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Abstract

:

Phosphorus is one of the major constraints to karst grassland productivity. Understanding the effects of different fertilization practices on soil phosphorus dynamics is essential for enhancing phosphorus bioavailability and rational management of soil phosphorus in karst grasslands. Here, we investigated the effects of fertilizers and manures on soil bioavailability of phosphorus fractions and explored the relationship between soil properties and soil phosphorus fractions. The four fertilizer application designs were as follows: control (CK; no fertilizer or manure); fertilization (F); manure application (M); fertilization and manure application (FM). The results showed that total phosphorus (TP) concentration was elevated by 23%, 1%, and 42% in F, M, and FM treatments, respectively, compared with CK. F and FM treatments enhanced the total inorganic phosphorus (Pi) concentration by 65% and 66%, respectively, while M and FM treatments enhanced the total organo-phosphorus (Po) concentration by 21% and 35%, respectively. FM treatment elevated bioavailable P, active Po, secondary mineral P, primary mineral P, and occluded P by 69%, 39%, 50%, 31%, and 41%, respectively. Fertilizers inhibited soil acid phosphatase activity, whereas alkaline phosphatase did not respond significantly to fertilizer management in low-latitude karst regions. SOM, TN, AP, and MBP are the key factors affecting the bioavailability of phosphorus fractions. The combined application of fertilizer and manure is the most beneficial measure for enhancing soil phosphorus bioavailability. This research helps deepen our understanding of soil phosphorus dynamics in the karst areas and provides a basis for further enhancement of nutrient availability and vegetation productivity of grassland ecosystems.
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1. Introduction


Phosphorus (P) is an essential macro-nutrient for plant growth and is involved in many important nutritional and physiological processes in plants, as well as many key microbial and biochemical functions of soil ecosystems [1,2]. Thus, phosphorus limitation often constrains the maintenance of plant productivity and soil microbial structure and community health. Soil phosphorus is always limiting as it is highly susceptible to immobilization by reactive metal ions or microorganisms, and phosphate is readily adsorbed on positively charged soil minerals. The phosphorus concentration of the soil solution is also controlled by a continuous process of adsorption, precipitation, desorption, and dissolution [3]. The uptake and utilization of soil phosphorus fractions by plants and microorganisms often depend on their solubility and bioavailability [4]. The chemical fractionation method proposed by Hedley et al. [5]. provides researchers with an efficient way to separate and characterize different forms of phosphorus, which play different roles in soil phosphorus transformations. Tiessen et al. [6]. developed an empirical pathway model for inferring whether one soil phosphorus fraction can be converted to another. Hou et al. [7]. optimized and validated this model based on previous work to make it more accurate for assessing the importance of different soil phosphorus fractions or phosphorus pools in determining soil phosphorus availability. Redefining the bioavailability phosphorus fractionation methods based on this model may open new pathways for soil phosphorus availability studies in the future [8].



Fertilization is widely used by humans to enhance the productivity of agricultural systems, which typically involves using organic matter or inorganic fertilizers to enhance the amount of plant-available phosphorus in the soil [9,10,11]. With the rapid increase in food demand by the global population, the consumption of phosphorus fertilizer has also increased significantly [12]. Soil phosphorus management is of greater importance in low-latitude areas, where phosphorus limitation is more prominent. This is particularly true for the karst areas featuring precipitation abundance, severe water runoff, and shallow soil profile [13,14]. The chemical form of phosphorus in a fertilizer or manure is one of the key factors determining its potential bioavailability. After the fertilizer enters the soil, part of the phosphate directly affects the soil’s inorganic phosphorus content, and part of it may stimulate the decomposition of organic matter or be associated with changing the soil Pi content by improving soil properties [15]. Manure enters the soil and stimulates organic phosphorus mineralization or affects the turnover of soil phosphorus fractions [16,17]. Understanding the chemical form of phosphorus in the soil after fertilizer application is critical to understanding soil phosphorus dynamics. Although the beneficial effects of the combined application of manure and mineral fertilizers on the maintenance of soil phosphorus fertility have been tentatively demonstrated in parts of the subtropics [16], similar information in the Karst areas is extremely limited. For example, a previous study has shown that fertilization is beneficial in increasing total phosphorus in grassland soils [18] and promoting inter-root phosphorus turnover in legumes [19]. However, information is still lacking regarding the bioavailability of phosphorus and the effects of fertilizer practices on soil phosphorus dynamics within pasture ecosystems in subtropical karst regions.



