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Abstract

:

Contrasting fertilization modifies soil phosphorus (P) transformation and bioavailability, which impact crop P uptake and P migration in the soil profile. A long-term (25-year) fertilizer experiment was employed to investigate crop yield, P uptake and changes in sequentially extracted P fractions in the soil profile, and their relationships on a calcareous soil derived from loess material under a winter wheat and summer maize double-cropping system. The experiment involved seven nutrient management treatments: control (CK, no nutrient input), N, NK, NP, and NPK, representing various combinations of synthetic nitrogen (N), phosphate (P), and potassium (K) applications, as well as combinations of NPK fertilizers with either crop residues (SNPK, where S refers to maize stalk or wheat straw) or manure (MNPK, where M refers to dairy manure). Wheat and maize yields were significantly higher with P input fertilizer relative to the P-omitted treatments. Long-term application of P-containing fertilizers markedly raised the contents of inorganic (Pi) and organic (Po) P fractions at 0–20 cm depth compared with the P-omitted treatments. Moreover, both Pi and Po fractions were markedly higher under MNPK than under NPK and SNPK treatments. For achieving high yield for wheat and maize, the critical contents of labile P were 54 and 63 mg kg−1, and those of moderately labile P were 48 and 49 mg kg−1, respectively, defined by the linear plateau model. In addition, the change points of labile P and moderately labile P were 99 and 70 mg kg−1, above which CaCl2-P content significantly increased. Moreover, long-term P input significantly accumulated different P fractions in the deeper soil layers up to 100 cm, with large portions of organic P being a composite of labile and moderately labile P, especially in MNPK treatment. Our results suggest that excessive P supply with organic manure resulted in massive P accumulation in the topsoil and promoted soil P fraction transformation and availability in the deep soil layers, especially in an organic P form that has often been neglected.
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1. Introduction


Phosphorus (P) is recognized as one of the main nutrients that restricts plant growth; however, the growing global food demand has led to a considerable increase in chemical P fertilizer inputs [1], particularly in intensive farming [2]. In China, chemical P fertilizers were consumed at a rate of 1.83 million tons to 6.85 million tons from 1986 to 2015, but the P recovery efficiency for major cereal crops is only 11.6% [3]; consequently, a large amount of available P accumulated in the surface layer (Olsen-P, 7.4 to 24.7 mg kg−1) [2]. Moreover, excess P fertilizer due to long-term P addition also provides valuable evidence regarding changes in soil P transformations in the soil profile [4,5,6]. Hence, understanding soil P transformation and its environmental effect after P application is fundamental to interpreting soil P availability [7].



Inorganic P is the dominant form in mineral soils with low organic matter content like calcareous soils, and it occupies up to 80% of the total phosphorus [8]. Plenty of research has focused on the transformation of inorganic P and its bioavailability [9,10]. However, with the full return of crop residues and the addition of organic manure and fertilizers, soil organic matter content markedly increased [11], and subsequently, soil organic P also rose [12]. In this context, using the sequential fractionation scheme of soil P is an effective method for determining the changes in the amount of Pi and Po compounds in the soil [13]. It allows soil P to be classified into different P fractions (i.e., labile P, moderately labile P, and non-labile P) based on its bioavailability to plants [14]. In order to better comprehend P behavior in the soil profile, the P fraction scheme was previously adapted to focus on soil P transformation in intensive vegetable cropping, concluding that it is imperative to examine the status of P fractions following long-term P fertilization [5,6]. Therefore, further information is needed about how long-term contrasting fertilization regimes in cereal cropping modified soil P transformation in surface and subsurface soils to obtain insight into the P dynamics and develop sustainable P management strategies to guarantee crop production and environmental security.



In addition, although P applied in the form of chemical fertilizer or manure can be readily immobilized by soil colloids [5], previous studies have demonstrated that P leaching in the soil profile has become an important research focus [2,6]. The movement of P to the deep soil profiles has also been reported in many fields or lysimeter studies in coarse and fine-textured soils [15,16]. Indeed, P leaching varied in different soils which received continuous P fertilization that exceeded crop P requirements [17]. Based on the relationship of Olsen-P and CaCl2-extractable P, the potential of P release from soils has been predicted [18,19], which influences the P fractions transformation [20]. Previously, the critical P values estimated in the relationship between Olsen-P and CaCl2-P as reported in the literature on different soils varied from 17.7 to 156 mg kg−1 [19,21]. However, when soil organic P is high, the relationship between Olsen-P and CaCl2-extractable P might contain some uncertainty or bias in predicting P leaching since organic P is not considered.



