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Abstract

Increased soil total phosphorus (P) or available P has been reported in biochar‐

amended soils, although the underlying mechanisms need to be fully understood. In

the present study, two contrasting soils (acidic Haplic Luvisol and alkaline Calcaric‐

Fluvisol) amended with wheat straw biochar were sequentially extracted with modi-

fied Hedley method to study the P transformation in the soils. Our results showed

that biochar application significantly increased (positive effects) P fractions (except

for NaHCO3‐Pi and residual‐P) content in Haplic Luvisol. The increased soil microbial

activity and reduced soil acidity or increased cation exchange capacity may be

accounted for enhanced P transformation. The reduced NaHCO3‐Pi content may be

related to P immobilization with increased soil microbial activity induced by biochar

addition because the high C:P ratios of biochar (ranged from 234 to 357) suggested

net P immobilization occurred when biochar was incorporated into soil. Biochar appli-

cation first (4 days) increased soil NaHCO3‐Po content and then decreased it with lon-

ger incubation time (30 days). The decrease in NaHCO3‐Po suggested that the labile

organic P was converted into nonlabile inorganic or organic P. In comparison with

those in Haplic Luvisol, almost all P fractions showed negative effects with biochar

addition into Calcaric‐Fluvisol. The results may be caused by the P precipitation or

sorption with increased soil pH with biochar application. On the basis of P transfor-

mation, biochar is recommended to be used in Haplic Luvisol (acidic soil) and not to

Calcaric‐Fluvisol (alkaline soil) because of the positive effects and negative effects

observed on P fractions in biochar‐amended soils.
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1 | INTRODUCTION

Biochar is a solid material obtained from thermochemical conversion

of biomass in an oxygen‐limited environment. Biochar addition into

soil has been proved to sequester carbon (C) in soil, to increase soil

water holding capability, to improve soil fertility and decrease soil

nutrient leaching loss (Guo, He, & Uchimiya, 2016; Jeffery et al.,

2017; Schulz & Glaser, 2012; Singh, Singh, & Cowie, 2010), and to

immobilize contaminants in soil (Ahmad et al., 2014). Indeed, decrease

of soil fertility and crop productivity due to soil degradation around
td. wileyonlineli
the world has been increasingly recognized as a global challenge for

food security especially for the agricultural China (Smith & Gregory,

2013). Considering the importance of enhancing soil fertility and pro-

ductivity, biochar's role in addressing soil productivity is clearly critical,

and studies had shown that biochar application increased soil produc-

tivity and plant yield (Biederman & Harpole, 2013). Biochar can

improve soil fertility through its beneficial effects on phosphorus (P)

availability. Phosphorus (P) is an essential element for plant growth.

However, excess P input can cause P accumulation in farmland soil.

This P in the soil can be easily leached out due to surface runoff or lost
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through erosion, and then it enters water bodies, causing eutrophica-

tion and damage to the environment (Elser & Bennett, 2011). There

are increasing evidences indicating that biochar application can

increase P content and therefore enhance P availability and promote

plant growth (Biederman & Harpole, 2013; Singh et al., 2015) whereas

it can also reduce P leaching from amended soils.

Biochar is reported to improve soil physical, chemical, and biolog-

ical properties and therefore affect the amount of P used by plant

(Scott, Ponsonby, & Atkinson, 2014). Biochar is considered an impor-

tant source of P (generally present in the inorganic form) because most

of the P from feedstock is retained into biochar during the pyrolysis

process (Kloss et al., 2012). As a result, the P in biochar can be

released and directly used by plant. Biochar can also improve the avail-

ability of soil P by increasing soil pH and cation exchange capacity

(CEC). Changes in soil pH values also affect P adsorption and desorp-

tion (Parvage, Ulén, Eriksson, Strock, & Kirchmann, 2013). In acidic

soil, biochar application increased soil pH and thereby increased the

availability of nutrients in the soil (particularly P; Novak et al., 2009).