Therefore, this study was designed based on a three-year field experiment to investigate the effects of fertilizer and manure application on soil phosphorus dynamics in karst grassland. We aimed to evaluate (i) the effect of mineral fertilizers and manure on the soil bioavailability of phosphorus fractions and (ii) the relationship between soil properties and soil bioavailability of phosphorus fractions. We hypothesized that mineral fertilizers and manure would enhance soil phosphorus bioavailability, and bioavailable phosphorus fractions are closely related to phosphatase and microbial biomass phosphorus.




2. Materials and Method


2.1. Site Description


The study was carried out in the research base of grassland ecology at the Oil fir River pasture (27°23′ N, 105°52′ E), in Bijie City, Guizhou province. During the experimental period (2012–2015), the average annual temperature was 11.3 °C, and the average annual precipitation was 1014 mm. Locally, fertilization and grazing are the main factors. The pasture was originally established as a natural grassland dominated by shrubs and warm-season grasses in the fall of 2012. The whole research area was enclosed by cattle fences. The initial establishment of forages included red clover (Trifolium pratense), white clover (Trifolium repens), duck grass (Dactylis glomerata), and perennial ryegrass (Lolium perenne), at a seeding rate of 4.5, 7.5, 9.0, and 18.0 kg ha−1, respectively. Within the whole pasture area, 0.05 ha was fenced out and selected as the test area. Plots were set up starting at 5 m from the fence with 2 m between plots. Each plot was set up as 40 m2 (5   ×   8 m). The experiment was set up as a randomized, complete block design with three blocks with repeated measures. This area is protected from livestock grazing and other human disturbance by fencing systems. Soil phosphorus fractions prior to implementation of management are shown in Table 1.




2.2. Study Design


The experiment consisted of four different types of treatment: (i) control (CK): no fertilizer or manure inputs; (ii) fertilization (F): use of NPK fertilization; (iii) manure application (M): using a mixture of cattle manure and urine; (iv) fertilization and manure application (FM): application of the mixture of manure, urine, and NPK fertilizer. Grazing was simulated using mechanical mowing based on typical grazing management practices from local livestock producers in all treatments. Specifically speaking, once the average canopy height reaches 20 cm, the entire area is mowed using machinery, leaving a stubble height of 5 cm. The herd species grazed on the ranch are Angus and Simmental cattle. According to the digestive and excretory characteristics of the two types of cattle [20], under the stocking rate of 1.5 head ha−1, the amount of manure applied was maintained at 5400 kg ha−1 of feces–urine mixture [21]. Manures with an average phosphorus content of 0.36% were applied each month to the plots corresponding to the treatments. Fertilizers were applied in accordance with a total amount of 300 kg ha−1 per year, of which 15% each of N, P2O5, and K2O elements. Fertilizer is applied during the annual pasture return season (March), the summer season, when the pasture is actively growing (June), and the compensatory growing season after fall utilization (September). The FM treatment application consisted of 2730 kg of manure and 150 kg of compound fertilizer was also applied at the same time as described above.




2.3. Soil Sample and Analysis


In August of 2012 and 2015, soil sampling was carried out using a 5 cm corer and “S-sampling” method. The sampling depths include both the 0–10 (topsoil) cm and 10–30 (subsoil) cm layers. The samples from the same plot with the same soil layer were mixed to form a composite sample, and stones and roots were removed before any laboratory analysis.



