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Abstract
Phosphorus reuse by application of biochar is a recent concept that needs to be supported by long-term field data. To monitor
biochar’s long-term effects on P turnover, one-off biochar was applied in 2013 with mineral NPK fertilizers being applied every
year since then. Biochar application rates included 0 t ha−1 (CK), 15.75 t ha−1 (BC1), 31.5 t ha−1 (BC2), and 47.25 t ha−1 (BC3).
Over the 5 years’ field experiment, P distribution in soil profile, inorganic and organic P fractions in bulk, and rhizosphere soil
andmaize P uptake were determined. The results showed that biochar reduced the inorganic P fractions (Ca2-P, Ca8-P, Al-P, Fe-P
and O-P by 4.8–33.7%, 8.8–59.0%, 13.7–28.6%, 8.4–17.6%, and 3.3–25.5%, respectively), and increased organic P fractions
(MLOP and HROP by 67.2–11.6% and 18.8–87.7%, respectively) in bulk soil, while in rhizosphere soil, Fe-P and MLOP were
decreased by 13.4–34.5% and 67.2–111.6%, respectively, in 2017. After the application of biochar for 5 years, moderately labile
organic phosphorus (MLOP), moderately resistant organic phosphorus (MROP), and highly resistant organic phosphorus
(HROP) with different biochar treatments were enhanced by 12.8–42.7%, 20.1–48.0%, and 5.5–66.6%, respectively, but Ca8-
P, Al-P, O-P, and Ca10-P were all decreased by 18.6–24.9%, 16.4–21.4%, and 3.3–23.48%, respectively. Total P storage in 0–
100 cm was declined by biochar. Increases in maize P uptake in the stover (38.6–71.3%) and grain (20.9–25.5%) were occurred
after 31.5 t ha−1 and 47.25 t ha−1 biochar addition. To sum up, biochar is found to regulate the distribution, storage, and
transformation of soil P, which lead to increase in maize P uptake.
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Abbreviations
Ca2-P Dicalcium phosphate dehydrate
Ca8-P Octocalcium phosphate
Ca10-P Hydroxyapatite
Al-P Aluminum phosphate
Fe-P Iron phosphate
O-P Occluded phosphate
LOP Labile organic phosphorus
MLOP Moderately labile organic phosphorus
MROP Moderately resistant organic phosphorus
HROP Highly resistant organic phosphorus

Introduction

Phosphorus (P) is a key limiting nutrient factor for plant
growth and development. P exists as organic and inorganic
phosphorus fractions (Rubio et al. 2012), and their stability in
the soil is controlled by varying reactions such as
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solubilization, leaching, sorption, desorption, immobilization,
mineralization, and precipitation (Zhu et al. 2018). Potential
shortages in the supply of P rock reserves necessitate an effi-
cient utilization of P fertilizer and recovery P in agro-ecosys-
tem. Another effective solution of reducing the dependency
on phosphate rock is to recycle P-rich agricultural residues
(Kim et al. 2018). The conversion of agricultural residues into
biochar by pyrolysis may be an alternative solution of reduc-
ing consumption of phosphate (Wesenbeeck et al. 2014).

The application of biochar can not only decrease P fixation
on soil solid phases but also improve the efficiency of P up-
take by plant from soils (Arif et al. 2017; Bornø et al. 2018).
Biochar application could decrease the leaching loss of soil P,
which can also reduce serious environmental problems such
as eutrophication of surface waters (Chen et al. 2019). Biochar
itself contains various forms of P (Xu et al. 2016). As the
related study suggested, total P in biochar ranges from 0.2 to
73.0 g kg−1 and available P ranges from 15 to 23,000 mg kg−1

(Sun et al. 2018; Uzoma et al. 2011). Total P in soils usually
changes from 0.2 to 1.2 g kg−1 (Davis 2006). Therefore, bio-
char is a promising agent to directly increase the total phos-
phorus content of soil when applied to soils.