In addition, determining critical levels of Olsen-P is essential to sustain the efficient use of P and maximize agronomic yields [22]. Although the various extraction methods are designed to estimate plant-available P, they extract P from different fractions and to varying degrees which do not necessarily match the current availability of the plant [23]. Notably, Appelhans et al. [24] proposed a methodology by which to measure the bioavailability of P fraction that enables us to only account for either Pi or Po, and they presented it as a predictor of the P nutritional status of the crops. Although the various extraction methods are intended to approximate the quantity of P that is accessible to the plant, the authors extract P from different fractions and to varying degrees, which may not accurately reflect the current availability of P for the plant [23]. Consequently, the quantity of P extracted from a given soil sample differs greatly depending on the method used, leading to diverse values of soil test P [18]. This discrepancy can be attributed to the fact that the P extracted using different methods undergoes different chemical reactions with soil variables, including CaCO3 and SOC contents, soil pH, Fe and Al oxides, and clay content [25]. Indeed, there is a lack of discussion about the critical value that could be considered in both Pi and Po sources to improve the accuracy of P fertilizer recommendations based on the relationship between soil P fractions and crop yield, and, analyzing the relationship between CaCl2-P and P fractions, there is a lack of proven evidence as to whether a critical level of P fractions exists for leaching through. Thus, this study will seek to address these issues by measuring the leaching change points for different P fractions in response to P fertilization, which is beneficial for analyzing soil P loss risk and regional P availability management. We hypothesized that long-term contrasting fertilization, especially organic manure, and crop residue return, would change the soil properties and consequently affect P transformation and bioavailability in the soil, which are associated with crop P uptake and P movement in the soil profile. To test this hypothesis, this study investigated crop yield, P uptake, P budget, the sequentially extracted Pi and Po fractions at surface and subsurface soils, and their relationships through a long-term fertilizer experiment under wheat–maize crop rotation in northwest China.




2. Materials and Methods


2.1. Study Site & Experimental Design


The long-term field experiment was set up in 1990 in Yangling, Shaanxi Province, China (34°17′51″ N and 108°00′48″ E, 524.7 m above sea level), belonging to the Chinese National Soil Fertility and Fertilizer Efficiency Monitoring Base of Loess soil. The experimental site has a mean annual temperature of 12.9 °C and mean annual precipitation of 550 mm, which mainly falls from July to September. The soils have a silty clay loam texture (with 16% clay, 52% silt and 32% sand) derived from loess materials and were classified as Anthrosols or a cumuli-Orthic Anthrosols according to IUSS Working Group WRB [26] and Chinese soil classification [27]. Based on an international soil texture classification system, Zhang et al. [28] observed silt clay loam at 0–80 cm depth and loamy clay at 80–140 cm depth in the soil profile. At the establishment time of the experiment, the mean values of the plough (0−20 cm) layer characteristics were as follows: SOC of 7.44 g kg−1; CaCO3 content of 92.5 g kg−1; pH (soil /H2O, 1:1) of 8.62; total N of 0.93 g kg−1; Olsen-P of 9.57 mg kg−1; and exchangeable K of 191 mg kg−1.



The experiment had a winter wheat and summer maize double-cropping system with nine nutrient management treatments. The plot size was 14 m × 14 m. In the current study, seven treatments were selected, i.e., CK, N, NK, NP, and NPK, NPK plus wheat or maize straw (SNPK, S refers to maize stalk or wheat straw), and NPK with dairy manure (MNPK). In the SNPK treatment, 4.5 t ha−1 of wheat straw (dry weight) was incorporated into the soil from 1990 to 1998, and then about 4.39 t ha−1 of maize stalk has been incorporated into the soil since 1999 each year before sowing winter wheat. In the MNPK treatment, for winter wheat, the applied N rate was 70% from the dairy manure and 30% from the chemical fertilizer, and manure with dry weight of about 2.6–36.0 t ha−1 was incorporated before sowing winter wheat. Table 1 gives more details about the doses of nutrient input in each treatment. All synthetic fertilizers before winter wheat sowing or approximately one month after maize sowing were incorporated into the soil to a plowing depth of about 20 cm. The synthetic fertilizers (N, P, and K) applied were urea (CO(NH2)2), single super-phosphate (Ca(H2PO4)2), and potassium sulfate (K2SO4), respectively. During the winter wheat season, the plots were irrigated once or twice with approximately 90 mm of groundwater on each occasion and between two and four times during the summer maize season, relying on precipitation. Winter wheat (Xiao Yan 22) was planted in October at a seeding rate of 375 seeds m−2 and harvested approximately three months later (end of September or early October). Summer maize (Zheng Dan 958) was then planted immediately with a density of 67,500 plants per hectare and harvested approximately three months later in late September or early October. A rototiller was used to conventionally till the fields after harvesting if specified, and the residue of all above-ground crops was removed.




2.2. Soil Sampling and Analysis


Each year, within 15 days of the winter wheat harvest, soil in a plough layer (0–20 cm) was sampled using a 2.5 cm diameter auger. As for three pseudo-replicates, each plot was divided into three sections of equal size and then six to eight soil cores were homogenously composited into one sample for each treatment. In June 2014, we also took soil samples from a depth of 0–100 cm with a 20-cm increment as 0–20, 20–40, 40–60, 60–80, and 80–100 cm, respectively, where one composite sample was made from three soil profiles and pooled to create three composite samples for each soil layer of the four plots (CK, NPK, SNPK, and MNPK). After transporting the samples to the laboratory, the composite soil samples were mixed thoroughly, removed of all stones, roots, and undegraded fertilizer, air dried, and stored. Then, subsamples were screened until they could pass through a 1 mm for chemical analysis.



We measured the Olsen-P and CaCl2-P contents for samples taken in 2010 and 2014 that were determined via extraction of 0.5 mol L−1 NaHCO3, adjusting pH (8.5) and 0.01 mol L−1 CaCl2 solution and measuring the extract using the molybdate–ascorbic acid method [29,30].



Simultaneously, the fractionation of inorganic P (Pi) and organic P (Po) was determined via a modified sequential extraction method proposed by Tiessen and Moir [31]. With this procedure, the following fractions were obtained: (i) H2O-Pi, 0.5 M NaHCO3-Pi and Po (labile P); (ii) 0.1 M NaOH-Pi and Po (moderately labile P); and (iii) 1 M HCl-Pi and Po and residual P (less-labile P), mostly composed of stable Ca-bound P (Figure 1).



