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Abstract
Investigating the dynamics and distribution of soil phosphorus (P) fractions can provide a basis for enhancing P 
utilization by crops.  Four treatments from a 29-year long-term experiment in black soil with maize cropping were 
involved in this study: no fertilizer (CK), inorganic nitrogen and potassium (NK), inorganic nitrogen, phosphorus, 
and potassium (NPK), and NPK plus manure (NPKM).  We analyzed soil P fractions in different soil layers using a 
modified Hedley sequential method.  The long-term NPKM treatment significantly increased total P by 0.6–1.6 times 
in the different soil layers.  The Olsen-P concentration far exceeded the environmental threshold for soil Olsen-P 
(50.6 mg kg–1) in the NPKM treatment in the 0–60 cm soil profile.  Moreover, the concentrations and proportion of 
labile and partially labile inorganic P (Pi) fractions (i.e., NaHCO3-extracted Pi, NaOH-extracted Pi, and dilute HCl-
extracted Pi) to the sum of all P fractions (Pt) in the 0–60 cm soil profile were higher in the NPKM treatment than in 
the NPK treatment, indicating that manure could promote the transformation of non-labile into more labile forms of P 
in soil, possibly by manure reducing P fixation by soil particles.  Soil organic matter, Mehlich-3 extractable iron (Fe), 
and organic-bound aluminum were increased by fertilization, and were the main factors influencing the differences 
in the P fractions in the 0–20 cm soil layer.  Soil mineral components, i.e., free Fe oxide and CaCO3, were the 
main factors influencing the P fractions in the subsoil.  The soil P transformation process varied with soil layer and 
fertilization.  Application of manure fertilizer can increase the labile (Olsen) P concentrations of the various soil layers, 
and thus should reduce the mineral P fertilizer requirement for crop growth and reduce potential environmental 
damage.
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1. Introduction

Phosphorus (P) is an essential nutrient element for 
crop growth and development.  In agricultural systems, 
organic or inorganic fertilizers are typically applied to 
compensate for P output (uptake by crops, loss by 
leaching, and surface runoff) and to maintain or increase 
the amount of P in soil that can be utilized by plants 
(Ayaga et al. 2006; Bauke et al. 2018).  The total P and 
available P levels in soil can be maintained or increased 
when the annual P input rate ranges from 30 to 60 kg P 
ha−1 (Zhang et al. 2014; Zhan et al. 2015).  Analysis of 
13 long-term experimental sites in China showed that the 
concentrations of soil available P was increased by 4.2 mg 
kg−1 yr−1 under mineral P plus manure treatment and by 
0.9 mg kg−1 yr−1 under mineral P treatment alone, but was 
decreased by 0.2 mg kg−1 yr−1 where no P was applied 
(Shen et al. 2014).  It is thus evident that fertilization 
influences soil available P concentrations in the long term.  
Therefore, to improve soil P availability, it is necessary 
to understand how the P status in soil is influenced by 
different long-term fertilization strategies.

During the 1980–2018 period, the annual P surplus 
level increased by 10% in China, mostly due to excessive 
application of P fertilizer (Li et al. 2015; Chen and Graedel 
2016).  The P from excessive fertilizer application may 
be retained in the surface soil, transferred to deeper soil 
layers, or leached out from the soil system to groundwater, 
depending on the amount and fractions of accumulated 
P in the soil and soil properties (Castoldi et al. 2009; 
Olson et al. 2010; Stutter et al. 2012; Glaesner et al. 
2019).  Studies have provided valuable insights into the 
effects of P fertilizer on P in surface soil, but little is known 
regarding fertilizer effects on the subsoil, which may have 
huge P reserves, accounting for 25–75% of the total P in 
the soil profile (Godlinski et al. 2004; Kautz et al. 2012).  
Considering the potentially adverse effects of excess P 
on aquatic environments, investigation of the effects of P 
fertilizer application on the distribution and migration of P 
in the soil profile is necessary for evaluation of potential 
pollution risk from P fertilizer application to soil (Sharpley 
et al. 2015).

The availability of P in soil is directly related to the 
forms (fractions) in which it is present (Liang et al. 2017).  
Fertilizer application practices are an important factor 
affecting the P fractions in soil (van der Bom et al. 2019).  
Vu et al. (2008) reported that long-term (over 65 years) 