The mobility of P is very small and it is not easy to leach
down from the upper part of the profile (Baumann et al. 2020).
Plant roots absorb P from the lower soil. There are a lot of
organic colloids and weathering complexes in the upper layer
of profile soil, which enhance the adsorption of phosphate
ions (Glæsner et al. 2019). Therefore, P contents were more
concentrated in the topsoil. The downward migration of P in
the soil profile could be attributed to the desorption or disso-
lution of P as well as wormholes, macropores, or cracks in the
soil (Liu et al. 2019). Greater proportion of P transferred
through the soil profile was mainly present in organic P com-
pared with the inorganic P due to the greater mobility of
monoesters and diesters, while inorganic P could also be sus-
ceptible to leaching in circumstances where the P sorption
capacity is relatively more saturated (Siemens et al. 2004).
Biochar has a high adsorption capacity, because of its charac-
teristics of porosity and large surface area, which also has the
ability of absorbing soluble substances in soil, such as phos-
phate, dissolve organic phosphorus, which could enhance the
phosphorus retention in soil and prevent phosphorus from
moving downward along the soil profiles (Eduah et al.
2019). Biochar can change soil P characteristics by means of
its anion or cation ions on biochar surface (Zhang et al. 2016).
Biochar has a lot of positive charges on its surface, combining
with the negative charges in soil (e.g., HPO4

2−, H2PO4
−), thus

which can reduce the phosphorus leaching (Riddle et al.
2019). However, rare studies have addressed how the long-
term biochar application affects P content and storage in the
deeper soil layers.

The difference of pH value between biochar and the at-
tached soil also affected the characteristics of soil P. P

interacting with Ca2+ could form insoluble Ca-P in alkaline
soils, while insoluble Al-P and Fe-P minerals would be
formed in acidic soils. The pH was enhanced in the soil ap-
plied with biochar which resulted in the dissolution of the
phosphates bounding to the free cations (e.g., Ca2+, Mg2+,
Fe3+, and Al3+) and released available P for plant uptake
(Hong and Lu 2018). As some studies also indicated that the
alkaline metals (Ca2+, Mg2+, and K+) in biochar would in-
crease the soil pH, which favored to reduce the formation of
insoluble Al-P minerals (Sun et al. 2018). On the contrary, the
acid biochar added in acid soils decreased soil pH which fa-
vored the formation of insoluble Al-P and Fe-P minerals
(Cheng et al. 2006).

Biochar can also affect soil phosphorus transformation by
changing soil phosphatase activity, microbial biomass, or mi-
crobial community structure. Phosphatase secreted by micro-
organisms and plant roots can hydrolyze organic P species and
release bioavailable P. (Zhu et al. 2017). Biochar stimulated
the phosphorus solubilizing microorganism activities, and the
addition of biochar was related to the relative increase of soil
microbial abundance, which can dissolve tricalcium phos-
phate (Fox et al. 2016; Mendes Gde et al. 2014).

Plant perception of the environment can initiate a series of
signal transductions, which can change the exudation of var-
ious compounds related to the phosphate bounding to soil
minerals and the hydrolysis of organic P species
(Raghothama and Karthikeyan 2005). The application of bio-
char can alter the composition of plant root exudates of espe-
cially glucose and fructose secreted into the rhizosphere, and
these exudates would affect the P form in the rhizosphere soil
(Bornø et al. 2018). Therefore, the P fractions in rhizosphere
soil may be quite different from that in bulk soil.

In spite of the effects of biochar on soil P properties have
been extensively studied, little research has been proceeded on
the long-term regulation of phosphorus transformation and
availability by biochar. In addition, P obtained directly from
biochar was considered to be short-lived, and the indirect val-
ue of P can be retained in the long-term experiments (Wang
et al. 2015). Most of all, the impact of biochar amendment on
characteristics of P pools and the usefulness of biochar as
sustainable P need to be clarified in the long term of agricul-
tural field (Zhai et al. 2015). In order to find out whether
biochar can affect soil P status effectively and continuously
for a long time, a long-term biochar trial was established in
2013 and used to investigate the effect of biochar on P frac-
tions in both bulk soil and rhizosphere soil, P storage, and
maize P uptake. We hypothesized that (1) biochar would af-
fect P fractions in both bulk soil and rhizosphere soil, but the
effect degree between bulk soil and rhizosphere soil is quite
different; (2) soil P fractions and P storage can be changed
greatly after 5 years of application of biochar; (3) biochar can
decline P leaching in soil profile and increase soil P storage,
and the higher the amount of application of biochar, the
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stronger the effect; and (4) thereby increasing P uptake of
maize even though biochar has been applied for 5 years.