Biochar application alters P availability by changing P sorption and

desorption capacities of soils (Zhang et al., 2016). Biochar addition

reduced the amount of exchanged iron and aluminum and increased

the availability of P (DeLuca, MD, & Gundale, 2009; Mao et al.,

2016; Xu, Wei, Sun, Shao, & Chang, 2013). Makoto et al. (2012) found

that the charcoal left over from forest fires might adsorb soil P

through its numerous pores, inhibiting P loss and extending P reten-

tion time. Also, Morales, Comerford, Guerrini, Falcão, and Reeves

(2013) referred that the effect of biochar on soil P adsorption depends

on the characteristics of the biochar. The authors reported that when

P‐rich biochar is applied to soils, P tends to be adsorbed. Biochar

application significantly increased the Ca‐bound P and slightly

enhanced the Al‐retained P but decreased the Fe‐bound P in soil, sug-

gesting that the increase in P sorption with biochar addition is attrib-

uted to Ca‐induced P sorption or precipitation and is less affected

by Fe and Al oxides (Xu, Wei, Sun, Shao, & Chang, 2013; Zhang

et al., 2016). The effects of biochar on soil microbial biomass, commu-

nity composition, and microbial activity are summarized in a meta‐

analysis of 371 independent studies (Biederman & Harpole, 2013).

They generally found a significant increase of soil microbial biomass

with biochar application. Anderson et al. (2011) reported that biochar

could improve the availability in soil P by enhancing soil microbial

activity.
TABLE 1 The physical and chemical properties of the studied soils and bi
2010)

Soil/biochar

Ash CEC EC
pH
(H2O)

Sand

% cmol kg−1 μs cm−1 g kg−1

Haplic Luvisol — 6 357 4.7 512

Calcaric‐Fluvisol — 3 500 8.3 330

W 6.1 — — 5.6 —

WB300 10.1 286 3,975 6.8 —

WB400 13.5 282 5,210 9.5 —

WB500 14.0 217 5,995 10.4 —

WB600 19.6 148 6,495 10.3 —

Note. WB300, WB400, WB500, and WB600 are wheat straw biochars pyrolyze
wheat straw; CEC: cation exchange capacity; EC: electrical conductivity.
In general, these studies have highlighted the increase of the total

or available P content in biochar‐amended soils, but there is still a lack

of understanding of P transformations. In this study, two soils defined

as Haplic Luvisol (acidic soil) and Calcaric‐Fluvisol (alkaline soil)

amended with biochar were sequentially extracted by the modified

Hedley method (Tiessen & Moir, 1993). The transformation of soil P

was calculated on the basis of P fractions in biochar and biochar‐

amended soils. These results provide a reference for biochar produc-

tion and the further use of biochar in agricultural field.
2 | MATERIALS AND METHODS

2.1 | Soils and biochars

The acidic soil (pH = 4.7) was collected from orchards in Yantai, China.

The soil type was Haplic Luvisol (World Reference Base), and the

organic matter content was 32 mg g−1. The alkaline soil (pH = 8.3)

was a Calcaric‐Fluvisol (World Reference Bas) collected from a Suaeda

salsa field in Yellow River Delta, China. The soil type was a sand‐based

soil with an organic matter content of 8 mg g−1. Fresh surface soil

samples were collected (0–20 cm); gravel, grass roots, and other impu-

rities were removed; and the samples were passed through a 2‐mm

sieve for future use.

Washed and dried fresh wheat straw was selected as the raw

material and charred using a muffle furnace in the absence of oxygen

for 4 hr. The temperature was set to 300°C, 400°C, 500°C, and 600°C,

respectively (Xu, Zhang, Shao, & Sun, 2016). After being charred, the

samples were allowed to cool to room temperature, passed through

a 2‐mm sieve, and packaged in bags for future use. The biochars pyro-

lyzed at the different temperatures were referred to as WB300,

WB400, WB500, and WB600, respectively.

Details of the forms of P in the biochars are given in previous lit-

erature (Xu, Zhang, Shao, & Sun, 2016). The pH was determined with a

glass electrode with 1:2.5 (1:20 for biochar) soil to water ratio. Electri-

cal conductivity was determined by a DDS‐307 conductivity meter

(Shanghai Precision Scientific Instrument Ltd., China) with 1:5 (1:20

for biochar) soil to water ratio. CEC was measured by sodium acetate

flame atomic absorption spectrophotometer. Ash content was mea-

sured by ignition method. Total organic C and total N were deter-

mined by combustion on a LECO CNS‐2000 elemental analyzer.
ochars (soil classification according to World Reference Base; Shi et al.,

