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Abstract
Little attention has been paid to how long-term application of crop straw and its biochar affects soil phosphorus (P) transfor-
mation and carbon (C) fractions. We conducted a 7-year field experiment including control treatment (chemical fertilizer only, 
CK), straw return (2.25 t  ha−1), and different amounts of biochar addition (11.25 t  ha−1 (0.5%BC) and 22.5 t  ha−1 (1.0%BC), 
to investigate influence of these amendments on soil C structure, P fractions, and their interaction with microorganisms. The 
13C nuclear magnetic resonance and soil P sequence fractionation were applied to capture changes of soil C compositions 
and P pool. Compared to CK, straw and biochar amendments decreased alkyl C/O-alkyl C, which is conducive to increased 
soil organic C. The 0.5%BC and 1.0%BC treatments enhanced recalcitrant aromatic C by 69.0% and 131%, respectively. 
Compared to CK (101.2 ± 33.32 mg  kg−1), the 0.5%BC and 1.0%BC treatments had a negligible effect on soil available P, 
while negative effects were observed in straw treatment (59.79 ± 9.023 mg  kg−1). Straw and biochar amendments increased 
primary P and occluded P, whereas had negligible effect on organic P. Redundancy analysis and correlation analysis indi-
cated that C compositions and P pool correlated to microbial community composition and enzyme activities, and aromatic 
C was the most related factor. Moreover, structural equation modeling indicated available P was most related to phosphatase 
activity and C composition. Our findings reveal the changes of soil P and C response under long-term crop straw and its 
biochar amendment, and can contribute toward improving understanding of the effect of biochar and straw return in future 
agriculture management.

Highlights
Seven-year biochar amendment favored SOC by increasing aromatic C. Available P varied little in biochar amendment but 
reduced under straw treatment. Aromatic C was the dominant factor for variations in microorganisms. Available P was most 
related to phosphatase activity and C composition.

Keywords Biochar · Paddy soil · Soil phosphorus fractionation · Carbon composition · Microorganisms

1 Introduction

The return of crop residues to the field is a direct and effec-
tive way to recycle resources, improve soil nutrient cycling, 
and increase crop yields (Jiang et al. 2019). Incorporating 
biochar formed by pyrolysis of crop residues into the soil 
has been proposed as an attractive strategy for increasing 
soil carbon (C) sequestration and improving soil fertility 
(Dong et al. 2018; Glaser and Lehr 2019; Majumder et al. 
2019; Zhang et al. 2020). Owing to the difference in carbon 
content and stability of crop straw and its biochar, long-
term application of crop straw and its biochar may change 
the concentration and composition of soil organic carbon 
(SOC). Exploration of the response of SOC composition 
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and the underlying mechanisms to crop residues and biochar 
amendments is critical for understanding C cycling.

The chemical structure of SOC itself has huge difference 
with soil types, which plays a vital role in its stability. The 
increase in the intensity of aromatic C after high-temper-
ature pyrolysis of biochar contributes to improvement of 
SOC (Liu et al. 2016; Bi et al. 2020). Regarding the applied 
biochar and the bulk soil as whole integrity, the analysis of 
the overall chemical structure is helpful for in-depth study of 
the changes in SOC. Soil microbial community and enzyme 
activities respond sensitively to changes in SOC structure 
(Liu et al. 2019; Wei et al. 2019). Not only the amount of 
SOC, but the C composition is also closely related to the 
microbial community composition and activity (Ng et al. 
2014). The improvement of soil physicochemical properties 
and introduction of C by biochar application can regulate 
the compositions, capacities, and functions of soil micro-
organisms (Palansooriya et al. 2019). The gram-negative 
bacteria prefer to exploit simple C groups (Holding 1960), 
which contributes to the promotion of recalcitrant C, espe-
cially aromatic C components. Similarly, Chen et al. (2019a) 
described that aromatic C was positively correlated to the 
 G+ bacteria abundance and 63: was an important factor 
in shaping composition of the main microbial groups and 
improving enzyme activities. Biochar application was shown 
to enhance the network structure stability of rhizosphere 
bacteria (Huang et al. 2019). In addition, soil enzymes are 
closely related to the transformation and mineralization of 
SOC (Sinsabaugh 2010). Wang et al. (2017) demonstrated 
that soil alkyl C and ketone C are the main influencing 
factors of enzyme activities, rather than C quantity. Most 
oxidoreductases have the ability to decompose recalci-
trant C. Chen et al. (2019a) illustrated positive correlations 
between phenol oxidase and aromatic C, and the increase 
in pH caused by the amendment of biochar also contrib-
uted to the increase of enzyme activities. Crop straw and 
biochar amendments may alter the chemical composition 
and decomposition degree of SOC, resulting in variations of 
soil microbial diversity and community structure. However, 
few studies have focused on changes in soil C structure and 
its feedback on microbial composition and enzyme activity, 
especially under long-term straw and biochar application 
(Chen et al. 2019a, b).

