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Abstract

:

Olsen phosphorus (Olsen P) is an important indicator of soil labile phosphorus. Determining the effect of fertilization on Olsen P and P fractions (labile phosphorus, medium labile phosphorus and stable phosphorus) can guide the application of phosphate fertilizer. Therefore, it is of great significance to clarify the changes of Olsen P and P fractions and the influencing factors under long-term fertilization. This study investigated changes in Olsen P and P fractions in haplic phaeozems soils (0–20 cm) in two 30-year fertilization sites (Harbin, Gongzhuling) of northern China. Four treatments were examined: treatment with no fertilizer or manure (CK), nitrogen and potassium (NK), nitrogen, phosphorus and potassium (NPK), and manure, nitrogen, phosphorus and potassium (MNPK). The results showed that after NK application, Olsen P decreased by an average of 1.5 mg kg−1 for every 100 kg ha−2 of soil phosphorus lost due to continuous phosphorus uptake by the crop; with NPK, Olsen P increased by an average of 17.6 mg kg−1 for every 100 kg ha−2 of P surplus; with MNPK, the increase curve of Olsen P was similar to an S-curve with periods of rapid growth and periods of equilibrium. In the equilibrium period of Olsen P, the equilibrium values were 52.0 and 156.2 mg kg−1 in Harbin and Gongzhuling. After 20 years of long-term different fertilization, labile P (LP), medium labile P (MLP) and stable P (SP) decreased by 21.1, 16.6 and 15.1 mg kg−1 on average for the treatment without P application (NK), and the percentage decreases were 2.8, 5.7 and 2.1%, respectively. With the treatment of NPK, LP and MLP increased by 25.5 and 79.2 mg kg−1, and the percentage increases were 1.8 and 16.1%. With the treatment of MNPK, the increase in LP and MLP was significantly higher than that with NPK. Soil organic carbon (SOC), total nitrogen (TN) and carbon/nitrogen (C/N) had the greatest effects on Olsen P and P fractions and the total contribution rate was >40%. In summary, fertilization system caused significant changes in Olsen P and P fractions. After about 20 years of long-term combined application of MNPK, the growth of Olsen P can be kept constant. SOC and TN had important effects on Olsen P and P fractions in black soil. Therefore, the application of phosphorus fertilizer should be adjusted according to the type and time of fertilization in black soil in order to avoid waste of phosphorus fertilizer.
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1. Introduction


Phosphorus (P) application is an important way to increase soil Olsen P in farmland. Analyzing Olsen P and P fractions (labile P, medium labile P and stable P) and predicting their change trends can guide the application of P fertilizer and improve crop yield [1,2]. The application of P caused a large amount of P accumulation in farmland. Unreasonable fertilization will lead to the continuous increase in Olsen P, which will increase the risk of P loss in the rainy season, resulting in waste of resources and environmental pollution [3,4,5]. Therefore, it is necessary to clarify the effect of fertilization on Olsen P and P fractions, so the change in Olsen P can be calculated by fitting the equation, which can predict the recent change and provide data for fertilization. By calculating the P budget, we can know the accumulation and loss of P in the soil. On this basis, we can summarize the annual profit and loss, so as to accurately determine the accumulated budget P of farmland [6,7]. Therefore, different fertilization treatments for long-term experiments (>15 years) are selected to calculate the change in Olsen P per 100 kg ha−2 of soil P budget, predict their future change trends and adjust the fertilizer application [8]. Previous studies have shown that long-term application of phosphate fertilizer leads to a univariate or bivariate linear increase in Olsen P [9], and that the combined application of manure and N, P and K fertilizers is an effective way to improve fertility [10]. However, long-term continuous fertilization causes constant changes in Olsen P and P fractions, which we predict should be phased. Therefore, we need to reevaluate and predict the changes of Olsen P and fractions in soil, so as to provide a theoretical basis for the rational utilization of P fertilizer.



To clarify the impact of fertilizer application on Olsen P in cropland, researchers focused on understanding the relationship between the Olsen P increasing trend and P surplus, so as to avoid large P surplus and reduce fertilizer costs [11,12]. Shen (2014) established a linear equation to explain the relationship between Olsen P and P surplus after 15 years of fertilizer application, and considered that the combined application of manure and chemical P fertilizer was a better fertilization method to increase Olsen P [8]. During 16–22 years of continuous fertilization, the increasing trend of Olsen P was fast first and then slow, and the fitted relationship was a bilinear equation [10]. However, if long-term continuous application of organic fertilizer and chemical P can keep the increase in Olsen P unchanged, this fertilization method should be improved. In conclusion, these results showed that the increase in Olsen P changed over time, and whether its increase trend was phased needs to be evaluated again.



