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Abstract 10 

Excessive use of phosphorus (P) in farmland soil and improper disposal of crop residues such 11 

as straws accelerate the consumption of P resources and cause a high level of air and water 12 

pollution, which are the main limiting factors for sustainable agricultural development. The 13 

most important alternative is the introduction of organic fertilizers to replace mineral P fertilizer. 14 

However, the type of organic fertilizers and management methods differ significantly. In this 15 

study, we used solution 31-P nuclear magnetic resonance spectra and Hedley fractionation 16 

method to characterize the P compounds in the initial soil (in 2013; CK0), long-term unfertilized 17 

(CK) soil, and the soils treated with N+P+K mineral fertilizer (NPK), biochar in combination 18 

with NPK fertilizer (CNPK), and corn straw in combination with NPK fertilizer (SNPK). The 19 

results showed that adding biochar significantly increased the concentration of P. However, 20 

Olsen-P was found to be the highest (21.88 mg kg-1) in SNPK. The concentration of Hedley-P 21 

was the highest (574.76 mg kg-1) in CNPK. The inorganic P forms were significantly increased 22 

by adding biochar (up to 183.9%). The concentration of orthophosphate is positively relative to 23 

Resin-P, NaHCO3-inorganic P (Pi; organic P (Po)), NaOH-Po, and Residual-P, which are 24 

absorbed and utilized to plants and microorganisms. Adenosine monophosphate (AMP) and 25 

inositol hexakisphosphate (IHP) are potential sources of P. Compared to the direct application 26 

of straw, adding biochar increases the available P in the different soil and reduces environmental 27 

pollution. 28 
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1. Introduction 33 

Phosphorus (P) is a main limiting factor of plant productivity and plays an important role 34 

in maintaining the ecological balance of the system. The abundance and supply of P in the soil 35 

directly affect the productivity of plants. P has complex conversion relationships due to human 36 

activities and geochemical processes (Okin, et al., 2004). Among them, farmland P is mainly 37 

affected by different fertilization methods and environmental conditions. However, continuous 38 

large-scale P fertilizer application leads to the enrichment of P in farmland soil and decreases 39 

its effectiveness. Thus, even though the P content in farmland soil is high, a large amount of P 40 

fertilizer is still applied every year in order to ensure a good crop yield. Therefore, it is crucial 41 

to study the different forms of P in the soil for the sustainable management of P.  42 

The content of the forms of P in the soil is affected by many factors such as soil pH, soil 43 

properties, organic matter, and microbial activity (Brucker, et al., 2020). Various P forms in the 44 

soil affect the P uptake by microorganisms and crops (Slazak, et al., 2010). P is generally 45 

divided into inorganic P and organic P forms in the soil (Haygarth, et al., 2018), but only part 46 

of the P forms are absorbed by the crops (Smolders et al., 2020). Some studies have shown that 47 

the types of fertilizers and fertilization practices alter the soil P forms (Deiss et al., 2016). Straw 48 

is the most abundant organic resource (Karami, et al., 2012), which enhances the soil quality, 49 

microbial activity, soil pH, and activates fixed P (Niu, et al., 2011) on its application to the 50 

fields. It plays an important role in the efficient utilization of P. Earlier studies have indicated 51 

that the application of residual straw on the field can increase the available P and total P contents 52 

in the soil. However, the P activation coefficient of the applied straw is lower than that of the 53 

unutilized straw (Zheng et al., 2019), and thus increases the conversion of organic P to inorganic 54 

P in the soil (Li, et al., 2019). In addition, the straw is converted to biochar and applied to the 55 

field. 56 

On the one hand, it solves the problem of air pollution caused by burning straw caused by 57 

a large number of straws that are nowhere to be placed. On the other hand, it has shown great 58 

application potential in improving agricultural soil and other aspects. Ever since the 59 

introduction of biochar in the 1960s, its significance on the environment and agriculture has 60 

been widely recognized. Studies have shown that adding biochar reduces the fixation of P in 61 

different soil, promotes the activation of soil that cannot directly accommodate P, and affects 62 

the distribution of P in the soil (Lehmann et al., 2003). The biochar carries P by itself and thus 63 

results in a simple mechanism of P release. The carbonization process of biochar promotes the 64 

release of phosphate from the woody tissues of plant residues, thereby acting as an available 65 
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source of soil-soluble and exchangeable P (Gundale and DeLuca, 2006). The addition of crop 66 

straw and its conversion to biochar for application on the field can reduce environmental 67 

pollution caused by the burning of straw, improve the efficient use of resources (Wang et al., 68 

2017), and increase the soil enzyme activity, microbial biomass carbon (C), nitrogen (N) and P 69 

contents, and microorganisms. Diversity suddenly improves the environment of the 70 

microorganisms, which influences the soil ecological environment (Wang et al., 2020). 71 

Therefore, to better understand how biochar addition adjusts the P forms in the field soil is very 72 

important for sustainable P resource management (McBeath, et al., 2012). 73 

NMR spectroscopy is widely used to obtain detailed information about soil P (Cade-74 

Menun and Liu, 2014). In addition, Hedley et al. (1982) proposed a new P grading technique. 75 

Compared to the traditional grading methods, this technique can better reflect the dynamic 76 

changes in the soil P. It resolves the limitations of the traditional grading methods that cannot 77 

consider both inorganic and organic P forms and is thus adopted by many scholars (Wang et al., 78 