Slit clay Total N Total P Organic C C:N C:P

451 37 2.4 1.4 28 12 20

626 34 0.9 0.8 8 10 11

— — 17.0 5.7 375 22 341

— — 14.8 10.3 643 43 357

— — 13.4 11.1 665 50 277

— — 12.1 13.6 684 57 244

— — 10.0 11.5 702 70 234

d at 300°C, 400°C, 500°C, and 600°C, respectively. —: not determined; W:
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Grain‐size distributions in the soil samples were determined using a

Mastersizer 2000 Laser Grain size analyzer (Malvern Instruments

Ltd., UK). The detailed properties of soils and biochars are described in

Table 1.
2.2 | Soil incubation experiment and P analysis

Wheat straw or biochar equivalent to 20 mg of P (equivalent to 125 kg

P·ha−1) was added to 200‐g fresh Haplic Luvisol and Calcaric‐Fluvisol.

The samples were placed in an incubator at 25°C, the soil moisture

content was set to 70% of the maximum soil water holding capacity,

and the soil incubation experiment was performed for 30 days (the

highest demand for P of crops occurs in the first 30 days during the

early stage; Alamgir & Marschner, 2013). Three replicates of each

treatment were considered. Subsamples were collected on Days 3

and 30 and air‐dried for future use. The soil samples amended with

biochar pyrolyzed at the different temperatures were defined as

WS300, WS400, WS500, and WS600, respectively. The raw material

was referred to as WS, and a control treatment was also established.

A modified sequential Hedley fractionation was used to extract P

in soils (Tiessen & Moir, 1993). Generally, soils were extracted step by

step using deionized water (18.2 MΩ), 0.5 M NaHCO3, 0.1 M NaOH,

and 1 M HCl. Shaking time for each fraction was 16 hr. The NaHCO3

and NaOH extracts were divided into two aliquots in order to measure

the total P and inorganic P. Organic P was calculated as a difference

between total P and inorganic P. Inorganic P and total P (digested with

K2S2O8/H2SO4 at 130°C) were determined by aTu‐1810 spectropho-

tometer (PERSEE, China), using the ascorbic acid molybdenum blue

method (Murphy & Riley, 1962). Residual‐P, the remaining P in the soil

after all the above extractions, was measured after H2SO4/H2O2

digestion at 360°C.
2.3 | Data calculation and analysis

The differences of P fractions from analyzed and predicted, here

attributed to the added biochar, are represented using transformation,
TABLE 2 The P fractions (means ± SD) in Haplic Luvisol with biochar am

Soil/biochar H2O‐Pi NaHCO3‐Pi NaHCO3‐Po

Day 4 (mg

CK 109 ± 4a 266 ± 5d 220 ± 28b,c

WS 112 ± 8a 136 ± 14a 306 ± 30c,d

WS300 118 ± 12a,b,c 136 ± 13a 460 ± 15e

WS400 130 ± 0d 131 ± 13a 323 ± 0d

WS500 123 ± 20a,b 140 ± 2a 303 ± 31c,d

WS600 128 ± 18a,b,c,d 146 ± 12a 314 ± 33c,d

Day 30 (m

CK 160 ± 2e 244 ± 14c 166 ± 10a,b

WS 131 ± 3a,b,c,d 199 ± 8b 173 ± 25a,b

WS300 154 ± 5d,e 236 ± 9c 100 ± 27a

WS400 150 ± 5d,e 228 ± 13c 106 ± 28a

WS500 147 ± 5c,d,e 230 ± 2c 116 ± 27a

WS600 146 ± 26b,c,d,e 234 ± 3c 130 ± 32a,b

Note. WS300, WS400, WS500, and WS600 are amended soils with WB300
amended soil; CK: control. Different letters in the same column indicate the sig
and the equation used for this calculation is as follows (Wang, Fang,

Chang, & Tian, 2014):

Transformation %ð Þ ¼ 100× Panalyzed−Ppredicted
� �

=Ppredicted; (1)

Ppredicted ¼ Pbiochar× f þ Psoil× 1− fð Þ: (2)

In the equations, Panalyzed represents the measured value of one form

of P in biochar‐treated soil. Ppredicted is the theoretical value of one

form of P in soil (Psoil) and in biochar (Pbiochar; Equation 2). f is the

mass percentage of the biochar added to the soil (w/w).