Tiessen’s modified Hedley method was widely used to evaluate the fractions of P [13,14]. The study on P fractions showed that the application of P fertilizer could increase soil labile P and medium labile P significantly, and labile P decreased without P application [1,15]. Most of the previous studies focused on the change in P fractions. At the same time, the change in its proportion should also be paid attention to, because the change in its proportion can better reflect the proportion of different P fractions in total P. Therefore, a comprehensive study of the dynamic changes of P fractions and their proportions can better reflect the impact of fertilization on phosphorus in soil. However, the change trends of Olsen P, P fractions and P fractions proportion corresponding P components in soil are yet to be clarified. Earlier studies showed climate, soil properties and fertilizers all affect the change in P in soil [4,16,17]. Under the same climate conditions, fertilization can directly affect soil P, and also indirectly affect P by affecting soil organic carbon, total nitrogen and pH [18,19]. Therefore, it is necessary to understand the dynamic changes of soil Olsen P, P fractions and the proportion of P fractions under different fertilization conditions and to clarify the impact of soil properties on them.



The black soils in Harbin and Gongzhuling are rich in humus, which are common in Northeast of China. Because black soil is fertile, unreasonable fertilization will cause resource waste and environmental pollution. Therefore, understanding the change trends of Olsen P and P fractions and identifying their influencing factors will help to guide fertilization strategies and optimize the application of P fertilizers. The objectives of this study were: (1) to reevaluate the growth trend and component changes of Olsen P after long-term fertilization in black soil; (2) to investigate the effects of physical and chemical properties of black soil on Olsen P and P fractions; (3) to provide data support for the rational application of P fertilizers in black soil.




2. Material and Methods


2.1. Site Description


The two long-term experiments are located in Harbin (HRB) City, Heilongjiang Province and Gongzhuling (GZL) City, Jilin Province (Figure 1). The black soil in Harbin and Gongzhuling are rich in humus, the soil classification of which is haplic phaeozems [20]. The experiment period selected for this study was from 1979 to 2009 in HRB and 1990 to 2020 in GZL, encompassing 30 years of continuous fertilizer application in both experiments. The climate type is a mid-temperate, semi-humid, continental monsoon climate. The geographical location and initial soil physicochemical properties of the two experiments are shown in Table 1 and Table 2. The fractions of P in the manure were analyzed with liquid phase 31P NMR (Nuclear magnetic resonance), which showed: the water-soluble P was 4.15 g kg−1 in pig manure, 12.1 times that of horse manure; inorganic orthophosphate accounted for 54.3%, 0.64 times that of horse manure; and phosphate monoester accounted for 45.2%, 3.5 times that of horse manure [9].




2.2. Experiment Design


The experiment areas in HRB and GZL were 168 and 400 m2, respectively. The three treatments selected were treatment with no fertilizer or manure (CK), nitrogen and potassium (NK), nitrogen, phosphorus and potassium (NPK) and manure combined with nitrogen, phosphorus and potassium (MNPK). No replicates were set for the two long-term experiments. Urea, diammonium phosphate or calcium superphosphate, potassium chloride or potassium sulfate were used as nitrogen, phosphorus and potassium fertilizers, respectively. In HRB, manure was applied after maize sowing and chemical fertilizer was applied in the autumn after harvest, and in GZL, chemical fertilizer and manure were applied before corn sowing, with pig manure applied from 1991 to 2005 and cow manure from 2006 to 2020 (Table 3).




2.3. Soil Sampling and Data


Soil samples were collected from the 0–20 cm after crop harvest, and 5 fresh soil samples were randomly selected from the plots and mixed well, air-dried and passed through a 2.0 mm sieve to determine the effective nutrients. Olsen P was determined by colorimetry after being extracted with 0.5 mol/L NaHCO3 (pH = 8.5) at 25 ℃, as proposed by Olsen researcher [21]. Total soil P was digested with H2SO4−HClO4 and measured using the molybdenum-blue colorimetric method. In addition, organic matter, total nitrogen, total potassium, available nitrogen, pH and soil physical properties were determined and analyzed according to the methods proposed by Lu [22]. The fractions of P were determined by Tiessen modified Hedley method [13,14]. P was initially extracted with an anionic-exchange resin (resin P) and then with NaHCO3 (NaHCO3−P). Resin P and NaHCO3−P are assumed to be the most plant-available (labile) fractions. Moderately labile P sorbed on amorphorus Fe and Al minerals was subsequently extracted with NaOH (NaOH-P), followed by ultrasonification in NaOH to obtain “protected P” occluded or contained within aggregates. Primary mineral P was extracted with HCI (HCl−P), and the remaining P was removed by an H2O2−H2SO4 digestion (Residual−P). In order to avoid systematic errors caused by different testers, we compared and corrected the sum of all P fractions with the total phosphorus (TP) determined.