The mobilization and immobilization processes of soil P 
were intricate, and the regulation of soil P dynamics could 
be accomplished by changes to soil pH (Xu et al. 2018), 
the adsorption–desorption balance (Xu et al. 2014; Borno 
et al. 2018), and microorganism communities (Mitchell 
et al. 2015; Palansooriya et al. 2019). The influence of 
biochar application on soil phosphorus (P) availability 
is not consistent under different experimental conditions 
and durations (Anderson et al. 2011; Biederman and Har-
pole 2013; Ngatia et al. 2017). Meta-analysis results for 

short-term pot or incubation researches have described that 
biochar amendment mainly increases soil available P level 
with a large range of characteristics and application rates 
of biochar, soil types, or experimental conditions, whereas 
it is inclined to remain little change under field experi-
ments, particularly in long-term studies (Gao et al. 2019; 
Glaser and Lehr 2019). The increasing effect was mainly 
attributed to decreased soil acid and increased alkaline 
phosphatase enzyme activities and P-solubilizing bacteria 
(Zhou et al. 2020). Biochar can be used as a source of P 
to provide soluble and exchangeable P to soil, and it can 
also increase the availability of endogenous P by affect-
ing the complexation and metabolic effects related (Yang 
et al. 2021). However, the negative results were attributed 
to the strong adsorption capacity of biochar (Borno et al. 
2018). Biochar can also directly or indirectly affect the 
availability of P by affecting crop P uptake and soil P loss 
process (Yang et al. 2021). Moreover, soil microorganisms 
and extracellular enzymes play critical roles in transfor-
mation of soil P forms (Richardson and Simpson 2011; 
Liang et al. 2017), which can be altered by crop straw and 
biochar amendment. Applying biochar to soil can change 
the secretion of protons and organic acids and disturb the 
activity of soil phosphatase by affecting the diversity and 
activity of microorganisms, thereby affecting the con-
version of soil P (Yang et al. 2021). The application of 
biochar may also affect the microbial community through 
the provision of microbial niche environment (Lu et al. 
2020) and the change of soil pH. Exploration of relation-
ship between microbial community composition, enzyme 
activities and P pools is important for clarifying the vari-
ations of soil P availability under long-term amendment 
with crop straw and its biochar.

The microorganisms are the linkage between soil C com-
position and P pools. Jing et al. (2017) indicated that adding 
labile C to soil may favor soil P availability by increasing 
microbial turnover. Revealing relationships between soil C 
composition and P availability as well as associated microor-
ganisms, in addition to the potential underlying mechanism, 
is crucial for understanding the particularity of P cycling 
dynamic (Reed et al. 2015) in straw and biochar amended 
soils. It is therefore necessary to investigate the influence of 
soil C composition on microbial species and their functions, 
in addition to P dynamics after straw and biochar application 
to promote environmental sustainability of straw and biochar 
application (Ayaz et al. 2021; Pan et al. 2021), especially 
through long-term field experiments.

Therefore, based on long-term rice–wheat rotation field 
experiments in the Taihu Lake region focusing on amend-
ment with crop straw and its biochar, we investigated the 
response of microbial-mediated morphological variations 
of soil C composition and P pools during the wheat season 
in the seventh year. Our objectives were (i) to investigate 
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the influence of crop straw and biochar amendment on soil 
C structure; (ii) to observe the changes of various soil P 
pools; and iii) to characterize the variations in microbial 
community and enzyme activity dynamics affected by soil 
C composition and P speciation. We hypothesis that crop 
straw and biochar amendments will improve the availability 
of soil P and the stability of SOC structure, and increase the 
activity of microorganisms and enzymes.

