economy Analysis


Fertilization management practices improved the cultivated land quality grade, especially the combined application of mineral fertilizer and organic amendments, being Grade 7 cultivated land for RRMO and RRMH (Table 4). Results showed that all treatments were economically profitable as they gave a rate of return above 200% (Table 4). Compared to CK, the R and RR treatment had lower profits because the revenue from rice production insufficiently offset labor costs. Profit was increased by 17–33% in response to fertilization. Large amounts of organic amendments with mineral fertilizer maximized profit by improving rice grain yield and farmland grade, although costs increased remarkably. The RRMH treatment gave a higher profit due to incurring only about half of the labor cost of applying organic amendments compared with the RRMO treatment.





4. Discussion


There were no differences in the rice grain yield between the only rice and rice–ryegrass treatments. Our results showed that there were no differences in the 2-year average rice grain yield between rice monoculture and rice–ryegrass rotation without any fertilizer (mineral or organic fertilizer) inputs, suggesting that replacing fallow periods with annual ryegrass did not guarantee an increase in rice grain yield. Abdalla et al. summarized 106 studies and found that cover crops led to a 4% reduction in the grain yield of the primary crop [31]. However, this disadvantage can be avoided by selecting mixed cover crops with a range of legumes and non-legumes. He et al. demonstrated that relatively higher residue rates of ryegrass facilitated rice growth by improving the bacterial community structure in red soil [15]. As a gramineous plant, ryegrass requires a high fertility level for production, especially an adequate N supply. In the present study, the rice–ryegrass rotation system in the newly cultivated land without fertilization was not conducive to N fixation of ryegrass because of low ryegrass biomass and soil microbial activity. Therefore, ryegrass could not provide sufficient N for the next rice crop. Selecting mixed cover crops with ryegrass and legumes (e.g., vetches and clover) might be an effective management practice for newly cultivated land [32]. Compared to the unfertilized control, the application of mineral fertilizer alone or in combination with organic amendments can improve rice grain yield. In addition, the high-input treatment (incorporation of ryegrass and organic manure or humic acid) resulted in 6.7–10.9% higher grain yields than with the RRM treatment, suggesting a good yield response with nutrient addition.



The soil nutrient levels (e.g., TN, AN, and AP) showed a gradient with the input amount after two consecutive years of the fertilizer application tests (Table 3). This was consistent with results obtained by Verlinden et al., who observed that, compared to the control, the application of dairy manure (22.4 t ha−1) for 15 consecutive years resulted in a significant increase in AP by 720% and AK by 95% [33]. However, the continuous application of manure has the potential risk of leaching P and other nutrients [34,35]. In the present study, the amounts of AP in the RRMO treatment increased by 10.7 mg kg−1 annually, and there was a risk of leaching in the future. Thus, it is important to determine an appropriate rate of manure application, which can not only reduce environmental pollution but also save costs. In contrast, the amounts of AK showed a decreasing trend in all fertilizer treatments. An annual input of 90 kg K ha−1 from mineral fertilizer did not guarantee sustainable rice production. Liu et al. reported that paddy fields in Southeast China are typically deficient in AK, which might be the most limiting constraint on rice productivity [36]. Similarly, Mi et al. discovered a decrease in AK levels in a double-rice cropping system in Southeast China [37]. The decrease in soil AK with the RRMH treatment may be related to the adsorption and retention of soil AK by humic acid [38]. Because organic manure can provide additional K nutrients, there was no significant drop in soil AK. To balance the nutrient budgets, the RRM and RRMH treatments required a higher application rate of K fertilizers.