All the data of soil physical and chemical properties in this paper were from two long-term experiments. The P of grain and straw were measured and their yields were counted every year after the crops were harvested. All dynamic data were summarized by annual monitoring data.




2.4. Formula Calculation and Statistical Analysis


Here lists the formula:


ΔOlsen P = Olsen Pi − Olsen P0



(1)




where Pi measured represents Olsen P (mg kg−1) at the ith year and P0 measured represents Olsen P (mg kg−1) at initial soils.


Pinput = PCP + PMP



(2)




where Pinput (kg ha−2) is the amount of phosphorus applied in manure and fertilizer phosphate every year, measured and counted before sowing, PCP (kg ha−2) is the amount of phosphorus applied in fertilizer every year, and PMP (kg ha−2) is the amount of phosphorus applied in manure every year.


Puptake = PG × YG + PS × YS



(3)




where Puptake (kg ha−2) is the total phosphorus removal by both grain and straw per year, measured and counted after crop harvest, PG is the phosphorus content in grains, YG is grain yield, PS is the phosphorus content in straw, and YS is straw yield.


   P  budget   =   ∑   1979 / 1990   yr   (  P  input   −  P  uptake   )  



(4)




where Pbudget (kg ha−2) is the budget of phosphorus, and yr is the starting year for calculating the cumulative phosphorus budget.




2.5. Statistical Analyses


The relationship between the change in Olsen P and P budget in two black soils after long-term continuous fertilization was examined by fitting relationship between linear and curve equation. Among them, the fitting relationship between ΔOlsen P and P budget was fitted with a linear equation (CK, NK, NPK treatment), and the fitting equation of MNPK treatment is similar to a S-shaped curves. Data for each measured variable were subjected to one-way ANOVA and significant differences were then compared between treatments at the least-significant difference (LSD) of p = 0.05. The correlations between ΔOlsen P and P fractions were determined using the R 3.6.3 language. Redundancy analysis (RDA) was conducted because it is a widely used and adaptive descriptive data analysis tool that allows one to determine the structure of the interdependencies between the main parameters under study. In this case, soil variables included organic carbon, total nitrogen, pH, CaCO3, clay, organic carbon/total nitrogen, organic carbon/phosphorus, total nitrogen/phosphorus. The results yielded by such analyses might help identify the most influential factors on the soil parameter variability among the investigated treatments. Canoco5 was used for RDA analysis, which was developed by American Microcomputer Power Computer Company. All the diagrams were drawn with sigmaPlot12.5 and Excel software.





3. Results


3.1. ΔOlsen P and P Budget


After 30 years of continuous fertilization, the trend of accumulated P budget of the same treatment was similar in the two tests (Figure 2). The treatment without P application resulted in P loss, and the P loss of NK treatment was higher than that of CK treatment. P application increased accumulated P, and the cumulative P increase in MNPK treatment was higher than that in NPK treatment. In HRB, the accumulated P deficit in NK treatment was 1300 kg ha−2, and the accumulated phosphorus surplus under NPK and MNPK treatments was 1223 and 3790 kg ha−2, respectively. In GZL, the accumulated phosphorus deficit in NK treatment was 614 kg ha−2, and the accumulated P surplus under NPK and MNPK treatments was 138 and 614 kg ha−2, respectively. Therefore, long-term different fertilization measures affected the accumulated P surplus and deficit in black soil.



The fitting equations between ΔOlsen P and budget of P for the three treatments (NK, NPK and MNPK) at the two long-term experiments were analyzed (Figure 3). With the same fertilization treatment, the fitting curves of ΔOlsen P and P budget were similar at two long-term experiments. Applying phosphate fertilizer (NPK and MNPK) can significantly increase the surplus of P in black soil (p < 0.05), while treatments with no phosphate fertilization (CK and NK) resulted in continuous P loss. With NK treatment, Olsen P decreased by 1.8 mg kg−1 for every 100 kg ha−2 of P loss in HRB and 1.3 mg kg−1 in GZL. With NPK treatment, Olsen P increased by 4.4 mg kg−1 for every 100 kg ha−2 of P surplus in HRB and 30.9 mg kg−1 in GZL. With MNPK treatment, the growth of Olsen P was phased and reached equilibrium after a rapid increase. The equilibrium value of ΔOlsen P was 52.0 mg kg−1 in HRB and 156.2 mg kg−1 in GZL. In conclusion, after 29–36 years of different fertilization, fertilization practices resulted in significant changes in Olsen P in the black soil, with NK treatment causing a significant decrease in Olsen P, NPK treatment causing a linear increase and MNPK treatment causing a phased upward trend.