2020). Obtaining the information of the grading of soil P and forms of P can more clearly 79 

exemplify the biological cycle of P, change in the P forms due to the process of soil formation, 80 

and effects of tillage, fertilization, and environmental factors on the soil P forms (Zamuner, et 81 

al., 2008). However, it is a lack of information on the effect of adding biochar to the field on 82 

the grading of P and forms of P. 83 

In China, a large volume of straws is burned that causes environmental pollution. In recent 84 

years, to prevent air pollution, straws have been directly returned to the field or made into 85 

biochar and added to the field. It has been found that biochar can improve the soil environment. 86 

The resource utilization efficiency can repair or avoid certain environmental pollution, and 87 

reduce greenhouse gas emissions. So far, the soil environmental effects of biochar have 88 

attracted much attention. The effects of biochar in carbon sequestration, emission reduction, 89 

soil improvement and fertilization have been well studies. However, the effects of direct adding 90 

straw and biochar on the soil P compounds and the relationship between Hedley-P and P forms 91 

are still unclear. In addition, to the different properties of biochar used in different studies, the 92 

complex interaction between biochar and soil with different physical and chemical 93 

characterizations makes the comprehension of the results difficult. In this study, the application 94 

of the Hedley fractionation method and NMR spectroscopy were used to determine the P 95 

compounds in different types of soils, namely unfertilized soil and soils treated with mineral 96 

fertilizers, straw, and biochar. The purposes of present study were to 1) the changes of P 97 

component and P form in the soil under the direct return of straw to the field and the production 98 

of biochar; and 2) the relationship between Hedley-P and distribution of different P forms in 99 
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the soil. We studied the reduction of environmental pollution caused by stubble burning, rational 100 

use of resources, sustainable and comprehensive P management. 101 

2. Materials and Methods 102 

2.1. Test Site  103 

This study was performed in the field location set for the biochar consumption test 104 

(40°48′N, 123°33′E) in Shenyang Agricultural University, China, which was established in 105 

2013. The test area is located in the southern center of the Songliao Plain, which has a temperate 106 

humid-semi-humid monsoon climate with an average annual rainfall of 736 mm, an average 107 

annual temperature of 7.5 °C. According to the FAO classification, the soil in the region belongs 108 

to the Haplic Luvisol profile (FAO, 1996). The continuous cropping of spring corn, namely 109 

“Dongdan 6531”, was taken as the experimental planting mode. This crop variety was 110 

cultivated in one season per year. 111 

Different fertilizations were used as CK0, CK, NPK, CNPK, and SNPK. Here, CK0 112 

represents the initial soil in 2013; and CK is the unfertilized soil in 2018; NPK (mineral N, P, 113 

and K fertilizer); CNPK (biochar + N, P, and K fertilizer); SNPK (corn straw + N, P, and K 114 

fertilizer). The biochar was applied at a rate of 3000 kg ha-1. The straw was applied at a rate of 115 

9000 kg ha-1. The N, P, and K fertilizers were applied at a rate of 195 kg ha-1, 39.3 kg ha-1, and 116 

62.2 kg ha-1, respectively. Each treatment was repeated thrice. The fertilizers to be tested were 117 

urea (N 46%), superphosphate (P 5%), and potassium chloride (K 42%). Biochar and straw 118 

were obtained using corn straw as the raw material. The basic physical and chemical 119 

characteristics of biochar (the temperature required for the formation of carbon (C) is about 450 120 

- 600 °C) were as follows: pH of 8.8, total C concentration of 49.08%, total N concentration of 121 

1.44%, total P2O5 concentration of 0.85%, total K2O concentration of 3.20%, the specific 122 

surface area of 26.92 m2 g–1, pore volume of 0.0425 cm3 g–1, pore size of 7.12 nm, and ash 123 

content of 33.5%. The basic physical properties of straw were as follows: total C concentration 124 

of 42.08%, total N concentration of 0.96%, total P2O5 concentration of 0.72%, and total K2O 125 

concentration of 0.87%. 126 

2.2. Test Soil 127 

The soil samples were taken from a soil layer of 0-20 cm after being harvested in 2018. 128 

The “S” five-point sampling was about 500 g, and the soil was evenly mixed to remove the 129 

plant roots and senescent plant tissue residues. The soil was naturally air-dried and sieved 130 
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through 20 and 100 mesh sieves. 131 

2.3. Laboratory analysis 132 

The available N in the soil was analyzed using 1.0 mol L–1 of NaOH by the alkali diffusion 133 

method (Xiong, et al., 2008). Olsen-P was analyzed using 0.5 mol L–1 of NaHCO3 by the 134 

molybdenum-antimony anti-colorimetric method (Olsen, et al., 1954). The available K was 135 

evaluated using 1.0 mol L–1 of NH4OAc via the flame photometric method (Carson, 1980). The 136 

pH of water: soil was 2.5:1, which was measured using the Lei Magnetic PHS-3C type pH 137 

meter, China. Total P content was determined by sodium hydroxide melting-molybdenum-138 

barium colorimetric method (Lu et al., 1996). The soil C and N contents were determined by 139 

the elemental analyzer (Elemental III, Germany). 140 

2.4. Determination of phosphorus fraction 141 

In prtesent study, the Hedley-P fractions were grouped into seven soil P fractions (Table 2) 142 

on the basis of the previous studies (Tiessen and Moir, 1993). 1) About 0.5 g (100 mesh) of the 143 

soil samples were taken in 50 ml screw-cap centrifuge tubes. To these samples, 30 mL deionized 144 

water and two saturated HCO3
– anion resin membranes were added and shaken for 16 h. The 145 

resin bag was removed and shaken in 0.5 mol L–1 HCl solution for 16 h. The inorganic 146 

phosphorus was determined by the molybdenum blue method and labeled as Resin-P. 2). The 147 

soil residue was centrifuged in the centrifuge tube at 0 °C for 10 min at 25000 ×g, which was 148 

filtered and rinsed with 30 ml NaHCO3. The solution was shaken for 16 h and then centrifuged 149 

for 10 min. The supernatant was divided into two parts, among which 0.9 mol L–1 H2SO4 was 150 

added to one portion, labeled as NaHCO3-Pi (NaHCO3 extracts inorganic P, mainly adsorbed 151 

on the surface of the soil, and this part of the P is effective.), which was frozen and centrifuged 152 

for further analysis. To another portion, ammonium sulfate was added and heated to 121 °C in 153 

an autoclave for 1 h, which was labeled as NaHCO3-Po (NaHCO3 extracts organic P, which is 154 

easy to mineralize and can be used by plants in a short period of time). 3) The soil was washed 155 

with 30 mL NaOH on the filter membrane into the centrifuge tube. The sample was shaken for 156 

