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Abstract
Understanding the characteristics and influences of various factors on phosphorus (P) fractions is of significance for 
promoting the efficiency of soil P.  Based on long-term experiments on black soil, fluvo-aquic soil, and loess soil, which 
belong to Phaeozems, Cambisols, and Anthrosols in the World Reference Base for Soil Resources (WRB), respectively, 
five fertilization practices were selected and divided into three groups: no P fertilizer (CK/NK), balanced fertilizer (NPK/
NPKS), and manure plus mineral fertilizer (NPKM).  Soil inorganic P (Pi) fractions and soil properties were analyzed to 
investigate the characteristics of the Pi fractions and the relationships between Pi fractions and various soil properties.  
The results showed that the proportion of Ca10-P in the sum of total Pi fractions was the highest in the three soils, 
accounting for 33.5% in black soil, 48.8% in fluvo-aquic soil, and 44.8% in loess soil.  Long-term fertilization practices 
resulted in periodic changes in soil Pi accumulation or depletion.  For black soil and fluvo-aquic soil, the Pi accumulation 
was higher in the late period (10–20 years) of fertilization than in the early period (0–10 years) under NPK/NPKS and 
NPKM, whereas the opposite result was found in loess soil.  The Pi accumulation occurred in all Pi fractions in black soil; 
mainly in Ca8-P, Fe-P, and Ca10-P in fluvo-aquic soil; and in Ca2-P, Ca8-P, and O-P in loess soil.  Under CK/NK, the soil 
Pi was depleted mainly in the early period in each of the three soils.  In addition to the labile Pi (Ca2-P) and moderately 
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1. Introduction

During the past half-century, the input of phosphorus (P) 
fertilizer in cropland has been increasing to meet the food 
demands associated with population growth (Chen and 
Graedel 2016; Jiao et al. 2016).  Due to the adsorption, 
precipitation, and microbial immobilization of P in the 
soil, most of the P applied as fertilizer cannot be used 
by plants directly (Yadav and Verma 2012; Weihrauch 
and Opp 2018; Zhu et al. 2018), resulting in massive 
P surpluses in many regions (MacDonald et al. 2011).  
Commercially, P is mainly derived from P rock resources, 
which will be depleted within 100 years at the current rate 
of production (Cooper et al. 2011).  Thus, making full use 
of soil surplus P is important for solving the shortage of P 
resources and maintaining food security (Li H et al. 2011; 
De Oliveira et al. 2020).

Understanding the nature and dynamics of P in 
croplands is the key priority for fully utilizing soil P (Liu 
et al. 2017).  P applications often lead to P surpluses 
in croplands, but the P forms vary with fertilization 
practices and soil types (Pizzeghello et al. 2011; Eriksson 
et  al. 2015).  For example, one study showed that 
superphosphate significantly decreased Ca8-P in the 
calcareous soil in Iran (Khosravi et al. 2017).  However, 
the opposite result was found in another calcareous 
soil in China (Liu et al. 2020).  The content of Ca-P 
generally increased in soil treated with manure due to 
the existence of abundant Ca-P in manure, and the rate 
of increase depended not only on the amount of manure 
application, but also on the type of soil (Sato et al. 2005; 
Yamamoto et al. 2018; Yan et al. 2018).  On the other 
hand, performing no applications of P can result in P 
depletion in croplands (De Oliveira et al. 2020), but soil 
P depletion varies with soil properties (Helfenstein et al. 
2018).  According to Helfenstein et al. (2018), some 
primary mineral P remains even after long-term soil 
development in arid-zone soils, whereas in humid-zone 
soils of the same age, all P in all of the pools has been 
biologically cycled in the natural ecosystem.  P deficits 

labile Pi (Ca8-P, Fe-P, Al-P), the Ca10-P in black soil and fluvo-aquic soil and O-P in loess soil could also be used by crops.  
Redundancy analysis showed that soil properties explained more than 90% of the variation in the Pi fractions in each soil, 
and the explanatory percentages of soil organic matter (SOM) were 43.6% in black soil, 74.6% in fluvo-aquic, and 38.2% 
in loess soil.  Consequently, decisions regarding the application of P fertilizer should consider the accumulation rate and 
the variations in Pi fractions driven by soil properties in non-acidic soils.

