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Turning maize straw into biochar is useful for improving soil fertility and mitigating climate
change. However, the difference between straw and straw-derived biochar on soil
aggregate associated humic substances has not been sufficiently studied in brown
earth soil. The objective of this study was to investigate how different straw
management practices affect soil humic substances and aggregate-associated humic
substances in the field. As such, an eight-year study (2013–2020) was conducted on
brown earth in Northeast China. Three treatments were applied: 1) CK, in which only
chemical fertilizer was applied every year; 2) BC, in which biochar was applied at a rate of
2.625 t ha−1 (the same rate of chemical fertilizer as that in the CK was applied); 3) SR, in
which straw was returned at a rate of 7.5 t ha−1 (the same rate of chemical fertilizer as that
in the CK was applied). Both biochar and straw improved soil aggregate stability that
reflected by the mean weight diameter (MWD) and geometric mean diameter (GMD).
Compared to the CK treatment, the BC treatment enhanced humic carbon (HMC) both in
bulk soil and different aggregate fractions. Biochar decreased the humic acid carbon
(HAC) in bulk soil compared to the initial content, but no differences were observed
between BC and CK after the eight-year field experiment. All of the aggregate-associated
HAC contents were significantly enhanced in response to BC treatment. SR was an
effective way to improve soil organic carbon (SOC) and humic substances in bulk soil and
aggregate fractions. SR had a relatively small effect on the relative proportions of the C
functional groups. Solid-state 13C cross-polarization magic-angle-spinning nuclear
magnetic resonance (CPMAS-NMR) spectra of bulk soils revealed that biochar
increased the proportion of aromatic C. The ratios of alkyl C/O-alkyl C, aromatic
C/aliphatic C, and hydrophobic C/hydrophilic C increased in response to the BC
treatment compared to the other treatments. Taken together, biochar amendment can
enhance soil aggregate stability, aggregate-associated HMC and stability of SOC on the
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scale of an eight-year field experiment. Biochar could be an effective approach to
sequestrate carbon and improve the quality of brown earth soil.

Keywords: soil aggregate, soil humic substances, biochar, 13C solid NMR, maize straw, soil organic carbon
sequestration

INTRODUCTION

The soil organic carbon (SOC) pool contains approximately
2.4×1012 t of carbon worldwide and is the largest terrestrial
carbon pool compared to the atmospheric carbon pool and
terrestrial vegetation carbon pool (Stockmann et al., 2013).
Minor changes in the SOC pool can markedly affect the
concentration of atmospheric CO2, aggravating the greenhouse
effect (Han et al., 2016). According to statistics, 1.3×1011 t of
global SOC was lost from the top 2 m due to agricultural activities
during the past two centuries (Sanderman et al., 2017). Therefore,
agricultural practices strongly affect carbon balance. SOC can be
considered the most important component, as SOC can maintain
fertility and productivity in the field (Diacono and Montemurro,
2010). Intensive land use in recent decades and current
agricultural practices have led to soil degradation and a
decrease in SOC contents in farmland. Soil degradation has
negative effect on the quantity and quality of food production.
Decreases in crop yields and agronomy production severely
threaten food security for humans (Lal, 2006; Lal, 2009).
Therefore, effective farming practices to maintain or enhance
SOC are crucial for the sustainable development of agriculture.

Crop residues are an important source of SOC, and SOC plays
a predominant role in improving soil fertility and soil functions
(Ndzelu et al., 2021). During the decomposition of crop residues,
nutrients and energy are released for soil microbes (Cui et al.,
2018). Therefore, the return of straw to the soil is a common
practice to improve the SOC content and maintain soil fertility
(Choudhury et al., 2014; Cui et al., 2018). Straw amendments
were shown to sharply enhance SOC contents in the first 3 years,
although the rate of increase in the next few years was slower
(Wang et al., 2021). However, straw amendment release large
amounts of greenhouse gases (Yang et al., 2017). This is not
conducive to the realization of “carbon neutralization” from a
sustainable perspective. In recent decades, the use of biochar as a
soil amendment has been a popular research topic. Biochar is a
solid product produced through pyrolysis in an oxygen-limited
environment and use used for agriculture and forestry (Chen
et al., 2013; IBI, 2013). Biochar particles have an abundance of
pores, a large specific surface area and a high cation exchange
capacity (Liu et al., 2015; Chen et al., 2019). Biochar is considered
an ideal material for carbon sequestration due to its stable
properties. Biochar as a soil amendment can enhance crop
yield (Mahmoud et al., 2019; Ali et al., 2020), improve soil
total porosity and the water-holding capacity (Gao et al.,
2019b), and decrease the bio-availabilities of heavy metals and
organic pollutions (He et al., 2018; Xia et al., 2019). Biochar
contains high amounts of carbon and has considerable potential
for increasing the SOC content. Biochar applied to soil could
enhance SOC directly through stable carbon; biochar can also

promote soil biogeochemical processes and reduce the
mineralization of native soil organic carbon, which is referred
to as a negative priming effect (Ding et al., 2018). Owing to its
inherent characteristics and negative priming effect, biochar can
enhance soil carbon sequestration (Weng et al., 2017; Blanco-
Canqui et al., 2020; Qianqian Zhang et al., 2021).