3.2. Fractions of P


The changes of P fractions were analyzed at two experiments with long-term continuous fertilization for 30 years. P fractions in 4 years (1995, 2000, 2005 and 2010) were selected to subtract the P fractions in 1990 (Table 4). The results showed that compared with the P fractions in 1990, with treatments without P application (CK and NK), LP (labile P), MLP (medium labile P) and SP (stable P) decreased by 21.1, 16.6 and 15.1 mg kg−1 on average in 2010, and the percentage decrease was 2.8, 5.7 and 2.1%; with P application (NPK and MNPK), LP and MLP increased by 25.5 and 79.2 mg kg−1, and the percentage increase was 1.8 and 16.1% in NPK in 2010. With the treatment of MNPK, the increase in LP and MLP was significantly higher than that with three other treatments in 2005 and 2010. In short, different successive fertilization practices significantly affected the phosphorus pool in black soil; without phosphorus application it continued to decline, while with phosphorus application it continued to be supplemented.




3.3. Relation of Olsen P Change with P Fractions


The correlation between ΔOlsen P and the fractions in three treatments (n = 12) was analyzed. The results showed that with CK treatment, Δ Olsen P had no significant correlation with the fractions; with NK treatment, ΔOlsen P and NaHCO3-Pi were significantly correlated (p < 0.05); with NPK treatment, ΔOlsen P was positively correlated with Resin-Pi, NaHCO3-Pi and NaOH-Pi (p < 0.05); with MNPK treatment, ΔOlsen P was positively correlated with NaHCO3-Pi, NaOH-Po and NaOH-Pi (p < 0.05). ΔOlsen P and NaOH-Pi were significantly correlated with NPK and MNPK treatments (Figure 4). In short, NaHCO3-Pi was most closely related to the change in Olsen P in black soil. After P application, the increment in Olsen P was closely related to the LP and MLP in the black soil.




3.4. Relation of Olsen P Change with Other Factors


In order to clarify the impact of soil physical and chemical properties on Olsen P and its related P fractions, we conducted an RDA analysis on two groups of variables (Figure 5). The results showed that with NK treatment, carbon/nitrogen (C/N) and carbon/phosphorus (C/P) had greater effect on Olsen P, and the total contribution rate was 43.2%; with NPK treatment, the same C/N and C/P had greater impact on Olsen P, and the total contribution rate was 61.0%; with MNPK treatment, SOC and nitrogen/phosphorus (N/P) had greater impact on Olsen P, and the total contribution rate was 70.2%. In conclusion, the difference between SOC and TN was the main reason for the change in Olsen P and its fractions in black soil.





4. Discussion


4.1. Effects of Fertilization on Olsen P


The results of this study showed that different fertilization measures affected the change trend of Olsen P during P budget. Olsen P decreased without P application, while Olsen P increased with P application in black soil. Olsen P showed a linear decreasing trend with NK treatment, a linear increasing trend with NPK treatment, and a similar S-shaped curve with MNPK treatment. Similar to the results of previous studies, continuous application of P would increase P surplus in black soil, while P application would cause an increase in Olsen P in P surplus [23,24]. Moreover, during 30 years of continuous fertilization, Olsen P showed a linear upward trend with NPK treatment. However, the growth trend of Olsen P with MNPK treatment was different from that of previous studies, which showed a phased increase.



In the first eight years of fertilization in GZL, Olsen P increased slowly. At the beginning of the experiment in GZL, the initial value of Olsen P was 11.8 mg kg−1, much lower than that of 22.2 mg kg−1 in HRB (Table 2). Fox ‘s research showed that in the soil with low P, the input of P fertilizer increased P fixation, while the increase in Olsen P was slow [25]. Therefore, at the beginning of the experiment, a large P fertilizer input increased P fixation in GZL, and Olsen P increased more slowly than in HRB. This may be due to the fact that soil P was already excessively depleted prior to the experiment, so the early fertilization may increase the fixation of P.



Olsen P experienced a rapid growth period with MNPK treatment, and the continuous accumulation of P in soil caused the rapid rise in Olsen P. The increase in soil organic matter increased labile P and reduced the adsorption of P, and Olsen P increased rapidly. With MNPK treatment, the increase in Olsen P reached equilibrium at the later stage, especially in GZL. One possible reason is that continuous fertilization would lead to saturation of P adsorption in the soil [17], and lead to infiltration and loss of Olsen P. Schmieder and Yang ‘s research showed that P migration is related to organic carbon and mineral types. Long term application of MNPK could produce orthophosphate in GZL, which is adsorbed to the surface of clay minerals, resulting in the saturation of a large amount of P in these mineral phases, which could promote the migration of P to the lower layer of the soil [18,26]. Similarly, Fang’s research in GZL experiment showed that Olsen P under MNPK treatment was significantly higher than that under NPK treatment in 20–40 cm, and soil organic carbon and total nitrogen had the greatest effects on Olsen P and P fractions [16]. The research by Yang et al. on black soil showed that the increase in soil organic matter increased Olsen P and P activation coefficient, and improved the desorption capacity of P in black soil [26]. Therefore, these reasons led to a phased increase in Olsen P in MNPK treatment.