Keywords: non-acidic soils, long-term fertilization, phosphorus fractions, soil properties, organic matter

provide an opportunity to understand the availability of P 
forms (Gatiboni et al. 2021).  Although previous studies 
have revealed that the inorganic P (Pi) fraction variations 
are mainly affected by fertilization practices and soil types, 
most of those studies focused on a single soil type and 
few comparative studies on multiple soils at a regional 
scale have been reported.

Soil properties have shown an important effect on soil 
Pi fractions and transformations, and it is likely that each 
P compound has specific factors governing its presence 
(Deiss et al. 2018).  For neutral soils or calcareous soils, 
calcium (Ca) ion is the main material for P adsorption 
(Hansen et al. 2004; Andersson et al. 2015), while iron 
(Fe) and aluminum (Al) hydroxides are also abundant and 
play important roles in the retention of P (Schmieder et al. 
2018; Ma et al. 2021).  Schmieder et al. (2018) reported 
that 76% of the soil P was associated with Al or Fe in long-
term manure-amended soils under non-acidic conditions.  
Ma et al. (2021) observed a similar predominance of Fe 
minerals in P immobilization in chernozem soil.  Generally, 
Ca, Fe, and Al cations or compounds have direct effects 
on P adsorption, resulting in the differences in soil Pi 
fractions (Weihrauch and Opp 2018).  The P adsorption 
is usually indirectly affected by other properties such 
as soil organic matter (SOM) and pH (Fink et al. 2016; 
Meyer et al. 2021).  SOM can promote P adsorption and 
availability mainly by cation bridges, increases in specific 
surface area (SSA), and competitive adsorption sites (Fink 
et al. 2016; Yang et al. 2019; Audette et al. 2020).  Soil pH 
affects the process of P precipitation-dissolution reactions, 
in which decreases in pH increase solubilization of soil 
Al, increasing the precipitation of Al-P minerals (Meyer 
et al. 2021), and a significant decline in the soil pH can 
drive the solubilization of P held in Ca-P (Zhang et al. 
2020).  Therefore, the characteristics of soil Pi fractions 
depend on the comprehensive effect of many factors.  So, 
comparative research of multiple soils is necessary to 
identify the main soil factors driving soil Pi fractions.

The black soil, fluvo-aquic soil, and loess soil areas 
are important grain production bases in North China, 
which play an important role in national food security.  In 
this study, the three groups of no P fertilizer, balanced 
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fertilizer, and manure plus mineral fertilizer were used.  
We analyzed the Pi fractions and soil properties at three 
sites with different fertilizer application practices.  These 
soils are all non-acidic and rich in Ca, so it is appropriate 
to analyze the Pi fractions by the method of Jiang and Gu 
(1989).  Notably, the total P content was similar at about 
0.6 g kg–1 at the beginning of the long-term experiments 
in the three soils, which provided an opportunity for 
investigating the characteristics and factors affecting 
the soil Pi fractions.  The purposes of the study were to: 
1) analyze the unique and common traits of Pi fractions 
in the three non-acidic soils under different fertilization 
practices, and 2) identify the soil properties driving the 
variations in Pi fractions, which can provide theoretical 
support for the efficient utilization of soil P in typical 
croplands across North China.

2. Materials and methods

2.1. Overview of study sites

The experiment was conducted at the Chinese National 
Soil Fertility and Fertilizer Efficiency Monitoring Base.  The 
study sites of the three soils were located in Gongzhuling 
City, Jilin, Northeast China (124°48´E, 43°30´N, built in 
1989), Zhengzhou City, Henan, Central China (113°40´E, 
34°47´N, built in 1990), and Yangling City, Shaanxi, 
Northwest China (108°00´E, 34°17´N, built in 1990).  The 
soil types in the Chinese Soil Taxonomy of Gongzhuling, 
Zhengzhou, and Yangling are black soil (Phaeozems, 
WRB), fluvo-aquic soil (Cambisol, WRB), and loess soil 
(Anthrosols, WRB), respectively.  The climatic conditions 
and experimental management practices at each site 
have been described in previous studies (Wu et al. 2017; 
Khan et al. 2018; Shen et al. 2019).  The total P contents 
of the initial surface soil (0–20 cm) at the three sites were 
each about 0.6 g kg–1, but the other soil properties varied 
considerably among the three sites (Table 1).