Here, transformation represents the interaction between soil and

biochar. A positive value indicates that the concentration of one form

of P in biochar‐amended soil is greater than the sum of the concentra-

tion of the same form of P in biochar and soil. However, a negative

value indicates that the content of one P form in biochar‐amended soil

is lower than the sum of the contents of the same form of P in biochar

and soil.

Microsoft Excel 2010 was used for data analysis and figure pro-

duction. Significant difference test was performed using SPSS com-

puter package (SPSS Inc., Chicago, USA, 1999) for all data sets, and

the differences between means (n = 3) were considered statistically

significant at P < 0.05.
3 | RESULTS

3.1 | Changes of P fractions induced by biochar
addition into a Haplic Luvisol

As shown in Table 2, on Day 4, the Haplic Luvisol showed slightly

more soluble P (H2O‐Pi) than the control sample did, but the differ-

ence was not significant except for that of WS400. The NaHCO3‐Pi

content was significantly lower than that of the control, and the

NaHCO3‐Po content in the biochar‐treated soil was greater than in

the control, and a lower charring temperature led to a higher magni-

tude of increase. The addition of biochar increased the concentration
endments at Days 4 and 30

NaOH‐Pi NaOH‐Po HCl‐Pi Residual‐P

kg−1)

255 ± 6a 89 ± 27a 190 ± 17a 221 ± 31c

240 ± 17a 198 ± 89b 220 ± 1b,c 130 ± 27b

293 ± 15b 107 ± 36a,b 216 ± 3a,b,c 90 ± 15a

304 ± 14b 128 ± 0a,b 252 ± 2e 107 ± 21b

308 ± 18b 139 ± 52a,b 241 ± 5c,d,e 120 ± 24b

238 ± 9a 112 ± 63a,b 206 ± 0a,b 241 ± 26c

g kg−1)

366 ± 9c 116 ± 18a,b 218 ± 13b,c 180 ± 14b

373 ± 19c 117 ± 36a,b 224 ± 17b,c,d 123 ± 24b

443 ± 24d 109 ± 48a,b 204 ± 12a,b 115 ± 19b

430 ± 24d 114 ± 57a,b 209 ± 20a,b 145 ± 27b

431 ± 19d 167 ± 74a,b 229 ± 22b,c,d,e 80 ± 17a

417 ± 24d 156 ± 13a,b 246 ± 10d,e 97 ± 13a

, WB400, WB500, and WB600 biochars, respectively. WS: wheat straw
nificance level at P < 0.05.
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of NaOH‐Pi in soil, but no significant changes were observed in the

wheat straw‐treated samples and in the WS600 treatment. As with

NaOH‐Po, although biochar application increased the soil NaOH‐Po,

only wheat straw treatment revealed significant differences. Soil

HCl‐Pi content tended to increase after the addition of biochar. The

residual‐P followed decreasing trend with biochar application over

incubation time.

The variation of P fractions followed generally the same trends at

30 days of incubation, except for NaHCO3‐Pi and NaHCO3‐Po. The

concentrations of soil H2O‐Pi, NaOH‐Pi, and NaOH‐Po exhibited an

upward trend with increasing incubation time. However, the concen-

tration of NaHCO3‐Po displayed a significant decrease with incubation

time, and the magnitude of the decline in the biochar‐treated sample

was significantly lower than in the control. The corresponding

NaHCO3‐Pi concentration in the biochar‐treated sample was signifi-

cantly higher. The HCl‐Pi content did not change significantly over

time.
3.2 | Changes of P fractions induced by biochar
addition into a Calcaric‐Fluvisol

As shown inTable 3, on Day 4 of the amendment, the content of H2O‐

Pi showed no significant differences between treatments, except for

that with the WS600 treatment that registered a significantly higher

amount of H2O‐extracted P. The NaHCO3‐Pi and NaHCO3‐Po did

not present significant differences among most treatments, despite

the distinct tendencies with the biochar addition, that is, an increase

in NaHCO3‐Pi and a decrease in NaHCO3‐Po. At the same time, bio-

char application did not significantly increase the content of NaOH‐

Pi and NaOH‐Po, as well as the concentration of HCl‐Pi and residual‐

P in most treatments.