4.2. Effects of P Fractions and Soil Properties on Olsen P


The P fractions and their proportions were analyzed over six years (1990, 1995, 2000, 2005 and 2010). The results showed that long-term P application increased the content and proportion of LP and MLP in 20 years in black soil. Similar to previous research results, long-term P application reduced the mineralization of P, and manure input increased the proportion of MLP [27]. Moreover, ΔOlsen P was significantly correlated with NaHCO3−Pi and NaOH−-Pi, indicating that both single and compound application of manure P increased inorganic P in LP and MLP, and the effect on inorganic P was higher than that on organic P. With MNPK, the input of P fertilizer increased all forms of P fractions, but the proportion of SP decreased significantly, indicating that MNPK was more conducive to increasing LP and MLP in the soil, and the increase range of LP and MLP was higher than that of SP. With MNPK treatment, fertilization increased all P fractions in black soil, SP increase was not significant, but SP% decreased significantly, indicating that long-term manure combined with NPK increased LP and MLP more than SP, resulting in significant increase in LP + MLP and (LP + MLP) %, leading to a significant SP% decrease. In short, different fertilization measures affected the fractions and percentage of P in black soil.



With MNPK, the increasing trend of Olsen P was similar in the two experiments, but there were differences. Olsen P increased slowly in the early stage in GZL, and its equilibrium value was 3.54 times that in HRB. There are two possible reasons for the differences. Firstly, the research by Dou et al. showed that the amount of fertilizer input and the type of manure would affect the P fractions [28]. There were differences in the input amount of fertilizer P and manure in the two experiments. The fractions of P in the manure were analyzed with liquid phase 31P NMR (Nuclear magnetic resonance). The results showed that there were great differences between pig and horse manure in terms of water-soluble P, inorganic orthophosphate and phosphate monoester. The water-soluble P was 4.15 g kg−1, 12.1 times that of horse manure, inorganic orthophosphate accounted for 54.3%, 0.64 times that of horse manure, and phosphate monoester accounted for 45.2%, 3.5 times that of horse manure. Secondly, the physical and chemical properties of soil, especially the content of CaCO3, significantly affect the content of LP [29,30]. Although they are both in black soil, their soil physical properties are different. We measured the CaCO3 in HRB and GZL from 2007 to 2013. In HRB, the mean value of CaCO3 was 0.01%, while in GZL, the mean value was 0.32% (Table 2). However, in RDA analysis, CaCO3 and clay contributed much less than organic carbon and total nitrogen., and it is likely that their impact on P fractions was limited to the initial stage of the experiment. Pizzeghello’s research showed that long-term factors influencing the mobility of P in soil were not only excessive P inputs, but also the types of P fertilizer applied, especially the excessive input of manure that increased the loss of P [31]. Therefore, it is necessary to conduct culture tests to gain a clearer understanding of the dynamic adsorption process of P by mineral components in the future.



Our study showed that the main factors affecting the Olsen P and P fractions were organic carbon and nitrogen in the soil. Previous studies have shown that SOC, TN, soil mineral types and microorganisms had important effects on P fractions [19]. Firstly, soil SOC and TN had a direct impact on Olsen P and P fractions [26]. Fertilizer could promote the increase in SOC and LP. SOC had an important effect on the adsorption-desorption of P in black soil, and the availability of P could be improved by reducing the adsorption and increasing the desorption of P [32]. Secondly, Wang’s research on black soil showed that the input of soil C, N and P affected the microbial community structure in Heilongjiang in China [33]. Heuck also found that long-term nitrogen input reduced the P dissolution and mineralization capacity of microorganisms. The P dissolution capacity of microorganisms was mainly regulated by C/P, and its abundance was significantly positively correlated with soil TN and SOC [34]. Therefore, the contents and ratios of SOC and TN were closely related to the changes of P fractions in black soil.



This study was conducted only in the long-term experiment of black soil in China, where soil P retention is mainly regulated by the adsorption by NaOH-Pi, soil organic carbon and total nitrogen. However, in acid soils of Qiyang, P is mainly adsorbed on the surface of clay minerals, and rainfall mainly controls the retention of soil P [35,36]. In calcareous soils of the Spanish Mediterranean region, the fixation of P is mainly through adsorption of calcium carbonate [23]. These results showed that the effects of soil type and climatic properties on soil P dynamics could not be ignored. Therefore, in order to accurately evaluate the availability of soil P and reasonably apply P fertilizer, we should also consider the comparative study of P fractions in different climates and soil types in the future.