Soil total P (TP) and available P (AP) were measured using the Mo-Sb colorimetric method [22]. Microbial biomass P (MBP) was determined by chloroform fumigation method [23]. Soil P fractions were analyzed according to the Hedley sequential extraction procedure [5,24]. Briefly, P fractions were extracted using the following solvents: deionized water, 0.5 M NaHCO3, 0.1 M NaOH, 1M HCl, concentrated HCl, and concentrated H2SO4. The organic P (Po) concentration of the different extracts was calculated by total P and inorganic P (Pi). Residue P was calculated by TP and the sum of the P fractions above. Total Pi was calculated as the sum of the different Pi fractions above, and total Po was calculated as the sum of the different Po fractions. Phosphorus fractions were classified into five types according to their bioavailability based on the model developed by Hou et al. [7]. Bioavailability P included resin-P and NaHCO3-Pi. Active Po included NaHCO3-Po and NaOH-Po. NaOH-Pi was defined as secondary mineral P. Primary mineral P includes 1M HCl-Pi, conc. HCl-Pi, and total conc. HCl-P. Residual P was defined as occluded P [8].



Soil pH was determined by a pH meter (Mettler-Toledo Seven Compact S210, Switzerland) with a soil–water ratio of 1:5 (w/v) [25]. Bulk density (BD) was measured using the metal ring [26]. Total nitrogen (TN) was determined by the Kjeldahl method (Hanon-K1100, Hyene Future Technology Group Co., Ltd., Jinan, Shandong, China) [27]. Soil organic matter (SOM) was calculated by soil organic carbon (SOC), and SOC was determined via the SKALAR carbon analyzer (Primacs ATC 100-IC-E, Skalar Analytical B.V., Breda, Netherlands) [28]. The soil alkaline phosphatase (AKP) and acid phosphatase (ACP) activity was analyzed using the methods described by Acosta-Martínez and Ali Tabatabai [29].




2.4. Statistical Analysis


We used univariate analysis of variance (ANOVA, p < 0.05) to test the effects of different treatments, soil depth on soil P fractions, and soil enzyme activities. Duncan’s multiple range test was used for mean separation. Two-way ANOVA was used to compare the effect of fertilizers and manures and their interaction at p < 0.05 level. Principal component analysis (PCA) was used to identify the relationship between environmental factors and different soil bioavailability of phosphorus fractions (R software, version 4.3.2). Structural equation modeling was performed using the “plspm” package.





3. Results


3.1. Soil Total Phosphorus


In the topsoil, the TP and total Pi concentration of FM treatment were greater than CK and M treatments (Figure 1; p < 0.05). The TP of the F treatment was greater than the CK treatment (p < 0.05). The total Pi of the F treatment was greater than that of the CK and M treatments. The total Po of the FM treatment was greater than that of the CK and F treatments. Compared with CK treatment, the total Po concentration of F treatment was increased by 9.62%. The total Po concentration of M treatment was increased by 21.84%, and the total Po concentration of FM treatment was increased by 35.06%. In the subsoil, there were no significant differences between the four treatments in TP, total Pi, and total Po. Both F and M had a significant effect on TP.




3.2. Soil Bioavailability of Phosphorus Fractions


In the topsoil, the bioavailable P concentration of FM treatment was greater than other treatments (Figure 2; p < 0.05), and the bioavailable P concentration of F treatment was greater than that of CK and M treatments (p < 0.05). The active Po concentration of FM and F treatments was greater than the CK treatment. The secondary mineral P concentration of FM treatment was greater than other treatments. The secondary mineral P concentration of the M treatment was greater than the CK treatment. The primary mineral P concentration of the FM treatment was greater than that of the CK and F treatments. The occluded P concentration of FM treatment was greater than other treatments. In the subsoil, there were no significant differences between the four treatments in bioavailable P, active Po, secondary mineral P, primary mineral P, and occluded P. Both F and M had a significant effect on bioavailable P. F has a significant effect on active Po; significant interaction effects of F and M on secondary mineral P. Both F and M had a significant effect on secondary mineral P. M has a significant effect on primary mineral P. Both F and M had a significant effect on occluded P.