16 h, centrifuged for 10 min, and filtered. The supernatant was divided into two parts, among 157 

which 0.9 mol L–1 of H2SO4 was added to one portion, which was further frozen and centrifuged 158 

for analysis and labeled as NaOH-Pi (Inorganic P extracted with NaOH, chemically adsorbed 159 

to the soil Fe, Al compounds and on the surface of clay particles). To another portion, 160 

ammonium sulfate was added and heated to 121 °C in an autoclave for 1.5 h and labeled as 161 

NaOH-Pt (NaOH extracted total P). NaOH-Po (organic P) = NaOH-Pt–NaOH-Pi. 4) The soil 162 
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was washed with 30 mL of 1 mol L–1 HCl using a filter membrane into the centrifuge tube. The 163 

sample was shaken for 16 h, centrifuged for 10 min, and filtered. The supernatant was labeled 164 

as HCl-Pi and taken for analysis. 5) About 10 ml of concentrated HCl was added to the soil 165 

residual sample. This was kept in a water bath heated up to 80 °C for 10 min. About 5 ml of 166 

concentrated HCl was added to the sample and centrifuged for 10 min. The supernatant was 167 

taken for analysis and labeled as HCl-Pt (HCl extracted total P). HCl-P = HCl-Pt–HCl-Pi. 6) 168 

To the soil residue, 5 mL of concentrated H2SO4 was added. This was treated with H2O2 and 169 

digested repeatedly at 360 °C. The sample was shaken, filtered, and left undisturbed for some 170 

time. The supernatant was labeled as Residual-P. 171 

2.5. Spectral processing 172 

The liquid-state 31P NMR spectroscopy of the soil samples (extracts) was analyzed using 173 

the AVANCE III Bruker-500MHz nuclear magnetic resonance instrument manufactured by 174 

Swiss Bruker installed in Jilin University and Shenyang Agriculture University (Abdi, et al., 175 

2014; Li et al., 2020). The pretreatment of the soil sample was performed as follows: About 176 

3.00 g of the sample that was passed through a 2 mm sieve into a 100 ml centrifuge tube was 177 

taken, which was treated with a 60 mL mixture of 0.25 mol L–1 NaOH and 0.05 mol L–1 178 

Na2EDTA extractant at a water-soil ratio of 20:1. After mixing, the sample was shaken at 20 °C 179 

for 16 h, centrifuged (20 °C, 10000 g, 20 min), and filtered the supernatant using a 0.45-micron 180 

filter membrane. About 15 mL of the extract was frozen. The lyophilized sample was 181 

redissolved with 1 mL of 0.25 mol L–1 NaOH and centrifuged (4 °C, 10000 g, 5 min). The 182 

supernatant was separated out. About 0.6 mL of the supernatant was treated with 0.05 mL of 183 

D2O and transferred to a 5 mm NMR tube to perform the analysis. At the same time, 5 ml of 184 

the filtered extract was digested using the H2SO4-HClO4 mixture, and the total phosphorus 185 

content of the soil was determined by ICP-OES. The 85% orthophosphoric acid was used as 186 

the standard substance (Cade-Menun et al., 2015), and its chemical shift was set to 6 ppm. 187 

Although the 31P-NMR spin-lattice relaxation times were not measured for these samples, the 188 

delay time was estimated to be sufficient on the basis of the ratio of P/ (Fe + Mn) in these 189 

extracts (Cade-Menun and Liu, 2014). Also, the MestReC software was used to plot the nuclear 190 

magnetic resonance spectra and calculate the integrals and peak areas. 191 

2.6. Statistical analysis 192 

In this study, the statistical analyses were performed using SPSS 21.0 (IBM Corp., Armonk, 193 

NY, USA). In addition, the data was presented as the arithmetic mean with standard deviations. 194 
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The one-way ANOVA was performed to compare the effects of the five treatments on the soil 195 

properties and P extraction efficiencies of NaOH and EDTA. The least significant difference 196 

(LSD) test was performed to determine the significance (P < 0.05) of the differences in the P 197 

compounds during different treatments. The correlations between the P fractions and P forms 198 

were examined by calculating Pearson’s correlation coefficients. 199 

3. Results 200 

3.1. Soil characterizes in all the treatments 201 

The concentration of organic C and the total amount of N, P, and Olsen-P in the soil were 202 

extremely increased by fertilization (Table 1). Compared to the initial soil (CK0), the content 203 

of available N in the soil was significantly decreased by long-term cropping or fertilization. 204 

However, compared to CK, the concentration of the available N was extremely increased by 205 

adding biochar. The application of NPK fertilizer or biochar and straw on the field had 206 

significant effects on the efficiency of extraction of P by NaOH and EDTA. Besides, the 207 

application of biochar gave the most significant results as the total P content was the highest in 208 