Materials and methods

Experimental materials and field experiments

The field experiment was conducted from May 2013 to
October 2017 at Shenyang Agricultural University (41° 49′
N, 123° 33′ E). The soil of this study is Hapli-Udic Cambisol
as qualified by FAO classification (for a detailed description
of the experimental site, see Yang et al. (2017)). The experi-
ment consisted of four biochar application rates—0 t ha−1

(CK), 15.75 t ha−1 (BC1), 31.5 t ha−1 (BC2), and
47.25 t ha−1 (BC3). Randomized block design was adopted
and repeated three times with an area of 36 m2 (3.6 m × 10m);
all plots were separated with 1-m interval on each side as
buffer zone. The biochar adopted in this experiment was
pyrolysized frommaize stover with a vertical kiln at a temper-
ature of 550 °C for 2 h. Biochar was screened through a 2-mm
sieve, then thoroughly mixed and spread evenly on the treated
plots and mixed into the topsoil (0–20 cm) by a rotary culti-
vator only in May 2013. All plots received urea, calcium su-
perphosphate, and potassium sulfate at the rate of N fertilizer
at 120 kg N ha−1, P fertilizer at 26 kg P ha−1, and K fertilizer at
50 kg K ha−1; the fertilizers were artificially broadcasted on
surface of the soil and mixed into the soil (0–20 cm) by rotary
tillage before sowing in each year. The properties of the bio-
char and the top soil (0–20 cm) in 2013 were shown in
Table 1.

In this experiment, continuous cropping of maize was
adopted. The hybrid of maize used in this experiment was
Danyu 405. Mechanical sowing was done at the end of
April and manual harvest at the end of September every year.
The planting density of maize was 60,000 stalks per hectare.

Sampling and analysis

The initial soil was collected before sowing in 2013. The soil
of different biochar treatments and plant samples were collect-
ed after maize harvest in 2017. Maize grain and stover dry
biomass were measured by harvesting all the plants in each
plot at the end of the growing season in 2017. The above-
ground of five consecutive plants were collected from each
plot and divided into stover and grain. All maize samples were
oven-dried at 80 °C until the weight stays the same.

The method of rhizosphere soil collection refers to the
shake-off method; three maize plants were randomly collected
from each plot, and the rhizosphere soil was extracted from
the soil at a depth of 0–20 cm. At first, shake off large pieces
of soil without roots, and then sweep all the soil attached to the
surface of the root with a brush to obtain the rhizosphere soil.
The bulk soil (0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and
80–100 cm) was collected by a soil sampler with three repli-
cates in each plot.

The pH of the soil and the biochar was measured in 1:2.5
(w:v) and 1:10 (w:v) ratio, respectively (HANNA HI2221,
Italy). The electrical conductivity (EC) was tested in 1:5 soil
to water suspension. The cation exchange capacity (CEC) was
measured by the ammonium acetate method (Abdel-Fattah
et al. 2015). Total C and total N were tested by an
Elementar Vario max Analyzer (Elementer Macro Cube,
Germany). Specific surface area and average pore size were
determined by the Brunauer–Emmett–Teller (BET) method
(Surface Area and Pore Porosimetry Analyzer V-sorb
4800P, Gold APP Instrument Corporation, China). Volatile
matter, ash contents, and fixed carbon of biochar were tested
followed the method of Antunes et al. (2017). Olsen-P was
measured followed the method of Olsen (1954). The soil and
the biochar were digested by H2SO4 and HClO4 at 280 °C for
2 h and then analyzed total P concentration through the
molybdate-ascorbic acid procedure (Adesanwo et al. 2013).
The maize stover and grain were digested with H2SO4 and
H2O2, and the P concentration was tested following Murphy
and Riley (2014).

The inorganic P fractions of the soil were measured follow-
ing the methods of Jiang and Gu (1989). P in 1.0 g soil was
sequentially extracted inorganic P with the following
extractants: (1) 50 ml 0.25 M NaHCO3 was added, which
extracted Ca2-P; (2) 50 ml 0.5 M NH3Ac was added, which
extracted Ca8-P; (3) 50ml 0.5MNH4F, which extracted Al-P;
(4) 50 ml 0.1 M NaOH-0.1 M NaCO3, and 1 ml 18.4 M
H2SO4, which extracted Fe-P; (5) 40 ml 0.3 M Na3Cit and
1 g Na2S2O3 and 10 ml 0.5 M NaOH, which extracted O-P;
and (6) 50 ml 1 M H2SO4, which extracted Ca10-P. The or-
ganic P fractions of the soil are described in Bowman and
Cole (1978). A total of 5 g soil samples were used to extract
LOP with 0.5 M NaHCO3, and 2 g soil samples were used to
extract MLOP with 1 M H2SO4; then, the residue was