2  Materials and methods

2.1  Field experiments

The field experiment was carried out at Yixing Agro-Envi-
ronment Research Base, the National Agroecosystem Obser-
vatory and Research Station of Changshu (YX, 119°54′E, 
31°16′N). The field was located about 1 km northwest of 
Taihu Lake, which is a typical rice–wheat cropping region. 
Four different treatments with three replicates included 
chemical fertilizer with no biochar (control; CK), chemi-
cal fertilizer with 11.3 t  ha−1 biochar (0.5%BC), chemical 
fertilizer with 22.5 t  ha−1 biochar (1.0%BC), and chemi-
cal fertilizer with 2.25 t  ha−1 crop straw (Straw) for each 
crop season. The experiment was set up in June 2010 from 
the beginning of rice-growing season. As rice transplanted 
inflooded soil after successive straw incorporation often 
grows and yields poorly (Zhao et al. 2014), therefore, the 
straw returning treatment adopted was at a level of 2.25 t 
 ha−1 per crop season, which was equal to its carbonized 
mass. The plots under four practices were randomly allo-
cated among the field. The biochar prepared from crop 
straw (pyrolysis at 500℃ for 8 h) was applied to the top-
soil (0–20 cm). Chemical fertilizer application rates were 
consistent across all treatments. P fertilizer applied for per 
season was 60 kg  P2O5  hm−2. The urea application dose was 
250 kg N  hm−2 (ratio 3:4:3 was applied basally, at tillering 
stage and jointing stage). The potassium application dose 
was 60 kg  K2O  hm−2. Soil samples were collected during the 
2017 wheat harvest season. Soil samples were air-dried and 
sieved (2 mm) prior to further analysis. Basic physical and 
chemical properties of collected soil samples were shown 
in Table 1.

2.2  Carbon‑13 nuclear mass resonance 
spectroscopy

In this study, 13C nuclear magnetic resonance (NMR) spec-
troscopy was used to observe soil C compositions. Soil 
samples were first processed with 10% HF for eight times 
and hydrogen peroxide for four times. 13C of subsamples 
was analyzed through Bruker Avance 400 (Bruker Bio-
Spin, Rheinstetten, Germany) with a resonance frequency 
of 100 MHz. We adjusted the contact time of 1000 µs, the 
relaxation time of 0.5 s, and the combination of ramp con-
tact mode and 64-step small phase increment alternately 
(SPINAL64) to decouple the pulse program. (Wang et al. 
2017). Soil C compositions were calculated by corre-
sponding chemical shift values of the spectra according to 
Shrestha et al. (2015). Details were expressed as follows: 
alkyl C (0–45 ppm), O-alkyl C (45–110 ppm), aromatic C 
(110–160 ppm), and carbonyl C (160–220 ppm) (Shen et al. 
2018). The ratios of soil alky C/O-alkyl C (A/O-A) and Aro-
matic C/(alkyl C + O-alkyl C + aromatic C) (Aromaticity) 
and (alkyl C + aromatic C)/(O-alkyl C + carbonyl C) (HI) 
were considered indicators of decomposition degree, com-
plexity and hydrophobicity of SOC (Shen et al. 2018; Zhang 
et al. 2019; Xu et al. 2020).

2.3  Soil P fractionation

The Tiessen and Moir (1993) fractionation method modified 
by Wang et al. (2016) was used to analyze the soil P level 
during the seventh year of the wheat harvesting stage. Soil 
samples were processed sequentially as follows: addition of 
deionized water with one resin strip (Sinopharm Chemical 
Reagent Co., Ltd); 0.5 M  NaHCO3 (pH 8.5); 0.1 M NaOH; 
1 M HCl; and  H2SO4 and  H2O2 digested at 360℃. The 
extraction process was reciprocated for 16 h followed by 
centrifugation and filtration through a 0.42 μm pore size 
filter membrane. The  NaHCO3 and NaOH extractions were 
divided into two portions to quantify contents of total P and 
inorganic P (Pi). Pi amounts were measured directly, and 
total P was measured after the digestion. The difference 
between total P and Pi above-mentioned was calculated as 
soil organic P (Po). Soil P concentrations were measured 
based on ascorbic acid molybdenum blue method (Murphy 
and Riley 1962) using an ultraviolet spectrometer (UV 2500 

Table 1  Basic physical and 
chemical properties of collected 
soil samples

SOC soil toal carbon, TP total phosphorus

pH SOC (g  kg−1) TP (mg  kg−1) Olsen-P (mg  kg−1)