CNPK (Table 1). The soil pH was decreased by long-term planting or the addition of NPK 209 

fertilizers, but the application of straw or biochar (NPK+ Straw, NPK+ Biochar) effectively 210 

reduce the decline in pH (Table 1). 211 

 212 

3.2. Determination of phosphorus using the Hedley fractionation method in soil with mineral 213 

fertilizer, biochar, and straw 214 

Due to long-term fertilization or cropping, the P accumulated in the soil occurred in 215 

different forms. Each form was influenced and restricted by the other to a certain extent and 216 

always acquired a dynamic balance. The content and distribution of various P forms in different 217 

treatments were determined (Table 2 and Figure 1). Among them, the concentration of Resin-P 218 

was increased up to 2.2 times that of CK treatment by adding biochar. In addition, the 219 

proportions of stable P components (HCl-P and Residual-P) were lowest in CNPK-treated soil 220 

(Figure 1). Moreover, the proportions of labile P components (Resin-P, NaHCO3-Pi, and 221 

NaHCO3-Po) were highest in CNPK-treated soil, which were increased by 121.8%, 61.7%, and 222 

28.0%, respectively, compared to the CK treatment. Specifically, the content of Resin-P was 223 

highest in CNPK-treated soil that was easily absorbed by the plant. Also, the content of 224 

NaHCO3-P (Pi and Po) was increased by the application of biochar, which was twice the value 225 

of CK-treated soil. Accordingly, the concentration of labile and moderately labile P components 226 
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(NaOH-Pi and NaOH-Po) differed among the treatments. On fertilization, the effect was found 227 

to be in the following order: CNPK > SNPK > NPK > CK0 > CK (Table 2). 228 

3.3. Identification of phosphorus compounds by 31-phosphorus NMR 229 

In this study, five P compounds (orthophosphate, pyrophosphate, polyphosphate, 230 

monoester, diester, and phosphonate) were found in all the soil samples (Figure 2). Among these 231 

compounds, the concentrations of phosphonates, pyrophosphates, diesters, and monoesters 232 

were higher in different treatments. In addition, the concentrations of the monoesters were 233 

different in all the P compounds during the five treatments (Figure 3). The AMP peaks appeared 234 

in the samples undergoing all the treatments except for those labeled as CK0. Furthermore, no 235 

DNA peak was detected in the CK-treated soil. Inositol hexakisphosphate (IHP) accounted for 236 

a vast majority (5.6–3.3 ppm) of the processed monoesters. Four types of IHPs were identified, 237 

namely, myo-inositol hexakisphosphate (myo-IP6), scyllo-inositol hexakisphosphate (scyllo-238 

IP6), neo-inositol hexakisphosphate (neo-IP6), and D-chiro-inositol hexakisphosphate (D-IP6), 239 

among which myo-IP6 constituted the highest proportion. Neo-IP6 (4.28 ±0.01 ppm) was 240 

detected in the soils undergoing CK0 and SNPK treatments. D-IP6 (4.35 ±0.01 ppm) was 241 

detected in the CK0, and CNPK treated soils. 242 

 243 

3.4. The distribution of phosphorus forms in different treatments 244 

In most of the treatments, most of the inorganic P in the soil is used up by plants and 245 

microorganisms. The organic P in the soil included inositol phosphate, phospholipids, nucleic 246 

acids, a small amount of phosphoprotein, phosphate sugar, and microbial P. The organic P 247 

compounds were easily decomposable and acted as the source of available P in the soil. The 248 

components and their distribution and increase in the content of inorganic P were highly 249 

significant for understanding the supply status of soil P. The LSD results of the concentration 250 

of P compounds in the treated soils are shown in Table 3. The results showed that the highest 251 

concentration of orthophosphate was observed in CNPK-treated soil, followed by the NPK-252 

treated type. IHP was found to be the major component among the monoesters. The total 253 

concentration of inorganic P showed the maximum value in CNPK-treated soil (79.8%, 173.2 254 

mg kg–1). In addition, the total concentration of organic P in the SNPK-treated soil was 2.3 255 

times that undergoing CK treatment. The concentration of orthophosphate varied up to 166.2 256 

mg kg–1 and 91.6 mg kg–1 in CNPK- and CK0-treated soils, respectively. The concentration of 257 

pyrophosphate were the lowest (0.8% and 1.7 mg kg–1) in CNPK-treated soil and highest in the 258 
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soil treated with straw, which were 5.4 times and 4.9 times that of the NPK-treated soil, 259 

respectively. After correction, there was no significant difference between the soil samples 260 

undergoing CK0 and SNPK treatments. However, the concentration values of monoester before 261 

and after correction were obtained in SNPK-treated soil. The lowest values for the concentration 262 

before the diester correction were observed in CK-treated soil. After correction, the lowest value 263 

was still observed in CK-treated soil, while the highest value was observed in the CK0-treated 264 

type. The Mo/Di ratio was decreased after the correction. The maximum concentration in the 265 

SNPK-treated soil was 41.2 mg kg–1. Long-term non-fertilization leads to the disappearance of 266 

DNA. The concentration of DNA were extremely decreased by long-term fertilization. However, 267 

the application of biochar remarkably increased these values compared to other fertilization 268 

treatments (Table 3). 269 

3.5. Correlations between the phosphorus forms and their fractions 270 

The correlation analysis of the concentration of different P forms with their fractions 271 

indicated (Table 4) that the orthophosphate showed a significant positive correlation with all 272 

the soil P fractions (P<0.01), except for NaOH-Pi and HCl-P. Pyrophosphate exhibited a 273 

negative correlation with all the P fractions and a significant correlation with Resin-P, NaHCO3-274 