Active Po dominates the TP with about 61.16–64.70% in topsoil (Figure 3). The percentage of bioavailable P in TP was 3.47–4.16%. The percentage of secondary mineral P in TP was 11.27–13.64%. The percentage of primary mineral P in TP was 9.53–10.91%. The percentage of occluded P in TP was 10.05–10.83%. In the subsoil, active Po dominates the TP with about 64.21–71.57%. The percentage of bioavailable P in TP was 1.79–2.00%. The percentage of secondary mineral P in TP was 8.33–9.57%. The percentage of primary mineral P in TP was 8.87–9.72%. The percentage of occluded P in TP was 9.20–14.56%.




3.3. Soil Biological Activity


In the topsoil, the ACP activity of the F treatment was lower than the CK and M treatments, and the ACP activity of the FM treatment was lower than the CK treatment (Figure 4; p < 0.05). The concentrations of MBP in the FM treatment were greater than in other treatments, and those in the CK treatment were lower than in other treatments.



In the subsoil, the concentration of MBP in the FM treatment was greater than other treatments. There was no significant difference between the four treatments in AKP and ACP activity. Both in the topsoil and subsoil, there were no significant differences between the four treatments in AKP activity.




3.4. The Relationship of Environmental Factors and Soil Bioavailability of Phosphorus Fractions


At the 0–10 cm layer, the pH values of M and FM were greater than F and CK (Table 2). The SOM of FM was greater than other treatments. The SOM of F was greater than CK. At the 0–10 cm and 10–30 cm layers, the TN of FM was greater than CK and M.



In the CK treatment (Figure 5), principal component 1 (PC1) explained 59.4% of the total variation, and principal component 2 (PC2) explained 19.8% of the total variation. SOM, TN, MBP, and AP are the key factors influencing the variation in bioavailable P, active Po, secondary mineral P, and primary mineral P. In the F treatment, PC1 explained 63.7% of the total variation and PC2 explained 15.6% of the total variation. SOM, TN, MBP, AP, and MBP are the key factors influencing the variation in soil phosphorus fractions. In the M treatment, PC1 explained 69.8% of the total variation, and PC2 explained 12.9% of the total variation. SOM, TN, MBP, AP, AKP, and ACP had a strong correlation with soil phosphorus fractions. In the FM treatment, PC1 explained 69.8% of the total variation and PC2 explained 12.9% of the total variation. SOM, TN, MBP, AP, and pH had a strong correlation with soil phosphorus fractions. On PC2, pH and BD are critical factors for AKP and ACP.



BD had a significant positive effect on AKP (Figure 6). SOM had a significant negative effect on ACP. pH has a strong negative effect on ACP. TN has a strong negative effect on MBP. pH and BD each had strong positive effects on the soil bioavailability of phosphorus fractions. BD had a strong positive effect on MBP and ACP.





4. Discussion


4.1. Effect of Different Fertilizers on Soil Total Phosphorus


Compared to CK, the application of manure alone did not significantly elevate TP, but it showed an increasing trend in total Po. The fecal composition of animals varies greatly due to genetics, food sources, and nutritional requirements [30]. The manure in this study was obtained from cattle excreta, and its high organic phosphorus content resulted in an upward trend in soil organic phosphorus [31]. Application of mineral fertilizers alone significantly increased soil TP as well as total Pi, which is consistent with the results reported by Wang et al. [32] in the Loess Plateau. It is noteworthy that the application of manure and mineral fertilizers significantly increased the TP, total Pi, and total Po content of the soil, which is consistent with the results reported by Anthonio et al. [33] and Wang et al. [17]. Agricultural soils can receive phosphorus through resource inputs from both organic and inorganic sources [34]. However, information relating to the comparison between inorganic and organic sources on soil phosphorus status, particularly under the equal P amount level, remains scanty. As indicated in our study and previous research work, manure and mineral fertilizers applied in combination can significantly enhance phosphorus recovery [35]. It is also possible that the incorporation of manure reduces the precipitation rate of Ca2+, etc. when combined with the phosphate from fertilizers [36]. We therefore concluded that mineral fertilizers combined with manure had the highest capacity for phosphorus nutrient enrichment.