On the 30th day of amendment, the concentrations of H2O‐Pi and

NaHCO3‐Pi in biochar‐treated soil were significantly higher than those

of the control, and this trend became more apparent with increasing

pyrolyzed temperature biochar. The effect of biochar on NaHCO3‐Po

was not significant. Addition of biochar did not significantly affect soil
TABLE 3 The P fractions (means ± SD) in Calcaric‐Fluvisol with biochar

Soil/biochar H2O‐Pi NaHCO3‐Pi NaHCO3‐Po

Day 4 (mg

CK 1.1 ± 0.1a 22.0 ± 0.7a,b 38.3 ± 7.1b,c,d

WS 0.7 ± 0.2a 19.3 ± 2.2a 52.2 ± 5.5e

WS300 1.6 ± 1.2a 34.4 ± 18c 29.0 ± 8.7b

WS400 3.9 ± 0.1a,b 29.0 ± 1.2a,b,c 28.0 ± 2.4b

WS500 4.7 ± 1.4a,b 28.3 ± 1.6a,b,c 31.1 ± 5.8b,c

WS600 7.2 ± 0.2b 28.8 ± 1.6a,b,c 29.9 ± 6.0b,c

Day 30 (m

CK 2.0 ± 1.0a 21.3 ± 2.6a,b 39.8 ± 6.5b,c,d,e

WS 5.4 ± 0.5a,b 19.8 ± 0.7a 34.8 ± 3.3b,c

WS300 5.5 ± 0.2a,b 26.6 ± 2.7a,b,c 40.3 ± 13.3b,c,d,e

WS400 14.0 ± 8.2c 30.9 ± 2.5b,c 15.7 ± 0.04a

WS500 16.9 ± 0.3c 32.5 ± 3.4c 43.4 ± 5.76c,d,e

WS600 12.8 ± 5.8c 33.3 ± 3.1c 48.9 ± 12.1d,e

Note. WS300, WS400, WS500, and WS600 are amended soils with WB300
amended soil; CK, control. Different letters in the same column indicate the sig
NaOH‐Pi content, whereas it significantly reduced the NaOH‐Po con-

centration. The concentrations of HCl‐Pi and residual‐P were not sig-

nificantly affected with biochar incorporation, although lower

temperature produced biochar seemed to increase HCl‐Pi content.

From Day 4 to Day 30 of amendment, the concentrations of H2O‐

Pi and NaOH‐Po were significantly enhanced with biochar application.

At the same time, biochar seemed to have little effect on NaHCO3‐Pi,

NaHCO3‐Po, NaOH‐Pi, HCl‐Pi, and residual‐P, although higher tem-

perature produced biochar tended to increase NaHCO3‐Pi and

NaHCO3‐Po content.
4 | DISCUSSION

4.1 | P transformation induced by biochar addition in
a Haplic Luvisol

As shown in Figure 1, on Day 4 after the biochar was added to the

Haplic Luvisol, biochar addition significantly increased various forms

of P (except NaHCO3‐Pi and residual‐P), indicating a positive effect

on these P fractions. This promoting effect occurring between biochar

and soil led to the increase of soil P. It is considered that biochar

affects soil P transformations in a number of ways. First, biochar con-

tains large amounts of P, which may be released into soils, increasing

the content of soil P (Angst & Sohi, 2013). However, the P in the bio-

char did not affect the transformation of soil P, although it increased

available P content in amended soil. Second, incorporation of the bio-

char reduced soil acidity and increased soil CEC (Liang et al., 2006);

thus, soil surface became more negatively charged and increased

anion repulsion and subsequently decreased the P adsorption by the

soils (Murphy & Stevens, 2010). The Haplic Luvisol showed increases

in pH and CEC with biochar application (Table 1), so P desorption

may have been responsible for increasing P solubility (e.g., H2O‐Pi) in

the soils (Jiang, Yuan, Xu, & Bish, 2015). Third, biochar application

changed the form of Fe, Al, Ca, and other agents of P adsorption (fix-

ation), all of which significantly influenced soil P transformation
amendments at Days 4 and 30

NaOH‐Pi NaOH‐Po HCl‐Pi Residual‐P

kg−1)