The Pi in the extractant was determined via the molybdate colorimetric method at 880 nm [29]. The content of total P (TP) in NaHCO3, NaOH, and HCl (sum of Pi and Po) was determined in a 5-mL aliquot of each extract after digestion with sulphuric acid (H2SO4) and potassium persulfate in an autoclave at 121 °C [32]. The content of TPo in alkali extract (NaHCO3-Po, NaOH-Po, and HCl-Po) was obtained via the difference between TP and Pi. The content of Po in the deionized water (H2O-P) fractions was not determined due to preliminary investigations showing value below the detection limit. In addition, P fractions were also grouped as defined by Cross and Schlesinger [33] into geochemical (Geo-P) and biological P (Bio-P) pools, where the sum of all Pi extractants (H2O-Pi + NaHCO3-Pi + NaOH-Pi + HCl-Pi) and residual P represent Geo-P and the Po extractants (NaHCO3-Po + NaOH-Po + HCl-Po) represent Bio-P.




2.3. Crop Measurements


At the maturity stage, to estimate the crop yields for each plot of the applied treatments, the crops were harvested manually with sickles to the ground surface from three areas, each measuring areas of 2 m × 4 m and 5 m × 4 m for the wheat and maize, respectively. In addition, the subsamples of grain and straw were collected and oven-dried to pass a mess sieve size of 0.5 mm, and we analyzed P concentration via digestion with concentrated H2SO4 and H2O2, determined via the molybdate colorimetric method [29].




2.4. Data Processing


Based on the content and biomass of various treatments, P uptake (grain + straw) at the maturity stage was calculated.



The relative yield was calculated via the formula described in Equation (1) [34]:


  Relative   yield   ( % ) =   A n n u a l   c r o p   y i e l d   k g / h a   o f   a   t r e t a m e n t   ( Y f )   M a x i m u m   y i e l d   k g / h a     i n   t h e   y e a r   a m o n g   t h e   t r e a t m e n t   ( Y m )   × 100  



(1)







P budget (Pb, kg ha−1) was estimated via the formula in Equation (2):


Pb = FP − UP,



(2)




where FP is the P input and UP is the P uptake by the crop each year, accordingly. The calculation made for the P budget was the P input minus the P uptake from 1990 to 2010 and from 1990 to 2014, respectively.



The association related to the soil P budget (x) and changes in the P fractions (y) based on linear regression follows in Equation (3):


Y = ax + b.



(3)







The two-segment linear–linear (LLP) model was applied to relate soil P fraction to Olsen-P and CaCl2-P using Equations (4) and (5):


y1 = a1x + b1, x ≤ T,



(4)






y2 = a2x + b2, x > T,



(5)




where a1 and a2 are the intercept parameters and b1 and b2 are the slope parameters. T represent the critical value of soil P fraction.



Critical soil P fraction concentrations were determined via linear plateau (LP) and quadratic plateau (QP) models to fit the relationships between relative yield and soil P fractions (labile P, moderately labile P, and less-labile P) [35]. The critical concentration (CC) determined via LP and QP models are soil P fraction values at which the linear or quadratic portions of each model joined the predicted plateau yield.




2.5. Statistical Analysis


All the values reported in the table and figures are the mean (+SD) of the measured variables. The data for each measured variable depending on fertilization were evaluated using one-way analysis of variance (ANOVA). Significant differences were performed using the LSD test at 5% significance levels. A paired t-test was applied for evaluating significant differences in various variables for the same treatment between 2010 and 2014. The above analysis was performed with SAS ver. 8.01 for Windows (SAS Institute, Cary, NJ, USA). In addition, the Nonlinear Model (PROC NLIN) procedure was applied to fit relationships between Olsen-P and soil P fractions via a two-segment linear-linear model and relationships between relative crop yield and soil P fractions via LP and QP models using Sigma plot 12.5. In order to make the figures more transparent, the error bar was not included in the figures except for showing P fraction contents in the soil profile.





3. Results


3.1. Crop Yield, P Uptake, and P Budget


The effects of long-term fertilization on crop yield, P uptake, and P budget determined in 2010 and 2014 are shown in Figure 2. The average grain yield of winter wheat and summer maize under P-fertilized treatments significantly differed between 2010 and 2014 (Figure 2a,b), and P uptake under NP and MNPK treatments also showed significant differences between the two years (Figure 2c). However, the P budget was similar between the two years for all the applied treatments (Figure 2d).



The average grain yield of winter wheat and summer maize varied from 733 to 7061 kg ha−1 and 3373 to 7254 kg ha−1 in 2010 and from 780 to 5894 kg ha−1 and 2372 to 8187 kg ha−1 in 2014. Long-term P-containing fertilization significantly increased winter wheat and summer maize yield in 2010 and 2014 over the P-omitted treatments (Figure 2a,b).



The amount of P uptake in the CK, N, NK, NP, NPK, SNPK, and MNPK treatments was 11.8, 10.4, 12.4, 42.3, 47.8, 53.3, and 67.9 kg ha−1 in 2010 and 9.1, 10.3, 9.0, 49.0, 47.3, 52.3, and 60.8 kg ha−1 in 2014, respectively (Figure 2c). The annual P uptake by the crops was significantly greater in the treatment with P fertilizer added than in the P-omitted or CK treatments. In addition, there were variations in annual P uptake between NP, NPK, and SNPK treatments in the two years tested (Figure 2c).