At the same time, we need to be concerned that solely increases in a single aspect of soil inorganic or organic phosphorus fraction may lead to alterations/interferences in the soil phosphorus cycle or phosphorus turnover. These changes are more likely to result from changes in microbial communities, such as elevating the abundance of bacteria with the potential for organophosphorus mineralization or altering the composition of bacterial communities with the potential for phosphate solubilization [37]. In contrast, FM treatment increased soil phosphorus in both inorganic and organic forms in a balanced manner, thereby promoting healthy maintenance of soil microbial activity (MBP) and community structure [16]. The interaction of fertilizer and manure was significant in elevating secondary mineralized phosphorus. This is beneficial for the long-term supply of bioavailable phosphorus and also benefits from the rapid turnover of phosphorus under strong microbial activity [7].




4.2. Effect of Different Fertilizers on the Soil Bioavailability of Phosphorus Fractions


The results of this study showed that the combination of mineral fertilizers and manure significantly enhanced soil bioavailable P compared to CK. Additionally, the application of mineral fertilizers alone also significantly enhanced soil bioavailable P, but the application of manure alone did not. This suggests that the rapid release of fast-acting nutrients from mineral fertilizers dominates in increasing soil-effective phosphorus during short-term fertilizer management [15]. Although not evaluated in this study, other nutrient/microbial beneficial impacts caused by manure should not be ignored. We also found significantly higher bioavailable P concentrations in FM than in F. This may be due to the fact that manure reduces the fixation of phosphorus by soil particles and promotes the conversion of low bioavailable phosphorus fractions to high bioavailable phosphorus fractions [17]. Compared to mineral fertilizers, animal manure has a more complex composition, containing organic substances such as organic acids, humus, and lignin, which can improve soil phosphorus bioavailability by increasing the decomposition of organic matter [38]. This is also reflected in the significantly higher MBP concentrations in FM. Similarly, the present study found that mineral fertilizers in combination with manure application significantly enhanced active Po. This is in agreement with the results reported by Khan et al. [15], stating that fertilizer management can significantly enhance the soil’s active phosphorus pools including NaOH-Po and NaHCO3-Po. These reactive organic phosphorus are also the components with the highest percentage in TP. This is consistent with the average percentage of organic phosphorus in most soils [39]. It has been shown that fertilizer application alters soil phosphorus dynamics in karst regions [19]. In our environment, the higher protonation of minerals at lower pH might increase the ability of iron or aluminum ions to adsorb phosphorus, represented in the form of more active Po and secondary mineral P [3]. This fraction of phosphorus, although not as directly and rapidly available as bioavailable phosphorus to provide nutrients to plants and microorganisms, can still be activated and utilized by plants or microorganisms through certain access strategies [40].



In this study, manure alone did not significantly increase soil primary mineral P and occluded P, but both phosphorus fractions increased significantly when applied in combination with mineral fertilizers. After mineral fertilizers are added, a portion of the orthophosphate is rapidly converted to recalcitrant phosphorus in the soil solution [41]. Khan et al. [15] suggested that under conditions of sufficient effective phosphorus, newly added phosphorus may increase binding to colloidal or organic compounds in the soil, which promotes the transport of phosphorus in the soil. Although this fraction of phosphorus is not active enough relative to the bioavailable P and active Po fractions, it may also become available under conditions of long-term active root activity [42]. The present study also found that AKP was generally unresponsive to treatment, which may be due to the fact that alkaline phosphatase does not play a dominant role in areas of lower pH [43]. Whereas, compared to manure, mineral fertilizers containing phosphorus significantly inhibited the activity of ACP, which is consistent with the results of Touhami et al. [44]. Another possible explanation is that the increase in acid phosphatase activity is induced when phosphorus limitation is exacerbated, and there is an increase in organophosphorus substrates [45].



