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Integrated ecological farming combines rice growing with aquaculture, and is an effective way to improve soil productivity by increasing soil nutrient supply. However, the long-term effects of such integrated farming on phosphorus fractions and phosphorus availability of paddy soils in the Pearl River Delta (PRD) remain unknown. A four-year field experiment compared the phosphorus fractions with paddy field in rice-fish-duck system (RFD), rice-vegetable cropping system (RVS) and conventional rice system (CRS) in the PRD. SOC and phosphorus fractions were significantly influenced by cropping systems. RFD significantly increased SOC and phosphorus in the soil. Soil phosphorus was dominated by moderately labile P (40.67–49.41%). RFD also significantly increased soil microbial biomass carbon, microbial biomass phosphorus, and acid phosphatase activity (ACP) by 67.68, 46.68, and 15.87% compared to RVS, and by 134.14, 65.99, and 30.20% compared to CRS, respectively. SOC and ACP were the primary factors influencing the conversion and effectiveness of soil phosphorus. The RFD can alleviate low phosphorus activity in PRD paddy soils through the combined effect of chemical and biological process, while promoting a sustainable soil nutrient cycle within the ecosystem and guiding the sustainable development of rational soil fertilization in the PRD.
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1 INTRODUCTION
Phosphorus (P) is the second most limiting element among soil nutrients globally and is essential for the synthesis of plant tissues and energy metabolites (Hou et al., 2020; Divjot et al., 2021). Phosphorus also regulates the net primary productivity of soil ecosystems, as well as the decomposition and storage of soil carbon pools (Bronson et al., 2004; Shi et al., 2016), thereby playing an important overall role in maintaining the efficient functioning of soil ecosystems (Fisk et al., 2015). Moreover, adequate P supply can mitigate the negative effects of abiotic factors on plants, while promoting plant water and nutrient uptake and utilization, and improving the resilience of the plant body (Divjot et al., 2021; Cui et al., 2022). Plant P is primarily derived from the soil; however, in subtropical regions, the abundance of metal oxides and clay minerals in soils, as well as processes such as precipitation reactions and specific adsorption, all increase P fixation capacity while decreasing soil P bioavailability (Fan et al., 2019; Fu et al., 2021). Indeed, it has been shown that P fertilization can lead to an annual increase in soil P content at a rate of 11%·yr−1 (Macdonald et al., 2011), yet the seasonal bioavailability of P fertilizer is < 20% (Sun et al., 2007), while the fixed P via soil sorption becomes a potential risk of agricultural, non-point source pollution (Sharma et al., 2017).
Soil P exists in complex organic and inorganic forms, with significant differences in bioavailability. Moreover, different forms can be transformed, and together determine soil P availability (Teng et al., 2018). The forms of soil P are influenced by abiotic factors, such as soil composition, organic carbon, metal oxides, and biotic factors, such as phosphatase and soil microbial activity. The functional groups of organic carbon can combine with soil minerals to form organic complexes via ionic chemical bonds (Cavalcante et al., 2018; Fu et al., 2021), which are capable of reducing P loss due to runoff. Soil microorganisms can absorb some of available P to sustain their biological activities. Following death and decay of microorganisms, the sequestered P is returned to the soil and becomes an important source of P that can be absorbed for use by plants (Sokol et al., 2022). Additionally, phosphatases play an important role in mineralization of organic P and promotes the production of soil available P (Ning et al., 2021). The arable land in the Pearl River Delta (PRD) covers 602,500 ha (Guangdong Bureau of Statistics, 2018). However, water erosion in the PRD has increased severely over recent decades (Lai et al., 2015), resulting in the loss of large amounts of available P with surface runoff (Ortiz-Reyes and Anex, 2018). Moreover, the PRD soils are in a state of N-P imbalance due to high levels of atmospheric nitrogen deposition. This result increased the difficulty of P uptake by plant, and drove the soil ecosystem to P limitation (Vitousek et al., 2010; Chen et al., 2018). Therefore, it is important to study the transformation and control of soil P fractions to improve the efficiency of soil P utilization and promote the cyclic transformation of soil P in the PRD.
