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Abstract
Purpose Phosphorus (P) in calcareous soil often needs to be replenished repeatedly. P-enriched biochar is expected to
improve soil available P. However, the effect of acid biochar incorporated with other P activators on the P availability in
calcareous soil is rarely reported.
Materials and methods One soil incubation for 56 days was conducted to investigate the influence of individual application of
acid biochar (B), phosphatase (E), Bacillus megaterium (M), and their combined application (BE, BM, EM, BEM) on soil P
availability, based on analysis of Olsen-P, water-soluble P, P forms, acid phosphomonoesterase (AcP), alkaline phosphomono-
esterase (AlP) activity, and pH after 7, 14, 28, and 56 days of incubation.
Results and discussion Results indicated that individual application of B significantly increased soil Olsen-P and AcP
compared with CK in the whole incubation period. Individual application of M significantly increased soil AcP and AlP
on the 14th and 56th day of incubation, but decreased soil Olsen-P significantly in the whole incubation.
Conclusions Individual application of B was the best measure for improving P availability in calcareous soil, followed by
application of BM. But individual application of E or Mwas not recommended. Further investigations are required to investigate
the influence of acid biochar on P availability in calcareous soil at the field scale.
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1 Introduction

Phosphorus (P) is the second necessary nutrient for crop
growth, while many arable soils over the world (30–40%)
are low in P (Kirkby and Johnston 2008). Though most soils
contain considerable total P stocks, only a small fraction (<
1%) of the total inorganic P and organic P is dissolved at any
given time (Bünemann 2015). The concentration of P in soil
solution remains really low, about 0.05–0.30 μg P mL−1

(Bolan 1991). The available P for plant uptake mainly in-
cludes water-soluble P and exchangeable P, and soil Olsen-P
was recommended to be used as assessment of P availability
in soil (Shen 1998). Available P is often originated from dis-
solution of fixed orthophosphate by soil matric and minerali-
zation of organic P by P activators including microbes and
phosphatase (Zhu et al. 2018). Soil P often needs to be
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replenished repeatedly to satisfy crop demand, because it is
quickly removed from the dissolved form by sorption, precip-
itation, and microbial immobilization (Roberts and Johnston
2015), or could be lost through surface runoff and subsurface
flow (Heathwaite and Dils 2000; Hively et al. 2006). For
many calcareous soil in agricultural field, soil P deficiency
exists due to binding of P to Ca2+, and immobilization of P,
which limits crop growth (Beheshti et al. 2017). It is of great
practical significance to develop soil P management measures
for increasing P availability in calcareous soil.

In recent years, biochar has been concerned as a soil amend-
ment because it could increase P availability in calcareous soil
(Deb et al. 2016; Beheshti et al. 2017; Naeem et al. 2017; Sahin
et al. 2017; Kahura et al. 2018). The reasons have been re-
vealed, and one of which was that biochar could contain large
amount of total P ranging from 0.13 to 42.79 g/kg (Gul et al.
2015). Besides, biochar may change soil pH, thereby affect the
adsorption/desorption of P ions and the precipitation/
dissolution of P minerals, and the biochar-induced change in
soil pH is in dependence on pH of biochar (Bornø et al. 2018).
Biochar could also alter microbial community structure by
changing soil environment, and thus affect processes of P sol-
ubilization and mineralization (Deb et al. 2016; Elzobair et al.
2016). Biochar can release organic compounds such as humic
acids which compete with P ions for exchange sites in soil
(Schneider and Haderlein 2016). Although the positive effect
of biochar on soil P availability was proved, some opposite
result was also documented, and the different effect caused
by biochar was speculated to be related to some properties of
biochar and soil, such as pH and P level (Chintala et al. 2014;
Deb et al. 2016; Bornø et al. 2018). In addition, combined use
with other P activators could also be included, but the effect of
biochar incorporated with soil P activators on the P availability
is poorly understood.

P activators were used to accelerate and strengthen process
transforming P into available forms via a range of chemical
reactions and biological interactions, which includes
phosphate-solubilizing bacteria (PSB) and phosphatases
(Zhu et al. 2018). PSB takes effect on soil P availability main-
ly by secreting phosphatase (Zhu et al. 2018), and phosphatase
enzymes play a major role in organic P regulation by hydro-
lyzing ester-phosphate bonds in organic P, leading to the re-
lease of phosphate (Burns and Dick 2002). Biochar could
provide habitats for bacteria, such as PSB, because of its po-
rous structure, and has the potential to stabilize enzymes and
protect enzymes from degradation or denaturation during en-
vironmental stress (Elzobair et al. 2016). The relationship be-
tween biochar, PSB, phosphatase, and soil available P is
shown in Fig. 1. A few results about the combined use of
alkaline biochar and PSB to increase P availability in calcar-
eous soil have been reported (Beheshti et al. 2017). However,
combined effect of acid biochar, PSB, and phosphatase on the
P availability in calcareous soil is not well understood.