Table 1 The basic properties of the initial soil in 2013 and biochar

Property Soil Biochar Units

pH 7.4 9.2

EC 196.8 / μS cm−1

CEC 17.8 / cmol kg−1

Total C 11 660 g kg−1

Total N 1.2 12.7 g kg−1

Total P 0.38 8.87 g kg−1

Olsen-P 15.90 120.8 mg kg−1

Ash content / 15.57 %

Surface area / 8.87 m2 g−1

Average pore size / 16.23 nm

Volatile matter / 21.94 %
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extracted with 1 M NaOH to measure MROP and HROP; the
content of each organic P fraction is determined by the differ-
ence between total P and inorganic P in the extractions. The
concentrations of P in the extracts were immediately tested by
the ascorbic acid-molybdenum blue method (Murphy and
Riley 2014).

Data analysis

The storage of total P in soil profile was calculated using the
following equation (Lemercier et al. 2009):

total P storage Mg ha−1
� � ¼ ∑

n

i¼1
total P � BD� H i

� 0:1 ð1Þ

where total P is the concentration of P (g kg−1); BD is the soil
bulk density (g cm−3); i is the number of soil layers; and H is
the thickness of per soil layer (20 cm).

The P accumulation in grain (stover) samples was deter-
mined by the following formula (Arif et al. 2017):

Grain stoverð Þ P accumulation kg ha−1
� �

¼ grain P concentration g kg−1
� �

� grain stoverð Þ yield g kg−1
� �

=1000 ð2Þ

SPSS version 21.0 (IBM, New York, USA) was used to
perform statistical analysis. One-way ANOVA was used to
evaluate the differences. The differences were compared by
least significant difference (LSD) tests at p < 0.05.

Results

P in bulk soil

Olsen-P fluctuated from 20.0 to 37.6 mg kg−1, and Olsen-P
was significantly reduced by different levels of application of
biochar. Total inorganic P in BC3 treatment was
262.3 mg kg−1, which reached the lowest point among all
the treatments. Compared with the CK treatment, total inor-
ganic P under BC1, BC2, and BC3 was decreased by 15.3%,
12.2%, 17.0%, respectively. Total organic P was significantly
enhanced by different levels of application of biochar. Total
organic P in BC3 treatment was 167.5 mg kg−1, which
reached a maximum among the treatments.

Organic P fractions of different biochar treatments were
shown in Fig. 1a. In bulk soil, LOP of BC3 treatment reached
the highest point and 42.3% higher than CK treatment, while
LOP of BC2 treatment was significantly reduced by 36.8%.
Relative to CK treatment, MLOP of BC1, BC2, and BC3
treatment was all significantly enhanced. MLOP of BC3

treatment reached the highest point and 111.6% higher than
CK treatment. MROP of BC2 treatment was 42.45 mg kg−1

and significantly higher than CK treatment, while MROP of
BC3 treatment was significantly lower than CK treatment.
The addition of biochar increased HROP significantly,
HROP of BC2 treatment was 38.1 mg kg−1 and significantly
higher than other three treatments.

Inorganic P fractions of different biochar treatments were
shown in Fig. 1b. In bulk soil, Ca2-P fluctuated within a range
from 14.65 to 22.10 mg kg−1, Compared with the CK treat-
ment, Ca2-P of BC1 and BC3 treatments was all significantly
decreased by 25.1% and 33.7%, but Ca2-P of BC2 treatment
was not significantly different from that of CK treatment. Ca8-
P of BC1, BC2 ,and BC3 treatments was all significantly
decreased relative to CK treatment. Ca8-P of BC1 treatment
was 5.2 mg kg−1 and 59.0% lower than that of CK treatment.
Al-P of different treatment followed the trend CK >BC2 >
BC3 > BC1; compared with CK treatment, Al-P of BC1,
BC2, and BC3 treatments was all significantly decreased by
28.6%, 13.7%, and 20.9%. Fe-P was reduced by the addition
of biochar. Fe-P of BC3 treatment was 96.4 mg kg−1 and
17.5% lower than CK treatment. O-P was reduced by the
application of biochar. O-P of BC2 treatment was
67.8 mg kg−1 and 25.5% lower than CK treatment. Ca10-P
of BC1 treatment was 44.2 mg kg−1 and 11.6% higher than
CK treatment, while Ca10-P of BC2 treatment was
27.5 mg kg−1 and 30.4% lower than CK treatment.

Changes of P fractions

Different biochar treatments in 2017 can increase every organ-
ic phosphorus fraction of soil in varying degrees compared
with the original soil in 2013 (Fig.1c). MLOP and HROP of
the CK treatment were all decreased in 2017 compared with
the that of the initial soil in 2013, while LOP and MLOP were
all increased.