Po, and Residual-P (P<0.05 or P<0.01). The monoester after correction showed a significant 275 

negative correlation with NaOH-P and Residual-P (P<0.05 or P< 0.01). Furthermore, the diester 276 

after correction had an insignificant correlation with the six P fractions. Moreover, IHP was 277 

positively correlated to NaOH-Pi and Residual-P (P<0.05). As a result, AMP showed a 278 

significant positive correlation with NaHCO3-Pi, NaHCO3-Po, NaOH-Pi, and NaOH-Po 279 

(P<0.01 or P<0.05). Among all the P fractions, the content of DNA was significantly positively 280 

relative to labile P (NaHCO3-Po; P<0.05).  281 

4. Discussion 282 

4.1. Effects of mineral fertilizers, biochar, and straw on soil properties 283 

The results of present study resemble the findings of Schjønning et al. (1994), who 284 

reported that the soil treated with mineral fertilizers had the lowest pH, while the addition of 285 

straw or biochar slowed down the decrease in the pH value. Due to a large number of mineral 286 

carbonates and a surface rich in acidic functional groups, biochar is generally alkaline. 287 

Therefore, the continuous large-scale adding biochar significantly slowed down the 288 

acidification of the soil. The concentration of soil P and its availability increased by the 289 
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application of biochar or straw (Steiner et al., 2007). There was a long-term supply of P to the 290 

soil attributing to the high proportion of soluble phosphate residues in the biochar prepared by 291 

low-temperature pyrolysis, its stable physical and chemical properties, and strong anti-292 

decomposition and anti-oxidation capabilities. Therefore, the continuous application of biochar 293 

inevitably leads to the accumulation of available P in the soil. In addition, biochar has high 294 

anion and cation exchange capacities. An increase in the anion exchange capacity can affect the 295 

interaction between the soil and external P, resulting in an increase in the availability of P 296 

(Uzoma et al., 2011). Also, the concentration of Olsen-P was the highest in the soil treated with 297 

straw, indicating the potential of straw in the activation of P in the soil compared to NPK. Due 298 

to the abundance of C in biochar and straw, their addition increased the organic C content in the 299 

soil. In addition to the large concentration of organic matter, biochar showed unique physical 300 

properties. The results of this study revealed that the concentration of N pool in the soil was 301 

significantly increased by the application of mineral fertilizer compared to the treatment with 302 

biochar or straw. This may be attributed to the increase in the uptake of N by the high yields of 303 

the crop obtained on the addition of biochar or straw to the soil. In addition, the activity of N 304 

was increased by the addition of biochar, attributing to its strong retention effect on N 305 

(Dandamudi et al., 2021). On the one hand, the porous characteristics and huge specific surface 306 

area of biochar affected the concentration of N in the soil, resulting in its adsorption. On the 307 

other hand, the addition of biochar directly or indirectly affected the microbial diversity, 308 

abundance, and activity during the soil turnover process and further affected the N cycle of the 309 

soil (Spokas and Reicosky, 2009). Doydora et al. (2011) showed that the combination of biochar 310 

with organic fertilizers significantly reduced the volatilization of ammonia in the soil. 311 

Taghimadeh-Toosi et al. (2012) used the isotope tracing method to conclude that the biochar 312 

showed not only obvious adsorption capacity for NH3 but also improved the utilization of N by 313 

the plant. 314 

4.2. Effects of the addition of chemical fertilizers, biochar, or straw on the phosphorus content 315 

of the soil 316 

The results of this study showed that the proportion of Residual-P (stable P, which is 317 

extremely difficult to be used by plants under normal conditions) in the soil was decreased by 318 

fertilization. However, the concentrations of NaHCO3-Pi (the effective P mainly adsorbed on 319 

the soil surface and similar in ratio to that of Olsen-P) and NaOH-Pi (the amount of P on the 320 

surface of Fe, Al compounds and clay particles due to its chemical adsorption to the soil) were 321 
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increased (Figure 1). Fertilization increased the activity of P in the soil, which was consistent 322 

with the results obtained by Lee et al. (Lee, et al., 2004). Also, the concentration of Residual-P 323 

in the soil was not reduced by long-term planting or fertilization. This is attributed to the stable 324 

state of Residual-P that is not easily absorbed by the plants. The application of NPK  highly 325 

increased the content of HCl -P and promoted the accumulation of available P in the soil. The 326 

effect of the addition of biochar notably increased the organic P fractions (NaHCO3-Po and 327 

NaOH-Po) in the soil. This may be attributed to the high proportion of soluble organic P in the 328 

soil, which retains the concentration of P during the pyrolysis process and mostly exists in the 329 

soluble form. The carbonization process of biochar promotes the release of P from the woody 330 

tissues of the plant residues, thereby acting as a direct source of soluble P in the soil (Gundale 331 

and DeLuca, 2006). The influence of biochar on the effectiveness of P can be achieved by 332 

changing the adsorption of P by the soil, which cannot be obtained from the results of the current 333 

study. Mukherjee (2011) speculated that the bridging effect of cations on the surface of biochar 334 

may also affect the effectiveness of P in the soil. The effect of biochar on the adsorption capacity 335 

of soil P was significantly correlated to many factors such as soil pH, background value of P, 336 

cation concentration, and microbial activity. NaHCO3-P is an effective source of P that can be 337 

easily absorbed by the crops. The study showed no significant difference in the fraction of 338 

NaHCO3-P by the addition of NPK fertilizer, biochar, or straw to the soil. This is attributed to 339 

the high crop yield and increased absorption of NaHCO3-P by the plants. Long-term planting 340 

without fertilization does not affect the change in the content of NaHCO3-P in the soil. In 341 

present study, long-term planting without fertilization of the soil was found to decrease the 342 

concentration of NaOH-Pi, which was highly increased by the application of mineral fertilizer. 343 