The objective of this study was to (1) investigate the influ-
ence of individual and combined application of biochar,
Bacillus megaterium, phosphatase on pH, acid phosphomono-
esterase (AcP), and alkaline phosphomonoesterase (AlP) in
calcareous soil; and (2) understand the influence of individual
and combined application of biochar, Bacillus megaterium,
acid phosphatase on Olsen-P, water-soluble P, and P forms
in calcareous soil. This study could provide a technical sup-
port for improving P availability in calcareous soils.

2 Materials and methods

2.1 Soil, biochar, phosphatase, and Bacillus
megaterium

Biochar was purchased from Fengxin Corporation
(Shijiazhuang, China), which was made from maize straw be-
ing pyrolyzed at 700 °C and the biochar involved acid modifi-
cation, because acid biochar is supposed to increase the solu-
bility of phosphate groups in calcareous soil, thereby improve
soil phosphorus availability by decreasing pH of soil (Sahin
et al. 2017). Surface area of the biochar was 83.56 m2 g−1.
The main functional groups in the biochar were O–H or N–
H, C=O, aromatic C=C, C–O of polysaccharides, C–H, and
aromatic ring (Fig. S1a, Electronic Supplementary Material
(ESM)). The biochar had porous microstructure, which was
mainly club- or grain-shaped (Fig. S1b&c, ESM). The basic
chemical properties of biochar are listed in Table 1.

Bacillus megaterium was selected in this experiment be-
cause of its role in phosphorus transformation, and it was
proved to be one of the most powerful phosphate solubilizers
by El-Komy (2005). The bacteria powder of Bacillus
megaterium (5 × 1010 cfu g−1) used in the experiment was pur-
chased from Weiyuan Biotechnology Co., LTD (Guangzhou,

Fig. 1 Relationship between biochar, phosphorus-solubilizing bacteria
(PSB), phosphatase, and soil available P
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China), which was sealed and stored at room temperature be-
fore use. The bacteria powder was yellow and could be dis-
solved in water. The lyophilized powder of phosphatase (≥
2.8 units/mg) was purchased from Bomei Biotechnology Co.,
LTD (Hefei, China), stored at − 20 °C before use.

Surface calcareous soil (0–20 cm) was collected in an or-
chard field located in Daxing district, Beijing, China. Root
was removed from soil and the soil samples were air-dried
and passed through a 1-mm sieve for incubation. Part of soil
was used to determine soil pH, Olsen-P, water-soluble P, and P
forms (via liquid-state 31P-NMR spectroscopy). Part of soil
was ground in a porcelain mortar, passing through a 100-
mesh sieve for the determination of total P and soil organic
matter. The selected chemical characteristics of test soil are
listed in Table 1. The concentration and percentage of various
P forms of soil and biochar determined by liquid-state 31P-
NMR are listed in Table 2.

2.2 Soil incubation experiment and sample collection

One soil incubation experiment was conducted to investigate
the effect of individual application of biochar (B), Bacillus
megaterium (M), and phosphatase (E), and their combination
on availability of P in soil. The experiment included eight
treatments, control (CK) without activators, B, M, E, BE,
BM, EM, and BEM, with three replicates in a completely
random design. Biochar, Bacillus megaterium, and phospha-
tase were added into 250-mL plastic bottles with 100 g of soil
at the rates of 1% (Jing et al. 2017), 0.2% (Beheshti et al.
2017), and 0.02% (w/w), respectively. The application rate
of biochar, Bacillus megaterium, and phosphatase in BE,

BM, EM, and BEM treatments stayed the same with their
individual application. After thoroughly mixed, the bottles
with caps were incubated at room temperature (25 ± 2 °C)
for 56 days. During the incubation, soil moisture was kept
constant at 40% water holding capacity of the soil by adding
deionized water every week based on weight loss (Jin et al.
2016). On the 7th, 14th, 28th, and 56th day of incubation,
about 15 g soil samples was collected from each bottle for
analysis. Bottles with residual soil were continuously incubat-
ed until next sampling. One portion of sampled soil was di-
rectly used to assay soil phosphatase activity. The other por-
tion was air-dried and ground to pass through a 1-mm sieve
for other analyses.

2.3 Biochar and soil physicochemical
and phosphatase analysis

Soil and biochar pH was determined at a soil/biochar-to-water
ratio of 1:2.5 (w/v) with a pH meter (Hanna, Italy). Soil and
biochar organic matter was measured by a colorimetric meth-
od based on digestion with K2Cr2O7-H2SO4 (Lu 1999). For
the determination of total P (TP), soil and biochar samples
were digested with HNO3-HF in a microwave digester
(Mars6, CEMCorporation, USA). Olsen-P in soil and biochar
was extracted by 0.5 M NaHCO3 solution (Olsen 1954). Soil
and biochar water-soluble P was extracted by deionized water
at a soil/biochar-to-water ratio of 1:10 (w/v). TP, Olsen-P, and
water-soluble P were determined using the molybdenum blue
method (Murphy and Riley 1962). Acid phosphomonoester-
ase (AcP) and alkaline phosphomonoesterase (AlP) were