Ca2-P of CK and BC2 treatment were all increased com-
pared with the initial soil in 2013 as well as Fe-P of all the
treatments in 2017(Fig.1d). Ca8-P, Al-P, O-P, and Ca10-P of
different treatments in 2017 were all decreased compared with
the initial soil in 2013.

P in rhizosphere soil

Olsen-P, organic P, and inorganic P in rhizosphere soil are
shown in Table 2. Olsen-P of BC3 treatment was
23.0 mg kg−1 and significantly lower than CK treatment.
Total inorganic P of BC3 treatment reached the highest point
among all the treatments and total inorganic P of BC3 treat-
ment was 17.6% higher than CK treatment. Total organic P of
BC1 treatment was 236.0 mg kg−1 and significantly higher
than that of CK treatment.
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The organic P fractions under different biochar treatments
are shown in Fig. 2a. In rhizosphere soil, LOP was increased
by the application of biochar; LOP of BC3 treatment was
5.1 mg kg−1 and higher than other three treatments. MLOP
was reduced by the application of biochar, relative to CK
treatment, MLOP of BC2 and BC3 treatments were signifi-
cantly decreased by 2.5% and 10.8%, respectively. MROP
was enhanced by the application of biochar; MROP of BC1
treatment was 40.36 mg kg−1 and significantly higher than
that of the CK treatment. HROP of BC1 treatment reached

the highest point among all the treatments, and HROP of
BC1 treatment was 12.5% higher than CK treatment.

In rhizosphere soil, Ca2-P of BC2 and BC3 treatments was
significantly decreased relative to CK treatment. Ca2-P of
BC2 treatment reached the lowest point among all the treat-
ments, and Ca2-P in BC2 treatment was 29.7% lower than that
of CK treatment. Ca8-P of BC2 and BC3 treatments was
7.4 mg kg−1 and 7.2 mg kg−1 as well as 10.7% and 13.2%
higher than that of CK treatment, respectively. Al-P of BC2
treatment was 26.3 mg kg−1 and 18.1% lower than CK
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Fig. 1 Organic P fractionation (a) and inorganic P fractions (b) of bulk
soil of different biochar treatment in 2017. The difference of organic P
fractions (c) and inorganic P fractions (d) of each biochar treatment in

2017 compared with initial soil in 2013. Different lowercase letters
indicate the difference across treatments (p < 0.05)

Table 2 Olsen-P, total inorganic P, and total organic P of different biochar treatments in 2017

Treatment Olsen-P (mg kg−1) Total inorganic P (mg kg−1) Total organic P (mg kg−1)

Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil

CK 25.1 ± 1.5 ab 37.6 ± 0.4 a 288.3 ± 12.4 b 315.9 ± 6.7 a 219.3 ± 7.2 b 109.7 ± 14.7 b

BC1 23.4 ± 0.6 ab 20.0 ± 0.6 d 311.5 ± 5.9 ab 267.7 ± 12.3 b 236.0 ± 3.7 a 155.8 ± 4.3 a

BC2 25.4 ± 1.3 a 34.2 ± 0.6 b 293.2 ± 2.8 b 277.34 ± 8.8 b 222.7 ± 4.1 b 163.5 ± 7.1 a

BC3 23.0 ± 1.2 b 23.5 ± 1.0 c 339.0 ± 16.5 a 262.3 ± 9.4 b 215.6 ± 10.5 b 167.5 ± 11.7 a

Different letters in the same column indicate significant differences (p < 0.05) between treatments
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treatment. Fe-P of the different treatments followed the trend
BC2 > BC3 > BC1 > CK, and Fe-P of different biochar treat-
ments was all significantly higher than CK treatment. O-P
fluctuated within a range from 73.4 to 99.6 mg kg−1, O-P of
the BC2 treatment reached the lowest point among all the
treatments. Ca10-P of the BC1 treatment was 35.0 mg kg−1

and 12.2% lower than that of CK treatment.

Total P content and storage in soil profile (0–100 cm)

Total P content firstly decreased and then increased with the
increasing soil depth in all treatments (Fig. 3c). In 20–40 cm,
40–60 cm, and 60–80 cm layer, total P content was reduced by
the application of biochar, and total P content in BC2 treat-
ment reached the lowest point among all the treatments.