In addition, the combination of mineral fertilizers and manure in this study can additionally provide effective nutrients to support phosphorus uptake by plants or microorganisms. For example, an increase in soil SOM, MBP, and TN concentrations through favorable environmental conditions can play a dominant role in the mineralization of soil organic phosphorus [15]. The results of PCA analysis in this study showed that soil properties (SOM, TN, AP, and MBP) were the key factors influencing the individual bioavailable phosphorus fractions. Meanwhile, the conceptual modeling results indicated that pH and BD not only have direct positive effects on phosphorus fractions but also indirectly affect phosphorus fractions by influencing ACP, AKP, and MBP. This was also reported in the findings of Bhupenchandra et al. [46]. Fertilizer application may also affect the effectiveness of soil phosphorus nutrients, soil solution flow, and storage by improving soil physical properties, such as the formation and stability of soil macroaggregates [47]. This study investigated the effects of mineral fertilizers and manure on phosphorus fractions from the perspective of bioavailability and emphasized the enhancement effect of soil phosphorus nutrient enrichment capacity and bioavailability by the application of mineral fertilizers in conjunction with manure. Further research is warranted to better delineate the linkage between soil phosphorous status and microbial community structure and/or enrichment of functional genes, such as phoD, phn, and phoU [48].





5. Conclusions


This study revealed that mineral fertilizers combined with manure had the highest capacity for phosphorus nutrient enrichment. Rapid release of mineral fertilizer nutrients played a dominant role in enhancing soil bioavailable phosphorus. In contrast, manure also enhances soil bioavailable phosphorus in terms of both reduced phosphorus fixation and increased organic matter decomposition. The combination of the two directly enhances the individual bioavailable phosphorus fractions of soil and supports better plant or microbial phosphorus uptake by providing favorable environmental conditions or additional effective nutrients (SOM, TN, etc.). The application of mineral fertilizers alone inhibits soil acid-phosphatase activity. To our knowledge, there is very little prior research considering the effects of chemical fertilizers, manure, and the mixture of the two on soil phosphorus fractions from the perspective of bioavailability in the karst areas. Thus, the findings from this study could provide foundational knowledge for future research directions.
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Figure 1. The concentration of (a) total P (TP), (b) total organic P (TPo), and (c) total inorganic P (TPi) at 0–10 and 10–30 cm in the control (CK), mow and fertilize (F), mow and manure (M), and mow fertilize and manure (FM) treatments in 2015. Mean ± standard error of three blocks. Different capital letters indicate significant differences between different treatments in the same soil layer, and different lowercase letters indicate significant differences between different soil layers in the same treatment. Two-way ANOVA results are shown in red. ** p ≤ 0.01, and * p ≤ 0.05. NA indicates no significant effect. F is for fertilizers, M is for manures, and F   ×   M is for the interaction of fertilizers and manures. 
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Figure 2. The concentration of (a) bioavailable P, (b) active Po, (c) secondary mineral P, (d) primary mineral P, and (e) occluded P at 0–10 and 10–30 cm in the control (CK), mow and fertilize (F), mow and manure (M), and mow fertilize and manure (FM) treatments in 2015. Mean ± standard error of three blocks. Different capital letters indicate significant differences between different treatments in the same soil layer, and different lowercase letters indicate significant differences between different soil layers in the same treatment. Two-way ANOVA results are shown in red. *** p ≤ 0.001, ** p ≤ 0.01, and * p ≤ 0.05. NA indicates no significant effect. F is for fertilizers, M is for manures, and F   ×   M is for the interaction of fertilizers and manures. 
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Figure 3. The proportion of bioavailable P, active Po, secondary mineral P, primary mineral P, and occluded P at 0–10 (topsoil) and 10–30 (subsoil) cm in the control (CK), mow and fertilize (F), mow and manure (M), and mow fertilize and manure (FM) treatments in 2015. 
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Figure 4. The concentration of (a) the activity of alkaline phosphatase (AKP), (b) acid phosphatase (ACP) and (c) microbial biomass phosphorus (MBP) treatments in 2015. Mean ± standard error of three blocks. Different capital letters indicate significant differences between different treatments in the same soil layer, and different lowercase letters indicate significant differences between different soil layers in the same treatment. Two-way ANOVA results are shown in red. *** p ≤ 0.001, ** p ≤ 0.01. NA indicates no significant effect. F is for fertilizers, M is for manures, and F   ×   M is for the interaction of fertilizers and manures. 
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Figure 5. The PCA between environmental factors and soil bioavailability of phosphorus fractions in (a) the control (CK), (b) mow and fertilize (F), (c) mow and manure (M), and (d) mow fertilize and manure (FM) treatments different treatments. 
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Figure 6. Conceptual model depicting the hypothesized relationship between environmental factors and soil bioavailability of phosphorus fractions. The numbers represent the path coefficient. Solid and dash arrows indicate positive and negative effects, respectively. Goodness of fit (GOF) is used to assess the overall fit of the model. Significance levels of each symbol are ** p ≤ 0.01, and * p ≤ 0.05. 
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Table 1. The mean of soil total P (TP), bioavailable P, active Po, secondary mineral P, primary mineral P, and occluded P at different layers in the unused land (UL), abandoned grazing pastureland (APL), grazing pastureland (GPL), and fertilized grazing pastureland (FGPL) treatments in 2012.
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	Layer (cm)
	Bioavailable P (mg kg−1)
	Active Po (mg kg−1)
	Secondary Mineral P (mg kg−1)
	Primary Mineral P (mg kg−1)
	Occluded P (mg kg−1)
	TP (g kg−1)