6.7 ± 0.8a,b 13.4 ± 7.0a 483.6 ± 18.9a,b,c 260.3 ± 18.5a

7.7 ± 0.8a,b 12.4 ± 0.9a 497.6 ± 10.3b,c 245.2 ± 32.4a

8.9 ± 1.4b 18.3 ± 1.2a 493.4 ± 5.6b,c 262.1 ± 21.4a

6.7 ± 0.8a,b 20.7 ± 13.4a,b 506.7 ± 28.6b,c 263.2 ± 16.5a

6.1 ± 0.4a,b 15.5 ± 1.2a 510.9 ± 12.4c 260.9 ± 213a

5.8 ± 0.4a,b 13.2 ± 0.6a 509.5 ± 1.4c 273.8 ± 37.4a

g kg−1)

7.3 ± 5.7a,b 48.8 ± 19.0d 448.2 ± 53.8a 257.2 ± 22.6a

7.3 ± 1.3a,b 39.5 ± 4.2 c,d 470.3 ± 22.2a,b 258.8 ± 33.4a

8.5 ± 1.8b 32.9 ± 4.4b,c 488.6 ± 12.0b,c 245.1 ± 12.9a

5.8 ± 0.6a,b 36.3 ± 3.8c 489.3 ± 26.9b,c 266.1 ± 17.1a

5.0 ± 0.6a 33.3 ± 3.1b,c 480.5 ± 16.9a,b,c 245.5 ± 24.7a

4.9 ± 0.6a 33.4 ± 6.5b,c 470.7 ± 16.1a,b 264.8 ± 24.1a

, WB400, WB500, and WB600 biochars, respectively. WS: wheat straw
nificance level at P < 0.05.



FIGURE 1 The transformations of P in a

Haplic Luvisol at four incubation days with
different biochars (data in the figure indicate
means of three replicates, ±SD) [Colour figure
can be viewed at wileyonlinelibrary.com]
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(Parvage, Ulén, Eriksson, Strock, & Kirchmann, 2013; Srivastava,

Gupta, Shikha, & Tewari, 2016; Xu, Wei, Sun, Shao, & Chang, 2013).

However, the previous studies indicated that biochar containing mod-

erate Ca2+ and Mg2+ formed precipitates with phosphate in the soils

and increases the phosphorus adsorption (Jiang, Yuan, Xu, & Bish,

2015). These results were agreement with our findings in which bio-

char application increased P sorption and decreased P availability in

acidic soil due to chemical retardation of Ca2+ and Mg2+ (Xu, Sun,

Shao, & Chang, 2014). As a result, the transformation of P fractions

in Haplic Luvisol cannot be explained by the variations of P adsorption

agents (such as Fe, Al, and Ca) with biochar application.

Finally, biochar may affect P availability in the soil through

changes in microbial metabolism and diversity (Hammer et al., 2014;

Zhai et al., 2014). Microbial activity was reported as a central factor

in the soil organic P cycle and also affects the transformations of inor-

ganic P (Hammer et al., 2014). The highly porous nature of biochar and

its high internal reliable organic matter and inorganic nutrients are

likely to provide a favorable habitat for microorganisms. The increased

content of NaHCO3‐Po and NaOH‐Po indicated that biochar applica-

tion increased microbial activity and thereby stimulated the buildup

of organic P forms at early soil incubation stage (Day 4; DeLuca,

MD, & Gundale, 2009). The bicarbonate‐extracted P (NaHCO3‐Pi) is

available P, and it can be directly absorbed by plants and microbes

(He, Qian, Liu, Jiang, & Yu, 2014). The reduced NaHCO3‐Pi may also

be related to changes of microbial activity with biochar application.
Zhai et al. (2014) reported that biochar addition significantly increased

soil microbial biomass P in short‐term incubation time. The increased

microbial activity inevitably absorbed more reactive inorganic P,

resulting in a reduced concentration of NaHCO3‐Pi (Vanek & Leh-

mann, 2015; Zhai et al., 2014). This may be explained by the C:P ratio

of biochar that ranged between 234 and 357 (Table 1), a value well

above the threshold (100) of P immobilization, resulting therefore in

the decrease in NaHCO3‐Pi. The obtained results were in agreement

with Alamgir et al. (2012) who reported that low P legume residue

decreased soil NaHCO3‐Pi content whereas it increased soil microbial

activity due to P immobilization in a short‐term incubation (<14 days).

Due to no HCl‐Po measurement, there was a possibility of some Po

present in the HCl fraction and not accounted for as in some cases

demonstrated by He et al. (2006).