Long-term P-applied treatments significantly affected the soil P budget in 2010 and 2014 (Figure 2d). The P budget in MNPK (4484 and 5333 kg ha−1) was significantly greater than those in NP (774 and 903 kg ha−1), NPK (767 and 893 kg ha−1), and SNPK (778 and 891 kg ha−1) treatments.




3.2. Phosphorus Fraction at Surface Soil Layer


Compared with CK and P-omitted treatments, P fertilization practices significantly increased the contents of soil P fractions at the surface soil layer (0–20 cm), especially in MNPK treatment in both years (Table 2). The contents of Pi in the labile P, moderately labile P, and less-labile P under P fertilization practices significantly increased by 36–117, 23–41, and 456–784 mg kg−1, respectively, relative to CK and P-omitted treatments in 2010 (Table 2). The contents of Po fractions also increased by 15–38, 29–45, and 42–155 mg kg−1, respectively.



A similar trend was also found among the treatments determined in 2014. In the P input treatments, soil Pi contents for the labile P, moderately labile P, and less-labile P increased in the ranges of 42–155, 34–65, and 493–1155 mg kg−1, respectively, compared to the CK and P-omitted treatments (Table 2). Likewise, soil Po contents raised in the ranges of 37–72, 95–159, and 142–169 mg kg−1 for the labile P, moderately labile P, and less-labile P, respectively.




3.3. Phosphorus Fractions in the Soil Profile


The content and proportion of labile P (Pi and Po) in fertilization treatments significantly increased relative to CK in NPK, SNPK, and MNPK treatments at surface layer (Figure 3a and Figure S1a). In the subsoils, fertilization treatment under NPK, SNPK, and MNPK had statistically similar values of labile Po content at depths of 40–60 cm and 80–100 cm (Figure 3a). While the MNPK treatment had a significantly higher content of labile P at depths of 20–100 cm over CK.



In addition, fertilization treatments also significantly increased the content and proportion of moderately labile P (Pi and Po) in the whole profile relative to the CK (Figure 3b and Figure S1a). Moreover, significant differences in moderately labile P content were also observed between MNPK, NPK, and SNPK treatments except for moderately labile Pi at 60−80 cm depth (Figure 3b).



The Pi and Po components of less-labile P in P fertilizer treatment significantly increased compared to the CK treatment (Figure 2c), but their proportions to the TP decreased (Figure S1a) at whole soil profile (0–100 cm). In addition, the differences observed in less-labile P content between MNPK, NPK, and SNPK treatments were also significant in the whole soil profile, where the MNPK presented the highest value.



The contents of Geo-P and Bio-P obtained in the P input treatments were significantly higher than those in the CK treatment in the whole soil profile (Figure 3d). Furthermore, Geo-P and Bio-P contents under MNPK were obviously greater than those under NPK and SNPK treatments. Compared with CK, the proportion of Bio-P increased in the fertilization treatments, but the proportion of Geo-P decreased in the soil profile (Figure S1b).



Compared with CK, the content and proportion of Bio-P increased in the fertilization treatments, but the proportion decreased in Geo-P in the soil profile (0–100 cm) (Figure 3d and Figure S1b). Among the treatments, the contents of Geo-P and Bio-P obtained in the P fertilizer application were significantly higher than in the CK treatment in the soil depth of 0–100 cm, especially in the MNPK treatment (Figure 3d). In addition, a significant increasing trend in the Geo-P and Bio-P content under MNPK was also observed compared to the NPK and SNPK treatments. However, there were no differences between NPK and SNPK treatments with respect to the soil profile, except for the Bio-P in the 20–40 cm depth.




3.4. Relationships among Soil Olsen-P, CaCl2-P, and P Fractions


The relationships between Olsen-P and P fractions were well-fitted by the two-segment linear–linear model (Table 3). The change-points were 93, 85, and 635 mg kg−1 for labile P, moderately labile P, and less-labile P, respectively. Above the thresholds, soil Olsen-P sharply increased with increasing contents of labile P, moderately labile P, and less-labile P. Similarly, the association between CaCl2-P and P fractions was explained by using the two-segment linear–linear model, where the change-points for labile P, moderately labile P, and less-labile P contents were 99 mg kg−1, 70 mg kg−1, and 474 mg kg−1, respectively (Table 3).




3.5. Relationship between P Uptake, Crop Yield, and P Fractions


Regression analysis between P uptake by wheat and the Pi and Po components of labile P and moderately labile P showed significant linear relationships (Figure 4a,c). There were also significant and positive correlations between P uptake by the wheat crop and less-labile Pi and Geo-P fractions (Figure 4e,g). In addition, the Pi component of labile P, moderately labile P, less-labile P, and the Geo-P fraction also showed a significant relationship with the P uptake of maize crop (Figure 4b,d,f,h). Moreover, the association between P uptake by summer maize and the labile Po fraction was also markedly and positively correlated (Figure 4b).



The critical contents of labile P defined by the LP and QP models were 54 and 74 mg kg−1 for winter wheat and 63 and 127 mg kg−1 for summer maize, respectively, to achieve high yield (Figure 5a,b, Table 4). Similarly, the mean critical contents of moderately labile P were 48 and 57 mg kg−1 for wheat (Figure 5c) and 49 and 63 mg kg−1 for maize (Figure 5d). As expected, there was no significant correlation between less-labile P fractions and crop yield (Figure 5e,f).