Integrated paddy ecological farming is a practice of organic ecological agriculture that integrates rice growth and aquaculture into the same field (Zheng et al., 2017). This cropping system has a long history and is growing particularly rapidly in China, and as of 2012, the use of it had spread to 2.23 Mha in China (Fishery Bureau of China’s Ministry of Agriculture, 2013). Various systems such as rice-fish, rice-shrimp, and rice-duck have been developed and applied in different regions based on the climate and production characteristics (Hu et al., 2016; Liu et al., 2019; Sun et al., 2021). Integrated ecological farming effectively promoted animal-plant-soil nutrient cycling (Wan et al., 2019; Lv et al., 2020). Rice-fish farming increases soil nutrients and is capable of bolstering rice production (Wan et al., 2019; Guo et al., 2020). Rice-fish and Rice-turtle systems influence the microbial community structure in soil and overlaying water (Afri et al., 2021; Wu et al., 2021). To date, fewer studies have focused on the effects of the rice-fish-duck system on soil P fractions and P availability. Previous studies have reported diverse results concerning the effects of different integrated ecological farming systems. During rice growing season, introducing frogs and fish could increase soil total P and available P (Lin and Wu, 2020). However, Yi et al. (2019) reported rice-fish farming system was not conducive to improve soil P availability. Therefore, whether rice-fish-duck farming changes P fractions and P availability of paddy soils in the PRD during long-term experimental studies. It is essential to understand how integrated ecological farming influence the soil P availability and its various fractions, which provides a scientific basis for alleviating the P limitation of rice soils in the PRD and for the scientific use of soil P resources.
In this study, rice-fish-duck system, rice-vegetation cropping system (rice-pepper), and conventional rice system were selected as the research objects for analyzing the relationships between soil P fractions, as well as basic physical and chemical properties, microbial biomass, and ACP activity of the soil. We hypothesized that 1) exogenous organic matter brought by rice-fish-duck farming can increase soil P content and improve P availability; and 2) difference in soil physiochemical properties of cropping systems and the effect of soil ACP activity may co-regulate the soil characteristics.
2 MATERIALS AND METHODS
2.1 Experimental design
The study area was located in Zengcheng District, Guangzhou City, China (23°17'25.6'' N, 113°43'3.3'' E), which maintains a subtropical maritime monsoon climate, with an average annual temperature of 22.1°C, and an annual rainfall of 1746.7 mm (Supplementary Figure S1). Here, the soils are mainly Hydragric Anthrosols (FAO-UNESCO, 1974) developed from granite sediments, and they have a clay loam texture.
The test plots were all conventional rice farming soil in local area. The field experiment commenced in June 2017 under three designed cropping systems: rice-fish-duck system (RFD), rice-vegetable cropping system (RVS), and conventional rice system (CRS). Each type of cropping system was tested in a standard plot of 667 m2 with three replicates. The RFD abided by the rule of “wide rows and narrow plants”, and the row spacing for growing rice was about 30 cm in length × 18 cm in width. In the RPD, 7 days after seedling planting, about 10 cm-long fish (Cyprinus carpio var. color) were introduced into paddy field. After 20 days of growing time, 20-day-old ducklings (Tadorna) were introduced into paddy field. These paddy fields surrounded with high net (about 50 cm in high) and a shed for the ducks was also built in the corner of each field. Before fish and duck harvesting, the fields maintained a standing water depth of about 5 cm. Following rice tillering, fish and ducks were harvested, the field water was drained, and then the soil was allowed to dry for a week. Pepper (C. annuum var. grossum.) was a traditional and seasonal crop in the local area, and was used as a crop in the vegetable planting stage of the RVS. The RVS was a pepper-rice system, in which three crops of pepper were planted in the first half of the year, after which the land was prepared for subsequent rice planting in a manner consistent with the field management of conventional cropping systems, where a local, long-term, double-season rice crop in succession was grown. The CRS abided by the principle of local rice planting, meanwhile, keeping consistent field management. The local field management measures are conventional fertilizer application without rice straw returned to the field after harvesting, however rice stubble was treated and left in the field.