CK 5.50 ± 0.08c 13.81 ± 1.65d 632.7 ± 50.17b 47.09 ± 15.82a
0.5%BC 6.26 ± 0.15b 32.39 ± 3.22b 622.8 ± 52.44b 36.75 ± 6.01ab
1.0%BC 6.70 ± 0.06a 39.87 ± 2.89a 734.4 ± 50.78a 52.30 ± 2.72a
Straw 6.18 ± 0.06b 18.86 ± 1.47c 535.8 ± 16.71b 26.41 ± 3.97b
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Japan). Each component can represent a specific P pool (Hou 
et al. 2016). Specifically, Resin-P and  NaHCO3-Pi were con-
sidered as available P that can be easily taken up by plants. 
 NaHCO3-Po and NaOH-Po represented an organic P pool. 
NaOH-Pi was accounted for secondary mineral P with poor 
availability. HCl-P was considered as primary mineral P 
which is bound with calcium and released by the weather-
ing process. Residual P represented occluded P that had the 
lowest availability because of its particularly low solubility.

2.4  PLFAs analysis

Soil microbial community compositions were analyzed 
by measuring soil phospholipid fatty acid (PLFA) con-
centrations. Bligh-Dyer extract  (VChloroform:  Vmethanol: 
 Vcitrate buffer = 1: 2: 0.8) was used for extraction of the lyophi-
lized soil lipids (Frostegard et al. 1993; Wang et al. 2016). 
Acetone, chloroform and methanol were sequentially added 
to Supelclean™ Solid Phase Extraction Tubes to finally 
purify the phospholipid component in the sample. After 
saponification, methylation and extraction steps, the sample 
to be tested was dissolved out with n-hexane for determina-
tion. The obtained samples were isolated and distinguished 
on a gas chromatograph (Agilent 7890 N, Wilmington, DE) 
equipped with a MIDI Sherlock microbial identification sys-
tem (Version 4.5, MIDI, Newark, NJ). The specific PLFAs 
abundance was calculated from the response value of the 
19:0 methyl nonadecanoate standard.

Soil microbial compositions were identified based on 
their specific PLFA biomarkers. The sum of i14:0, i15:0, 
a15:0, i16:0, i17:0, and a17:0 was the indicator for gram-
positive  (G+) bacteria; 16:1w7c, 18:1w7c, cy17:0, and 
cy19:0 for gram-negative  (G−) bacteria; 10Me16:0, 18:2w6c 
and 18:1w9c for fungi; and 16:1w5c for AMF (Frostegard 
et al. 1993; Zelles 1999; Bowles et al. 2014). Soil bacteria 
were the sum of  G+,  G−, 15:0 and 17:0.

2.5  Microbial activities

Nine hydrolases and oxidoreductases associated with soil P 
and C cycles were measured. Soil acid phosphatase (ACP), 
alkaline phosphatase (ALP), and β-glucosidase (β-GC) 
activities were calculated from the content of p-nitrophenol 
produced by the hydrolysis of different substrates (Taba-
tabai 1994; Eivazi and Tabatabai 1988). Nitrate reductase 
(NR) was determined by identifying the absorbance of red 
azo compounds (Guan 1986). Soil sucrase (SC) and urease 
(UE) activities were measured based on sodium thiosulfate 
titration and indophenol blue colorimetry method (Guan 
1986). Cellulase (CL) activity was determined with anthrone 
colorimetry method (Deng and Tabatabai 1994). Catalase 
activity (CAT) was calculated by amount of  O2 evolved and 

polyphenol oxidase (PPO) activity was measured by colored 
substances produced by catalytic pyrogallol (Montgomery 
and Sgarbieri 1975). The geometric mean of enzyme activity 
(Gmea), hydrolase (GH) and oxidoreductase (GOR) activi-
ties were calculated as followed.

2.6  Calculations and statistical analysis

The influence of straw and biochar amendments on soil 
parameters was tested using the Duncan method (P < 0.05) 
and one-way ANOVA by SPSS 17.0. Relationships between 
C compositions PLFAs and enzyme activities, and P pools 
PLFAs and enzyme activities were analyzed by redundancy 
analysis (RDA) using Canoco 4.5. Pearson correlation analy-
sis explored the linear relationship between C compositions, 
P pools, PLFAs and enzyme activities. Structural equation 
modeling (SEM) was employed to reveal the possible path 
for the potential underlying microbial mechanisms on avail-
able P under biochar and straw amendments altered SOC. 
In order to obtain the indexes characterizing microbial com-
munity compositions, enzyme activities, and soil C compo-
sitions, respectively, we averaged the Z-scores of PLFAs, 
phosphatase, and the relative abundance of functional 
groups using the function in vegan package. Adequate mod-
els were evaluated by χ2 test (χ2/df < 2; P > 0.05), goodness-
of-fit index (GFI > 0.9), and a low root-mean-square error 
of approximation (RMSEA) (P < 0.05). The SEM analyses 
were conducted by AMOS 22.0 (IBM Corporation 2013). 
The correlation diagram and Z-score calculation were per-
formed through R version 3.6.1.