4. Discussion


4.1. Crop Yield, P Uptake, and Critical Soil P Content


Fertilization is an essential agronomic measure that can promote growth and enhance the production and quality of crops. This study demonstrated that following 24 years of contrasting fertilization, mean wheat and maize yields differed significantly (Figure 2a,b), and the highest yield was measured in the MNPK treatment. Our results agree with the findings of other individual studies and meta-analyses conducted in different environmental conditions and agricultural systems [36,37]. This might be attributed to the effect of higher levels of soil organic matter (SOM) gained under the input of inorganic fertilizer together with organic manure, which greatly improves the soil environment (i.e., its physical, chemical, and biological properties) and provides a stable supply of both macro- and micronutrients [38] and thus benefits crop growth [39]. In addition, the increasing trends in crop yield under NP, NPK, and SNPK treatments were also observed compared with CK and P-omitted treatments, indicating that N and P are essential nutrients for crop production in the tested soil. Straw incorporation also helped to improve the SOM content, soil structure, and biological environment of the soil; these positive effects favored crop yield [40].



Linear regression revealed that the soil Pi components of labile P and moderately labile P were positively related to the plant P uptake of both wheat and maize crops (Figure 4), which emphasizes the significance of these P fractions on P consumption and plant development. This is also in agreement with the results of previous researchers [41,42]. Our result also found that the degree of correlation with respect of P uptake was highest with moderately labile Pi (R2 = 0.65–0.71 (Figure 4c,d), indicating that Fe-P- and Al-P-associated P (being P extracted by 0.1 M NaOH) were the important forms of Pi and contributed mainly towards the P uptake in calcareous soils [43]. Moreover, less labile Pi is assumed to be of low availability to plants, although it was found to be significantly correlated with the P uptake of wheat and maize crop (Figure 4e), indicating that particulate organic matter might be responsible for the P fraction, which is easily bioavailable but not alkali extractable, likely observed by many authors [44]. Related to Po fractions, P uptake by wheat crops was also significantly associated with labile and moderately labile P (Figure 4a,c), suggesting that these components may play a vital role in contributing to wheat P uptake. This behavior has been previously reported by many authors [45,46]; for example, Wang et al. [46] suggested a possible mechanism by which straw returning promotes P uptake by modifying the soil microbial biomass C and P cycles, which ultimately increased the NaHCO3-Po and NaOH-Po components. Furthermore, P uptake by maize with the labile Po also showed a linear relationship (Figure 4b), suggesting that it serves as a useful index by which to predict potential Po mineralization, which is susceptible to crop management practices following long-term P fertilizer application because mineralization of Po fractions during the growing season of the crop was expected to be an important [47].



To recommend the use of P fertilizer, the interaction between relative crop yield and soil-available P measured via various soil test methods has been assessed [48]. Among the various soil P assays recommended [49], Olsen-P is the most common and widespread available soil-P index in China that gave good results for both acidic and alkaline soils [34,50]. Apart from this, soil P fractions showed a promising result for improving the diagnosis of P soil fertility based on measuring both the Pi and Po sources of available P for crops [51]. In the soil tested here, critical concentrations of labile P and moderately labile P defined by the LP model were 54 and 48 mg kg−1 for winter wheat yield and 63 and 49 mg kg−1 for summer maize, where these values were lower than those defined by the QP model (Figure 5). The R2 values of regression for the LP model were higher than those for the QP model (Table 4), indicating that the former might be a better recommendation regarding P fertilization when soil legacy P is relatively high. In comparison with our results, the reported change points obtained from P indices of labile Pi and Po with maize and soybean yield ranged from 8.0 to 39.5 mg kg−1 in a wide agricultural region of Argentina [51,52]. Certainly, the critical P values observed in different studies for different crops depend on several factors such as soil condition, sampling depths [18], rainfall [53], and the statistical model employed [48]. Our result proposed the Pi and Po fraction jointly in a new soil-test P that showed a better fit with respect to wheat and maize relative yield, which improved the prediction of the wheat and maize response to P fertilization compared to the Pi or Po fractions alone, as has been previously suggested by Appelhans et al. [52] for maize crop. Nevertheless, it should be acknowledged that Po is a prospective P source for crops, which may undergo a mineralization process during the growing season [51], and its impact on the availability of P is contingent upon the presence of favorable environmental conditions for P mineralization [54]. Dodd and Mallarino [22] and Mallarino and Atia [55] have discussed the implications of these differences for fertilizer recommendations and the profitability of fertilization. Our results imply that the recommendation of P fertilizer may need to take both Pi and Po into consideration in soils rich in organic P to avoid the likely underestimation of soil-available P, i.e. those estimated with simple methods like Olsen P, thereby reducing P overuse and potential P losses to environment. In this sense, our results may provide impetus for the improvement of the soil P test method to make it more accurate under the circumstances mentioned above.




4.2. Soil P Transformation and Migration


Our result revealed that long-term P fertilization in the topsoil was preferentially accumulated in the labile and moderately labile Pi and Po pools relative to the CK, particularly in MNPK treatment (Table 2). The substantial increase in soil Pi following the application of chemical P fertilizer with organic manure has been confirmed by numerous studies [7,56]. This is ascribed to that the addition of organic substances increasing the soil P bioavailability by increasing the organic matter mineralization and exchangeable organic ions with layered silicate hydroxylation surface ligands [57], which, in turn, improves the release of Pi in the surface soil [2,7]. At the same time, applying organic manures could increase the level of SOC, which may drive soil microbes to allocate energy from catabolic labile C to synthesizing soil phosphatase and suppress mineralization processes [57], thereby favoring Po fractions in the soil (Table 2). Po cycling through the mineralization process via enzymes and soil microbes plays an important role in increasing soil P accumulation, which is the ultimate source of soil-available P [58]. In addition, the transformation of P in the less labile P was more obvious, possibly regulated by oxalic acid due to the formation of high Ca-associated P and dissolved phosphate P in calcareous soil [59], which tended to build up due to their transformation from other fractions and became fixed as a stable P over time after long-term P fertilizer coupled with organic manures.