2.2. Experimental design

In this study, five treatments were selected: (1) CK (no 
fertilizer control); (2) NK (nitrogen and potassium); (3) 
NPK (nitrogen, P and potassium); (4) NPKS (nitrogen, 

P, potassium plus straw); and (5) NPKM (nitrogen, 
P, potassium plus farmyard manure).  The annual 
fertilization rates are summarized in Table 2.  Based on 
the P application rates, the five treatments were divided 
into three groups: no P fertilizer (CK/NK), balanced 
fertilizer (NPK/NPKS), and manure plus mineral fertilizer 
(NPKM).  For historical reasons, the experimental design 
was not randomized, although it still provides valuable 
information for revealing the dynamic evolution of soil 
properties (Wang et  al. 2021).  Soils were obtained 
in different years due to the limited availability of the 
historical soil samples: Gongzhuling in 1990, 2000, and 
2012; Zhengzhou in 1990, 2002, and 2012; and Yangling 
in 1990, 2000, and 2011.  Three replications of each soil 
sample were collected for laboratory analysis, and the 
analysis results are expressed as the means of three 
replication samples.

2.3. Soil sampling and analyses

Soil samples were provided by the experiment stations 
and were collected after harvest every year and before 
fertilization.  These samples from the arable layer (0–20 cm)
were randomly collected at multiple points and were 
mixed, air-dried, sieved (2 mm), and stored.  Partial soil 
samples were sieved (0.15 mm) again according to the 
analysis requirements.

SOM content  was determined by v i t r io l  acid-
potassium dichromate oxidation (Lu 1999).  Soil pH was 
determined by the potentiometric method (soil:water, 
1:2.5) (Lu 1999).  CaCO3 was determined by volumetric 
titration (Lu 1999).  Free Fe2O3 (DCB Fe) and free Al2O3 
(DCB Al) were extracted by sodium dithionite-citrate-
bicarbonate (DCB) at 80°C (Mehra and Jackson 1960).  
Mehlich-3-Fe, Al, Mg and Ca (M3-Fe, M3-Al, M3-Mg and 
M3-Ca) were extracted with the Mehlich-3 extraction 
reagent (Mehlich 1984).  The metal materials extracted 
were analyzed for DCB Fe, DCB Al, M3-Fe, M3-Al, 
M3-Mg, and M3-Ca using inductively coupled plasma 
atomic emission spectroscopy (ICP-AES, Varian Inc., 
California, USA).  Six soil Pi fractions were extracted 
using the sequential extraction method (Jiang and Gu 
1989).  Briefly, these Pi fractions were extracted serially 
with NaHCO3 (Ca2-P), NH4AC (Ca8-P), NH4Cl+NH4F 

Table 1  Initial surface soil properties at the three experimental sites
Site Soil type1) pH SOM (g kg–1)2) Total N (g kg–1) Total P (g kg–1) Total K (g kg–1) Olsen P (mg kg–1)
Gongzhuling Black soil 7.6 22.8 1.40 0.61 18.42 11.79
Zhengzhou Fluvo-aquic soil 8.3 12.2 0.64 0.69 16.90 6.50
Yangling Loess soil 8.6 12.8 0.93 0.61 21.64 9.57
1) Chinese Soil Taxonomy.
2) SOM, soil organic matter.
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(Al-P), NaOH+Na2CO3 (Fe-P), Na3Cit+Na2S2O3+NaOH 
(O-P), and H2SO4 (Ca10-P) extraction reagents.  The 
Pi fractions are generally divided into labile P (Ca2-P), 
moderately labile P (Ca8-P, Al-P, and Fe-P), and stable P 
(O-P and Ca10-P) categories.  The P in the extracts was 
determined colorimetrically following the procedure of 
Murphy and Riley (1962).  The stage change of P was 
taken as the difference in the P content between the 

later years and previous years.

2.4. Statistical analyses

The differences of soil properties among the three soils 
were compared using SPSS 23 Software by ANOVA and 
the LSD test with a significance level at P<0.05.  Canoco 5
Software was used for redundancy analysis (RDA) of the 
Pi fractions and soil properties.  OriginPro 2021 Software 
was used to draw the figures.