Table 1 Chemical characteristics
of soil and biochar used in the
incubation experiment

pH Total P (g/kg) Olsen-P (mg/kg) Water-soluble P (mg/kg) Organic matter (g/kg)

Soil 8.5 0.69 13.79 6.35 3.45

Biochar 4.8 6.97 775.45 495.21 612.52

Table 2 Concentration (g/kg) and percentage (in parenthesis) of various P forms determined by liquid-state 31P-NMR

Orthophosphate Monoester Diester Pyrophosphate Inorganic P Organic P Total P

Before incubation

Biochar 4.285 (74.6) 0.150 (2.7) nd 1.305 (22.8) 5.590 (97.3) 1.305 (2.7) 6.895

Soil 0.630 (88.0) 0.086 (12.0) nd nd 0.630 (88.0) 0.086 (12.0) 0.716

After incubation

CK 0.590 (88.1) 0.073 (10.9) 0.007 (1.0) nd 0.590 (88.1) 0.080 (11.9) 0.670

E 0.517 (90.7) 0.053 (9.3) nd nd 0.517 (90.7) 0.053 (9.3) 0.570

M 0.438 (88.0) 0.053 (10.7) nd 0.007 (1.3) 0.444 (89.3) 0.053 (10.7) 0.497

B 0.637 (86.5) 0.093 (12.6) nd 0.007 (0.9) 0.643 (87.4) 0.093 (12.6) 0.736

BE 0.630 (84.8) 0.073 (9.8) 0.033 (4.5) 0.007 (0.9) 0.637 (85.7) 0.106 (14.3) 0.743

BM 0.524 (87.8) 0.060 (10.0) 0.007 (1.1) 0.007 (1.1) 0.530 (88.9) 0.066 (11.1) 0.597

nd, not detected
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measured by the method described by Acosta-Martínez and
Tabatabai (2000).

2.4 Liquid-state 31P-NMR spectroscopy

P forms by solution-state 31P-NMR spectroscopy were mea-
sured by the procedure described by Li et al. (2015). Mixture
of 4 g of freeze-dried soil and 32 mL 0.25 M NaOH-0.05 M
EDTA solution was shaken at 20 °C for 16 h, then centrifuged
at 12000g for 30min. Thirty milliliters of the clear supernatant
was taken and 3.3 mL of 3% 8-hydroxyquinoline solution was
added to remove Fe and Mn (Ding et al. 2010). The solution
pH was adjusted to 9.0 ± 0.1 by adding 1 M HCl solution and
kept steady for 30 min. After another centrifugation at 12000g
for 30 min, the clear supernatant was freeze-dried. A mixture
of obtained powder and 2 mL of 1 M NaOH solution was
shaken for 2 h and centrifuged at 12000g for 30 min. An
aliquot (500 μL) of clear supernatant was placed into a 5-
mm NMR tube and 100 μL of deuterated aqueous solution
of methylene-bis-phosphonic acid-P, P′-disodium salt (MDP,
98%, Epsilon Chimie, Brest) as internal standard (δ =
16.62 ppm) to reach a final concentration of 0.218 g MDP-P
L−1. The sample was scanned on a 400-MHz Bruker Avance
spectrometer, equipped with a 5-mm Bruker BBI probe, oper-
ating at 31P resonating frequency of 161.81 MHz and a 45 °C
pulse length ranging between 8.5 and 9.5 μs. 31P-NMR spec-
tra were obtained with a total scanning time of 15 h and an
initial delay time of 6 s (Li et al. 2017).

All the 31P-NMR spectra were baseline-corrected and proc-
essed by MestReNova software (v. 9.0.1). A fourfold zero
filling and a line broadening of 6 Hz were applied to transform
the free induction decays (FIDs). TheMDP signal was used to
perform a quantitative assessment of P species. Signals were
assigned according to related references (Abdi et al. 2015;
Cade-Menun 2005, 2015).

2.5 Statistics analysis

All data were expressed as the observed mean. Statistical anal-
yses were performed using the SPSS version 20.0 software.
Means were compared using the least significant difference
(LSD) determined by a two-way analysis of variance.
Differences were considered statistically significant at p < 0.05.
Pearson correlations were also performed using SPSS, and
values were considered significant at p < 0.05 and p < 0.01.

3 Results and analysis

3.1 Initial soil properties and biochar properties

The concentration of total P in biochar was reported to range
from 0.13 to 42.79 g/kg in 38 different biochars (Gul et al.