Our results also displayed that the long-term P fertilizer input resulted in a substantial surplus of the P budget and profoundly affected the transformation of the P fraction in the soil profile (Figure S2). Studies involving long-term fertilization experiments across the globe have shown that with a P surplus of 100 kg ha−1 yr−1, soil Olsen-P increased significantly, varying from 1.4 to 7.3 mg kg−1 yr−1 in China [60,61], India [62], and southwestern France [63]. In our study, for instance, per 100 kg ha−1 P accumulated in the soil, the content of labile P and moderately labile P fractions greatly increased by 9.2 and 13.4 mg kg−1, respectively, in the surface soil (Figure S2). We also found that labile P beyond 93 mg kg−1 and moderately labile P beyond 85 mg kg−1 could directly transformed into soil Olsen-P, which agreed with the findings of other [19]. The variation in P transformation can be attributed to influencing factors like crop systems, soil characteristics, and P extraction methods [64]. But the P transfers between the surface layer and lower layers and the P uptake by plant roots from the soil layers after long-term P fertilization and the cropping system might also influence the results [65]. In addition, P transformed from a labile form to a less-labile form may depend on the availability of sorption sites [2,66]. In this study, with the application of P fertilizer, the transfer of Pi fractions through the soil profile (0–100 cm) differed markedly in the various fractions, including labile P, moderately labile P, less-labile P, and Geo-P (Figure 3), indicating that soil Pi transformation could be accelerated by P fertilization in cropland soil. The results of our study are consistent with those of previous studies tested in calcareous soil [4] and other soil types [15,67]. The observed substantial increase in the Pi forms of labile P and moderately labile P can be attributed to the discharge of the fast-acting components of chemical P fertilizer, which instantly transformed the available Pi fraction [2,64]. There is some evidence to suggest that organic anion and acid chemical fertilizer coupled with organic manures reduces the soil P sorption strength of mineral soil particles via competing organic molecules with orthophosphate for P retention sites [68], encouraging soil-stable P dissolution through the secretion of organic acids and mediating soil Po transformation via SOC and microorganisms, leading to the rise of labile-P and moderately labile Pi in the soil [68,69]. All Po fractions in the soil profile were significantly increased with P fertilization application, especially in MNPK (Figure 3). There might be several reasons: (1) direct input of Po forms contained in the organic manures, which led to greater activation of soil P; and (2) encouraging the enzyme synthesis and development of microorganisms [68], thereby facilitating the transformation of soil Pi into Po pools, especially noted in the moderately labile Po fraction (Figure 3b), which is primarily composed of monoester phosphates and most likely derived from the formation of Fe-P complexes with humic substances, thereby supplying labile P for a longer period of time [70,71]. A direct relationship between the Po and SOC has also been confirmed by many previous studies [69], suggesting a lead role in the buildup of moderately labile P in the soil profile. The lower pH in the study site [72] in MNPK might be expected to promote the solubility of CaCO3 and could possibly induce the leaching loss of Ca ions, which could contribute to P transformation and release in the alkaline soil [5]. Furthermore, we also found that the average proportion of labile P and moderately labile P increased with P fertilization in the 0–100 cm soil profile compared with CK, accounting for about 4–13% and 11–14% of the TP, respectively (Figure S1), but that of the less-labile P fraction decreased after P fertilization. This result may be attributed to organic molecules released via the microbial decomposition of organic matter, which hindered the complexation of P with iron, aluminum, and calcium in soil [73] and therefore substantially promoted the transformation of inactive P into moderately labile and labile P pools over the time [74].



To assess the probability risk of P losses, an analysis of the relationship between Olsen-P and CaCl2-P was previously undertaken in various soils. Whereas information about the relationships between labile or moderately labile P and CaCl2-P have not been reported, in the present study, CaCl2-P content increased dramatically with contents of labile P and moderately labile P beyond 70 mg kg−1 and 99 mg kg−1 (Table 3), which equaled the P budget of 153.0 kg ha−1. This would provide useful information for optimizing the P supply and minimizing the P losses as reported by others [2,3].