3  Results

3.1  Relative abundance of C composition

The relative abundance and values of major C compositions 
are provided in Fig. 1. In the seventh wheat-harvesting sea-
son, the order of relative proportions of C compositions was 
O-alkyl C > alkyl C > aromatic C > carbonyl C (Fig. 1a). Soil 
aromatic C proportion increased along with biochar dose, 
which resulted in a decreasing trend in O-alkyl C and alkyl 
C. Soil aromaticity intensity increased by 68.7% and 132% 
at the two biochar dosages, and the ratio of A/O-A decreased 
by 5.5% and 11.2%, respectively (Fig. 1c, d). For the Straw 

(1)
Gmea =

9
√

ACP × GC × CAT × NR × UE × SC × CL × PPO

(2)GH=
6

√

ACP × ALP × �-GC × UE × SC × CL

(3)GOR=
3
√

CAT × NR × PPO
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treatment, the relative intensity of alkyl C enhanced by 8.9%, 
and the ratio of A/O-A decreased by 10.4% compared with 
chemical fertilization. The content of each soil C fraction 
was calculated by multiplying the proportions and the corre-
sponding SOC concentration. As the amendment with straw 
and its biochar significantly increased SOC concentration 
compared to CK, the absolute amount of all C fractions 
increased significantly (Fig. 1b).

3.2  Changes in soil P fractionation

The soil total P fraction ranged from 532.5 to 760.8 mg  kg−1 
and was highest under the 1.0%BC amendment and low-
est under the Straw treatment (Fig. 2). Compared with the 
CK treatment, the 0.5%BC and 1.0%BC biochar applica-
tions decreased soil secondary mineral P concentration by 
39.2% and 42.0%, respectively, but elevated soil occluded 

P concentration by 24.4% and 28.9%, respectively. A simi-
lar result was captured under the Straw treatment with a 
40.9% decrease in secondary mineral P and a 14.8% increase 
in the occluded P pool. Furthermore, the Straw treatment 
decreased the concentration of soil available P. However, no 
significant differences were found in the primary mineral P 
pool under 0.5%BC biochar and straw amendment compared 
with CK.

3.3  PLFA and soil enzyme activities

Total microbial contents were measured within the 
82.28–203.5  μg   g−1 range. As shown in Fig.  3, the 
0.5%BC, 1.0%BC, and Straw treatments significantly 
reduced soil fungal PLFA by 31.6%, 45.1%, and 40.6%, 
respectively. However, bacterial PLFAs did not vary sig-
nificantly under different treatments, and similar results 
were obtained in F/B and  G+/G− ratio values. Biochar and 

CK 0.5%BC 1.0%BC Straw
0

6

12

18

24

30
C-C C-O C=C C=O SOC

C
 fr

ac
tio

n 
(g

/k
g)

(b)

0

10

20

30

40

50

SO
C

 (g
/k

g)

49.2

15.3

9.9

25.6

37.4

34.7

8.6
19.3

8.5

15

48.4

28.1

8.3

25.4

42.8

23.5

C-C C-O C=C C=O

Relative proportion (%)

CK
0.5%BC
1.0%BC
Straw

(a)

CK 0.5%BC1.0%BCStraw
0.4

0.5

0.6

0.7

A/
O
-A

c
b

a

c

(c) (d) (e)

CK 0.5%BC1.0%BCStraw
0.0

0.2

0.4

0.6

Ar
om

at
ic
ity

c

b

c

a

CK 0.5%BC1.0%BCStraw
0.0

0.2

0.4

0.6

H
I

c

b

c

a

Fig. 1  The relative proportion (%) and value of shift regions of 13C 
CPMAS NMR spectra and C quality index in paddy soil during 
the wheat-growing season under different fertilization treatments. 
Four different fertilizer practices were no biochar (control, CK); 
11.3  Mg   ha−1 biochar (0.5%BC); 22.5  Mg   ha−1 biochar (1.0%BC); 
and 2.25 Mg  ha−1 crop straw (Straw) amended for each crop season. 