3. Results

3.1. Pi fractions in three non-acidic soils

The distribution characteristics of the Pi fractions were 
different in the three non-acidic soils (Fig. 1-A–C).  The 
highest proportion of the Pi fraction was Ca10-P, which 
accounted for 33.5% in black soil, 48.8% in fluvo-aquic 
soil, and 44.8% in loess soil.  Secondly, the proportion 
of O-P was 26% in black soil and 17.5% in fluvo-aquic 
soil.  The proportion of moderately labile P (Ca8-P, Al-P, 
and Fe-P) was 34.9% in black soil, 27.1% in fluvo-aquic 
soil, and 33.9% in loess soil.  The proportion of labile P 
(Ca2-P) was the lowest, and ranged from 5.6 to 6.7% in 
the three soils.  It can be seen from the column heights 
of the boxplots in Fig. 1 that the smallest variation of 
the Pi fraction was O-P in black soil and fluvo-aquic 

Table 2  Annual fertilization rates (kg ha–1) of N, P, and K for 
the different treatments at the three experimental sites
Site Treatment1) N P K
Gongzhuling CK 0 0 0

NK 165 0 68
NPK 165 36 68

NPKS 112+532) 36+62) 68+582)

NPKM 50+1152) 36+392) 68+772)

Zhengzhou CK 0 0 0
NK 353 0 146

NPK 353 77 146
NPKS 309+442) 77+82) 146+862)

NPKM 238+1152) 77+662) 146+922)

Yangling CK 0 0 0
NK 353 0 147

NPK 353 82 147
NPKS 353+402) 82+42) 147+862)

NPKM 237+1152) 82+1062) 147+1392)

1) CK, no fertilizer control; NK, nitrogen and potassium; NPK, 
nitrogen, P and potassium; NPKS, nitrogen, P, potassium plus 
straw; NPKM, nitrogen, P, potassium plus farmyard manure.

2) The mean amounts of N/P/K contained in the added farmyard 
manure or straw.
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Fig. 1  Contents and proportions of Pi fractions in black soil (A), fluvo-aquic soil (B), and loess soil (C).  The black lines in the 
boxplots indicate the mean values, and the lower and upper horizontal lines correspond to the first and third quartiles (i.e., the 25th 
and 75th percentiles).  Data are shown from all the treatments at all the sampling times (n=11 for each Pi fraction).  The upper and 
lower vertical lines in the boxplots indicate the largest and smallest values at 1.5IQR (where IQR is the interquartile range).  The 
percentages in the pie charts indicate the proportions of each Pi fraction in the sum of total Pi fractions.
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soil, whereas it was Ca10-P in loess soil.  Meanwhile, 
the largest variation of the Pi fraction was in Ca8-P in 
all soils, suggesting that different fertilization practices 
mainly cause the variations in the Ca8-P in non-acidic 
soils.

3.2. Changes in Pi fractions under different fertili- 
zation practices

The changes in soil Pi fractions were further compared 
under the different fertilization practices, as shown in 
Table 3.  The total Pi of CK/NK in all soils decreased in the 
early stage (about 0–10 years).  The total Pi decreased 
by 70.9 mg kg–1 in black soil (1990–2000), 45.3 mg kg–1 
in fluvo-aquic soil (1990–2000), and 49 mg kg–1 in loess 
soil (1990–2000).  This indicated that the Pi in black 
soil was more easily utilized.  The decreases in the Pi 
fractions were mainly in the order of Ca8-P>Fe-P≈Ca10-
P>Al-P in black soil, Ca2-P>Ca10-P in fluvo-aquic soil, and 
only O-P in loess soil, suggesting that these Pi fractions 
were potentially available P sources in the corresponding 
P-deficiency soils.  O-P in black soil and fluvo-aquic soil 
and Ca10-P in loess soil changed slightly in the early and 
late stages (about 10–20 years), indicating that they were 
difficult to utilize in the corresponding soils.