The positive effect of biochar on H2O‐Pi and NaOH‐Pi became

stronger with longer incubation time, and the negative effect of bio-

char on NaHCO3‐Pi became less apparent (Figure 2), indicating that

adding biochar favors the generation of these forms of P (Farrell, Mac-

donald, Butler, Chirino‐Valle, & Condron, 2014). From Day 4 to Day 30

of amendment, the positive effect of NaHCO3‐Po transitioned to neg-

ative effect, which indicates that the interaction of soil with biochar

can cause changes in soil NaHCO3‐Po content, moving from an

increase to a significant decrease (Table 2, Figure 1). The significant

decrease in NaHCO3‐Po content was conflicting with the high C:P

ratios of biochar, suggesting that net P immobilization occurred when
FIGURE 2 The transformations of P in a
Haplic Luvisol at 30 incubation days with
different biochars (data in the figure indicate
means of three replicates, ±SD) [Colour figure
can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 3 The transformations of P in a
Calcaric‐Fluvisol at four incubation days with
different biochars (data in the figure indicate
means of three replicates, ±SD) [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 4 The transformations of P in a
Calcaric‐Fluvisol at 30 incubation days with
different biochars (data in the figure indicate
means of three replicates, ±SD) [Colour figure
can be viewed at wileyonlinelibrary.com]
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biochar was incorporated into soil. Moreover, Zhai et al. (2014)

reported that biochar application significantly reduced acid phospho-

monoesterase activity in Red earth soil, indicating the reduction of

mineralization of organic P. We suggest that the decrease in

NaHCO3‐Po concentration and the increase in NaOH‐Pi concentration

over time suggest the transformation of labile organic P into nonlabile

inorganic or organic P by P sorption or fixation (Alamgir & Marschner,

2016; Anderson et al., 2011; Breton, Crosaz, & Rey, 2016). In general,

biochar application in Haplic Luvisol increased P transformation and

thereby P availability by increasing soil microbial activity and by reduc-

ing soil acidity or increasing soil CEC.
4.2 | P transformation induced by biochar addition
into a Calcaric‐Fluvisol

Unlike Haplic Luvisol, biochar addition exhibited a negative effect on

most forms of P (except HCl‐Pi and residual‐P) in Calcaric‐Fluvisol

(Figures 3 and 4), indicating that the reaction between Calcaric‐

Fluvisol and biochar converted available P. Adding biochar to the

Calcaric‐Fluvisol may lead to increase in pH, and excessively high pH

may cause the reactive P soil to be precipitated or adsorbed (Xu,

Wei, Sun, Shao, & Chang, 2013). Also, unlike Haplic Luvisol, Calcaric‐

Fluvisol showed slightly increased NaHCO3‐Pi levels at Day 4, and a

negative effect was observed for NaHCO3‐Po and NaOH‐Pi and
NaOH‐Po, indicating that the addition of biochar does not significantly

stimulate the microbial activity in Calcaric‐Fluvisol. The insignificant

increase in available soil P was probably related to the relatively high

pH of the soil studied (Murphy & Stevens, 2010; Yazdanpanah,

Mahmoodabadi, & Cerdà, 2016). At Day 30, biochar exhibited a posi-

tive effect on soil NaOH‐Po levels, suggesting an increase in the

microbial activity of soil (Zhai et al., 2014). In general, the application

of biochar to Calcaric‐Fluvisol is not conducive to the transformation

or enhancement of the availability of soil P.

In order to elucidate the mechanisms of P transformations

affected by biochar application, the soil microbial communities, espe-

cially phosphate‐solubilizing bacteria communities, deserve further

study. In addition, the interaction effect between biochar and P fertil-

izer on P transformations in soil needs further investigation.
5 | CONCLUSION

The biochar application in Haplic Luvisol and Calcaric‐Fluvisol had

different effects on P fractions in the soils. For the Haplic Luvisol, bio-

char showed a positive effect on most forms of P (except NaHCO3‐Pi

and residual‐P). Over incubation time, content of NaHCO3‐Po was

subject to a negative rather than positive effect, suggesting the trans-

formation of labile organic P into nonlabile inorganic or organic P by P

http://wileyonlinelibrary.com
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sorption or fixation. For the Calcaric‐Fluvisol, biochar exhibited nega-

tive effects on various forms of P. In terms of the availability of soil P,

biochar should be used mainly for the amendment of acidic soil such

as Haplic Luvisol.
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