Total P storage in every soil layer were all declined after
biochar application in 2017. The total P storage in soil profile
followed the trend CK > BC3 > BC1 > BC2. Total P storage
in BC2 treatment in the 20–40 cm, 40–60 cm, and 60–80-cm
layers was all reached the lowest point among all the
treatments.

Changes of total P content and storage

Total P content of CK, BC1, BC2, and BC3 in 0 ~ 20-cm layer
in 2017 was all higher than the initial soil in 2013. Total P of
CK, BC1, BC2, and BC3 in 20 ~ 40-cm and 40 ~ 60-cm layer
in 2017 was lower than the initial soil in 2013. The application
of biochar decreased the total P content in 60 ~ 80-cm layer
compared with the initial soil in 2013.

Total P storage of CK, BC1, BC2, and BC3 in 20 ~
40-cm and 40 ~ 60-cm layer was all lower than the initial
soil in 2013. Total P storage of BC1, BC2, and BC3 in
60–80-cm layer was all decreased compared with the
initial soil in 2013.

Maize biomass and their P uptake

P concentration and uptake in maize were shown in Fig. 4. P
concentration in grain of BC2 and BC3 treatments was signif-
icantly increased by 16.1% and 17.3%, compared with the CK
treatment. P concentration in the stover of BC2 treatment was
the highest among the treatments, BC1and BC3 were not sig-
nificantly different from CK treatment. P uptake in grain of
BC2 and BC3 treatments was significantly higher than CK
treatment. P accumulation in maize stover followed the trend
BC2 > BC3 > BC1 > CK, with significant differences among
the treatments.

There was no significant effect on maize grain dry biomass
under different treatments, but the grain dry biomass of BC3
treatment was higher than the CK treatment by 6.8% and
reached the highest point among the treatments. Maize stover
dry biomass and total maize dry biomass were all increased
with the increase of biochar application. Maize stover biomass
and total maize dry biomass of BC3 treatment reached the
highest point among the treatments.

Pearson’s correlation analysis

The Pearson correlation coefficients among P concentration in
stover, P concentration in grain, P uptake in stover, P uptake in
grain, P fractions in bulk soil (a), and P fractions in rhizo-
sphere soil (b) are shown in Fig. 5.

The P fractions in the bulk soil were mainly related to total
phosphorus and Olsen-P in soil. Ca2-P, Ca8-P, Al-P, and Fe-P
were significantly (p < 0.05) and positively correlated with
total P; Ca2-P, Ca8-P, Al-P, and Fe-P were significantly
(p < 0.05) and positively correlated with Olsen-P .

The P fractions in rhizosphere soil were mainly related to
the related indexes of maize phosphorus uptake. Ca2-P, Ca8-P,
Ca10-P, and MLOP were significantly and negatively corre-
lated with P concentration in grain and P uptake in grain; LOP
was significantly and positively correlated with P
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concentration in grain; and Ca2-P and Ca10-P were significant-
ly and negatively correlated with P uptake in stover.

Discussion

The fate of P in soils can be affected by soil properties, rhizo-
sphere reaction processes, plant growth, and other soil man-
agement practices (Nishigaki et al. 2019). Some studies indi-
cated that biochar can affect soil chemistry, plant growth, and
soil biota, which in turn can influence the characteristics and
transformation of P in soils (Chen et al. 2018b; Farrell et al.
2014; Gul and Whalen 2016).

Effect of biochar on P fractions

The characterization of inorganic P and organic P pools in
rhizosphere soil and bulk soil was the foundation to en-
hance the understanding of P cycling in plant-soil system
(Li et al. 2007). Organic P was an important part of total P
in some soils. As many previous investigations have

showed that organic P could be divided into LOP,
MLOP, MROP, and HROP fractions, which is conducive
to understand the dynamic change of organic P (Zhu et al.
2017). The organic phosphorus in bulk soil was increased
with the addition of biochar. LOP is mainly composed of
phospholipid and nucleic acid (Steffens et al. 2010). Plants
can absorb LOP to meet the nutritional needs of plant
growth and proliferation. In this study, the content of
LOP in the biochar-amended rhizosphere soil was in-
creased, and the content of MLOP in the biochar-
amended bulk soil was also increased significantly, which
can be interpreted the reasons why the biochar application
could promote the growth of maize and increase the P
accumulation of maize. It is reported that MROP and
HROP are either sources or sinks of labile and moderately
labile P. Accumulation of soil organic matter (e.g., plant
roots and exudates and secondary microbial biomass) is the
main reason for the increase of MROP and HROP. Many
studies found that biochar addition results in the soil or-
ganic matter increasing significantly (Chen et al. 2019).
Therefore, the increase of MROP and HROP in this
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research is mainly because the increase of organic matter
content in soil after the application of biochar.