5. Conclusions


Different long-term fertilization made the changes in Olsen P and P fractions tend to be different in black soil. With the application of MNPK, Olsen P increased in stages, which was different from the linear increase in NPK. The input of P fertilizer increased the labile P. At the same time, NPK had a greater impact on the medium labile P, while the application of MNPK significantly reduced the ratio of stable P. Although labile P played an important role in improving soil P availability, moderate labile P continued to decrease significantly under P deficiency. After 30 years of different long-term fertilization, Olsen P decreased by an average of 1.5 mg kg−1 for every 100 kg ha−2 budget of soil P under NK treatment, and increased by an average of 17.6 mg kg−1 under NPK treatment. The increase curve of Olsen P under MNPK treatment was similar to an S-curve with periods of rapid growth and periods of equilibrium and the equilibrium values were 52.0 and 156.2 mg kg−1 in Harbin and Gongzhuling. Our findings fill the knowledge gap about the continuous changes of Olsen P and P fractions in black soil, which are very important for formulating fertilization strategies. By comparing Olsen P and its equilibrium values, the input amount of phosphate fertilizer can be adjusted in advance. Therefore, this study provides deeper understanding of the impact of long-term different fertilization measures on the dynamics of different soil P pools, and provides guidance for sustainable P management. However, it is necessary to study the characteristics of P adsorption and desorption in different fertilization stages to fully understand the change characteristics of soil P fractions in other soil types and meteorological conditions in the future.
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Figure 1. Approximate distribution map of experiments and fertilization treatment. 1 represents HRB, 2 represents GZL. (a): Location, (b): Trial design, (c): Field view. 
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Figure 2. Accumulated of P budget at two fertilization sites. HRB and GZL are the abbreviations of the names of the long-term experiment sites, which are located in Harbin and Gongzhuling in China. CK, no fertilizer or manure; NK, nitrogen and potassium; NPK, nitrogen, phosphorus and potassium; MNPK, manure, nitrogen, phosphorus and potassium. 
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Figure 3. Relationship between ΔOlsen P and different P budget. HRB and GZL are the abbreviations of the names of long-term experiment sites, which are located in Harbin and Gongzhuling in China. CK, no fertilizer or manure; NK, nitrogen and potassium; NPK, nitrogen, phosphorus and potassium; MNPK, manure, nitrogen, phosphorus and potassium. The fitting equation of MNPK is y = A/(1 + exp (−(x−x0)/b)), “A” represents the equilibrium value, * p < 0.05, “n” represents the number of samples. 
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Figure 4. Correlation analysis between ΔOlsen P and P fractions. NK, nitrogen and potassium; NPK, nitrogen, phosphorus and potassium; MNPK, manure, nitrogen, phosphorus and potassium. The red indicates positive correlation, the blue indicates negative correlation, the circle is large and dark, the correlation is strong. The * in the circle indicates significant correlation, and the value on the left of the figure indicates R2. *, p < 0.05, **, p < 0.01, ***, p < 0.001. (a) NK treatment, (b) NPK treatment, (c) MNPK treatment. 






Figure 4. Correlation analysis between ΔOlsen P and P fractions. NK, nitrogen and potassium; NPK, nitrogen, phosphorus and potassium; MNPK, manure, nitrogen, phosphorus and potassium. The red indicates positive correlation, the blue indicates negative correlation, the circle is large and dark, the correlation is strong. The * in the circle indicates significant correlation, and the value on the left of the figure indicates R2. *, p < 0.05, **, p < 0.01, ***, p < 0.001. (a) NK treatment, (b) NPK treatment, (c) MNPK treatment.



[image: Agronomy 12 03146 g004]







[image: Agronomy 12 03146 g005 550] 





Figure 5. RDA analysis of P fractions and parameters. NK, nitrogen and potassium; NPK, nitrogen, phosphorus and potassium; MNPK, manure, nitrogen, phosphorus and potassium. (a) NK treatment, (b) NPK treatment, (c) MNPK treatment. 
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Table 1. Soil type, geographical location and climate in the two experiments.
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	Place
	Starting Year
	Soil Type
	Latitude
	Longitude
	Altitude (m)
	MAT (2)

(°C)
	MAP (3)

(mm)
	MAE (4)

(mm)