The tested rice variety of three cropping systems was all “Zengke Xinxuan Simiao rice”, which was bred by the Guangzhou Zengcheng District Agricultural Science Research Institute (https://www.ricedata.cn/variety/varis/624863.htm?624,863). In the RFD, 150 kg hm−2 (1 hm2 = 10,000 m2) of compound fertilizer (N:P2O5:K2O = 17:6:12) was applied before seedlings planting, and no further fertilizer was applied during subsequent rice growth. At the beginning of the rice-vegetable rotation and conventional rice growing, 300 kg hm−2 of compound fertilizer was applied as base fertilizer, and 150 kg hm−2 of urea was applied thereafter. The compound fertilizer and urea were prepared and supplied by Guangdong Fuli Long Compound Fertilizer Co.
2.2 Soil sample collection
We collected soil samples from a four-year field experiment in three cropping systems in October 2021. Following rice harvesting, topsoil (0–10 cm) and subsoil (10–20 cm) were collected from each field via 5-point sampling method, and the collected 5-point samples were evenly mixed into a single representative sample. Soil samples were divided into two subsamples by removing gravel and plant residue (e.g., roots), where one was naturally dried in the shade and ground through 2 mm and 0.25 mm sieves for determining its basic physical and chemical properties, and freshly ground through a 2 mm sieve and stored in a refrigerator at -4°C for the determination of microbial biomass carbon, microbial biomass P, and ACP content. The selected soil physicochemical properties are shown in Table 1.
TABLE 1 | Selected soil physicochemical properties of three cropping systems at different soil depths.
[image: Table 1]2.3 Sample analysis and measurement
Basic physical and chemical soil properties were determined by referring to the Laboratory Analysis Methods for Soil Investigation (Zhang and Gong, 2012), where pH was determined using the potentiometric method (water:soil ratio = 2.5:1); soil bulk density was determined using the ring knife method; SOC was determined using concentrated sulfuric acid-potassium dichromate external heating; soil organic nitrogen (STN) was determined by the Kjedahl acid-digestion method; soil total potassium (STK) was detected by a digestion procedure with HNO3-HF-HClO4; dissolved organic carbon (DOC) was determined using deionized water leaching (water:soil ratio 5:1) and an elemental analyzer (CE-440, American Gallian Instruments, Inc., United States); amorphous Fe-Mn was determined using oxalic acid and ammonium oxalate solution leaching, as well as an atomic absorption spectrometer (AA-7000, Daojing Inspection instrument Co., LTD.); soil particle composition was determined via the pipette method; the humus component (huminic acid [HA] and fulvic acid [FA]) was determined via leaching with sodium pyrophosphate and sodium hydroxide solution.
Soil P fractions were measured using a graded method modified by Tiessen, (1993). Resin film leaching was used to measure P (Resin-P), while organic (Po) and inorganic P (Pi) contents were also evaluated using sodium bicarbonate solution (NaHCO3), sodium hydroxide solution (NaOH), and HCl leaching methods. Additionally, ultrasonic treatment extraction was used to measure Po (Sonicate-Po), Pi (Sonicate-Pi), and residual state P from concentrated acid digestion (Residual-P). The sum of all the above P fractions was the total soil P content, and P fractions were all determined via continuous flow fractionation. According to Fan et al. (2019), the uptake and ease of utilization for different P fractions by plants can be classified into the following: 1) Soluble P—e.g., Resin-P, an inorganic P fraction that can be directly absorbed and utilized by plants; 2) labile P—e.g., NaHCO3-Po and NaHCO3-Pi; 3) moderately labile P—e.g., NaOH-Po and NaOH-Pi; 4) occluded P—e.g., Sonicate-Po, Sonicate-Pi, HCl-P, and Residual-P. According to the bio-effectiveness, P fractions were classified into Po (NaHCO3-Po, NaOH-Po, Sonicate-Po), and inorganic P (Resin-P, NaHCO3-Pi, NaOH-Pi, Sonicate-Pi, HCl-P, and Residual-P).