Relative to the accumulation of organic P, P fertilization
enriched inorganic P to a larger extent. Soil organic P
remained unchanged with phosphate fertilizer application
in other researches (Ahlgren et al. 2013). The input and
output of P, land use, and environmental conditions (such
as temperature and humidity) may all lead to the discrep-
ancy of organic P dynamics caused by the application of
phosphate fertilizer among studies (Liu et al. 2019). The
accumulation of organic P and mineral P usually takes
place at the carbon accumulation site, because the changes
of organic P and organic carbon are usually interrelated
and related, which is due to the predominant C-O-P bonds
(Keller et al. 2012). According to previous studies, biochar
application can significantly improve the C accumulation
of soil (Yang et al. 2017). Therefore, biochar addition
could enhance the soil organic P content. Biochar was also
demonstrated to enhance the activity of P-solubilizing bac-
teria and microbial secretions of P-solubilizing acids. P-
solubilizing bacteria have been shown to enhance the
amount of organic P changed into inorganic P through
the release of organic acids and phosphatase enzymes
(Liu et al. 2017, 2019).

Fe-P and Al-P are generally considered to be moderately
available for plants and have been proved to be available P
buffers, especially under strong weathered (Guo et al. 2000)
and sandy soils (Wang et al. 2014). Ca-P is not easy to be used
by plants, but can act as a buffer for available P. (Cross and
Schlesinger 1995; Guo et al. 2000).While Ca2-P, Ca8-P, Fe-P,
Al-P, O-P, and Ca10-P (except for Ca10-P in BC1 treatment)
were all reduced in different degrees in biochar-amended bulk
soil, the adsorption of biochar can decrease the presence of
free Al3+, Fe3+, and Ca2+ ions in soil solution, thus releasing P
trapped with metal oxides or hydroxides. (Xu et al. 2014;
Zhang et al. 2016). These results are consistent with several
other researches (Arif et al. 2017; Gao et al. 2019),in which
the soil of biochar amendment could decline P fixation of soil
solid phases and increase soil P availability. A lot of studies
have reported that biochar addition increased soil pH and
changed the activity or availability of Al3+, Fe3+, and Ca2+,
resulting in changed Al-P, Fe-P, and Ca-P content (Hong and
Lu 2018). Generally, the initial reaction products of mineral
phosphate fertilizer are relatively soluble forms of Ca-P (such
as brushite), which are transformed into stable forms of Ca-P
(such as apatite) in alkaline soil over time (Lindsay 1979).

Root exudation decomposes Fe/Al oxides of phosphorus
by changing the surface charge of root (Bornø et al. 2018).
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The net protons from the roots enhance the solubility of P
related to Ca/Mg, or improve the desorption of P by soil min-
erals (Richardson et al. 2009). The response of the plant to
biochar application can change the composition of root exu-
dates secreting into the rhizosphere (Foster et al. 2016). This
may be one of the important reasons why the P fractions were
various in the rhizosphere soil of different treatments. The
concentrations of NaHCO3-Po and NaOH-Po in the rhizo-
sphere soil of pigeon pea were higher than those in the bulk
soil; this was mainly due to the existence of root exudates
which generated the change of rhizosphere microorganisms,
which resulted in the transformation of inorganic P into or-
ganic P (Rubio et al. 2012; Sugihara et al. 2016). Similarly,
LOP, MLOP, and HROP in the rhizosphere were higher than
those in bulk soil in our study.

Effect of biochar on soil total P and Olsen-P (0–20 cm)

It is distinct that biochar has a much larger amount of total P
than the soil in this study; therefore, the application of biochar
could directly enhance the total P (in 0–20 cm) in the biochar-
amended soils (Gao et al. 2019). In this research, the biochar
had been applied for 5 years when sampling the soil in 2017,
according to other researches which indicated that the direct P
supplied from biochar was short-lived, which was one of the
reasons why the addition of biochar did not increase the total P
content in this study. Many researchers reported that applica-
tion of biochar can increase the content of Olsen-P from 3 to
46 mg kg−1 in red earth and from 13 to 137 mg kg−1 in fluvo-
aquic soil (Sun et al. 2018; Zhai et al. 2015). Jin et al. (2019)
found that the addition of biochar (biochar application rate of
0, 2.5, 5, 10, 20, 30, and 40 t ha−1, respectively) after 5 years
had no significant effect on the content of available P in the
soil. The research of Xu et al. (2016) indicated that the appli-
cation of biochar reduced available P in soil (0–20 cm), be-
cause not only more P was carried away by maize in the
biochar-amended soil but also the negatively charged P could
attach onto the surface of Fe/Al oxides making large propor-
tions of P turn into unavailable forms. The P availability high-
ly depended on pH in the soil, and biochar which can enhance
soil pH was widely reported in previous researches
(Biederman and Harpole 2013). The increase of pH values
enhances the precipitation of phosphate to less soluble forms
(Schneider and Haderlein 2016).