The accumulation of Pi in different Pi fractions was 

related to soil types and fertilization practices (Table 3).  
The Pi accumulation from the P fertilization applications 
(NPK/NPKS and NPKM) was concentrated in the late 
stage after 10 years of continuous fertilization in black 
soil and fluvo-aquic soil, whereas it was concentrated 
in the early stage in loess soil.  For the late stage in 
black soil, the accumulation of Pi mainly occurred in 
Ca8-P, Al-P, Fe-P, and O-P under NPK/NPKS, accounting 
for 78.82% of the total Pi accumulation, while the 
accumulation of Pi mainly occurred in Ca2-P, Ca8-P, Al-
P, Fe-P, and Ca10-P under NPKM, accounting for 80.98% 
of the total Pi accumulation.  For the late stage in fluvo-
aquic soil, the accumulation of Pi mainly occurred in 
the order of Ca10-P, Ca8-P, and Fe-P, accounting for 
84.05% (NPK/NPKS) and 94.88% (NPKM) of the total 
Pi accumulation.  For the early stage in loess soil, the 
accumulation of Pi mainly occurred in Ca8-P and O-P 
under NPK/NPKS, accounting for 72.91% of the total Pi 
accumulation, whereas it mainly occurred in Ca8-P and 
Ca2-P under NPKM, accounting for 72.4% of the total Pi 
accumulation.

3.3. Properties of the three non-acidic soils

Soil properties varied greatly among the three non-acidic 
soils (Fig. 2-A–I).  The contents of SOM, M3-Fe, M3-Al, 

Table 3  Periodic changes (mg kg–1) in the Pi fractions under different fertilization groups in each soil

Treatment1) Pi fraction
Black soil Fluvo-aquic soil Loess soil

1990–2000 2000–2012 1990–2002 2002–2012 1990–2000 2000–2011
CK/NK Ca2-P –0.1 –4.0 –23.2 2.6 –2.8 0.4

Ca8-P –28.5 –1.0 –4.3 –14.0 2.1 9.5
Al-P –11.4 –6.3 2.4 1.5 –9.7 1.5
Fe-P –21.9 –8.4 0.1 –2.3 –0.2 1.7
O-P 12.5 9.0 –3.4 13.2 –48.4 6.8

Ca10-P –21.5 –18.1 –16.9 2.6 10.0 2.5
Total Pi –70.9 –28.7 –45.3 3.4 –49.0 22.3

NPK/NPKS Ca2-P 8.6 19.1 4.5 25.7 34.0 7.5
Ca8-P 21.3 53.1 67.5 63.9 177.6 –16.5
Al-P 7.4 40.3 26.0 3.6 32.8 –0.2
Fe-P 8.0 43.1 14.5 42.1 15.2 11.0
O-P 26.3 39.3 11.6 8.1 70.3 4.0

Ca10-P –11.9 28.1 6.3 90.6 10.3 13.8
Total Pi 59.6 222.9 130.3 233.9 340.0 19.7

NPKM Ca2-P 22.6 91.6 59.0 15.2 142.7 –37.6
Ca8-P 57.5 140.4 82.5 72.5 283.6 –10.4
Al-P 53.4 121.3 24.7 13.2 47.5 6.8
Fe-P 55.5 152.2 18.7 50.0 29.7 –7.9
O-P 35.0 34.7 18.1 –15.2 63.1 3.9

Ca10-P –7.3 126.0 35.6 122.0 21.6 7.1
Total Pi 216.6 666.2 238.6 257.7 588.3 –38.2

1) CK, no fertilizer control; NK, nitrogen and potassium; NPK, nitrogen, P and potassium; NPKS, nitrogen, P, potassium plus straw; 
NPKM, nitrogen, P, potassium plus farmyard manure.

Data are the difference of the Pi fraction contents between the late and early periods.
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DCB Fe, and DCB Al in black soil were the highest, and 
the contents of M3-Ca and CaCO3, and the pH value were 
the lowest, which were significantly (P<0.05) different from 
those in both fluvo-aquic soil and loess soil (Fig. 2-A–C, E–I). 
The contents of M3-Ca, M3-Mg, DCB Fe, DCB Al, and 
CaCO3 were significantly (P<0.05) different between the 
fluvo-aquic soil and loess soil (Fig. 2-C and D, G–I).