Soil ACP was determined using methods employed by Gai et al. (2021), where 1.00 g of fresh soil sample was extracted with 125 ml of 50 mmol L−1 acetate buffer solution (pH 5) and stirred until uniform with a magnetic stirrer (5 min). Subsequently, the solution was assayed with an umbelliferone substrate and multifunctional enzyme standard (Spectra Max M5, Molecular Devices Instruments Co., LTD., United States). Microbial biomass was also determined using the methods of Gai et al. (2021), where microbial biomass carbon (MBC) was assessed via chloroform fumigation and potassium sulfate leaching with an elemental analyzer (CE-440, American Gallian Instruments, Inc., United States), using a leaching coefficient of 0.45. Microbial biomass phosphorus (MBP) was determined by chloroform fumigation and sodium bicarbonate leaching with a continuous flow analyzer (F 9700, Qingdao Yiyi Instrument Co., LTD.), and a leaching coefficient of 0.40.
2.4 Statistical analysis
Data were processed in MS Excel 2019 and SPSS v.24.0 for statistical analyses. One-way ANOVA was used to analyze significance in SOC and P fractions, as well as MBP and ACP among different paddy cultivation systems (α = 0.05). Paired-sample t-test was used to analyze the significance of SOC and P fractions, MBP, and ACP activity at different soil depths (LSD method; α = 0.05). Two-way ANOVA was used to analyze the interaction effects of cropping systems and soil depth on SOC and P fractions, MBP, and ACP activity, while redundancy analysis (RDA) and variance decomposition analyses (VPA) were conducted in R v.4.03 using the Vegan package with soil physicochemical properties, organic carbon fractions, and microbial factors as environmental factors. Significance testing was performed via the Monte Carlo method, and Origin 2020b (Origin Lab. Inc., Massachusetts, United States) was used for graphical plotting.
3 RESULTS
3.1 Soil organic carbon fraction
The results of the two-way ANOVA showed that the cropping system, soil layer, and their interactions significantly affected SOC, DOC, MBC, HA, FA, and HA:FA, except for effect of the interaction on soil HA and FA; Figures 1A–F). Significant differences in SOC, DOC, MBC, and FA were all detected between cropping systems in topsoil. SOC, DOC, MBC, and FA in the RFD increased by 12.23, 21.36, 56.78, and 20.04% compared to RVS, and by 33.26, 38.37, 216.62, and 66.69% compared to CRS, respectively (Figures 1A–C,E). HA also peaked in RFD, although CRS significantly increased by 44.29% compared to RVS as well (Figure 1D). HA:FA of RVS soil significantly decreased by 88.86 and 100.42% compared to RFD and CRS, respectively (Figure 1F).
[image: Figure 1]FIGURE 1 | Soil organic carbon fractions under different cropping systems. (A) SOC. (B) DOC. (C) MBC. (D) HA. (E) FA. (F) the ratio of HA to FA. RFD, rice-fish-duck system; RVS, rice-vegetation cropping system; CRS, conventional rice system. Different lower-case letters in the same soil depth indicate a significant difference among cropping systems at p < 0.05, and different capital letters in the same cropping system indicate a significant difference among soil depths at p < 0.05. SOC, soil organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass carbon; HA, huminic acid; FA, fulvic acid.
Similar to the topsoil, all organic carbon fractions of RFD subsoils were significantly higher than RVS and CRS, with MBC and HA:FA showing the greatest difference in CRS soils compared to RVS, and no significant difference was observed in HA content between CRS and RVS subsoils.
3.2 Soil phosphorus fraction
Soil Resin-P, NaHCO3-Pi, NaHCO3-Po, NaOH-Pi, and HCl-P fractions were all as the following order: RFD > RVS > CRS, with significant differences between different cropping systems (Figures 2A–D,H). Soil NaOH-Po and Sonicate-Pi contents in RFD were also significantly higher than those in the RVS and CRS, increasing by 75.30–80.24 and 45.07–53.08%, respectively. Soil Sonicate-Po and Residual-P contents in RFD were significantly greater than those of RVS and CRS by 25.61–53.65 and 26.45–46.17%, respectively (Figures 2G,I). Pi contents in the RFD increased by 56.74% compared to that in the RVS, and by 102.74% compared to those in the CRS, respectively (Figure 3A). Po content in the RFD was also significantly higher than that of the RVS and CRS by 68.28 and 72.09%, respectively (Figure 3B).