C–C, C-O, C = C, and C= O are symbolic representations of alkyl-C, 
O-alkyl-C, aromatic-C, and carbonyl-C, respectively. Vertical bars 
indicate standard deviations of the mean (n = 3). For each parameter, 
different letters indicate significant differences between means at 
P < 0.05
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straw amendments for seven years significantly facilitated 
soil enzyme activities based on increased Gmea, GH, and 
GOR geometric means (Fig. 4). The treatment of return-
ing straw back to field had a strong promotion effect on 
enzyme activity. However, biochar amendment reduced 

soil ACP and NR activities (P < 0.05) with the higher 
application amount, suggesting a strong inhibitory effect. 
CL and PPO were the two most active enzymes among 
nine measured enzymes, with the highest values under the 
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1.0%BC treatment with the activities of 427.1 ± 16.80 and 
471.8 ± 28.60 μmol  g−1  d−1, respectively.

3.4  Linking PLFA and soil enzyme activities to C 
compositions

In ordination space of soil C compositions and PLFA, more 
than 32% of the variation can be explained by the first RDA 
axis (Fig. 5a). Soil microbial compositions were positively 
related to aromatic C, whereas a negative relation was cap-
tured with alkyl C. Pearson correlation analysis showed that 
A/O-A ratio significantly facilitated fungal PLFA and further 
positively affected the F/B ratio value (P < 0.05).

Relationships between the C compositions and enzyme 
activities were showed in Fig. 5c. More than 85% varia-
tions of enzyme activities can be explained by the first axis 
and 5.4% was explained by the second axis. Similarly, soil 
aromatic C and alkyl C were the most influential factors, 
and aromatic C was positively related to enzyme activities 
under 1.0%BC amendment. As further shown in Pearson 
correlation analysis, soil aromatic C content, aromaticity, 
and hydrophobicity indicated a promoting relationship with 
CAT, PPO, and SC activities, whereas an inverse relation-
ship was shown with ACP and NR activities. However, soil 
alkyl C and O-alkyl C proportions showed opposite results 
for activities of the above enzymes.
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Fig. 4  Soil microbial enzyme activities and the geometric means 
of the assayed enzyme activities from soil under four fertilization 
treatments. Four different fertilizer practices were no biochar (con-
trol, CK); 11.3  Mg   ha−1 biochar (0.5%BC); 22.5  Mg   ha−1 biochar 
(1.0%BC); and 2.25  Mg   ha−1 crop straw (Straw) amended for each 

crop season. Gmea, GH, GOR are symbolic representations of all 
enzymes, hydrolases, and oxidoreductases. Vertical bars indicate 
standards deviation of the mean (n = 3). For each parameter, different 
letters indicate significant differences between means at P < 0.05
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3.5  Linking PLFA and soil enzyme activities to P 
fractions

Relationships among P speciation, microbial community 
compositions, and soil enzyme activities were illustrated 
by RDA and Pearson correlation analysis (Fig. 6). Soil 
microbial community compositions and enzyme activi-
ties accounted for 69.3% and 94.3% of the soil P variation, 
respectively. Variations in P fractions were explained more 
by enzyme activities than by PLFA. Specifically, the fun-
gal PLFA was positively correlated with  NaHCO3-Po and 
NaOH-Pi and negatively with residual P (Fig. 6b). Similarly, 
positive and high correlations were also observed between 
the F/B ratio and  NaHCO3-Pi and NaOH-Pi fractions. 
Moreover, variations in soil P fractions were more related 

to hydrolase activities than oxidoreductases (Fig. 6d), par-
ticularly for soil ACP activity.

3.6  Influence s of biochar and straw amendments 
on soil available P

The SEM result adequately suited the interaction pathway 
among SOC, C composition, microbial PLFAs, phosphatase 
activity, and available P in response to biochar and straw 
amendments (Fig. 7). The variation of SOC under biochar 
and straw amendmenst directly affected the relative intensity 
of soil C composition, explaining 71% of the variance. Soil 
phosphatase activity was negatively related to available P 
(R2 = 64%) (Fig. 7a). Phosphatase was the strongest predictor 
for soil available P, followed by soil C composition (Fig. 7b). 