2015). The biochar derived from maize in the present exper-
iment was quite high (6.97 g/kg) (Table 1). Zhai et al. (2015)
reported a maize straw-derived biochar had a total P of
3.31 g/kg. Available P content in biochar was reported to
range from 30 to 650 mg/kg (Deb et al. 2016). The Olsen-P
of biochar used in the present experiment was 775.45 mg/kg,
and water-soluble P accounted for 63.9% of Olsen-P
(Table 1). The organic P determined by liquid-state 31P-
NMR was 1.31 g/kg, accounting for 18.9% of total P in bio-
char (Table 2). Biochar used in the present study had an acid
pH (4.8), which was substantially lower than the pH of the
tested soil (8.5) (Table 1). Ippolito et al. (2016) developed an
acid biochar (pH 5.8) using a low pyrolysis temperature
(350 °C) and steam activation (800 °C).

The soil in the present experiment has a moderate P level
(0.69 g/kg), compared with statistic data of total P in Chinese
soils (0.2–1.0 g/kg) (Shen 1998). However, soil Olsen-P
(13.79 mg/kg) was low, which was close to P deficiency level
based on the critical value of P deficiency (10 mg/kg) in cal-
careous soil of China (Shen 1998). As a small part of Olsen-P,
the water-soluble P (6.35 mg/kg) accounted for 46.1% of
Olsen-P in the tested soil (Table 1). The organic P determined
by liquid-state 31P-NMR was 0.086 g/kg, accounting for
12.0% of total P (Table 2), which was quite low because
organic P was reported to account for 20–40% of total P in
China (Shen 1998).

The added rate of biochar was 1% (w/w), which was equal
to add total P at 0.0997 g/kg to soil, Olsen-P at 7.75 mg/kg,
and water-soluble P at 4.95mg/kg, respectively. Theoretically,
soil total P should be elevated from 0.690 to 0.789 g/kg,
Olsen-P from 13.79 to 21.54 mg/kg, and water-soluble P from
6.35 to 11.30 mg/kg, respectively.

3.2 Soil pH during incubation

The effect of individual application of B, M, and E on soil pH
at different incubation periods is shown in Fig. 2a. Individual
application of B did not alter soil pH compared with CK
during the whole incubation. The result was inconsistent with
previous result reported by Chintala et al. (2014), who ob-
served that application of biochar (pH 5.82) at 4% to calcare-
ous soil decreased soil pH by 0.27 unit. This should be attrib-
uted to the difference of biochar addition rate, and the buffer
ability to acid of soil. Individual application of M tended to
increase soil pH during the whole incubation compared with
CK, and significant difference was observed at the 14th day of
incubation. The result was unexpected because M was con-
sidered to secrete acid to transform insoluble P into soluble
(plant accessible) forms (Zhu et al. 2018). The reason resulting
in pH increase in M-inoculated soil could be the release of
OH− during phosphate accumulation process under aerobic
conditions. Some bacterial strains were observed to have
strong effect of accumulating phosphate (poly-phosphate
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accumulating organisms), which could release OH− under aer-
obic conditions (Yang et al. 2010). Individual application of E
tended to increase soil pH during the whole incubation com-
pared with CK, however, the difference was not significant.

The effects of the combined application of B, M, and E on
soil pH differed with incubation time (Fig. 2a). Treatment EM
had higher pH than BE, BM, and BEM except for the 56th day
of incubation. There was no significant difference in pH

Fig. 2 Effect of treatments on soil
pH, acid phosphomonoesterase
(AcP), and alkaline
phosphomonoesterase (AlP) after
different incubation times.
Different letters at the same incu-
bation time indicate significant
difference at p < 0.05 level
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among BME, BE, and BM during the whole incubation. The
pH in the BM-activated soil was lower than that in the M-
activated soil during the whole incubation, and significant
difference was observed at the first 14 days of incubation.
As stated above, the application ofM increased soil pH, which
is possible due to release of OH− under aerobic condition. And
the reason why the pH of BM was lower than that of M may
be acid biochar neutralize OH−.

3.3 Soil phosphatase activity during incubation

The effect of individual application of B, M, and E on soil AcP
and AlP activities at different incubation times is shown in
Fig. 2b and c. Individual application of B significantly
increased soil AcP activity in the whole incubation compared
with CK, except for the 7th day. Similar effect was observed
with soil AlP and the difference was significant at the 14th day
of incubation. The result is consistent with earlier researches. Jin
et al. (2016) observed that application of the alkaline manure
biochar enhanced the AlP activity in both neutral and acid soils.
Purakayastha et al. (2015) also reported that application of alka-
line biochar made frommaize stover, pearl millet stalk, rice, and
wheat straw increased the AlP activity in an alkaline soil.
Biochar-induced increase of AcP and AlP could be attributed
to its porous structure which could protect soil enzyme from
degradation or denaturation during environmental stress
(Elzobair et al. 2016). Furthermore, biochar could provide suit-
able growth conditions for soil microorganism, such as PSB,
and it can secrete phosphatase which catalyzes organic P min-
eralization (Liu et al. 2017; Zhu et al. 2018). Individual applica-
tion of M tended to increase soil AcP and AlP compared with
CK except for AcP at the 7th day of incubation, and the differ-
ence was significant at the 14th day of incubation. M-induced
increase of soil phosphomonoesterase could be attributed to en-
zymes secreted from microbial (Zhu et al. 2018). Individual
application of E had no significant influence on soil AcP and
soil AlP compared with CK. The lowest activity of AcP andAlP
was observed in the E-activated soil among the three activators
(B, M, E) during the whole incubation.