3.4. Correlations between Pi fractions and soil 
properties

Redundancy analysis (RDA) was conducted to determine 
the correlations between Pi fractions and various soil 
properties (Fig. 3-A–D).  The total variance of the Pi 
fractions explained by soil properties was 58.55% in the 

three soils (Fig. 3-A).  DCB Al, SOM, and M3-Fe had 
significant (P<0.05) explanatory percentages, accounting 
for 29.4, 16.4, and 6%, respectively (Table  4).  Soil 
properties explained more than 90% of the variations 
in Pi fractions of each soil (Fig. 3-B–D).  For black soil, 
SOM and DCB Al had significant (P<0.05) explanatory 
percentages for the variations in Pi fractions, accounting 
for 43.6 and 27.1%, respectively.  However, in fluvo-
aquic soil the variation was mainly due to SOM and M3-
Fe, accounting for 74.6 and 10%, and in loess soil SOM 
and M3-Ca were the main contributors, accounting for 
38.2 and 11.3%, respectively (Table 4).  These results 
indicated that soil properties, especially SOM, explained 
the variations in soil Pi fractions in non-acidic soils pretty 
well.  

Fig. 2  Soil properties of the three non-acidic soils.  SOM, soil organic matter; M3-Ca, M3-Mg, M3-Al, and M3-Fe, Mehlich-3 extraction 
reagent extracted Ca, Mg, Al, and Fe, respectively; DCB Fe, free Fe2O3; DCB Al, free Al2O3.  Data are shown from all the treatments 
at all the sampling times (n=11).  The circles indicate the mean values with the error bars of the first and third quartiles (the 25th 
and 75th percentiles).  Different letters indicate significant differences between different soils at the P<0.05 level.
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3.5. Correlations between soil Pi and SOM

The correlation analysis showed that SOM was positively 
correlated with most of the Pi fractions (P<0.05) (Table 5).  
Except for O-P, the other Pi fractions had extremely 
significant positive correlations with SOM in black soil 
(P<0.01), and the slope range was 3.60–6.55 (Table 5).  
Fluvo-aquic soil was similar to black soil with a slope 
range of 4.23–19.95 (Table 5).  Fe-P, O-P, and Ca10-P 
were significantly positively correlated with SOM, with a 
slope range of 0.89–4.73, in loess soil (Table 5).  These 
results indicated that the Pi fractions in fluvo-aquic soil 

were the most sensitive to the change in the content of 
SOM.

4. Discussion

4.1. Responses of Pi fractions in the three soils to 
different fertilizer practices 

The contents of most of the Pi fractions in the three soils 
increased after long-term P fertilization application (NPK/
NPKS and NPKM) (Table 3).  The Pi was divided into 
the labile-P (Ca2-P), moderately labile-P (Ca8-P, Fe-P, 

Fig. 3  Redundancy analysis (RDA) between the soil properties and Pi fractions in all soils (A), black soil (B), fluvo-aquic soil (C), 
and loess soil (D).  SOM, soil organic matter; M3-Ca, M3-Mg, M3-Al, and M3-Fe indicate Ca, Mg, Al, and Fe extracted by the 
Mehlich-3 extraction reagent; DCB Fe, free Fe2O3; DCB Al, free Al2O3.  
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Table 4  Explained percentages of the main contributing factors 
in redundancy analysis (RDA) (P<0.05)
Soil(s) Factor1) Explaination (%) P-value
All soils DCB Al 29.4 0.002

SOM 16.4 0.010
M3-Fe 6.0 0.038

Black soil SOM 43.6 0.014
DCB Al 27.1 0.026

Fluvo-aquic soil SOM 74.6 0.002
M3-Fe 10.0 0.012

Loess soil SOM 38.2 0.022
M3-Ca 11.3 0.040

1) DCB Al, free Al2O3; SOM, soil organic matter; M3-Fe and M3-
Ca indicate Fe and Ca extracted with the Mehlich-3 extraction 
reagent.

Table 5  Linear correlations between Pi fractions (x) and soil 
organic matter (y)
Soil type Pi fraction Equation P-value R2

Black soil Ca2-P y=3.6x–74.81 <0.01 0.88
Ca8-P y=6.06x–111.92 <0.01 0.62
Al-P y=5.01x–92.1 <0.01 0.66
Fe-P y=6.55x–122.64 <0.01 0.73
O-P – – –

Ca10-P y=5.33x+23.91 <0.01 0.62
Fluvo-aquic soil Ca2-P y=10.72x–104.7 <0.01 0.82

Ca8-P y=19.95x–171.43 <0.01 0.78
Al-P y=4.23x–22.32 <0.01 0.71
Fe-P y=8.16x–76.25 <0.01 0.77
O-P – – –