	0–10
	15.65
	270.94
	51.33
	42.57
	39.44
	0.43



	10–30
	6.24
	256.07
	29.60
	33.04
	38.28
	0.37










 





Table 2. Mean of the soil properties in different treatments.
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Treatment

	
Layer

	
pH

	
BD

	
SOM

	
TN






	
CK

	
0–10

	
4.79 Ba

	
0.99 Aa

	
88.13 Ca

	
2.59 Ba




	
MF

	
0–10

	
4.75 Ba

	
0.99 Aa

	
101.13 Ba

	
2.85 ABa




	
MM

	
0–10

	
4.94 Aa

	
1 Aa

	
92.49 BCa

	
2.72 Ba




	
MFM

	
0–10

	
5.06 Aa

	
0.96 Aa

	
123.36 Aa

	
3.12 Aa




	
CK

	
10–30

	
4.84 Aa

	
1.04 Aa

	
51.45 Ab

	
1.76 Bb




	
MF

	
10–30

	
4.89 Aa

	
1.03 Ba

	
51.17 Ab

	
1.77 ABb




	
MM

	
10–30

	
4.96 Aa

	
1.09 ABa

	
47.99 Ab

	
1.75 Bb




	
MFM

	
10–30

	
5.01 Aa

	
1.01 Ba

	
49.86 Ab

	
1.85 Ab




	
Two-way ANOVA




	
F

	
0–10

	
NA

	
NA

	
***

	
*




	
M

	
0–10

	
**

	
NA

	
**

	
NA




	
F × M

	
0–10

	
NA

	
NA

	
*

	
NA




	
F

	
10–30

	
NA

	
NA

	
NA

	
NA




	
M

	
10–30

	
NA

	
NA

	
NA

	
NA




	
F × M

	
10–30

	
NA

	
NA

	
NA

	
NA








Notes: Mean of three blocks. Capital letters indicate significant differences between different treatments in the same soil layer, and lowercase letters indicate significant differences between different soil layers in the same treatment. *** p ≤ 0.001, ** p ≤ 0.01, and * p ≤ 0.05. NA indicates no significant effect. F is for fertilizers, M is for manures, and F   ×   M is for the interaction of fertilizers and manures.