The effect of the combined application of B, M, and E on
soil AcP and AlP differed with incubation time (Fig. 2b, c).
The lowest AcP activity was observed in the EM-activated
soil during the whole incubation. The highest AcP was ob-
served in the BM- or BEM-activated soil, and there was no
significant difference between them except for the 7th day of
incubation. For AlP, there was no significant difference among
BE, BM, EM, and BEM except for the 7th day of incubation.

Differences of combined application and individual applica-
tion on soil AcP and AlP also differed with incubation time
(Fig. 2b, c). BE- and EM-activated soils had greater AcP and
AlP than E during the whole incubation. This was due to the
positive effect of B and M on increasing soil AcP and AlP.
Generally, treatment BM had greater AcP and AlP than both B

and M during the whole incubation except for AcP at the 14th
day of incubation. And at the 7th and 28th day of incubation,
AcP of BM was significantly higher than that of B and M. The
result may reveal that biochar played a role in protecting
Bacillus megaterium, which resulted the combined application
of biochar and Bacillus megaterium showed superior effect to
their individual application on increasing soil AcP and AlP.

There was a significantly positive correlation (r =
0.5255, p < 0.05) between soil pH and AlP at the 14th
day of incubation. There was a negative correlation be-
tween soil pH and AcP at the 7th day of incubation (r = −
0.7289, p < 0.01), but positive correlation at the 56th day
of incubation (r = 0.5321, p < 0.05). A significantly posi-
tive correlation between AcP and AlP in soil was deter-
mined in the whole incubation (r = 0.50–0.72, p < 0.05).

3.4 Soil P form after incubation

Soil P forms in NaOH-EDTA extractable P were identified by
liquid-state 31P-NMR spectroscopy. P forms of the tested bio-
char and soil were classified as phosphomonoester (monoes-
ter), phosphodiester (diester), polyphosphate, orthophosphate,
and pyrophosphate on the 31NMR spectrum (Table 2). The
sum of monoester, diester, and polyphosphate was defined
as organic P (OP), and that of orthophosphate and pyrophos-
phate was defined as inorganic P (IP) (Table 2).

Individual application of B increased the percentage of
monoester in soil after incubation for 56 days compared with
CK (Table 2). Direct addition should be a reason because
biochar contained 0.15 g/kg monoester before incubation. In
addition, the result may also be resulted from biochar-induced
mineralization of organic P, which was most likely diester,
because soil diester in treatment B disappeared after incuba-
tion compared with CK.

Individual application of M or E resulted in the decrease of
monoester in soil compared with CK and also caused the dis-
appearance of diester (Table 2). The result implied that PSB or
phosphatase addition promoted mineralization of monoester
and diester. Diester was detected in the BE-activated soil, which
was greater than CK. Diester was also detected in the BM-
activated soil, which was equivalent to CK.

3.5 Water-soluble P during incubation

Individual application of B resulted in an increase of water-
soluble P compared with CK in the whole incubation, and
significant effect was found at the 7th and 28th day of incu-
bation (Fig. 3a). Individual application of E had similar effect
with B, which showed that E increased soil water-soluble P in
the whole incubation, but only at the 7th day the significant
difference was observed. And at the 7th and 14th day, the E-
activated soil had the highest water-soluble P among all the
treatments, but the superior effect disappeared after the 14th
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day. The result may indicate that phosphatase activity could
just be maintained in a very short time after added to soil. On
the contrary, individual application of M tended to decrease
water-soluble P compared with CK in the whole incubation
except for the 28th day, but the difference was not significant.

The effect of the combined application of B, M, and E on
soil water-soluble P is shown in Fig. 3a. No difference of
water-soluble P was observed among BE, BM, EM, and
BEM in the first 14 days of incubation. The lowest water-
soluble P was observed in the EM-activated soil except
for the 28th day of incubation, and the highest water-
soluble P was observed in the BEM-activated soil at the
first 14 days of incubation. At the 56th day of incubation,
the water-soluble P in soil followed the order BM >
BEM > BE > EM.

The difference between the compared application and indi-
vidual application of B, M, and E is shown in Fig. 3a.
Although B and E tended to increase soil water-soluble P,
BE-activated soil had lower water-soluble P than B did during

the whole incubation, and the difference was significant at the
28th day of incubation. On the contrary, althoughM tended to
decrease soil water-soluble P, BM-activated soil had higher
water-soluble P than M did during the whole incubation and
significant difference was observed at the 56th day of incuba-
tion. Treatment BM also had significantly higher water-
soluble P than B at the 56th day of incubation.