5. Conclusions


Present study demonstrated that winter wheat–summer maize cropping systems could deliver high yield when the labile P and moderately labile P reach 54 and 48 mg kg−1 for wheat and 63 and 49 mg kg−1 for maize at topsoil. Additionally, long-term excessive P fertilization significantly promoted P transformation, as demonstrated by soil P accumulation in the soil profile, as well as an increase in the proportions of labile P and moderately labile P and a decrease in the proportion of non-labile P. When labile P and moderately labile P contents were above 99 and 70 mg kg−1 or 153 kg P·ha−1, P leaching loss would significantly increase. Our results could help plan sustainable P management by considering both inorganic and organic soil P sources to ensure crop yield and environmental security in agroecosystems.
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Figure 1. Flow chart of Hedley P sequential fractionation scheme as modified by Tiesson and Moir [31]. 
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Figure 2. Mean wheat yield (a), mean maize yield (b), annual P uptake (c), and total P budget (d) as influenced by different fertilization treatments in 2010 and 2014. Different lowercase letters indicate statistically significant differences within each variable among fertilization treatments (p < 0.05). Asterisks (*, p < 0.05; **, p < 0.01) above the different columns in the same treatment represent significant differences between 2010 and 2014. Abbreviations: Control refers to no fertilizer or manure input (CK); N indicates the treatments that received only synthetic nitrogen fertilizer; NK indicates the treatments that received synthetic nitrogen and potassium (K); NP indicates the treatments that received synthetic nitrogen and phosphorus; NPK indicates the treatments that received synthetic nitrogen, phosphorus, and potassium; SNPK indicates the treatments that received synthetic NPK fertilizers and crop stalk return (S); MNPK indicates the treatments that received incorporation of NPK plus organic manure. 
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Figure 3. Concentrations of inorganic and organic soil phosphorus pools: labile phosphorus (a), moderately labile phosphorus (b), less-labile phosphorus (c), and geo-biochemical phosphorus (d) in the 0–100 cm profile under different fertilization treatments determined in year 2014. Error bars denote the standard error of the mean. Means followed by different letters within the same depth differ significantly (p < 0.05) between treatments. Abbreviations: Control refers to no fertilizer or manure input (CK); N indicates the treatments that received only synthetic nitrogen fertilizer; NK indicates the treatments that received synthetic nitrogen and potassium (K); NP indicates the treatments that received synthetic nitrogen and phosphorus; NPK indicates the treatments that received synthetic nitrogen, phosphorus, and potassium; SNPK indicates the treatments that received synthetic NPK fertilizers and crop stalk return (S); MNPK indicates the treatments that received incorporation of NPK plus organic manure. 
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Figure 4. Correlations between P uptake and the content of soil Pi and Po components of P fractions at surface layer (0–20 cm) for winter wheat (a,c,e,g) and summer maize (b,d,f,h) across fertilization treatments determined in 2010 and 2014. All fitted lines indicate significance at the p < 0.05 probability level (n = 42). 
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Figure 5. Relationship between soil P fraction at the surface layer and relative yield of winter wheat (a,c,e) and summer maize (b,d,f) across fertilization treatments determined in the years 2010 and 2014 of the long-term experiment (LP, linear plateau; QLP quadratic plateau). The red and black lines indicate statistical significance for the linear plateau and quadratic plateau (p < 0.0001), respectively. All fitted red and black lines indicate significance at the p < 0.0001probability level (n = 42). 
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Table 1. Details of fertilizer application rates (kg ha−1) associated with different treatments under winter wheat–summer maize cropping system.
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	Cropping System
	Crop
	Treatment
	N (kg ha−1)
	P (kg ha−1)
	K (kg ha−1)





	Winter wheat–summer maize
	Wheat
	CK
	0
	0
	0



	
	
	N
	165.0
	0
	0



	
	
	NK
	165.0
	0
	68.5



	
	
	NP
	165.0
	57.6
	68.5



	
	
	NPK
	165.0
	57.6
	68.5



	
	
	SNPK
	165.0 + 40.4 a
	57.6 + 3.8 a
	68.5 + 85.5 a



	
	
	MNPK
	74.3 + 173.2 a
	86.4 + 159.4 a
	102.8 + 208.9 a



	
	Maize
	CK
	0
	0
	0



	
	
	N
	187.5
	0
	0



	
	
	NK
	187.5
	0
	77.8



	
	
	NP
	187.5
	24.6
	0



	
	
	NPK
	187.5
	24.6
	77.8



	
	
	SNPK
	187.5
	24.6
	77.8



	
	
	MNPK
	187.5
	24.6
	77.8







a The amount of N/P/K elements contained in the added crop straw or organic supplement. Abbreviations: Control refers to no fertilizer or manure input (CK); N indicates the treatments that received only synthetic nitrogen fertilizer; NK indicates the treatments that received synthetic nitrogen and potassium (K); NP indicates the treatments that received synthetic nitrogen and phosphorus; NPK indicates the treatments that received synthetic nitrogen, phosphorus, and potassium; SNPK indicates the treatments that received synthetic NPK fertilizers and crop stalk return (S); MNPK indicates the treatments that received incorporation of NPK plus organic manure.













 





Table 2. Analysis of variance for soil phosphorus pools (labile P, moderately labile P and less-labile P, mg kg−1) at surface soil layer (0–20 cm) in different fertilization treatments (mean ± SD).
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Years

	
Items

	