	HRB (1)
	1979
	haplic

phaeozems
	45°40′
	126°35′
	151
	4.9
	538
	1565



	GZL
	1990
	haplic

phaeozems
	43°30′
	124°48′
	220
	6.6
	591
	1409







(1) HRB and GZL are the abbreviations of the names of the long-term experiment sites, which are located in Harbin and Gongzhuling in China. (2) MAT is the mean annual temperature, (3) MAP is the mean annual precipitation, (4) MAE is the average annual evaporation.
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Table 2. Initial physical and chemical properties of soil in the two experiments.
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Place

	
SOC (2)

	
TN (3)

	
AN (4)

	
TP (5)

	
Olsen-P0 (6)

	
TK (7)

	
AK (8)

	
pH

	
Bulk

Density

	
CaCO3

	
Sand

	
Silt

	
Clay




	
g kg−1

	
g kg−1

	
mg kg−1

	
g kg−1

	
mg kg−1

	
g kg−1

	
mg kg−1

	
-

	
g cm−3

	
%

	
%

	
%

	
%






	
HRB (1)

	
15.4

	
1.5

	
151

	
1.07

	
22.2

	
25.5

	
200.0

	
7.2

	
1.4

	
0.01

	
46.1

	
23.8

	
30.1




	
GZL

	
13.2

	
1.4

	
114

	
0.61

	
11.8

	
18.4

	
158.3

	
7.6

	
1.2

	
1.68

	
42.0

	
28.7

	
29.3








(1) HRB and GZL are the abbreviations of the names of the long-term experiment sites, which are located in Harbin and Gongzhuling in China. (2) SOC is soil organic carbon, (3) TN is soil total nitrogen, (4) AN is soil ammonia nitrogen, (5) TP is total phosphorus, (6) Olsen P0 is the initial Olsen P, (7) TK is total potassium, (8) AK is effective potassium.
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Table 3. Fertilizer input and crop rotation.
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Place

	
Treatment

	
Inorganic N-P-K (kg/hm2)

	
Manure

(t ha−1)

	
Types of Manure

	
Crop Rotation






	
HRB (1)

	
CK (2)

	
W (3)-0-0-0

	
C-0-0-0

	
S-0-0-0

	
0

	
-

	
Wheat-corn-soybean




	
NK

	
W-150-0-63

	
C-150-0-63

	
S-75-0-62

	
0

	
-




	
NPK

	
W-150-33-63

	
C-150-33-63

	
S-75-65.5-62

	
0

	
-




	
MNPK

	
W-150-33-63

	
C-150-33-63

	
S-75-65.5-62

	
18.6

	
Horse




	
GZL

	
CK

	
C-0-0-0

	
0

	
-

	
Corn




	
NK

	
C-50-0-68

	
0

	
-




	
NPK

	
C-50-36-68

	
0

	
-




	
MNPK

	
C-50-36-68

	
23.0

	
Pig/Cattle








(1) HRB and GZL are the abbreviations of the names of the long-term experiment sites, which are located in Harbin and Gongzhuling in China. (2) CK, no fertilizer or manure; NK, nitrogen and potassium; NPK, nitrogen, phosphorus and potassium; MNPK, manure, nitrogen, phosphorus and potassium. (3) The crops were wheat (W), corn (C) and soybean (S).
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Table 4. Increase amount and percentage of P fractions at the two long-term experiments (mg kg−1).






Table 4. Increase amount and percentage of P fractions at the two long-term experiments (mg kg−1).





	
Treatment

	
1995 (Year)

	
2000 (Year)

	
2005 (Year)

	
2010 (Year)




	
ΔLP (1)

	
ΔMLP

	
ΔSP

	
ΔLP

	
ΔMLP

	
ΔSP

	
ΔLP

	
ΔMLP

	
ΔSP

	
ΔLP

	
ΔMLP

	
ΔSP






	
CK (2)