The immobilization of soil water-soluble P was estimated
by the difference between theoretical value and actual value of
water-soluble P in soil or soil added activators during incuba-
tion, and the amount and percentage are listed in Table 3. The
immobilization of soil water-soluble P differed depending on
the treatments and incubation time. A considerable immobili-
zation of water-soluble P was observed in the control soil
(CK). Both the amount and percentage increased from the
7th to the 28th day of incubation, and then declined at the
56th day. The result implied that rapid microbial P immobili-
zation dominated gross P fluxes in the tested calcareous soil
with low available P. Individual application of B or M caused

Fig. 3 Effect of treatments on soil
water-soluble P (WSP) and
Olsen-P after different incubation
times. Different letters at the same
incubation time indicate signifi-
cant difference at p < 0.05 level
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obvious immobilization of water-soluble P and individual ap-
plication of E caused the release of water-soluble P compared
with CK, except for the 28th day of incubation.

3.6 Soil Olsen-P during incubation

Individual application of B significantly increased soil Olsen-
P compared with CK in the whole incubation period (Fig. 3b),
but M had a contrary effect. Individual application of E tended

to decrease soil Olsen-P compared with CK in the whole in-
cubation period except for the 56th day.

The effect of the combined application of B, M, and E on
soil Olsen-P is shown in Fig. 3b. EM-activated soil had the
lowest Olsen-P, and BE or BM showed the highest Olsen-P
among BE, BM, EM, and BEM. Treatment BE had signifi-
cantly greater Olsen-P than E, and BM had significantly great-
er Olsen-P than M during the whole incubation, because B
had significant effect on increasing soil Olsen-P. BM/BE had
no significant difference with B. EM-activated soil had lower
Olsen-P than E did during the whole incubation.

Soil Olsen-P immobilization is listed in Table 4. The con-
siderable immobilization of Olsen-P was observed in the con-
trol soil (CK) and all amended soil. Generally, the percentages
of Olsen-P immobilization in soils followed the order CK
(6.7–9.7%) < E (7.9–16.9%) < M, EM (19.6–24.1%) < B,
BE, BEM, BM (30.9–39.9%) in the whole incubation. The
amount of Olsen-P immobilization in soils followed the order
CK (0.90–1.80 mg/kg), E (1.05–2.21 mg/kg) < M, EM (2.62–
3.22 mg/kg) < B, BE, BEM, BM (6.66–8.59 mg/kg) during
the whole incubation. It showed that the application of M and
B promoted immobilization of Olsen-P in soil compared with
CK. B had significant effect on immobilizing soil Olsen-P
since its porous structure could adsorb P (Zhu et al. 2018).

4 Discussion

P deficiency widely exists in calcareous soil (Beheshti et al.
2017), which needs developing soil P management measures
for increasing P availability. Phosphatase was less documented
to be used as soil amendment for increasing soil available P.
Phosphatase plays an important role in organic P regulation by
hydrolyzing ester-phosphate bonds in organic P, leading to the
release of phosphate (Burns and Dick 2002). Phosphatase can
catalyze organic P mineralization by hydrolyzing phosphoric
acid monoesters into a P ion and a molecule with a free hy-
droxyl group (Othman and Panhwar 2014). The present results
revealed that individual application of phosphatase tended to
increase soil water-soluble P compared with CK, which indi-
cated that the application of phosphatase transformed organic P
into phosphate.What’smore, phosphatase-activated soil tended
to have a lower concentration of organic P (80 vs. 53 mg/kg),
monoester (73 vs. 53 mg/kg), and diester (7 vs. trace mg/kg)
compared with CK in NaOH-EDTA extractable P (Table 2).
The application of phosphatase was observed to result in re-
lease of soil water-soluble P in the whole incubation. All of the
results proved the effect of phosphatase on mineralizing organ-
ic P to inorganic forms. However, the reason why the applica-
tion of phosphatase reduced soil Olsen-P should be phospha-
tase increased soil pH, thereby decreased soil P solubility.

Unlike phosphatase, PSB was widely used as soil amend-
ment alone, or combined with other activators to increase soil P

Table 3 Influence of individual and combined applications of biochar
(B), Bacillus megaterium (M), and acid phosphatase (E) on immobiliza-
tion of water-soluble P in soils after incubation for 7, 14, 28, and 56 days

Days Treatments Immobilization Immobilization relative
to CK

mg/kg % mg/kg

7 CK 0.84b 13.3a –

B 2.43ab 21.49a 1.59ab

E − 3.03c − 47.74b − 3.88c
M 1.05b 16.46a 0.20b

BE 4.95a 43.83a 4.11a

BM 4.84a 42.84a 4.00a

EM 0.14b 2.25a − 0.70b
BEM 4.62a 4.092a 3.78a

14 CK 1.07bc 16.92ab –

B 5.43a 48.07a 4.36a

E − 2.09c − 32.84b − 3.16c
M 1.11bc 17.55ab 0.04bc

BE 5.64a 49.92a 4.57a

BM 5.88a 52.05a 4.81a

EM 2.20ab 34.59a 1.12ab

BEM 5.14a 45.51a 4.07a

28 CK 1.66cd 26.20abc –

B − 1.67e − 14.8d − 3.34e
E 1.07cd 16.77bc − 0.60cd
M − 0.04de − 0.60cd − 1.70de
BE 2.95bc 26.11abc 1.29bc