use of superphosphate fertilizer significantly increased 
the concentrations of all inorganic P (Pi) fractions except 
for Ca-P and had no significant influence on organic P 
(Po) concentration.  Under equivalent P inputs, soil that 
received long-term manure had a higher proportion of 
readily available Pi than soil that received only mineral 
fertilizer (Yan et al. 2017, 2018).  Some long-term studies 
have shown that combining mineral with organic fertilizers 
primarily affected soil Pi concentrations (Ahlgren et al. 
2013; Annaheim et al. 2015; McDowell et al. 2016).  
Fertilizers P could directly influence the concentration of 
soil Pi through the input of orthophosphate and organic 
compounds, or indirectly through interaction with soil 
compounds (Bünemann et al. 2008; Yan et al. 2016; 
van der Bom et al. 2019).  For instance, application of 
organic fertilizer increased the soil organic matter (SOM) 
concentration, which influenced the dissolution and 
desorption of P minerals by changing soil pH (Whalen 
et al. 2000; Yan et al. 2018; Nobile et al. 2020), and 
altered the availability of P (McDowell and Sharpley 
2003; Sharpley et al. 2004).  Increased soil pH promoted 
P desorption from Fe and Al oxides or hydroxides in 
acidic soil whereas decreased soil pH in calcareous 
soils contributed to the dissolution and desorption of P 
minerals, and therefore, increased the concentrations of 
phosphates in soil solution (Whalen et al. 2000; McDowell 
and Sharpley 2003; Sharpley et al. 2004; Eichler-
Löbermann et al. 2007; Yan et al. 2018).  Further, the 
interactions between SOM and metal oxides could also 
affect the processes wherein phosphate salts bind to soil 
and influence the availability of different P fractions (Fink 
et al. 2016; Kramer and Chadwick 2018; Sowers et al. 
2018).  Investigation of the contribution of different soil 
properties (e.g., SOM, pH, and metal oxide contents) to 
changes in soil P fractions is important for elucidating the 
influence of different fertilizers and soil layers on the soil 
P fractions and their availability (Mundus et al. 2017; Yan 
et al. 2018; Wang et al. 2021).  However, until recently, 
only a few comprehensive quantitative studies have 
investigated these aspects.

Northeast China is a major grain-producing region 
that mainly has black soils with higher fertility than most 
regions of China (Kang et al. 2016).  A comprehensive 
understanding of P transformation processes in black soil 
profiles is important to enhance the utilization efficiency 
of soil P, to reduce P fertilizer input, and to mitigate soil P 
losses to the environment.  Long-term field experiments 
provide a resource for investigation of P availability 



2722 WANG Qiong et al.  Journal of Integrative Agriculture  2022, 21(9): 2720–2733

and the fixing capacity of P fertilizer in soil.  Thus, the 
objectives of the present study were to determine the 
following: (1) the effect of long-term fertilization on P 
availability in a black soil and the environmental risk of P 
loss; (2) the vertical distribution characteristics of different 
P fractions and soil properties in black soil profile; and (3) 
the main soil factors affecting the P fractions of different 
black soil layers by redundancy analysis (RDA) of soil 
properties and P fractions.

2. Materials and methods

2.1. Study site and experimental design 

A long-term field experiment with maize starting in 
1990 was conducted at the Chinese National Soil Fertility 
and Fertilizer Efficiency Monitoring Base for Black Soil 
(124°48´34´´E, 43°30´23´´N, altitude 222 m above sea 
level) at Gongzhuling, Jilin Province, China.  The local 
climate is temperate continental monsoon, with an 
average annual rainfall of 590 mm.  The temperature 
increases from January (minimum average: –35°C) to July 
(maximum average: 34°C).  The soil is a loamy clay (Luvic 
Phaeozem in the FAO soil system) with 5.5% coarse sand 
(0.2–2.0 mm), 32.8% fine sand (0.02–0.2 mm), 29.9% silt 
(2–20 μm), and 31.1% clay (<2 μm).  Table 1 shows the 
soil properties before the establishment of the field trial in 
1989.

For the current study, the following four fertilization 
treatments were selected: no fertilizer (CK), inorganic NK 
fertilizer (NK), inorganic NPK fertilizer (NPK), and NPK 
plus manure (NPKM).  Urea, diammonium phosphate and 
potassium sulfate were used as the N, P, and K fertilizers.  
The organic fertilizers were pig manure (1990–2004) 
and cattle manure (2005–2018).  The precise quantities 
of fertilizer used in each treatment are shown in Table 2.  
The complete dose of manure, P, and K, and one-third of 
the N fertilizer was applied before sowing of the crop, and 
the remaining two-thirds of the N fertilizer was applied 
below 10 cm soil depth at the maize jointing stage.  
Each treatment plot covered 400 m2 (57.18 m×7 m).  A 
randomized block design with three replicates for each 
treatment was used for the experiment.  Throughout the 
experiment, a continuous maize monoculture was used 
as the cropping system.  Maize (60 000 plants ha–1) was 

planted by ridge-tilling in late April and harvested in late 
September in each test year.  The grains and straws of 
maize were manually harvested, air-dried, and weighted 
to estimate crop yield.  No irrigation was provided to the 
crops in the growth period.  The above-ground residues 
were removed following the harvest.

2.2. Soil sampling 

Topsoil samples (0–20 cm) were collected from 1990 to 
2017 from each replicate, and deeper soil samples were 
collected at three depths (0–20, 20–40, and 40–60 cm) 
in 2018 after crop harvesting.  At each sampling, five to 
seven soil samples were collected with an auger (10 cm 
in diameter) using an “S” shaped sampling pattern.  
Field-moist samples were gently broken apart, mixed 
thoroughly, air-dried, and passed through a 2-mm sieve.