	
0.91 ± 0.2 aA

	
−12.5 ± 0.4 aA

	
1.1± 2.5 aA

	
−10.5 ± 1.9 bA

	
−7.1 ± 5.9 aA

	
−1.4 ± 1.5 aA

	
−17.1 ± 10.9 cA

	
−16.7 ± 6.9 aA

	
−19.7 ± 2.9 bA

	
−22.3 ± 8.7 cA

	
−15.9 ± 5.5 aA

	
−17.8 ± 0.4 bA




	
NK

	
−7.3 ± 2.6 aB

	
−14.5 ± 0.6 aB

	
−8.4 ± 1.1 aB

	
−2.1 ± 2.3 bB

	
−8.8 ± 4.1 bA

	
−12.7 ± 6.4 aB

	
−7.5 ± 2.2 aA

	
−17.3 ± 5.5 abA

	
−13.3 ± 8.6 aA

	
−17.8 ± 3.4 cA

	
−17.3 ± 9.6 a bA

	
−12.3 ± 8.5 aA




	
NPK

	
1.24 ± 0.7 aAC

	
25.2 ± 6.0 aC

	
−18.1 ± 1.2 aC

	
7.75 ± 4.4 bC

	
67.2 ± 13.5 bB

	
−16.0 ± 9.1 aB

	
13.4 ± 7.7 bB

	
79.9 ± 13.7 bB

	
−16.5 ± 1.9 abA

	
25.5 ± 2.1 cB

	
79.2 ± 4.1 bB

	
−15.1 ± 2.6 abA




	
MNPK

	
3.5 ± 2.1 aAC

	
29.1 ± 7.6 aC

	
−13.3 ± 10.5 aAB

	
38.1 ± 11.4 bD

	
119.9 ± 27.1 bC

	
24.3 ± 16.8 bD

	
40.8 ± 21.0 bB

	
290.6 ± 183.1 bcC

	
23.5 ± 5.5 bC

	
90.2 ± 22.9 cC

	
437.3 ± 71.3 cC

	
55.3 ± 4.4 cC




	
Treatment

	
ΔLP %

	
ΔMLP %

	
ΔSP %

	
ΔLP %

	
ΔMLP%

	
ΔSP %

	
ΔLP %

	
ΔMLP %

	
ΔSP %

	
ΔLP %

	
ΔMLP %

	
ΔSP %




	
CK

	
−0.28 ± 0.1 aA

	
−5.9 ± 0.3 aA

	
0.5 ± 0.6 aA

	
−2.5 ± 0.1 bA

	
−3.3 ± 1.6 bA

	
−0.9 ± 0.6 bA

	
−3.9 ± 2.8 bA

	
−3.1 ± 2.1 bA

	
−2.9 ± 1.5 cA

	
−3.1 ± 0.7 bA

	
−2.6 ± 1.9 bA

	
−2.2 ± 0.7 cA




	
NK

	
−2.0 ± 0.6 aB

	
−1.5 ± 0.3 aB

	
0.7 ± 0.9 aA

	
−1.0 ± 0.2 bB

	
−3.4 ± 1.6 bA

	
−0.9 ± 0.5 aA

	
−2.4 ± 0.6 aA

	
−9.4 ± 6.3 bA

	
−0.2 ± 0.4 aB

	
−2.5 ± 0.7 aA

	
−8.9 ± 6.5 bA

	
−1.9 ± 1.2 bA




	
NPK

	
1.3 ± 2.1 aC

	
23.0 ± 1.1 aC

	
−23.4 ± 0.4 aB

	
0.4 ± 0.7 bC

	
15.8 ± 9.0 aB

	
20.0 ± 7.8 aB

	
0.6 ± 0.5 abB

	
18.3 ± 3.8 aB

	
21.8 ± 4.4 aC

	
1.8 ± 0.7 abB

	
16.1 ± 5.6 bB

	
22.7 ± 6.3 aB




	
MNPK

	
1.2 ± 1.7 aAC

	
3.8 ± 1.7 aD

	
−3.7 ± 1.1 aC

	
4.3 ± 1.0 bD

	
73.9 ± 20.1 bC

	
−9.6 ± 5.5 aC

	
6.4 ± 1.9 bC

	
13.9 ± 5.9 cB

	
−20.3 ± 3.2 bD

	
5.1 ± 2.7 bB

	
13.0 ± 6.0 cB

	
−18.1 ± 0.3 bC








(1) ΔLP: lable P in 1995 minus which in 1990, Similarly, in other years ΔLP was also the LP of that year minus the LP of 1990, it is as same for ΔMLP and ΔSP. ΔLP = ΔResin−P + ΔNaHCO3−Pi + ΔNaHCO3−Po; ΔMLP = ΔNaOH−Pi + ΔNaOH−Po + ΔDHCl−Pi; ΔSP = ΔCHCl−Pi + ΔCHCl−Po + ΔResidual−P. ΔLP% = ΔResin−P %+ ΔNaHCO3−Pi%+ ΔNaHCO3−Po%; ΔMLP% = ΔNaOH−Pi% + ΔNaOH−Po% + ΔDHCl−Pi%; ΔSP% = ΔCHCl−Pi% + ΔCHCl−Po% + ΔResidual−P%. (2) CK, no fertilizer or manure; NK, nitrogen and potassium; NPK, nitrogen, phosphorus and potassium; MNPK, manure, nitrogen, phosphorus and potassium. Factor levels marked with the same letter do not differ at the p < 0.05 level of significance, The lower case letters(a) indicate P fractions in different periods. The uppercase letters(A) indicate P fractions in different treatments. The unit of all P fractions (ΔLP, ΔMLP and ΔSP) were mg kg−1.
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