BM 4.63ab 40.97ab 2.97ab

EM 0.48cde 7.59cd − 1.82cde
BEM 5.73a 50.74a 4.07a

56 CK 0.35ab 5.56ab –

B 0.55ab 4.83ab 0.19ab

E − 0.96ab − 15.05ab − 1.31ab
M 2.57a 40.48a 2.22a

BE 1.97a 17.46ab 1.62a

BM − 3.45b − 30.56b − 3.81b
EM 0.49ab 7.66ab 0.13ab

BEM 0.27ab 2.36ab − 0.09ab

Immobilization was estimated by difference of water-soluble P between
theoretical value and actual value of each treatment
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availability (Zhu et al. 2018), because it has the ability to trans-
form insoluble P into soluble forms by secretion of acids and
phosphatase (Sharma et al. 2013; Owen et al. 2015; Zhu et al.
2018). However, Bacillus megaterium showed negative effect
on increasing soil Olsen-P when it was applied alone or incor-
porated with phosphatase in the present study. Besides, applica-
tion of Bacillus megaterium was observed to result in increase
of Olsen-P immobilization in soil compared with CK (6.7–
13.5% vs. 20.9–22.2%) during the whole incubation. The result
was consistent with some previous reports (Freitas et al. 1997),

which showed that application of PSB (Bacillus sphaericus, B.
polymyxa, and B. thuringiensis) did not solubilize rock phos-
phate in soil with pH 7.3. Application of Bacillus megaterium
had significant effect on increasing soil AcP and AlP, and gen-
erally, AcP had a significantly positive correlation with Olsen-P
(Table 5), which was consistent with the result of Jin et al.
(2016) that soil AcP activity was positively correlated with soil
orthophosphate content. The result indicated that although
Bacillus megaterium increased soil AcP, some other reasons
resulted in decline of soil Olsen-P. Application of Bacillus
megaterium increased soil pH, and pH had significantly nega-
tive correlation with soil Olsen-P except for the 56th day of
incubation (Table 5). Therefore, the decrease of Olsen-P caused
by Bacillus megaterium in the present study could be attributed
to the decrease of P solubility, and the immobilization of
available P. In P deficient soil, most of P was used by PSB,
which resulted in the decrease of soil available P. Datta et al.
(1982) also suggested that the lack of plant response to the
addition of rock phosphate might be attributed to the low P
solubility, and immobilization of available P by the native soil
microflora. The microbial immobilization of P exceeded the
mineralization of organic P, which resulted in net P immobili-
zation. Further research is worthy to understand the mechanism
on PSB-induced transform of P in alkaline calcareous soils.

Table 5 Pearson correlation among measured variables in soil after
incubation for 7, 14, 28, and 56 days (n = 24)

Days Olsen-P Water-soluble P pH AcP

7 Olsen-P 1

Water-soluble P 0.26 1

pH − 0.71** 0.28 1

AcP 0.53* − 0.14 − 0.73** 1

AlP 0.29 − 0.22 − 0.39 0.49

14 Olsen-P 1

Water-soluble P 0.09 1

pH − 0.58* − 0.07 1

AcP 0.48 − 0.13 0.17 1

AlP 0.09 − 0.23 0.53* 0.72**

28 Olsen-P 1

Water-soluble P 0.48 1

pH − 0.54* − 0.32 1

AcP 0.77** 0.16 − 0.24 1

AlP 0.29 0.16 − 0.09 0.49

56 Olsen-P 1

Water-soluble P 0.79** 1

pH 0.07 − 0.11 1

AcP 0.69** 0.64** 0.53* 1

AlP 0.57* 0.59* 0.27 0.65**

*Significant at p < 0.05

**Significant at p < 0.01

Table 4 Influence of individual and combined applications of biochar
(B), Bacillus megaterium (M), and acid phosphatase (E) on immobiliza-
tion of Olsen-P in soils after incubation for 7, 14, 28, and 56 days