There was no significant difference in its concentration by the application of biochar and straw, 344 

as the concentration of inorganic P was mainly increased by the addition of mineral fertilizer to 345 

the soil (Jing, et al., 2019). Besides, the addition of biochar and straw can effectively activate 346 

the P in the soil (Huang et al., 2019) and increase crop absorption. The concentration of Resin-347 

P was significantly increased by the addition of biochar compared to that of straw. This may be 348 

attributed to the special structure of biochar, which can stimulate stable P conversion with the 349 

increase in concentration, by adding biochar to increase the concentration of that can be 350 

absorbed by plants, or to stimulate the transformation of P form, it can effectively reduce the 351 

application of chemical fertilizers to the soil, reduce the consumption of resources, and reduce 352 

the water pollution caused by excessive application of P fertilizers. 353 

4.3. Effects of the addition of NPK fertilizers, biochar, and straw on the soil P forms and buildup 354 
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Total P content of the soil by the addition of straw was significantly lower than those 355 

obtained by the other treatments. This may be attributed to the increase in the absorption of P 356 

by the high yield of crops obtained by the addition of straw. The concentration of inorganic P 357 

was significantly increased by the addition of biochar. The biochar is rich in organic matter and 358 

long-chain molecular structures that possess good constraining ability toward the mineral 359 

particles of the soil. The adsorption capacity of the soil varies with pH. In acidic soil, the 360 

adsorption capacity of soil P increases (Hale et al., 2013). The influence of biochar on the 361 

adsorption capacity of soil P is significantly correlated with various factors such as the soil pH, 362 

P pool, cation concentration, and microbial activity. The total concentration of organic P was 363 

the highest in SNPK-treated soil. The application of mineral fertilizers converts the organic P 364 

in the soil to inorganic P forms (Nobile, et al., 2020). AMP appeared in the soil after long-term 365 

planting (Figure 2B). AMP is mainly related to microorganisms and is generally obtained by 366 

the partial degradation of diesters (He, et al., 2011). In this study, crops were planted for a long 367 

duration, and the corn stubbles were plowed into the soil to provide nutrients for microbial 368 

activities before the planting process (Koller, et al., 2013). The highest proportion of IHP in the 369 

soil was attributed to myo-IP6, as it was mainly derived from crop residues. In this experiment, 370 

long-term planting and application of straw resulted in plant residues. This was inconsistent 371 

with the results reported by Noack (2014) and Annaheim (2015). Neo-IP6 and D-IP6 are 372 

considered to be the products of microbial action (Turner, 2007), and their abundance reflect 373 

the resistance of these isomers to enzymatic hydrolysis (Cosgrove, 1970). These compounds 374 

were detected in CK0-treated soil. However, Neo-IP6 was only detected in SNPK-treated soil, 375 

and D-IP6 was only detected in the CNPK-treated sample. This may be attributed to the 376 

consumption of Neo-IP6 and D-IP6 present in the soil on long-term planting. The addition of 377 

NPK fertilizer does not affect their concentration. However, the addition of straw resulted in 378 

the detection of Neo-IP6, and the application of biochar resulted in the detection of D-IP6, the 379 

P nutrient (Neo-IP6, D-IP6), which may be taken up by the plants and microorganisms (Giles, 380 

et al., 2011). The porous structure of biochar provided a living environment for the 381 

microorganisms in the soil. The biochar soils that are rich in organic matter tend to be better 382 

than mineral soils. The organic matter in the soil increases its recovering ability under the 383 

compressed state and thus exhibits elasticity. At the same time, organic matter promotes the 384 

growth of microorganisms and crop roots, and their life activities further promote the formation 385 

of micro-aggregates in the soil (Frey, 2019). The concentration of the monoesters exhibited the 386 

same trend, which was similar to those shown by the proportion and concentration of diesters 387 

before and after calibration. The concentration of α- and β-forms showed the least values upon 388 
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the addition of straw. This is attributed to α- and β-forms being classified as phosphate diesters. 389 

The stable diester is destabilized by the addition of straw. Besides, they are easily converted to 390 

monoesters or exist in low concentrations. 391 

4.4. Phosphorus form and composition 392 

This study indicated that Resin-P, NaHCO3-Pi, NaHCO3-Po, NaOH-Po, and Residual-P 393 

had a good correlation with orthophosphate. This may be attributed to the availability of these 394 

P fractions and their incompatibility with plants and microorganisms. The available states in 395 

plants and microorganisms were the effective components of soil P that were directly absorbed 396 

by the crops or used by the microorganisms in a short duration (Zheng, et al., 2003). The 397 

incompatible states included NaOH-Po and Residual-P. These forms were not directly used by 398 

plants within a short duration. However, the change in the external environment may transform 399 

them into a form that can be used by the plants and microorganisms (Wang, et al., 2019), such 400 

as orthophosphates (Schneider et al., 2016). Interestingly, pyrophosphate was negatively 401 

correlated to all the P fractions and showed a significant relationship with Residual-P, Resin-P, 402 

and NaHCO3-Po. The same correlation was observed in the case of orthophosphate. When the 403 

content of orthophosphate was high, the content of pyrophosphate was lower. All the fractions 404 

except HCl-P were positively correlated to orthophosphate, indicating a balance in the 405 

proportion of pyrophosphate and orthophosphate in the soil. The content of pyrophosphate in 406 

the fertilized soil was low, which was consistent with the previous studies (Hu, et al., 2015). 407 