[image: Figure 2]FIGURE 2 | Soil P fractions under different cropping systems. (A) Resin-P. (B) NaHCO3-Pi. (C) NaHCO3-Po. (D) NaOH-Pi. (E) NaOH-Po. (F) Sonicate-Pi. (G) Sonicate-Po. (H) HCl-P. (I) Residual-P. RFD, rice-fish-duck system; RVS, rice-vegetation cropping system; CRS, conventional rice system. Different lower-case letters indicate a significant difference among cropping systems at p < 0.05.
[image: Figure 3]FIGURE 3 | Soil total organic phosphorus, inorganic phosphorus, and available phosphorus contents under different cropping systems. (A) Soil Po. (B) Soil Pi. (C) Soluble P. (D) Labile P. (E) Moderately labile P. (F) Occluded P. RFD, rice-fish-duck system; RVS, rice-vegetation cropping system; CRS, conventional rice system. Different lower-case letters in the same soil depth indicate a significant difference among cropping systems (p < 0.05), and different capital letters in the same cropping system indicate a significant difference among soil depths (p < 0.05). Po, organic phosphorus; Pi, inorganic phosphorus.
A two-way ANOVA indicated that the effects of cropping system and soil layer significantly affected soluble, labile, moderately labile, and occluded P; whereas the interaction effects were only significant on soil labile P content (Figures 3C–F). For the moderately labile P content in the RFD and RVS, soluble, labile, and occluded P contents in the two soil layers differed significantly between different cropping systems, and were significantly higher in topsoil than those in subsoil (Figures 3C–F). The P fraction contents of different cropping systems in the two soil layers showed the same trend, where the contents of soluble, labile, and occluded P showed significant differences between cropping systems (RFD > RVS > CRS). The moderately labile P content was also highest in the RFD, showing an increase of 84.68 and 85.38% compared to RVS and CRS, respectively.
Soil moderately labile P accounted for the largest proportion of total soil P (40.67–49.41% of total soil P; Figure 4); whereas the next most abundant fractions were occluded P (29.26–37.01%), labile P (16.55–23.88%), and soluble P (< 3% of total soil phosphorus content). Figure 4 also shows that RFD significantly increased the proportion of soluble P and reduced the proportion of moderately labile P and occluded P in the soil.
[image: Figure 4]FIGURE 4 | Proportion of soil available P fraction under different cropping systems. RFD, rice-fish-duck system; RVS, rice-vegetation cropping system; CRS, conventional rice system.
3.3 Soil microbial biomass phosphorus and acid phosphatase activity
Soil microbial biomass phosphorus (MBP) content of topsoil was significantly higher than that of subsoil (Figure 5A). The MBP content of topsoil for the RFD was 1.57- and 3.17-times higher than that for RVS and CRS, respectively. The MBP content of subsoil showed the following order: RFD > RVS > CRS, with all differences between cropping systems being significant. ACP activity of topsoil was also significantly higher than that of subsoil (Figure 5B). The variation of topsoil ACP activity between different cropping systems was significant (RFD > RVS > CRS). Subsoil ACP activity in RFD and RVS increased by 18.89 and 16.29%, respectively, compared to that in CRS.
[image: Figure 5]FIGURE 5 | Soil microbial biomass phosphorus (A) and acid phosphatase activity (B) under different cropping systems. RFD, rice-fish-duck system; RVS, rice-vegetation system; CRS, conventional rice system. Different lower-case letters in the same soil depth indicate a significant difference among cropping systems (p < 0.05), and different capital letters in the same cropping system indicate a significant difference among soil depths (p < 0.05). MBP, microbial biomass phosphorus; ACP, acid phosphatase activity.
3.4 Relationships between soil phosphorus fraction and environmental factors
Soil MBP content was positively correlated with amorphous Mn (Mno) content and each organic carbon fraction, and negatively correlated with bulk density (BD; Figure 6A). Similarly, soil ACP activity was positively correlated with pH, each organic carbon fraction, and MBP content, whereas it was negatively correlated with BD. All soil physical and chemical properties, as well as organic carbon fractions, were correlated with soil P fractions, except for HA:FA and pH (Figure 6B).