Effect of biochar on soil total P storage (0–100 cm)

The biochar application could decrease the leaching loss of P
fertilizer, and then decrease the risk of water eutrophication
caused by soil phosphorus. (Zhou et al. 2018). The research of
Madiba et al. (2016) reported that applying chicken manure or
wheat chaff biochar enhanced absolute P leaching with in-
creasing application rates of P fertilizer. In contrast to this find,
Major et al. (2012) reported that the application of biochar
enhanced nutrient retention and then declined leaching.
Phosphorus extracted from agricultural soils is a complex pro-
cess, which depends on soil properties, such as acidity and
alkalinity, clay minerals, iron/aluminum oxides, and organic
matter. (Chen et al. 2018a). Biochar may affect the retention
and migration of phosphorus adsorbed on iron-aluminum ox-
ides or soil organic carbon complexes, thus reducing the re-
lease of phosphorus and the leaching of phosphorus in soil
(Cui et al. 2011).

In this experiment, the application of biochar did not sig-
nificantly increased the P storage of the soil but slightly re-
duced the total P storage of each biochar treatment. This was
mainly because the biochar has been applied for 5 years and
the soil bulk density of biochar treatments was reduced. In
addition, biochar can produce a large number of beneficial
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effects on other aspects of soil besides phosphorus, so as to
promote the growth of maize and the absorption of phospho-
rus by maize (Romualdo et al. 2018). The application of bio-
char to improve the growth of maize and the absorption of P
by maize have also been verified in this experiment.

Effect of biochar on maize P uptake

The positive effects of biochar or combined application of
biochar and mineral P fertilizer on yield in alkaline soils were
reported. Limited or direct negative influences of biochar in
alkaline soils on yield and P uptake have also been observed
(Hussain et al. 2017). Asai et al. (2009) found no significant
effect of biochar on maize yield in acidic soil, and we also
found no statistically significant positive influence of biochar
on maize grain productivity, and here we applied much higher
rates (31.5 t ha−1 and 47.25 t ha−1). While maize stover dry
biomass was increased by the application of biochar. Maize
plants were able to assimilate P originating from biochars
(Bornø et al. 2018), which was reflected by the shoot biomass
and total maize P uptake in this study. This also provides a
reason why such a large amount of biochar was applied at one
time without significantly increasing the total P content of the
soil in this study. The amount of biochar applied 31.5 t ha−1

and 47.25 t ha−1 significantly increased the amount of plant P
uptake, which may be also one of the reasons why the Olsen-P
(0 ~ 20 cm) of biochar treatments was decreased.

Conclusion

P fractions were affected by biochar in both bulk soil and
rhizosphere soil, and the effect degrees between bulk and rhi-
zosphere soil were different. Biochar reduced the inorganic P
fractions (Ca2-P, Ca8-P, Al-P, Fe-P, and O-P), while organic P
fractions (MLOP and HROP) were increased by biochar in
bulk soil. In rhizosphere soil, Fe-P and MLOP were exactly
opposite to those in bulk soil. Soil P fractions changed greatly
after 5 years of application of biochar. Different biochar treat-
ments in 2017 increased every organic P fraction of soil in
varying degrees comparedwith the original soil in 2013, while
Ca8-P, Al-P, O-P, and Ca10-P were decreased. Total P storage
in 0–100 cm was declined by the application of biochar. The
application of biochar decreased the total P content and total P
storage in 20 ~ 40-cm, 40 ~ 60-scm, and 60 ~ 80-cm layers in
2017 compared with the initial soil in 2013. The P uptake of
maize stover was greatly improvedwith biochar of 31.5 t ha−1,
and maize grain P uptake was highest with 47.25 t ha−1 bio-
char after biochar being applied for 5 years. Altogether, bio-
char could be a potential agent to regulate soil P fractions,
possibly by reducing the leaching of soil P and promote the
uptake of P by crops.
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