Ca10-P y=18.7x+64.22 <0.01 0.84
Loess soil Ca2-P – – –

Ca8-P – – –
Al-P – – –
Fe-P y=1.22x+18.02 <0.05 0.48
O-P y=4.73x+24.76 <0.05 0.31

Ca10-P y=0.89x+305.51 <0.01 0.51

and Al-P), and stable P (Ca10-P and O-P) by the Jiang 
and Gu (1989) Pi fractionation method, and the labile 
and moderately labile-P could be generated over a short 
time by P fertilizer application.  A previous study reported 
that stable P was more difficult to form or transform than 
labile P or moderately labile P in the natural ecosystem 
(Helfenstein et al. 2018).  Similarly, this study showed 
that the change in stable P could be influenced by P 
fertilizer application, which greatly increased the contents 
of Ca10-P and O-P (Table 3), indicating that P fertilization 
could accelerate the transformation of Pi in cropland soils.  

The variation in the Pi fractions in the group of no P 
application could reflect their availability under P depletion 
conditions.  After depletion for about 10 years, almost 
all labile-P (Ca2-P) and moderately labile-P (Ca8-P, Fe-
P, and Al-P) decreased under the CK/NK treatment in the 
three soils (Table 3), confirming that these Pi fractions 

are a potentially available P source for crops.  Shen et al. 
(2019) showed that Ca8-P is the greatest potential pool 
for P desorption after Ca2-P was depleted by sequential 
extraction using Olsen solution.  Gatiboni et al. (2021) 
demonstrated by path analysis that moderately labile-P 
showed a high contribution to plant P uptake without 
P fertilization.  We also noticed that some Pi fractions 
showed changes that were the opposite in the early and 
late periods under CK/NK treatment, which may be caused 
by the mineralization of organic P by root residues and the 
mutual transformations between Pi fractions (De Oliveira 
et al. 2020).  Ca10-P and O-P are generally considered to 
be relatively stable P, which is difficult for crops to use.  
We observed that the contents of Ca10-P (in black soil 
and fluvo-aquic soil) and O-P (in loess soil) were reduced 
greatly under the CK/NK treatment (Table 3).  When the soil 
was P deficient, almost all of the Pi fractions could be taken 
up by the crop (De Oliveira et al. 2020).  The use of stable 
P by plants depends on root strategies, such as white lupin 
forming cluster roots together with their reducing power to 
allow the destabilization of O-P (Schubert et al. 2020).  Our 
results, in agreement with previous studies (Schubert et al. 
2020; Gatiboni et al. 2021), demonstrated that Ca10-P and 
O-P could also serve as potential sources of P for plants in 
serious P deficiency.

For the NPK/NPKS treatment, the accumulation of Pi 
in black soil and fluvo-aquic soil was mainly concentrated 
in the late stage (2000/2002–2012) (Table 3).  Fertilizer 
application and planting could improve the soil structure 
and increase the contents of SOM and soil exchangeable 
Ca (Chen M M et al. 2021), enhancing the transformation 
of soil minerals and resulting in the formation of poorly 
crystalline secondary Fe and Al hydroxides (Eriksson 
et al. 2016), which are conducive to the accumulation of 
Pi.  The accumulation of Pi under NPK/NPKS in loess soil 
mainly occurred in the early stage (1990–2000) (Table 3), 
possibly because of the lower rainfall occurrence than 
in black soil and fluvo-aquic soil (Shen et  al. 2014; 
Helfenstein et al. 2018), although more specific reasons 
need to be further investigated.

The Pi accumulation had higher contents in most 
stages (>200 mg kg–1) under NPKM in the three soils 
(Table 3).  The P of manure mainly existed in the form of 
Pi (Wu et al. 2017), and a large amount of Pi input (from 
chemical P fertilizer or manure) was the main reason for 
the Pi accumulation in each fraction (Table 3).