2.3. Soil analysis

SOM content was measured using vitriol acid-potassium 
dichromate oxidation (Skjemstad and Baldock 2007).  
Soil pH was measured by a glass electrode meter 
based on a soil/distilled water (w/v) mixture of 1:2.5 
(Lu 1999).  Total P content was determined using the 
H2SO4-HClO4 method (Bao 2010).  The Olsen method 
was used to determine the Olsen-P content (Olsen et al. 
1954).  CaCl2-P content was extracted with 0.01 mol L–1 

CaCl2 solution at 1:5 soil/reagent ratio (25°C and shaken 
15 min) and determined with the molybdate-ascorbic 
acid (Bai et al. 2013).  CaCO3 content was measured 
by acid neutralization (Richards 1954).  Free Fe and 
Al oxide (Fed and Ald), amorphous Fe and Al oxide (Feo 
and Alo), and organic-bound Fe and Al oxide (Fep and 
Alp) were extracted using Na2S2O4-Na3C6H5O7-NaHCO3 

(DCB), 0.2 mol L–1 ammonium oxalate (pH=3), and 
0.1 mol L–1 sodium pyrophosphate diphosphate (pH=10), 
respectively, and were then determined using inductively 
coupled plasma optical emission spectroscopy (ICP-OES) 
(Lu 1999).  Soil samples were extracted using Mehlich-3 
extracting solution (0.2 mol L–1 CH3COOH+0.25 mol 
L –1 NH 4NO 3+0.015 mol  L –1 NH 4F+0.013 mol  L –1 
HNO3+0.001 mol L–1 EDTA) by shaking for 5 min in a 
1:10 soil/reagent ratio to determine Ca, Mg, Fe, and Al.  
All elements in Mehlich-3 solutions were determined by 

Table 1  Physical and chemical properties of soil samples collected before the establishment of the field trial in 1989
Soil depth
(cm)

pH
　

Bulk density
(g cm–3)

Soil organic matter
(g kg–1)

Total N
(g kg–1)

Total P
(g kg–1)

Total K
(g kg–1)

Olsen-P
(mg kg–1)

Available K
(mg kg–1)

0–20 7.6 1.19 20 1.34 0.61 16.36 11.8 190
20–40 7.5 1.27 14.4 1.02 0.59 14.94 6.77 181
40–60 7.5 1.33 6.3 0.58 0.44 15.94 3.14 185
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using ICP-OES (Mehlich 2008).  
A modified Hedley sequential extraction method, based 

on the assumption that chemical extractants selectively 
dissolve discrete groups of P compounds, was used to 
determine the different P fractions (Hedley et al. 1982; 
Sui et al. 1999; Carter and Gregorich 2007).  Briefly, a soil 
sample (1.00 g) was sequentially extracted with an anion 
exchange resin membrane (resin-P), 0.5 mol L–1 NaHCO3 
at pH 8.5 (NaHCO3-P), 0.1 mol L–1 NaOH (NaOH-P), 
1 mol L–1 HCl (dil.HCl-Pi), 10 mL concentrated HCl (conc.
HCl-P), and concentrated H2SO4-H2O2 digestion at 360°C 
(residual P).  At each extraction step, the suspension 
was shaken for 16 h at 200 r min–1 at 25°C, centrifuged at 
25 000×g for 10 min at 4°C, and filtered through a 0.45-
mm filter membrane.  The concentrations of Pi extracted 
by resin, NaHCO3, NaOH, and HCl were determined 
using a colorimetric method.  The concentrations of Pt 
(sum of Pi and Po) extracted by NaHCO3, NaOH, and 
concentrated HCl were determined using molybdate 
colorimetry following digestion with ammonium persulfate 
(Murphy and Riley 1962; Martin et al. 1999).  The 
contents of Po (NaHCO3-Po, NaOH-Po, and conc.HCl-
Po) were calculated as  the difference between Pt and Pi.  
According to the bioavailability of individual P fractions to 
plants (Motavalli and Miles 2002; Carter and Gregorich 
2007; Yang and Post 2011), labile P, the sum of resin-P 
and NaHCO3-P (Pi+Po), is considered readily available 
to plants; while partially labile P, the sum of NaOH-P 
(Pi+Po) and dil.HCl-Pi, which is bound with secondary 
Fe and Al minerals and primary calcium minerals is less 
available but may be utilized by plants after it is released 
by weathering (Cross and Schlesinger 1995; Yang and 
Post 2011; Hou et al. 2016) .  Other P fractions such as 
conc.HCl-P (Pi+Po) and residual P form the stable P pool 

which are the least available to plants because of their 
particularly low solubility (Hedley et al. 1982; Condron and 
Newman 2011).

2.4. Calculation

The P uptake and P balance are calculated as follows:
P uptake (kg ha–1)=Crop yield (kg ha–1)×Crop P content 

(%)+Straw yield (kg ha–1)×Straw P content (%) (1)
P balance=P input–P uptake (2)
The phosphorus activation coefficient (PAC) was used 

to characterize the availability of soil P and was calculated 
using the content of total P and Olsen-P as follows (Huang 
et al. 2016):

PAC (%)=Olsen-P content (mg kg–1)/(Total P content (g 
kg–1)×1 000)×100 (3)

The environment threshold was determined by the 
relationship between Olsen-P (x) and CaCl2-P (y) using a 
two-segment linear model in Sigma-Plot 10.0.  The model 
was calculated by eqs. (4) and (5) as follows (Bai et al. 2013):

y1=a1x+b1       x<T (4)
y2=a2x+b2       x≥T (5)

where a1, a2, b1, and b2 are linear regression coefficients 
of the equations and T is the critical level for Olsen-P.