[image: Figure 6]FIGURE 6 | Relationships between soil properties (A) and available P fractions (B). Ns, non-significant; *p < 0.05; **p < 0.01. BD, bulk density; DOC, dissolved organic carbon; SOC, soil organic carbon; Feo: amorphous iron; Mno: amorphous Mn; HA, huminic acid; FA, fulvic acid; HA:FA, the ratio of HA to FA; MBC, microbial biomass carbon; MBP, microbial biomass phosphorus; ACP, acid phosphatase activity.
Here, Resin-P was used as the response variable to explore the contribution of different P fractions to soil fast-acting P. The results of path analysis showed that the direct effect of P fractions was as following order: NaOH-Pi > HCl-P > Residual-P, all showing positive effects (Table 2). This indicated that NaOH-Pi was the primary contributor to fast-acting soil P in this region.
TABLE 2 | Path analysis between soil Resin-P and P fractions.
[image: Table 2]The redundancy analysis showed that axis one explained 82.90% of the variability observed, while axis two explained 10.07% of the variability (Figure 7A). The presence of significant clustering between different cropping systems indicated that different cropping systems can significantly change soil P fractions. By the Monte Carlo test, organic carbon fractions (DOC, HA:FA, HA, and FA), and soil microbial factors (ACP) were significantly correlated with soil P variability. The variability of P fractions were contributed by DOC (79.80%), and HA:FA (9.00%). By VPA, soil physicochemical properties (pH, BD, Feo, and Mno), organic carbon fractions (SOC, DOC, HA, FA, MBC, and HA:FA), and microbial factors (MBP and ACP) explained 2.35, 3.22, and 1.41% of the variability in the soil P fraction, respectively. Moreover, the interaction effects of organic carbon fraction and soil physicochemical properties explained 63.98% of the variation in soil P fraction (Figure 7B). The combination of soil physicochemical properties, SOC fractions, and soil microbial properties explained 16.77% of the variation in soil P fractionation.
[image: Figure 7]FIGURE 7 | Redundancy analysis (A) and variation partitioning analysis (B) of soil P fractions under different cropping systems. Points indicate cropping systems, vector lines indicate environmental factors, and red vector lines indicate the significant effects of environmental factors on soil phosphorus fractionation. RFD, rice-fish-duck system; RVS, rice vegetation cropping system; CRS, conventional rice system. BD, bulk density; DOC, dissolved organic carbon; SOC, soil organic carbon; Feo: amorphous iron; Mno: amorphous Mn; HA, huminic acid; FA, fulvic acid; HA:FA, the ratio of HA to FA; MBC, microbial biomass carbon; MBP, microbial biomass phosphorus; ACP, acid phosphatase activity.
4 DISCUSSION
4.1 Effect of cropping systems on phosphorus fractionation in paddy soils
As one of the most important limiting nutrients in the soil, the P availability determines soil productivity and is closely related to plant growth and development. Soil Po, Pi, and the transformation between soil P components are critical to the supply balance of effective P in regional soils. Po is an important component of the soil P pool. Especially in soils with low Pi content or high sequestration capacity, Po can be rapidly mineralized and converted into effective P for plant uptake/utilization through microbial metabolic activities. In our study, Po content accounted for 46.83–54.88% of total soil P, which is consistent with the results of Redel et al. (2008). Cropping systems had significant effects on soil Po and Pi contents, moreover, RFD soil had greater Po and Pi contents than those of RVS and CRS. It is thus argued here that fish and duck excrement into the soil increased the input of exogenous soil organic residue in the RFD, and the functional groups of organic matter abundance by ionic chemical bonds can combine with soil minerals to form organic complexes (Cavalcante et al., 2018; Fu et al., 2021). This process can improve the retention of soil P-elements. Additionally, bioturbation, such as fish and duck foraging, can change the biochemical transformation of organic matter at the aerobic and anaerobic interfaces, accelerating the decomposition of soil organic matter to produce organic acids and other substances (Fanjul et al., 2015). This action stimulated the mineralization of highly reactive soil Po to Pi through biochemical mechanisms.