Days Treatments Immobilization Immobilization relative
to CK

mg/kg % mg/kg

7 CK 0.90d 6.7d –

B 7.37ab 34.2ab 6.48ab

E 1.05d 7.9d 0.16d

M 2.97c 22.2c 2.07c

BE 6.93b 32.2b 6.04b

BM 7.80a 36.2a 6.91a

EM 2.63c 19.7c 1.74c

BEM 7.71a 35.8a 6.81a

14 CK 1.30d 9.7e –

B 8.59a 39.9a 7.29a

E 1.90d 14.2d 0.59c

M 2.84c 21.2c 1.54b

BE 8.34ab 38.7ab 7.04a

BM 7.92b 36.8b 6.61a

EM 3.22c 24.1c 1.92b

BEM 7.98ab 37.1ab 6.68a

28 CK 1.30f 9.7f –

B 6.88ab 31.9ab 5.58ab

E 2.21e 16.5e 0.91e

M 2.94c 22.0c 1.64c

BE 7.04a 32.7a 5.73a

BM 6.66b 30.9b 5.35b

EM 2.68d 20.0d 1.38d

BEM 6.91a 32.1ab 5.61a

56 CK 1.80d 13.5d –

B 6.92b 32.1b 5.12b

E 1.75d 13.1d − 0.05d
M 2.80c 20.9c 0.99c

BE 7.06b 32.8ab 5.26ab

BM 7.15ab 33.2ab 5.35ab

EM 2.62c 19.6c 0.82c

BEM 7.69a 35.7a 5.89a

Immobilization was estimated by difference of Olsen-P between theoret-
ical value and actual value of each treatment
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Application of alkaline biochar in calcareous soils has been
studied extensively (Zhai et al. 2015; Beheshti et al. 2017; Liu
et al. 2017; Zhu et al. 2018). However, the effect of acid
biochar on Olsen-P in alkaline soil or calcareous soil was
rarely reported (Rekasi et al. 2019). The present results indi-
cated that individual application of acid biochar significantly
increased soil Olsen-P in the whole incubation period com-
pared with CK. Sahin et al. (2017) speculated that application
of acid biochar (pH 4.46, 0.5%) could increase the available P
in calcareous soil (pH 7.93) based on application of acid
biochar-induced increase of P in maize, which should be at-
tributed to increased solubility of phosphate groups by acid
biochar. Chintala et al. (2014) reported the contrary result that
P availability of the calcareous soil was decreased by applica-
tion of an acid biochar due to the increase of P sorption.

Biochar-induced increase of soil Olsen-P could be ex-
plained by several reasons. Firstly, the reason which is widely
agreed is biochar can bring available P into soil directly
(Zhang et al. 2016; Hong and Lu 2018). And biochar
contained not only soluble inorganic P but also some labile
organic P. Part of highly soluble inorganic P can act as primary
source, and labile organic P can be mineralized to release
soluble P in the short term (Zhu et al. 2018). In the present
study, biochar contained 775.45 mg/kg Olsen-P and
1305 mg/kg organic P as determined by liquid-state 31P-
NMR. Secondly, biochar could provide more suitable growth
conditions for soil PSB, which could secrete phosphatase,
thereby increase soil P mineralization (Liu et al. 2017). In this
study, biochar-activated soil had greater AcP and AlP activi-
ties than CK. A significantly positive correlation was deter-
mined between soil AcP and soil Olsen-P in the whole incu-
bation, and a similar positive correlation was observed for AlP
on the 56th day of incubation (Table 5). Therefore, biochar is
supposed to act in promoting growth of microbes and excret-
ing AlP and AcP, thereby increasing soil Olsen-P. Thirdly,
biochar caused delay of P adsorption or precipitation in soil
because organic molecules on biochar surfaces can directly
adsorb cations such as Ca2+ (Xu et al. 2014). Joseph et al.
(2010) suggested that biochar could alter P availability
through sorption of chelating organic molecules like phenolic
acids, amino acids, complex proteins, or carbohydrates.

Combined application of biochar with Bacillus megaterium
did not show positive role in increasing P availability and
showed an obvious role in decreasing water-soluble P in tested
soil compared with individual application of biochar in the first
28 days of incubation. The study provided useful information
for optimizing the use of biochar in agricultural P management
based on agricultural production and environmental protection.
The water-soluble P is expected to easily flow to water body via
leaching and runoff at seedling stage of crop growth because of
low uptake of P and low field crop coverage at this period
(Heathwaite and Dils 2000). Further research is required to
better understand the effect and mechanisms of individual

and combined applications of biochar and other activators, for
optimal agricultural use of biochar in consideration of agricul-
tural production and environmental protection.

5 Conclusions

Individual application of acid biochar showed a positive role
in increasing P availability in tested calcareous soil though
obvious immobilization of available P was observed in
biochar-activated soil. Therefore, application of acid and P-
enriched biochar is promising to potentially improve soil P
availability in calcareous soils.

Individual application of phosphatase tended to decrease
soil Olsen-P. The reason is soil pH was reduced by phospha-
tase, which decreased soil P solubility. It was also observed that
phosphatase resulted in release of soil water-soluble P, and
mineralization of phosphomonoester and phosphodiester. The
results indicated that application of phosphatase transformed
organic P into phosphate. Application of Bacillus megaterium
decreased soil Olsen-P, which could be attributed to its effect on
increasing soil pH, and the immobilization of available P.
Application of Bacillus megaterium or phosphatase should
not be advocated as a method to improve available P in the test
soil. The combined application of biochar, Bacillus
megaterium, and phosphatase had no superior effect on im-
proving soil P availability compared with their individual ap-
plications. This study could provide a technical support for
improving P availability in calcareous soil by using acid
biochar.
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