Fig. 5  Redundancy analysis (RDA) and correlation diagram between 
C compositions and microorganisms under different fertilization 
treatments. Figures a and b were RDA and correlation diagrams 
between C compositions and microbial community. Figures c and 

d were RDA and correlation diagrams between C compositions and 
enzyme activities. Fitted site scores from the CK, 0.5%BC, 1.0%BC, 
and Straw treatments are displayed by circles, crosses, triangles, and 
squares, respectively. The red arrows represent C compositions
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The pathway of soil phosphatase activity was directly medi-
tated by microbial composition (R2 = 75%).

4  Discussion

4.1  Soil C quality and P pool responses to straw 
and biochar application regimes

For seven-year cropping of this paddy soil, the amendment 
with biochar had a better effect on the improvement of SOC 
than straw return, owing to the increase in recalcitrant aro-
matic C (Fig. 1). Aromatic C is usually derived from lignin 
and tannin that is relatively resistant to decomposition (Bal-
dock et al. 2004). Conjunction with the observation reported 
by Zhang et al. (2019), physical and biochemical protection 

through aromatic C within aggregate fractions advanced 
after maize straw biochar application for five years. Com-
pared to straw, the augmented relative amount of aromatic C 
under biochar amendment directly advanced the level of aro-
maticity intensity and hydrophobicity (the indicator of the C 
structure of soil), resulting in higher stability and biological 
and abiotic degradation (Leng et al. 2019). Compared to CK, 
straw amendment brought in easily decomposable organic 
C sources. However, the proportion of decomposition prod-
ucts (mainly alkyl C) in soil was reduced, resulting in low 
A/O-A ratio and indicating that SOC may be protected by 
physical and chemical characteristics and not decomposed 
and utilized by microorganisms (Shrestha et  al. 2015). 
Therefore, although the degree of soil decomposition under 
the treatment of straw and biochar is similar, the structural 

Fig. 6  Redundancy analysis (RDA) and correlation diagram between 
P fractions and microorganisms under different fertilization treat-
ments. Figures a and b were RDA and correlation diagrams between 
P fractions and microbial community. Figures c and d were RDA 

and correlation diagrams between P fractions and enzyme activities. 
Affected factors are denoted as red arrows and influencing factors are 
denoted by blue arrows
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complexity and stability of biochar are more conducive to 
the improvement of soil C.

Soil available P showed no significant variation after 
seven years in either of the two biochar addition amend-
ments; however, it was significantly reduced under the Straw 
treatment compared with CK (Fig. 2). A five-year biochar 
and nitrogen addition field experiment in upland red soil 
reported that only high-rate biochar increased soil available 
P and crop yield, but the effectiveness decreased year by 
year, and showed a negligible effect during the fifth year 
(Jin et al. 2019). The introduction of the P source of biochar 
contributed to the soil primary mineral P and occluded P in 
this study. Schneider and Haderlein (2016) illustrated that 
the main P form of pyrolyzed biochar was HCl-P, which 
represents the less available Ca-P in minerals. The high 
pyrolysis temperature of biochar helps to accumulate ther-
mally stable carbon (mainly aromatic C). High temperature 
also leads to a reduction of acidity resulting from the high 
amount of Ca and Mg, which promotes the adsorption of P 
(Ngatia et al. 2017). The adsorption of P by biochar may be 
attributed to exchange between solution anions of P and oxi-
dizing functional group on biochar surface, which can also 
be provided by volatile organic compounds (Chintala et al. 
2014). In addition, the organic P in the raw materials for 
biochar production gradually converted to inorganic P with 
the increasing pyrolysis temperature, which may explain the 

relative stability in the quantity of organic P pools observed 
in this study (Uchimiya et al. 2015; Glaser and Lehr 2019). 
The results of variations in P fractions indicated that the 
amendment with biochar mainly increased the P that was 
less available to plants, while had little effect on available P 
in wheat season.