Cover crop management has proved to be an economic and effective sustainable agriculture practice for improving SOC [39]. A two-year field experiment in a rice–ryegrass rotation system demonstrated that ryegrass amendment increased SOC levels significantly with a high N application rate during the rice season [40]. A lower N application rate, on the other hand, did not result in a significant difference in SOC level between rice monoculture and rice–ryegrass rotation, which is consistent with our findings. Therefore, nitrogen input is crucial for the decomposition process of certain cover crops in agricultural systems, especially for ryegrass with a higher C:N ratio. Our results also showed that the higher levels of SOC and its labile fractions in the fertilization treatments could be ascribed to larger inputs of root and stubble residues or organic material addition. Similarly, soil cellulase and sucrase activities were higher in the RRMO and RRMH treatments. This was possibly because higher organic inputs promoted microbial growth, thereby increasing the production of enzymes to decompose recalcitrant SOC. SOC is a key attribute of soil quality because of its effects on soil physical, chemical, and biological processes that regulate the sustainability and productivity of agroecosystems [41]. POC, among other labile SOC fractions, is more sensitive to changes caused by crops and soil management practices [42]. The RFM also showed that SOC and POC were important factors that could better predict the response of rice yield to different fertilization management strategies.



In newly cultivated land, fertilization is essential to sustain and improve soil quality. A field trial on the newly cultivated land suggested that lack of fertilizer application gives rise to land degradation and results in the deterioration of soil quality [43]. Organic manure has been reported to be an ideal soil amendment for newly cultivated land, mainly because it can improve not only SOM levels but also soil physical properties [7]. Another effective indicator suitable for evaluating soil productivity is the cultivated land quality grade, in addition to the SQI. In the present study, the cultivated land quality grade among different treatments possessed a tendency similar to that of rice grain yield, indicating that rice grain yield can largely reflect the cultivated land quality grade. According to economic benefit analysis, higher economic returns were preserved by the RRMO and RRMH in comparison with the other treatments. Such a high-input cropping system is still profitable due to the relatively higher trading price of the farmland quota. In China, a shortage of land quotas often results in developed regions purchasing land quotas from relatively underdeveloped areas [44]. Taking Zhejiang as an example, the Zhejiang Province focuses most of its large infrastructure projects on the Hangzhou–Jiaxing–Huzhou–Shaoxing Plain, while the compensatory farmlands are in the Jinhua–Quzhou basin and Wenzhou–Taizhou coastal area [45]. The cultivated land quality grade of newly cultivated land was improved by the combined application of mineral fertilizer and organic amendments in underdeveloped areas of the Zhejiang Province, such as Quzhou City. Selling quotas in these areas can alleviate financial poverty and help protect farmland.




5. Conclusions


Our study showed that the application of fertilizer with ryegrass cropping improved the rice grain yield, the SOC pool, and the soil nutrients. The RRMO treatment had the most profound positive effect on rice grain yield and soil quality. The RFM showed that N-related properties (including urease activity, TN, and PON), C-related properties (including SOC, POC, and cellulase activity), and AP could significantly (p < 0.05) explain the response of rice yield to different fertilization management strategies. The same cultivated land quality grade was observed in the RRMO and RRMH treatments. Overall, rice–ryegrass rotation with the application of mineral fertilizer and organic manure was the optimal practice to rapidly improve the soil productivity of the newly cultivated land. However, given the implementation of the RCBF policy, rice–ryegrass rotation with the application of mineral fertilizer and humic acid obtained the highest profit.
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Figure 1. Rice grain yield under different management practices in 2018 (A), 2019 (B), and the average of the two years (C). Note: R: rice planted without fertilization, RR: rice–ryegrass rotation without fertilizer application, RRM: rice–ryegrass rotation with the application of mineral fertilizer, RRMO: rice–ryegrass rotation with the application of mineral fertilizer and organic manure, RRMH: rice–ryegrass rotation with mineral fertilizer and humic acid application. Different lower-case letters indicate significant differences at the 5% level. Vertical bars indicate the standard deviation of the mean. 
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Figure 2. Soil urease (A), sucrase (B), neutral phosphatase (C), and cellulase (D) activities under different management practices. CK: no crops planted and no fertilizers applied, R: rice planted without fertilization, RR: rice–ryegrass rotation without fertilizer application, RRM: rice–ryegrass rotation with the application of mineral fertilizer, RRMO: rice–ryegrass rotation with the application of mineral fertilizer and organic manure, RRMH: rice–ryegrass rotation with mineral fertilizer and humic acid application. Different lower-case letters indicate significant differences at the 5% level. Vertical bars indicate the standard deviation of the mean. 
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Figure 3. Heatmap showing correlations among all variables. All circles represent significant Spearman correlation coefficients (p < 0.05). SOC: soil organic carbon, POC: particulate organic carbon, PON: particulate organic nitrogen, LOC: labile organic carbon, DOC: dissolved organic carbon, DON: dissolved organic nitrogen, TN: total nitrogen, AN: alkaline-hydrolysis nitrogen, AP: available P, AK: available K, UA: urease activity, SA: sucrase activity, NPA: neutral phosphatase activity, CA: cellulase activity. 
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Figure 4. Prediction of yield responses to soil properties based on the random forest model (RFM). UA: urease activity, AP: available P, POC: particulate organic carbon, SOC: soil organic carbon, TN: total nitrogen, PON: particulate organic nitrogen, CA: cellulase activity, DOC: dissolved organic carbon, LOC: labile organic carbon, NPA: neutral phosphatase activity. * indicates p < 0.05, and ** indicates p < 0.01. 
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Figure 5. Mean values of soil quality index (SQI) based on the total data set (TDS) method. R: rice planted without fertilization, RR: rice–ryegrass rotation without fertilizer application, RRM: rice–ryegrass rotation with the application of mineral fertilizer, RRMO: rice–ryegrass rotation with the application of mineral fertilizer and organic manure, RRMH: rice–ryegrass rotation with mineral fertilizer and humic acid application. Different lower-case letters indicate significant differences at the 5% level. Vertical bars indicate the standard deviation of the mean. 
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Table 1. Main properties of the top layer of soil and organic materials before the experiment.
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	Parameter
	Unit
	Soil
	Organic Manure
	Humic Acid