2.5. Statistical analysis

The means and standard errors of the crop yield, P 
parameters and other soil properties were determined 
All data of measured variables were tested for normality 
and homogeneity before performing analysis of variance 
(ANOVA) using the SPSS statistical package (SPSS 
version 20.0, IBM Institute, USA).  For each variable, 
one-way ANOVA was used to assess whether there 
were significant differences among different treatments 
at the same soil depth, or among different soil depths 
with the same treatment.  Multi-way ANOVA was used to 
assess the significant effects of different fertilizations, soil 
layers, and their interactions on the measured variables.  
Mean separation was conducted using Duncan’s HSD 
tests (P<0.05).  To visualize how common chemical soil 
properties (SOM, pH, metallic oxides) influence each soil 
P fraction, RDA (Vegan package in R Software) was used 
to determine the correlation between soil P fractions and 
soil properties for different soil depths and fertilization 
treatments.

3. Results

3.1. Crop yields, P uptake, and apparent P balance 

Long-term application of P fertilizer significantly increased 

Table 2  Mean annual nitrogen (N), phosphorus (P) and 
potassium (K) inputs under four long-term fertilization 
treatments in black soil

Treatment1)

Inorganic fertilizer 
(kg ha–1)2)

Organic fertilizer 
(kg ha–1)2)

N P K N P K
CK 0 0 0 0 0 0
NK 165 0 68 0 0 0
NPK 165 36 68 0 0 0
NPKM 50 36 68 115 39 77
1) CK, no ferti l izer; NK, nitrogen, and potassium ferti l izer 

application; NPK, inorganic nitrogen, phosphorous and 
potassium fertilizer application; NPKM, NPK plus manure.  

2) The amount of nitrogen (N), phosphorus (P) and potassium (K) 
contained in the added inorganic or organic fertilizer.  Urea, 
superphosphate and potassium sulfate were the sources 
of inorganic N, P and K fertilizer, respectively.  The organic 
fertilizers were pig manure (1990–2004) and cattle manure 
(2005–2018).
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P uptake and crop yield (Table 3).  Crop yield and P 
uptake during the fertilization period of 2011–2018 were 
greater than during 1990–2000 with NPK and NPKM 
treatments.  During the complete fertilization period, the 
annual apparent P balance was negative in CK, NK, and 
NPK treatments, the greatest deficit being observed in NK 
treatment.  Combined application of manure and mineral 
fertilizer resulted in a P surplus, which was significantly 
decreased with increased fertilization period in the NPKM 
treatment.

3.2. P availability under the long-term fertilization

Soil Olsen-P concentration tended to increase in NPK and 
NPKM treatments under long-term fertilization (Table 3), 

the increase being greater in the NPKM treatment than 
in the NPK treatment.  The concentration of Olsen-P 
increased 3.6 and 2.7 times in the NPKM treatment, 
respectively, compared to that in the NPK treatment 
during the fertilization period of 2001–2010 and 2011–
2018.  

A positive correlation was obtained between soil 
Olsen-P and CaCl2-P.  Further, CaCl2-P increased rapidly 
when Olsen-P was greater than 50.6 mg kg–1 (Fig. 1).

3.3. Total P, Olsen-P, and P activation coefficient in 
the 0–60 cm soil profile

After  29 years of  cont inuous h igh P input ,  the 
concentration of total P was significantly increased, by 
1.40 times in the NPKM treatment compared with its initial 
value in the 0–20 cm soil depth (Fig. 2-A).  Soil treated 
with P had significantly increased Olsen-P and PAC values 
compared with their initial values in the 0–20 cm soil depth 
(Fig. 2-B and C).  The Olsen-P and PAC values in the 
NPKM treatment were 1.8–5.9 and 0.6–2.0 times higher, 
respectively, than those in the NPK treatment over the full 
soil depth (0–60 cm).  For the NPK and NPKM treatments, 
the concentrations of Olsen-P were 2.6 and 3.0 times, and 
the PAC values in 0–20 cm depth were 1.7 and 1.3 times 
those in the 40–60 cm soil depth (P<0.05) (Fig. 2-B and C).  
The Olsen-P concentration in the NPKM treatment ranged 
from 65 to 195 mg kg−1 and exceeded the critical value of 
soil Olsen-P at 50.6 mg kg−1 in the 0–60 cm soil profile.