4.2. Effects of soil properties on Pi fractions

In this study, Ca10-P had the highest proportion of 33.5–
48.8% among the Pi fractions in the three soils (Fig. 1).  
CaCO3 was abundant in each test soil (CaCO3>20 g kg–1) 
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(Fig. 2), and it could dissolve to form Ca2+ causing the 
precipitation of Ca-P complex (Weihrauch and Opp 2018).  
The content of this precipitate was positively correlated 
with the content of Ca2+ and pH (Tunesi et al. 1999; Ma 
et al. 2019).  It was found that the CaCO3 and M3-Ca 
contents and pH were the lowest in black soil (Fig. 2), so 
the Ca10-P content and proportion in black soil were lower 
than in fluvo-aquic soil and loess soil (Fig. 1).  Another 
piece of evidence shows that the change in Ca8-P was 
the greatest among the Pi fractions under different P 
application rates (Fig. 1; Tables 1 and 3), suggesting 
that Ca2+ or some calcareous material was the main 
determinant of the Pi fractions in the test soils.

The contribution of SOM to the variation in the Pi fractions 
reached a significant level (P<0.05) in all three non-acidic 
soils (Fig. 3; Table 4).  The increase in SOM decreased 
the P bonding energy and maximum buffering capacity 
(Yang et al. 2019), suggesting that a higher content of SOM 
improves the soil’s ability to retain labile and moderately 
labile P.  This was consistent with our findings, in which 
the total proportion of labile and moderately labile P was 
higher in black soil (48.8%) than fluvo-aquic soil (28.6%) or 
loess soil (27.4%) (Fig. 1).  For individual soils, SOM mainly 
explained the variation in soil Pi (Fig. 3-B–D; Table 4), 
which was similar to previous research indicating that SOM 
was a significant predictor of the P forms in soils (Chen S 
et al. 2021).  On the one hand, SOM is usually associated 
with Fe and Al hydroxides, which form organic–inorganic 
composites or poorly crystalline Fe and Al hydroxides and 
enhance the formation of Fe-P and Al-P (Eriksson et al. 
2016; Wang Z C et al. 2019; Bao et al. 2021).  SOM, Ca, 
and P can form terpolymer complexes, and SOM can also 
adsorb P via a Ca2+ bridge (Audette et al. 2020; Li F Y et al. 
2021), which inhibits the transformation of amorphous 
calcium phosphate into phases that are thermodynamically 
more stable (Ge et al. 2020).  Our results showed that SOM 
was significantly (P<0.01) correlated with Ca2-P, Ca8-P, 
Al-P, and Fe-P in black soil and fluvo-aquic soil (Table 5), 
indicating that SOM plays an important role in improving the 
availability of soil P.

Redundancy analysis showed that DCB Al and M3-
Fe in black soil, DCB Al in fluvo-aquic soil, and M3-Ca in 
loess soil significantly (P<0.05) explained the variation in 
the Pi fractions (Fig. 3; Table 4).  These metals extracted 
with chemical reagents are usually poorly crystalline or 
amorphous compounds in soil and play an important role 
in P adsorption (Mehra and Jackson 1960; Mehlich 1984; 
Liu and Hesterberg 2011; Wang X et al. 2019; Lin et al. 
2020).  In the soil, these metals likely interact with SOM 
to form P-SOM-metal complexes, maintaining the higher 
availability of P (Wang et al. 2016; Ge et al. 2020; Li et al. 
2020).  Black soil had the highest contents of SOM, DCB 

Fe, DCB Al, M3-Fe, and M3-Al (Fig. 2), and accordingly, 
the proportions of Fe-P and Al-P were the highest 
among the three soils (Fig. 1).  These results suggested 
that the dominant properties of soil determined the 
distribution of Pi fractions, and more interactions among 
the soil properties seemed to influence the retention and 
transformation of the Pi fractions.

5. Conclusion

The content of Ca10-P was the highest among the Pi 
fractions in the three non-acidic soils.  P depletion was the 
most direct way to verify the availability of the Pi fractions, 
which indicated that Ca10-P was easy to utilize in black 
soil and fluvo-aquic soil, whereas O-P was easy to utilize 
in loess soil.  P application accelerated the transformation 
of P in soil, resulting in the accumulation of different Pi 
fractions.  However, different soil types and fertilization 
practices caused Pi accumulation with differences in 
timing and the fractions.  Black soil had higher SOM and 
Fe and Al oxides compared with fluvo-aquic soil and 
loess soil.  Their interactions allowed more of the labile 
and moderately labile Pi to be retained.  Considering 
that manure could increase SOM, we suggest that the 
combined application of mineral fertilizer and manure 
is a way to rapidly increase the soil P level, but the 
P accumulation rate and the availability of various Pi 
fractions should be considered.
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