4.2  Influence of straw and biochar amendments 
on soil phospholipid fatty acids and enzyme 
activity

Biochar addition could alter the microbial community 
composition and enzyme activity by changing soil physico-
chemical properties. Conflicting with the common results of 
beneficial effects observed with straw and biochar applica-
tion on soil microbial community composition (Biederman 
and Harpole 2013; Yuan et al. 2019), soil fungal biomass 
decreased in this study (Fig. 3), which indicated that the 
increased SOC content under straw and biochar amendments 
may not have provided a sufficient source of available C 
for microorganisms in our experiment. The unavailability of 
SOC is mainly due to the physical protection of aggregate 
stability and the chemical stability of clay minerals (Shen 
et al. 2018; Bi et al. 2020). Furthermore, rich organic-iron 
complexes in acidic and neutral paddy soils will also reduce 
the decomposition of labile soil C by microorganisms (Jones 
and Edwards 1998). Guo et al. (2020) reported that three 
months after biochar application, soil microbial commu-
nity structure and most enzyme activities were significantly 
increased, and the strongest effect was obtained at a pyroly-
sis temperature of 300℃. Soil enzymes can reflect the avail-
ability of soil nutrients and microbial activities (Sinsabaugh 
2010). The inhibitory effect of biochar treatment on ACP 
activity increased with the application amount (Fig. 4), 
which can be attributed to the biochar-induced decrease of 
soil acidity and enhancement in soil electrical conductivity 
and salinity (Zhai et al. 2015).

4.3  Interaction among C compositions, P fractions, 
and microorganisms

The patterns of soil PLFAs had important correlations with 
soil C fractions as identified with RDA and Pearson cor-
relation analyses, which further highlights the vital role of 
linking the nature of soil C with species and functions of 
the soil microorganisms (Fig. 5). Soil aromatic C was the 
main influencing factor to microorganisms. The differences 
in C compositions could be mainly attributed to changes in 
enzyme activity rather than to changes in microbial com-
munity compositions as explained by more than 90% vari-
ance in enzyme. According to the correlation graph, the ratio 
of A/O-A demonstrated a regulatory effect on soil fungal 
biomass and F/B value, and the increase for aromatic C 

Fig. 7  Structural equation modeling of different factors contributions 
on soil available P under biochar and straw amendments (a). The 
standardized total effects (direct plus indirect effects) were calculated 
by the structural equation model (b). Numbers on the arrows repre-
sent the standardized path coefficients. Black and red arrows indicate 
significant negative and positive relationships, respectively (P < 0.05). 
Dashed arrows represent the non-significant effects (P > 0.05). The 
provided R2 values associated with response variables indicate the 
proportion of variation explained by relationships with other variables
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facilitated soil PPO activity, resulting in a negative corre-
lation with soil O-alkyl-C and alkyl C. Soil PPO had the 
capacity to degrade more recalcitrant aromatic compounds, 
and further minimized the toxicity of phenolic molecules 
(Sinsabaugh 2010). Chen et al. (2019a) also obtained the 
beneficial effects of aromatic C on PPO. The significant cor-
relations of aromatic C with the activities of five enzymes 
validated that aromatic C has an important influence on 
enzyme activity. Our results highlighted the significance of 
the relationship between C compositions and soil microbial 
community compositions and functions. Soil aromatic C 
had the greatest impact on soil PLFA dynamics and enzyme 
activity.

Variation in soil microbial community composition regu-
lated changes of P fraction, particularly for NaOH-P fraction 
with F/B ratio and fungal biomass (Fig. 6), which was medi-
ated by the soil C composition. Moreover, more than 90% of 
variations in P fractions were related to enzyme activities, 
particularly with hydrolase enzymes, indicating the vital role 
in mineralization and decomposition of soil P. Further, SEM 
results showed that phosphatase activity played an irreplace-
able role in elevating available P, and soil C composition 
also had an indirect effect (Fig. 7). Different forms of C may 
affect available P through the regulation of phosphatase. Soil 
microbial community composition and enzyme activity are 
extremely important in SOC decomposition and P availabil-
ity regulation. Nevertheless, soil C chemistry and its inter-
relations with P following straw and biochar incorporation 
still require further research.

5  Conclusion

Seven-year biochar amendment favored SOC as a result 
of the increased recalcitrant aromatic C. Soil available P 
showed little variation under the biochar amendments, but 
reduced under the Straw treatment. Both straw and biochar 
addition increased soil primary P and occluded P. Soil C 
composition had a stronger influence on enzyme activities 
than microbial community composition, and aromatic C was 
the dominant component. Pearson correlation analysis illus-
trated that F/B and ACP activity could accelerate transfor-
mation in soil P fractions. Moreover, SEM results indicated 
that soil available P was most related to phosphatase activity 
and C composition. Our results contribute to understanding 
the difference in soil P pool and C composition and micro-
organisms under long-term amendment with straw and its 
biochar in dry-farming paddy soils.
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