3.4. P fractions in the 0–60 cm soil profile

The concentrations of labile P and partially labile P in the 

Table 3  Soil total P, Olsen-P, annual plant P uptake, P balance, and crop yield in black soil for the period of 1990–2000, 2001–2010, 
and 2011–2018 under four long-term fertilization treatments

Year Treatment1) Total P
(g kg–1)

Olsen-P
(mg kg–1)

P uptake
(kg ha–1)

P balance
(kg ha–1)

Crop yield
(t ha–1)

1990–2000 CK 0.55±0.02 Aa 8.24±0.92 Ca 18±0.9 Ba –18±1.0 Ca 3.9±0.2 Ba
NK 0.54±0.03 Aa 9.95±0.76 BCa 39±1.9 Aa –39±2.1 Da 8.7±0.4 Aa

NPK 0.56±0.03 Aa 16.05±1.8 ABc 40±2.3 Ab –5±0.3 Ba 9.2±0.5 Aa
NPKM 0.62±0.02 Ac 19.30±3.21 Ac 38±2.6 Ac 49±2.9 Aa 8.6±0.6 Ab

2001–2010 CK 0.54±0.03 Ba 5.28±0.65 Cb 14±2.0 Ca –14±2.0 Ca 3.1±0.4 Ca
NK 0.49±0.02 Ba 6.01±0.64 Cb 36±1.9 Ba –36±1.9 Da 8.1±0.4 Ba

NPK 0.59±0.01 Ba 29.45±3.13 Bb 41±2.4 ABb –5±0.2 Ba 9.3±0.5 ABa
NPKM 1.12±0.05 Ab 137±11.54 Ab 44±1.9 Ab 43±2.3 Aab 9.9±0.4 Ab

2011–2018 CK 0.46±0.03 Ca 4.36±0.47 Cb 15±1.3 Ca –15±1.3 Ba 3.4±0.3 Ca
NK 0.40±0.04 Ca 5.95±0.27 Cb 32±2.8 Ba –32±2.8 Ca 7.3±0.7 Ba

NPK 0.62±0.02 Ba 47.42±2.43 Ba 48±1.3 Aa –12±1.3 Bb 10.7±0.3 Aa
NPKM 1.31±0.04 Aa 174±7.11 Aa 52±1.0 Aa 36±1.2 Ab 11.5±0.3 Aa

1) CK, no fertilizer; NK, nitrogen, and potassium fertilizer application; NPK, inorganic nitrogen, phosphorous and potassium fertilizer 
application; NPKM, NPK plus manure.  

Data are mean±SE (n=3).  Within the same sampling period, values with different uppercase letters indicate significant differences 
among treatments (P<0.05).  Within the same fertilizer treatment, values with different lowercase letters indicate significant differences 
among sampling period (P<0.05).  
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Fig. 1  The change point between soil Olsen-P and CaCl2-P for 
black soil at Gongzhuling.  **, P<0.01.
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soil treated with P fertilizers were significantly greater than 
in the CK and NK treatments at the 0–20 and 40–60 cm 
soil depths, especially in NPKM treatment (Fig. 3-A and B).  
The concentrations of labile P and partially labile P in the 
NPKM treatment were 2.2–8.1 and 1.4–2.7 times higher, 
respectively, than in the NPK treatment in the 0–60 cm 
soil profile.  A significant decreasing trend was observed 
in the concentrations of labile P, partially labile P, and 
stable P with increasing soil depth in the NPKM treatment 
(Fig. 3).  The concentrations of labile P, partially labile P, 
and stable P in the 40–60 cm layer were 62, 64, and 36% 
lower, respectively, than in the 0–20 cm layer in the NPKM 
treatment.  

Inorganic P (Pi) (sum of resin-P, Pi of each soil P 

fraction, and residual P) was the dominant P fraction 
and accounted for 74–92% of the sum of all P fractions 
(Pt) in the soil profile (Fig. 4).  In the NPK treatment, 
residual P made up the highest proportion, following by 
dil.HCl-Pi, whereas in the NPKM treatment, dil.HCl-Pi 
was the dominant fraction.  Compared to the CK and NK 
treatments, the concentrations of resin-P, NaHCO3-Pi, 
and NaOH-Pi and their proportion to Pt were greater in 
soil treated with P fertilizer in each soil depth, especially 
in the NPKM treatment (Fig. 4-A, B and D; Appendix A).   
In comparison with NPK treatment, NPKM treatment 
significantly increased the concentrations and proportions 
of resin-P, NaHCO3-Pi and dil.HCl-Pi in the 0–60 cm 
soil profile (Fig. 4-A, B and F; Appendix A).  In the 

Fig. 2  Total P and Olsen-P concentrations, and phosphorus activation coefficient (PAC) values in 1990 (initial) and in 2018 under 
long-term different fertilization treatments.  Initial, soil samples collected in CK treatment in 1990; CK, no fertilizer; NK, inorganic 
nitrogen, and potassium fertilizer application; NPK, inorganic nitrogen, phosphorous and potassium fertilizer application; NPKM, 
NPK plus manure (pig manure from 1990 to 2004, and cattle manure from 2005 to 2018).  Within the same soil depth, values with 
different uppercase letters indicate significant differences among treatments (P<0.05).  Within the same fertilizer treatment, values 
with different lowercase letters indicate significant differences among soil depths (P<0.05).  Error bars indicate standard errors of 
the mean value (n=3).