The correlation of the P fraction with IHP and was the same as that with the corrected monoester, 408 

as it is the major monoester in the soil (Noack et al., 2014). AMP is also a monoester, but its 409 

correlation with the P fraction is different from that of IHP. This may be attributed to the fact 410 

that AMP is formed by the partial degradation of diester (Doolette et al., 2009). Therefore, the 411 

existence of AMP must be considered comprehensively. Due to its significant positive 412 

correlation with NaHCO3-Pi (Po) and NaOH-Pi (Po), the AMP can be indirectly or directly 413 

absorbed and utilized by the plants. DNA was significantly relative to NaHCO3-Po due to their 414 

similar contribution toward utilization by the plants. The organic P compounds are not easily 415 

absorbed by plants (Cade-Menun, 2017). In addition to Residual-P, the corrected monoester 416 

showed a significant correlation with NaOH-Pi, while the corrected diester indicated a 417 

remarkable correlation with NaHCO3-Po and HCl-P. This may be attributed to the changes 418 

caused by the α- and β-forms before and after correction. Thus, it is indirectly inferred that the 419 

α- and β-forms may be related to NaOH-Pi and NaHCO3-Po and act as effective P forms. 420 
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5. Conclusions 421 

In this study, the soil P pool was found to increase by the addition of biochar obtained by 422 

the conversion of straw rather than the direct application of straw to the soil. The concentrations 423 

of labile P (Resin-P, NaHCO3-Pi, and NaHCO3-Po) and moderate labile P (NaOH-Pi and 424 

NaOH-Po) were notably increased by the application of biochar. In addition, the concentration 425 

of inorganic P forms and AMP were significantly increased. The concentration of IHP were 426 

found to increase remarkably on the treatment of the soil with straw. The P fractions that mainly 427 

contributed to orthophosphate in the soil were Resin-P, NaHCO3-Pi (Po), NaOH-Po, and 428 

Residual-P. AMP showed a significant correlation with labile P (NaHCO3-Pi and NaHCO3-Po) 429 

and moderate labile P (NaOH-Pi and NaOH-Po). Thus, AMP was indirectly inferred to be a 430 

potential source of P. IHP had a remarkable correlative with NaOH-Pi and Residual-P. This 431 

indicated that the addition of biochar efficiently increased the content of plant-available P and 432 

potential P sources in the soil. The direct addition of straw can increase the potential source of 433 

P in the soil. The study showed that converting straw into biochar as a partial replacement 434 

fertilizer can solve the environmental pollution caused by a large amount of straw accumulation 435 

and straw burning. Further, it can improve resource utilization, slow down the consumption of 436 

effective P resources, and provide nutrients for crop growth. This is turn will improve the 437 

efficiency of fertilizer utilization and reduce the risk of water pollution caused by excessive 438 

application of chemical P. 439 
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Figure captions 630 

 631 

Figure 1. The ratio of P compounds in the Hedley improvement method (1993) to the total 632 

phosphorus content in the soils undergoing different treatments.  633 

 634 

Figure 2. Examples of solution 31-phosphorus nuclear magnetic resonance spectra for the five 635 

treatments. 636 

  637 

Figure 3. The solution 31-phosphorus nuclear magnetic resonance spectra of the biochar-638 

treated sample and the orthophosphate and monoester under different treatments in detail (5.4 639 

to 3.0 ppm). a: adenosine monophosphate; b: myo-Inositol hexakisphosphate; c: scyllo-Inositol 640 

hexakisphosphate; d: neo-Inositol hexakisphosphate; and e: D-chiro-Inositol hexakisphosphate. 641 
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Table 1 Basic properties of soil used in experiment and efficiency of P in NaOH-EDTA 642 

extracts. 643 

Item   Initial soil  No fertilizer  N+P+K fertilizer NPK + Biochar NPK + Straw  

pH  6.00 (0.01) a 5.66 (0.01) c 5.10 (0.01) e 5.45 (0.01) d 5.89 (0.04) b 

TOC (g kg-1) 9.87 (0.01) c 9.27 (0.02) e 9.59 (0.04) d 10.85 (0.04) a 10.03 (0.07) b 

TN (g kg-1)  0.90 (0.01) b 0.77 (0.01) d 0.98 (0.04) a 0.87 (0.03) b 0.87 (0.02) c 

TP (g kg-1)  0.51 (0.01) c 0.50 (0.01) c 0.56 (0.01) b 0.58 (0.01) a 0.54 (0.01) b 

Olsen-P (mg kg-1) 16.30 (0.33) c 11.28 (0.55) d 16.86 (0.58) c 21.88 (0.35) b 23.95 (0.84) a 

Available N (mg kg-1) 112.00 (0.85) a 87.16 (0.99) e 94.52 (1.21) d 97.10 (0.99) b 97.00 (1.22) c 

Available K (mg kg-1) 110.00 (0.89) e 137.56 (1.47) c 146.82 (1.34) b 154.46 (1.06) a 129.50 (0.90) d 

NaOH + EDTA-Prec (%) 31.00 (1.32) bc 28.99 (1.33) c 32.75 (2.57) ab 37.42 (3.11) a 33.02 (2.15) ab 

Values are means. Values in parentheses are standard deviations (n=3). Different letters in a column indicate 644 

significant differences at the 0.05 level. Same below.TOC: total organic carbon; TN: total nitrogen; TP: total 645 

phosphorus; NaOH + EDTA-Prec: the phosphorus extraction efficiency of NaOH + EDTA. 646 

 647 
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Table 2 Variation of soil P compounds contents in the Hedley improvement method (1993) to 648 

total phosphorus in five treatments. 649 

Treatment Concentration of soil P fraction (mg kg-1) 