	
Treatments




	
CK

	
N

	
NK

	
NP

	
NPK

	
SNPK

	
MNPK






	
2010

	
Labile P

	
Pi

	
11 ± 2 c

	
5 ± 0.2 d

	
9 ± 1 cd

	
39 ± 2 b

	
36 ± 3 b

	
37 ± 3 b

	
117 ± 4 a




	
Po

	
10 ± 2 d

	
3 ± 0.2 e

	
3 ± 0.4 e

	
16 ± 2 bc

	
15 ± 9 c

	
19 ± 0.3 b

	
38 ± 3 a




	
Moderately

labile P

	
Pi

	
13 ± 1 e

	
16 ± 3 d

	
16 ± 0.2 d

	
27 ± 0.2 b

	
25 ± 0.1 bc

	
23 ± 0.1 c

	
41 ± 1 a




	
Po

	
16 ± 6 cd

	
6 ± 3 d

	
7 ± 0.3 d

	
29 ± 10 bc

	
33 ± 13 b

	
36 ± 12 b

	
45 ± 9 a




	
Less-labile P

	
Pi

	
342 ± 68 c

	
354 ± 17 c

	
340 ± 20 c

	
456 ± 35 bc

	
515 ± 119 b

	
521 ± 141 b

	
784 ± 48 a




	
Po

	
17 ± 10 c

	
27 ± 8 bc

	
32 ± 6 bc

	
25 ± 5 bc

	
23 ± 3 bc

	
17 ± 3 c

	
46 ± 4 a




	
2014

	
Labile P

	
Pi

	
7 ± 1 c

	
6 ± 0.2 c

	
11 ± 1 c

	
52 ± 6 b

	
42 ± 3 b

	
42 ± 9 b

	
155 ± 9 a




	
Po

	
20 ± 2 d

	
4 ± 0.2 e

	
5 ± 1 e

	
42 ± 2 bc

	
51 ± 8 b

	
37 ± 8 c

	
72 ± 16 a




	
Moderately labile P

	
Pi

	
15 ± 1 c

	
19 ± 2 c

	
20 ± 2 c

	
39 ± 2 b

	
34 ± 4 b

	
34 ± 2 b

	
65 ± 8 a




	
Po

	
72 ± 6 c

	
7 ± 2 d

	
9 ± 1 d

	
95 ± 9 b

	
104 ± 8 b

	
99 ± 8 b

	
159 ± 4 a




	
Less-labile P

	
Pi

	
641 ± 11 c

	
394 ± 21 e

	
377 ± 18 e

	
493 ± 25 d

	
906 ± 25 b

	
898 ± 22 b

	
1155 ± 27 a




	
Po

	
46 ± 6 cd

	
30 ± 5 d

	
50 ± 7 c

	
151 ± 14 ab

	
149 ± 9 b

	
142 ± 13 b

	
169 ± 17 a








Different lower-case letters in the same row indicate significant differences between different treatments (p < 0.05). Abbreviations: Control refers to no fertilizer or manure input (CK); N indicates the treatments that received only synthetic nitrogen fertilizer; NK indicates the treatments that received synthetic nitrogen and potassium (K); NP indicates the treatments that received synthetic nitrogen and phosphorus; NPK indicates the treatments that received synthetic nitrogen, phosphorus, and potassium; SNPK indicates the treatments that received synthetic NPK fertilizers and crop stalk return (S); MNPK indicates the treatments that received incorporation of NPK plus organic manure.













 





Table 3. Two-segment models identified the relationships between soil variables (Olsen-P and CaCl2-P) and soil P fraction at the surface soil layer (0–20 cm) and determined the critical soil-test concentrations (CC).
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	Variables
	P Fractions
	Equations
	CC

(mg kg−1)
	R2





	Olsen-P
	Labile P
	Y1 = 0.3585x − 0.4893

Y2 = 1.4139x + 145.0223
	93
	0.83



	
	Moderately labile P
	Y1 = 0.3010x − 1.8653

Y2 = 1.3621x + 85.1152
	85
	0.86



	
	Less-labile P
	Y1 = 0.0417x − 4.4318

Y2 = 0.6525x − 85.1152
	635
	0.84



	CaCl2-P
	Labile P
	Y1 = 0.0030x − 0.1935

Y2 = 0.0254x + 3.0358
	99
	0.86



	
	Moderately labile P
	Y1 = 0.0017x − 0.1848

Y2 = 0.0395x + 2.6699
	70
	0.74



	
	Less-labile P
	Y1 = 0.0001x − 0.1948

Y2 = 0.0049x + 2.1916
	474
	0.69







The model applies for the X value of the critical concentration shown, which is the value at which the two portions of the model join. Note: Equation R2 is shown when functions were significant at the p < 0.0001 probability level (n = 42).













 





Table 4. Regression models for relationships between relative grain yield and soil P fractions for winter wheat and summer maize at the surface soil layer (0–20 cm) and the determined critical soil P fraction concentrations.
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	Crops
	P Fractions
	Model a
	Equations
	CC b

(mg kg−1)
	R2





	Winter wheat
	Labile P
	LP
	Y = 25.7442 + 0.3864x
	54
	0.93



	
	
	QP
	Y = 65.807 + 2.890x − 0.018x2
	74
	0.83



	
	Moderately labile P
	LP
	Y = 23.6223 + 0.3425x
	48
	0.66



	
	
	QP
	Y = 62.708 + 16.101x − 0.502x2
	57
	0.63



	
	Less-labile P
	LL
	N/A c
	
	



	
	
	QP
	N/A
	
	



	Summer maize
	Labile P
	LP
	Y = 47.5525 + 0.3032x
	63
	0.78



	
	
	QP
	Y = 81.485 + 0.303x − 0.076x2
	127
	0.76



	
	Moderately labile P
	LP
	Y = 46.5243 + 0.2615x
	49
	0.49



	
	
	QP
	Y = 83.446 + 12.708x − 0.086x2
	63
	0.46



	
	Less-labile P
	LL
	N/A
	
	



	
	
	QP
	N/A
	
	







a All statistical models (LP, linear plateau; QP quadratic plateau) were significant at p < 0.0001. b CC was calculated at 95% of relative yield. c N/A = not applicable. Note: Equation R2 is shown when functions were significant at the p < 0.0001probability level (n = 42).
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