Fig. 3  Concentrations of labile P, partially labile P, and stable P in 1990 (initial) and in 2018 under different long-term fertilization 
treatments.  Initial, soil samples collected in CK treatment in 1990; CK, no fertilizer; NK, nitrogen, and potassium fertilizer application; 
NPK, inorganic nitrogen, phosphorous and potassium fertilizer application; NPKM, NPK plus manure (pig manure from 1990 to 
2004, and cattle manure from 2005 to 2018).  Labile P was the sum of resin-P, NaHCO3-Pi, NaHCO3-Po; partially labile P was the 
sum of NaOH-Pi, NaOH-Po, dil.HCl-Pi; stable P was the sum of conc.HCl-Pi, conc.HCl-Po and residual P.  Within the same soil 
depth, values with different uppercase letters indicate significant differences among treatments (P<0.05).  Within the same fertilizer 
treatment, values with different lowercase letters indicate significant differences among soil depths (P<0.05).  Error bars indicate 
standard errors of the mean value (n=3).
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NPK treatment, with increasing soil depth, a significant 
decreasing trend was observed in the concentrations of 
NaHCO3-Pi, NaOH-Pi, NaOH-Po, dil.HCl-Pi, and residual 
P (Fig. 4-B, D, E, F and I).

3.5. Soil properties in the 0–60 cm soil profile

Different long-term fertilization treatments had a distinct 
impact on soil properties (Table 4).  The concentrations 
of SOM and M3-Mg in soil treated with NPKM were 
0.3–0.9 and 0.1–0.7 times greater, respectively, than in 
the other treatments in the 0–60 cm soil profile.  With 
increasing soil depth, significant decreases in SOM 
and M3-Mg concentrations were observed in the NPKM 
treatment.  The concentrations of Fep, Alp, Feo, and Alo 
in the NPKM treatment were significantly greater by 

1.4, 0.2, 0.5, and 0.1 times, respectively, than in the CK 
treatment in the 0–20 cm soil layer.  Compared to the CK 
treatment, the NPKM treatment had significantly lower 
concentrations of CaCO3, Fed, and Ald in each soil layer, 
while the pH value was significantly lower in the NK and 
NPK treatments in the 0–20 and 20–40 cm layers.

The results of multi-way variance analysis indicated 
that pH, SOM, CaCO3, M3-Ca, M3-Al, M3-Fe, Fed, Ald, 
Feo, and Fep were affected by the interaction between 
soil depth and fertilization.  M3-Mg, Alo, and Alp were only 
influenced by fertilization (P<0.05) (Table 4).

3.6. Influence of soil properties on P fractions

SOM, Feo, Alo, Fep, and Alp showed strong positive 
correlations with highly active P fractions (resin-P, 

Fig. 4  Concentrations of each P fraction in 1990 (initial) and in 2018 under different long-term fertilization treatments.  Initial, soil 
samples collected in CK treatment in 1990; CK, no fertilizer; NK, nitrogen, and potassium fertilizer application; NPK, inorganic 
nitrogen, phosphorous and potassium fertilizer application; NPKM, NPK plus manure (pig manure from 1990 to 2004, and cattle 
manure from 2005 to 2018).  Pi, inorganic P; Po, organic P.  Within the same soil depth, values with different uppercase letters 
indicate significant differences among treatments (P<0.05).  Within the same fertilizer treatment, values with different lowercase 
letters indicate significant differences among soil depths (P<0.05).   Error bars indicate standard errors of the mean value (n=3).
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NaHCO3-Pi, NaHCO3-Po, NaOH-Pi and 
dil.HCl-Pi), whereas, Fed, Ald, and CaCO3 

showed negative correlations with these P 
fractions at each soil depth (Appendix B).  
The results obtained from RDA showed 
that the soil properties could explain 95, 
92, and 91% of the total variance in the 
P fraction parameters at the 0–20, 20–40 
and 40–60 cm soil depths, respectively 
(Fig. 5).  SOM, M3-Fe, and Alp at 0–20 cm, 
Fed and pH at 20–40 cm, and CaCO3, 
Ald, and M3-Ca at 40–60 cm showed 
significant effects on the compositions 
of the P fractions (P<0.05).  Specifically, 
SOM (74%), Fed (73%), and CaCO3 (64%) 
were the main factors that contributed to 
the observed differences in the P fractions 
in the 0–20, 20–40, and 40–60 cm soil 
depths, respectively (Appendix C).

4. Discussion

4.1. Availability and potential risk of 
P loss under long-term fertilization

Rational P input is the key to obtaining 
high-yielding crop production and reducing 
the risk of P loss (Zhang 2014; Qin et al. 
2020).  Over 29 years of fertilization 
higher crop yield and soil Olsen-P levels 
(but lower the environmental threshold) in 
the NPK than no-P treatments indicated 
that a mineral P input of 36 kg ha–1 

was acceptable in black soil (Table 3 
and Fig. 2).  In this study, no significant 
d i fference in crop y ie ld was found 
between NK and NPK treatments during 
the fertilization periods of 1990–2000 
and 2001–2010 (Table 3).  A possible 
reason for this is that N and K addition 
may increase plant P uptake and root 
biomass (Yuan and Chen 2012; Liu 
et al. 2017; Wang et al. 2018; Schleuss 
et al. 2020).  Another reason may be 
that there was already enough P in the 
soil and the amount of P applied was 
not sufficient to change crop yield (Wu 
et al. 2020).  The P input from the NPKM 
treatment was twice that provided by the 
NPK treatment, however no significant 
difference in crop yield was observed 
between the two treatments during the 
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three periods (Table 3).  This lack of difference may be 
because the critical value of Olsen-P in the Gongzhuling 
soil was 13.3 mg kg−1; above this value, crop yield is 
little influenced by additional P and the extra P would 
likely remain in the soil (Wu et al. 2020).  A previous 
study showed that fertilizer application to black soil with 
a relatively high Olsen-P could be reduced by 20% and 
still meet the P demand to achieve high yields, maintain 
adequate soil Olsen-P levels and an effective P supply to 
plants, and ensure efficient utilization of P fertilizer (Wu 
et al. 2016).