	pH
	-
	6.70
	7.43
	6.15



	OC
	g kg−1
	2.95
	289.97
	749.94



	TN
	g kg−1
	0.22
	14.38
	9.03



	AN
	mg kg−1
	13.7
	-
	-



	TP
	g kg−1
	0.38
	17.92
	7.87



	AP
	mg kg−1
	4.91
	-
	-



	TK
	g kg−1
	10.8
	33.0
	1.3



	AK
	mg kg−1
	217
	-
	-







Note: OC: organic C, TN: total N, AN: alkaline hydrolysis N, TP: total P, AP: available P, TK: total K, AK: available K.
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Table 2. Soil organic matter and its fractions under different management practices.
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Treatment

	
SOC

	
POC

	
PON

	
LOC

	
DOC

	
DON




	
g kg−1

	
mg kg−1






	
CK

	
2.65 ± 0.17 d

	
0.77 ± 0.01 c

	
0.06 ± 0.01 d

	
1.10 ± 0.15 b

	
34.4 ± 4.51 b

	
4.94 ± 0.11 cd




	
R

	
3.61 ± 0.08 d

	
1.06 ± 0.03 c

	
0.08 ± 0.01 cd

	
1.31 ± 0.04 a

	
32.4 ± 3.05 b

	
4.13 ± 0.41 d




	
RR

	
3.28 ± 0.24 d

	
1.09 ± 0.06 c

	
0.08 ± 0.01 cd

	
1.16 ± 0.09 b

	
37.6 ± 5.86 b

	
5.88 ± 0.25 b




	
RRM

	
7.05 ± 0.12 c

	
2.85 ± 0.05 b

	
0.14 ± 0.02 bc

	
1.36 ± 0.03 a

	
54.1 ± 9.74 a

	
5.73 ± 0.17 bc




	
RRMO

	
10.51 ± 0.34 b

	
3.88 ± 0.53 a

	
0.24 ± 0.05 a

	
1.32 ± 0.01 a

	
52.3 ± 5.16 a

	
5.57 ± 0.31 bc




	
RRMH

	
13.02 ± 1.37 a

	
3.28 ± 0.29 ab

	
0.16 ± 0.02 b

	
1.38 ± 0.05 a

	
50.5 ± 7.82 a

	
8.08 ± 0.43 a








Note: The data represent means ± SD (n = 3). CK: no crops planted and no fertilizers applied, R: rice planted without fertilization, RR: rice–ryegrass rotation without fertilizer application, RRM: rice–ryegrass rotation with the application of mineral fertilizer, RRMO: rice–ryegrass rotation with the application of mineral fertilizer and organic manure, RRMH: rice–ryegrass rotation with mineral fertilizer and humic acid application. SOC: soil organic carbon, POC: particulate organic carbon, PON: particulate organic nitrogen, LOC: labile organic carbon, DOC: dissolved organic carbon, DON: dissolved organic nitrogen. Different lower-case letters in the same column indicate significant differences at the 5% level.
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Table 3. Soil nutrient contents under different management practices.
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Treatment