The study of soil P fraction is important for understanding the cycling processes of P in paddy soil ecosystems. Here, the contents of soluble and labile P in the topsoil of the RFD were significantly greater than those of RVS and CRS, indicating that an integrated ecological cropping system can effectively improve the supply capacity of effective P in paddy soils in the PRD. Alternatively, the CRS was least effective in that the long-term rice succession soil conditions deteriorated, and soil P were more easily adsorbed or chemically fixed by soil colloids, such as clay particles, or iron and aluminum oxides. Studies have shown that pH can change the exchange between soil colloidal material and phosphate ions in the soil solution, affecting both soil P fixation and release (Ahmed et al., 2020). Higher pH soil solutions contain higher free hydroxyl groups that can bind to adsorption sites on the surface of iron and aluminum oxide colloids while releasing soil-fixed P (Lü et al., 2017; Ahmed et al., 2020). Alternatively, proper soil pH stimulates vital activities of soil microorganisms, as the phosphatase that mineralizes soil P is mainly derived from microorganisms, and its activity is closely related to the abundance of the microbial community (Wan et al., 2021).
Moderately labile P was dominated by NaOH leaching Po and Pi. NaOH-Po is closely related to the fraction and content of soil humus; whereas NaOH-Pi is mostly fixed by adsorption of soil iron and aluminum oxides (Maranguit et al., 2017). The input of fish and duck excreta from the RFD led to a large amount of unstable carbon entering the soil, while the microbial decomposition and mineralization of unstable carbon gradually consumed the soil’s dissolved oxygen. This process intensified the local anaerobic environment, and increased the activity of anaerobic reducing bacteria, promoting the conversion of hydroxytrivalent iron to hydroxydivalent iron, which is the primary component of amorphous iron, with a larger active surface area capable of increasing the ability to absorb and affix soil P (Chacon et al., 2006; Fan et al., 2019; Fu et al., 2021). While the undecomposed organic material underwent a humification process to form humic acid-like substances, the unique gel properties of these substances can combine with more active P components to form NaOH-Po, and reduce soil P availability (Maranguit et al., 2017). Simultaneously, humic substances decarboxylated slowly under anaerobic conditions and were easily complexed with Fe and Al oxides to form organic-inorganic composite colloids (Atere et al., 2020) capable of releasing phosphate ions by competing with them for adsorption sites on the surface of inorganic complexes.
Occluded P was primarily in the form of stable Ca-P, notably difficult to absorb and for plant use within short periods. Here, the percentage of refractory P to total soil P in the RFD was significantly reduced, likely because the input of exogenous organic matter acted on the P-solubilizing and P-dissolving bacterial communities, promoting the mineralization and release of the original refractory P in the soil.
4.2 Effect of cropping systems on microbial biomass phosphorus and acid phosphatase activity in paddy soils
There were significant differences in soil MBP with changes in rice cropping systems. Soil MBP content was related to soil organic carbon content. With sufficient soil carbon sources in RFD, soil microorganisms will adjust their own nutrient uptake strategy, and consume more energy to obtain more P, to maintain their own reasonable stoichiometric ratio (Fujita et al., 2017). The RVS and CRS provided insufficient carbon sources, and the decomposition and transformation of organic matter were biased towards P-free organic matter, which was neither acquired nor used by microorganisms at this time and thus shows a lower content (Zhang et al., 2022).
ACP plays an important role in soil P turnover and is significantly positive correlated with SOC, DOC, HA, and FA in the present study. Further, the high concentrations of these factors in the RFD provided abundant nutrients and energy for microbial activities and synthesis of soil ACP. Additionally, soil BD showed significant relationship with ACP, the former may indirectly affect ACP activity by influencing soil permeability, water and fertilizer storage capacity, as well as microbial reproduction. Dong et al. (2019) showed that microbial energy allocation is closely related to the ability to secrete extracellular enzymes. The observed microbial biomass (both MBC and MBP) and ACP activity changes in the present study tended to be consistent. This result strongly supports that microorganisms can use more energy for synthesizing ACP by regulating their energy allocation to mineralize more soil P, thereby obtaining available P (Fujita et al., 2017).
4.3 Regulating factors of cropping systems on P transformation in paddy soils
All soil P fractions in this study were highly positively correlated with the rapid-acting P fraction (Resin-P), indicating that all soil P fractions were important P sources that affected soil P availability. The results of path analysis showed that NaOH-Pi had the highest direct path coefficient (0.42) on soil fast-acting P, indicating that NaOH-Pi is a sensitive P source to regional soil P availability.