After 29 years of excessive P input in the NPKM 
treatment, soil Olsen-P ranged from 65 to 195 mg kg−1 in 
the soil profile layers, levels that were far beyond the 
threshold for environmental purposes of 50.6 mg kg−1 in 
black soil (Fig. 1).  The threshold of 50.6 mg kg–1 was 
similar to the finding of Bai et al (2013), who determined 
a critical value of 52.0 mg kg−1 in black soil.  The high 
plant-available P levels retained by the soil, may result in 
potentially high P leaching losses from soils treated with a 
combination of manure and mineral fertilizer (Pizzeghello 
et al. 2014; Zhang et al. 2019; Qin et al. 2020).  Labile 
and partially labile Pi (resin-P, NaHCO3-Pi, NaOH-Pi, 
and dil.HCl-Pi) were the main P fractions increased by 
NPKM treatment (Fig. 3).  These Pi fractions are mainly 
water soluble or colloidal P with strong mobility, and are 
easily leached into the water (Heathwaite et al. 2005; Liu 
2013).

Generally, higher PAC values are associated with 
higher conversion rates of total P to available P (Huang 
et al. 2016).  The PAC value in the NPKM treatment was 

1.6–3.0 times that in the NPK treatment, indicating that 
the supply of Olsen-P capacity was better sustained by 
NPKM than by NPK treatment.  This agreed with previous 
studies showing that a higher P availability was observed 
in soil with manure than with mineral fertilizer (Nest et al. 
2016).  The possible reasons for the differences between 
the NPK and NPKM treatments are as follows.  The labile 
and partially labile Pi concentrations and their proportion 
to Pt were significantly higher in the NPKM than in the 
NPK treatment, thus increasing the levels of available P.  
Further, different P fractions in manure are usually used 
as potential factors to determine the effect of manure 
on P availability (Pizzeghello et al. 2016; Nobile et al. 
2020).  The primary type of P in pig and cattle manures 
is inorganic P, especially inorganic orthophosphate (54% 
and 85% in these manures, respectively) (Zhan 2016), 
indicating that the application of organic fertilizer could 
lead to a direct increase in soil available P (Qin et al. 
2020).  Furthermore, the long-term addition of manure 
clearly decreased the soil P sorption strength for mineral 
soil particles possibly by releasing organic acids as 
reported previously, thus increasing the soil available P 
concentration (Lemming et al. 2019; Wang et al. 2019).

4.2. Change of soil P fractions in response to long-
term different fertilization 

Resin-P represents the soil solution P pool, which is 
easily accessed by plants (Tiessen et al. 1984).  When 
depleted, it is replenished by NaHCO3-Pi via ligand 
exchange and mineralization of NaHCO3-Po (Frossard 

Fig. 5  Redundancy analysis (RDA) triplots showing the relationship between soil properties and P fractions under different long-
term fertilization treatments in 2018.  SOM, soil organic matter; Fed and Ald, free Fe and Al oxides; Feo and Alo, amorphous Fe and 
Al oxides; Fep and Alp, organic-bound Fe and Al oxides; M3-Ca, M3-Mg, M3-Fe and M3-Al, Ca, Mg, Fe and Al extracted by the 
Mehlich-3 extraction.  CK, no fertilizer; NK, nitrogen, and potassium fertilizer application; NPK, inorganic nitrogen, phosphorous and 
potassium fertilizer application; NPKM, NPK plus manure (pig manure from 1990 to 2004, and cattle manure from 2005 to 2018).
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et al. 2000; Carter and Gregorich 2007; Yang and Post 
2011).  The little change in the concentration of resin-P 
and significantly decreased concentration of NaHCO3-P 
(Pi+Po) in the 2018 CK and NK treatments in comparison 
with the initial soil supports this view (Fig. 4).  A structural 
equation model revealed that resin-P was positively and 
directly influenced by NaHCO3-Pi and NaHCO3-Po (Hou 
et al. 2016).  Furthermore, the decreased concentration of 
stable P in the CK and NK treatments indicates that stable 
P could be considered as a potential P source to replenish 
soil solution P when depleted.  Similar results were 
reported in different soil types by Liu et al. (2017) and 
Shen et al. (2019).  Soil P concentration were higher in 
the NPK treatment than the NK treatment which increased 
the concentrations of resin-P, NaHCO3-Pi, and NaOH-Pi 
and their proportions to Pt (Fig. 4; Appendix A).  These 
results suggest that mineral P addition enriched the plant-
available P pool, as observed by Liu et al. (2017, 2019).  
The buildup of NaOH-Pi under mineral fertilization has 
been documented and Al-P is considered as a potential 
P source in black soil (Liu et al. 2017; Yang et al. 2019).  
Manure is rich in P and Ca (Sharpley and Moyer 2000), 
and applying manure promotes the formation of soil Ca-
associated P (Ca-P) which results in a higher proportion 
of Ca-P compounds than when manure is not applied 
(Sato et al. 2005).  In the present study, the increased 
proportion of NaHCO3-Pi and dil.HCl-Pi to Pt in the NPKM 
treatment indicated long-term application of manure would 
result in the transformation of crystalline Ca-P species into 
relatively soluble Ca-P species (Appendix A), as found 
by Liu et al. (2020) and Yan et al. (2018).  Previous study 
has shown that organic acids in manure could delay the 
crystallization and formation of hydroxyapatite and result 
in transformation of relatively soluble Ca-Ps (Sato et al. 
2005; Liu et al. 2020).  