	
TN

	
AN

	
NH4+-N

	
NO3−-N

	
AP

	
AK




	
g kg−1

	
mg kg−1






	
CK

	
0.13 ± 0.01 c

	
42.9 ± 0.7 bc

	
4.07 ± 0.40 c

	
2.33 ± 0.02 a

	
1.4 ± 0.2 d

	
143 ± 2.6 ab




	
R

	
0.18 ± 0.01 c

	
64.1 ± 7.5 a

	
5.81 ± 0.75 bc

	
2.34 ± 0.17 a

	
3.2 ± 0.5 cd

	
113 ± 10.5 bc




	
RR

	
0.21 ± 0.02 c

	
35.6 ± 2.5 c

	
4.40 ± 0.59 c

	
2.21 ± 0.05 a

	
3.3 ± 0.6 cd

	
139 ± 13.4 ab




	
RRM

	
0.32 ± 0.01 b

	
61.1 ± 11.1 ab

	
11.20 ± 0.97 a

	
2.22 ± 0.08 a

	
5.5 ± 1.0 bc

	
102 ± 10.4 c




	
RRMO

	
0.55 ± 0.05 a

	
70.4 ± 8.9 a

	
5.69 ± 0.45 bc

	
2.23 ± 0.08 a

	
22.8 ± 3.4 a

	
160 ± 19.5 a




	
RRMH

	
0.45 ± 0.08 a

	
73.0 ± 9.6 a

	
6.35 ± 0.62 b

	
2.24 ± 0.05 a

	
7.8 ± 1.1 b

	
43 ± 2.4 d








Note: The data represent means ± SD (n = 3). CK: no crops planted and no fertilizers applied, R: rice planted without fertilization, RR: rice–ryegrass rotation without fertilizer application, RRM: rice–ryegrass rotation with the application of mineral fertilizer, RRMO: rice–ryegrass rotation with the application of mineral fertilizer and organic manure, RRMH: rice–ryegrass rotation with mineral fertilizer and humic acid application. TN: total nitrogen, AN: alkaline hydrolysis nitrogen, AP: available phosphorus, AK: available potassium. Different lower-case letters in the same column indicate significant differences at the 5% level.
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Table 4. Total revenue, cost, and profits based on the requisition–compensation balance of farmland (RCBF) policy.
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Treatment

	
Revenue

	
Cost

	
Profit




	
USD ha−1

	
Farmland

(Grade)

	
Rice Production

	
Total

	
Land Reclamation

	
Fertilizer

	
Seed

	
Pesticide

	
Labor

	
Total






	
CK

	
869,565

(Grade 9)

	
0

	
869,565

	
217,391

	
0

	
0

	
0

	
0

	
217,391

	
652,174




	
R

	
869,565

(Grade 9)

	
859

	
870,424

	
217,391

	
0

	
348

	
67

	
1123

	
218,929

	
651,495




	
RR

	
869,565

(Grade 9)

	
706

	
870,271

	
217,391

	
0

	
609

	
67

	
1435

	
219,501

	
650,770




	
RRM

	
978,261

(Grade 8)

	
5166

	
983,427

	
217,391

	
2210

	
609

	
67

	
1565

	
221,841

	
761,586




	
RRMO

	
1,086,957

(Grade7)

	
5731

	
1,092,688

	
217,391

	
7644

	
609

	
67

	
4283

	
229,994

	
862,694




	
RRMH

	
1,086,957

(Grade 7)

	
5513

	
1,092,470

	
217,391

	
8297

	
609

	
67

	
2652

	
229,015

	
863,455








Note: All costs are converted into U.S. dollars based on USD 1 = CNY 6.90.
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