  Resin-P  NaHCO3-Pi  NaHCO3-Po  NaOH-Pi  NaOH-Po  HCl-P  Residual-P  

CK0 6.92 (1.02)  25.01 (0.77)  10.94 (2.16)  57.17 (5.42)  25.01 (1.67)  23.45 (2.18)  360.37 (8.10)  

CK 6.25 (0.77)  23.89 (2.97)  9.16 (0.71)  43.99 (5.75)  31.04 (2.58)  19.21 (2.06)  364.88 (7.90)  

NPK 9.60 (1.41)  42.65 (3.45)  11.17 (1.93)  69.67 (8.12)  36.18 (3.73)  23.67 (2.98)  362.58 (15.36)  

CNPK 16.08 (2.74)  41.54 (2.88)  13.62 (2.22)  61.19 (3.72)  58.06 (5.84)  18.31 (3.01)  365.96 (17.75)  

SNPK 8.61 (1.32)  40.72 (3.24)  10.53 (1.91)  65.79 (3.63)  37.36 (3.94)  20.63 (1.29)  355.23 (6.47)  

CK0: the initial soil in 2013; CK: the unfertilized control; NPK: N+P+K mineral fertilizer; CNPK: biochar in 650 

combination with NPK mineral fertilizer; and SNPK: corn straw in combination with NPK mineral fertilizer. 651 

Resin-P: resin exchanged phosphorus; NaHCO3-P (Pi and Po): NaHCO3 extracted state inorganic phosphorus and 652 

organic phosphorus; NaOH-P (Pi and Po): NaOH extracted state inorganic phosphorus and organic phosphorus; 653 

HCl-P: 1 mol L dilute hydrochloric acid to extract phosphorus; and Residual-P: residual phosphorus. Same below. 654 
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Table 3 Concentrations and proportions of P compound classes by solution 31-phosphorus 655 

nuclear magnetic resonance spectra. 656 

P composition P content (mg kg-1) 

   CK0   CK    NPK   CNPK   SNPK   

Total Pi  94.2 (7.9) d 114.3 (7.0) c 143.8 (11.3) b 173.2 (10.7) a 107.4 (2.5) cd 

Total Po  63.6 (6.7) a 30.6 (3.1) c 39.6 (3.1) b 43.8 (2.9) b 71.1 (1.7) a 

Orthophosphate  91.6 (5.5) c   106.2 (5.0) c 136.8 (8.8) b 166.2 (10.4) a 98.1 (8.1) c 

Pyrophosphate  2.6 (0.3) b 3.0 (0.3) b 2.2 (0.1) b 1.7 (0.1) b 4.9 (1.4) a 

Mono  60.3 (6.4) a 25.9 (3.0) c 37.3 (2.9) b 37.1 (2.3) b 62.0 (7.7) a 

Diester  3.3 (0.4) b 1.2 (0.1) c 2.0 (0.2) c 4.8 (0.3) a 3.9 (1.1) ab 

Mo/Di  18.3 (1.5)  21.6 (1.8)  18.7 (2.2)  7.8 (0.8)  15.9 (0.6)  

Total IHP  37.6 (4.0) a 21.2 (2.0) c 28.2 (2.2) b 31.0 (1.9) b 41.2 (1.9) a 

AMP  0.0 c 2.8 (0.3) b 7.5 (0.5) a 7.0 (2.2) a 6.3 (1.8) a 

DNA  3.1 (0.3) a 0.0 d 0.9 (0.1) c 2.4 (0.1) b 2.1 (0.6) b 

c Mono  41.2 (4.4) a 21.5 (2.5) c 30.1 (2.4) b 28.0 (1.7) b 47.9 (3.7) a 

c Diester  22.4 (2.4) a 5.7 (0.6) d 9.4 (0.7) cd 13.9 (0.9) bc 18.0 (5.1) ab 

c Mo/Di   1.8 (0.1)   3.8 (0.3)   3.2 (0.3)   2.0 (0.2)   2.7 (0.2)   

Total IHP: total inositol hexakisphosphate (sum: myo-Inositol hexakisphosphate; scyllo- Inositol 657 

hexakisphosphate; neo- Inositol hexakisphosphate; and D-chiro- Inositol hexakisphosphate.); Total Pi: total 658 

inorganic phosphorus; Total Po: total organic phosphorus; Mono: orthophosphate monoesters; Mo/Di: 659 

Monoester/Diester ratio; and c: denotes the correction for degradation products. Same below 660 
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Table 4 Correlation coefficients among P fractions in the Hedley improvement method (1993) 661 

and soil P compounds (n=15). 662 

P fraction Orthophosphate Pyrophosphate Total IHP AMP  DNA  c Monoester   c Diester 

Resin-P 0.907**  -0.484*  0.045 0.241  0.314  -0.181  0.006 

NaHCO3-Pi 0.630**  0.002  0.272 0.935**  0.121  0.192  -0.019 

NaHCO3-Po 0.799**  -0.549*  0.236  0.457*  0.568*  -0.003  0.277 

NaOH-Pi 0.317  0.053  0.552* 0.651**  0.381  0.510*  0.332 

NaOH-Po 0.883**  -0.342  -0.043 0.713**  0.144  -0.244  -0.144 

HCl-P -0.382  -0.024  0.290 -0.237  0.191  0.393  0.340 

Residual-P 0.847**  -0.789**  -0.485*  0.252  -0.015  -0.691**  -0.332 

c: denotes the correction for degradation products. r - value was shown. Indicating significance (Person coefficient 663 

are as follows: *P < 0.05; **P < 0.01). 664 
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Figure 1665 

 666 
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Figure 2667 
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Figure 3669 
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