4.3. Influence of soil properties on P fractions

The transformation of different P fractions in soil is largely 
controlled by soil organic matter and metal (such as Fe, 
Al, and Ca) oxide concentrations and pH (Pizzeghello 
et al. 2011; Yan et al. 2013, 2018).  Most previous studies 
have focused on investigation of the influence of a single 
soil property on the P fractions in soil (Xu et al. 2018; 
Fan et al. 2019).  However, the influence of soil on P 
fractions is complex, involving the interaction of multiple 
factors (Nobile et al. 2020; Sun et al. 2020).  In the 
present study, increased SOM, M3-Fe, and Alp, caused by 
fertilization, were the main factors influencing P fractions 
in the 0–20 cm soil depth (Table 4), which may largely 
be attributed to the fact that SOM can provide a portion 
of the Pi concentration through mineralization.  Organic 

matter showed negative relationships with free Fe and 
Al oxides and positive relationships with amorphous 
and organic-bound Fe and Al oxides (Appendix B).   
A possible reason for these relationships is that SOM 
may be strongly adsorbed on the surface of hydrated 
oxides, which hinders the formation of crystal nuclei and 
promotes the transformation of free crystalline Fe and 
Al oxides into amorphous and organic-bound Fe and Al 
oxides (Celi et al. 2003; Guo et al. 2007; Abdala et al. 
2015).  Among Fe and Al (hydr)oxides, poorly crystalline 
forms show a significantly greater P retention capacity 
for P compounds; however, when the concentration of P 
in the soil solution is decreased the reaction is reversible 
(Celi et al. 1999, 2003, 2020; Yan et al. 2014).  NaOH-
Pi is thought to be easily adsorbed on the surface of Fe 
and Al compounds (Hedley 1982), and is affected by 
the type and concentration of Fe and Al oxides in soil (Li 
et al. 2013; Barrow et al. 2015; Wang et al. 2017).  In our 
study, the concentration of NaOH-Pi in soil treated with P 
fertilizer was significantly lower at 40–60 cm than that at 
0–20 cm depth, indicating that amorphous and organic-
bound Fe and Al oxides could effectively reduce the 
downward movement of available P into deeper soil layers 
(Yan et al. 2018).  The decomposition products of SOM 
(organic acids, sulfates, and fluorides) may compete with 
phosphate radicals in soil solution for specific adsorption 
sites, or, if previously adsorbed, they may change 
the surface charge of Fe or Al oxides resulting in the 
electrostatic repulsion of phosphates (Bayon et al. 2006; 
von Wandruszka 2006; Antelo et al. 2007; Redel et al. 
2007; Zamuner et al. 2008).  Soil mineral components and 
pH were the main factors influencing the P fractions in the 
subsoil (Appendix C).  The concentrations of CaCO3, Fed 
and Ald in soil treated with P fertilization were lower than in 
the CK treatment, which increased P availability because 
of their negative relationships with labile and partially 
labile Pi in subsoil (Appendix B).  

5. Conclusion

Long-term fertilization with combined NPK and manure 
resulted in high P accumulation in the 0–60 cm profile of 
a black soil in northern China.  The Olsen-P level in the 
NPKM treatment exceeded the critical value for Olsen-P 
for environmental safety, and increased the risk of P 
leaching.  The higher PAC value and concentration of 
each labile Pi and partially labile Pi fraction in the NPKM 
treatment than in other treatments highlighted a significant 
increase in the available P in the soil.  Redundancy 
analysis showed that SOM, M3-Fe, and Alp in the 
0–20 cm soil depth, and soil mineral components in the 
subsoil played crucial roles in promoting the conversion 



2730 WANG Qiong et al.  Journal of Integrative Agriculture  2022, 21(9): 2720–2733

and release of different P fractions in the black soil.  
Although we undertook an in-depth investigation into the 
factors influencing P accumulation and transformation, 
further research is required to elucidate the influence of 
organic fertilizer application on the complex mechanisms 
(physicochemical and biological processes) involved in P 
cycling.  Overall, our study reveals the changes in various 
P fractions following different fertilizations and quantifies 
the chemical-associated mechanisms in black soil under 
long-term fertilization.
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