Hou et al. (2018) found that both soil physicochemical properties (pH, organic carbon, etc.) and biological factors (plant roots, microbial secretions, and their vital activities) strongly affect soil P fraction turnover. The results of redundancy analysis indicated that the interaction effects of soil physicochemical properties and organic carbon fractionation drove the observed changes in soil P fraction, especially for DOC, HA:FA, HA, and FA. Some studies have shown that after exogenous organic matter enters the soil, it will undergo mineralization and decomposition due to the soil excitation effect. Here, part of Po is converted into Pi, thus increasing the soil available P content. In the later stages, the mineralization and decomposition rates of soil organic matter are lower than the soil P sequestration rate, and Po content. Chen Y. et al. (2020) found that microorganisms require more carbon than P for mineralization and decomposition of soil Po, where enough carbon can promote higher mineralization rates of soil Po. Thus, RFD soils exhibit increased P activity and Po content. The mineralization and decomposition of organic matter continuously releases H+, which protonates the surface of soil colloids, while affecting the adsorption and sequestration of soil P (Blonska et al., 2021; Guo et al., 2021). Different organic carbon fractions affect the transformation of soil P fraction by different mechanisms. HA and low molecular weight organic acids inhibited the adsorption of P compounds by reducing the available sites on the soil surface. This inhibition effect increases with the number of carboxyl groups, and the molecular weight of organic acids (Lü et al., 2017). In contrast, DOC, a class of organic carbon molecules in a largely free and active state, can colloidize with iron oxides in the form of adsorption or co-precipitation to form nanoscale particles (Moens and Smolders, 2021). This process can activate a steady-state of P, and enhance the release of colloidal/nano-P from soil solutions (Gu et al., 2018; Moens and Smolders, 2021), block the contact of extracellular enzymes and heterotrophic microorganisms (Chen C. M. et al., 2020; Yu et al., 2021), and indirectly affect the mineralization turnover of soil Po.
Soil ACP activity is another key factor affecting the transformation of soil P fractionation. Some studies (Zhang et al., 2017; Zhou et al., 2020) have shown that ACP is secreted and synthesized into the soil by plants or microorganisms, and can break phosphodiester bonds to release bound P for plant uptake and utilization. These studies showed that 20–80% of soil Po can be hydrolyzed by ACP. In this study, ACP activity was strongly correlated with SOC fractions (SOC, DOC, HA and FA), primarily because organic carbon is the main carrier of organic P, and served as a substrate for soil ACP decomposition and mineralization; thus, an increase in substrate content within a certain range can significantly increase soil ACP activity (Hou et al., 2015). Further, PRD receives strong nitrogen deposition, which enhances soil microbial activity and stimulates ACP secretion; whereas ACP accelerates the decomposition of organic matter and the release of soil sequestered P, increasing the production of soil available P (Vitousek et al., 2010; Chen et al., 2018). In summary, soil microorganisms in PRD paddy fields promote the conversion of soil P fractionation by regulating organic carbon fractions and increasing ACP activity, thereby improving soil P bio-effectiveness. However, we do not yet know which soil microbial populations play a crucial role in Po mineralization, and this will be the subject of subsequent research.
5 CONCLUSION
Cropping systems significantly affected the content of total soil P and P fractions in the paddy fields of the PRD. Here, moderately labile P was the most abundant form, accounting for 40.67–49.41% of soil total P. The RFD significantly increased the soil total P, Po, Pi, and each P fraction content in paddy fields. The RFD also strongly increased soil MBC, MBP, and ACP activity, and could promote organic P mineralization and improve soil P bioavailability. The path analysis indicated that NaOH-Pi is a sensitive P source for biologically effective P in the paddy soils of the PRD. Organic carbon fraction and ACP activity are the key factors driving the conversion of soil P fractionation, indicating that soil P effectiveness is the result of the combined influential factors from biochemical process. Accordingly, the RFD can alleviate problems associated with low P activity by strongly improving phosphorus fractionation in the PRD paddy soils, representing an essential step towards achieving rational fertilization and sustainable use of regional soils.
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