Soil aggregates can protect SOC from decomposition by
microorganisms via physical barriers (Six et al., 2002). Humic
substances are a series of highly acidic, relatively high-molecular-
weight, yellow to black colored substances that are generated
during the decomposition and transformation of plant and
microbial remains (Dou et al., 2020). Humic substances are
the largest components of SOC and represent the most stable
and microbially recalcitrant components of SOC (Bronick and
Lal, 2005; Wang et al., 2016; Dou et al., 2020). Therefore, humic
substances play a vital role in soil carbon sequestration and long-
term storage. Humic substances can be separated into three
fractions according to their acid or alkali solubility, fulvic acid,
humic acid, and humin (Waksman, 1925). Human substances are
useful in the aggregation process, and soil aggregates can also
protect humic substances from long-term persistence
(Bongiovanni and Lobartini, 2006). A new soil organic matter
(SOM) model named the “soil continuum model” was proposed
by Lehmann and Kleber (2015), who considered that the evidence
could not support the formation and existence of “humic
substances” in soils. However, Dou et al. (2020) argued that
humic substances are distinctive and complex, and the traditional
humic substances model is still relevant. Baveye and Wander
(2019) considered that the key reason for the slow rate of progress
in humic substances might be attributed to the extreme
compartmentalization of research and education in soil science.

Biochar produced at different pyrolysis temperatures had
different impacts on soil humic fractions in a one-year
incubation study; biochar produced at 300°C and 400°C
increased the HAC content, but biochar produced at 500°C
and 600°C decreased the HAC content (Zhao et al., 2018).
Based on the 13C isotope method, cotton straw-derived
biochar more preferentially formed HMC in a 180-days
laboratory incubation experiment (Song et al., 2020). In a
tropical sandy loam, biochar increased the SOC content and
all humic fractions at 15 t ha−1 and 30 t ha−1 application rates
(Amoakwah et al., 2020). In a 3-year field experiment, biochar
increased the SOC, HMC, and HAC contents but decreased the
FAC content compared to no biochar application (Meng et al.,
2016). Distinct effects of biochar on soil humic substances have
been reported in previous studies, but how maize straw biochar
affects soil humic substances fraction needs systematic research in
brown earth areas.

Northeast China is situated in the golden maize belt of the
world and is a main grain production area. Maize straw yield is a
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renewable resource with great potential. According to statistics
presented by the Ministry of Agriculture and Rural Affairs, the
yield of straw reached approximately 8.6 × 108 t in 2020, and the
amount of collectable resources reached 7.2×108 t (Huo et al.,
2022). The conventional method for crop residue management is
in situ burning in farmland, which cause severe air pollution and
a waste of resources (Fang et al., 2015). Suitable straw
management practices should be carried out for a large
number of straw resources. Turning these resources into
biochar is a suitable practice. Previous studies on the effect of
biochar on soil humic substances have mainly focused on
laboratory conditions, and less attention has been given to
long-term effects in the field. In the current study, we aimed
to investigate the long-term (8 years) impacts of straw and straw-
derived biochar under the same biomass on soil aggregate
distribution and stability, soil humic substances and aggregate-
associated humic substances. Compared to straw, straw-derived
biochar had a distinct composition and concentration of organic
carbon. We hypothesize that straw-derived biochar as a soil
amendment would have a greater positive effect on the
aggregate formation and humic substances of carbon
compared to straw return because biochar contains more
humic-like substances.

MATERIALS AND METHODS

Site Description
A long-term field experiment was conducted at the Shenyang
Agricultural University biochar trial station in Liaoning Province,
China (41°49′N, 123°33′E), and the study was started in May
2013. The site was situated in the northern temperature zone with
a semi-humid continental climate. The annual mean temperature
is 6.2°C–9.7°C, and the average annual precipitation is between
600 and 800 mm. The soil at the site is a Haplic Luvisol according
to the classification system of the world reference base for soil
resources (WRB). Before the field experiments, the planting mode
in this field was continuous cropping of spring maize; chemical
fertilizers were applied annually and no other amendments were
applied. The straw was removed after harvest in every autumn.

The basic properties of the soil were measured at the very
beginning of the experiment, the results of which are listed in
Table 1.

Straw and Biochar Preparation and
Experimental Design
Maize straw was collected from the field in autumn after harvest
every year and then air dried. Then, the straw was crushed into
small segments (5–7 cm) by a grinder. Biochar was subsequently
produced by a vertical kiln produced by Jinhefu Agriculture
Development Company (Liaoning province, China). The
pyrolysis temperature was 450°C, and the pyrolysis duration
was 90 min. The basic properties of the straw and biochar are
listed in Table 2.

Three treatments were applied in the current research: a
control (CK), in which chemical fertilizer only was applied
annually; BC, in which biochar was applied at a rate of
2.625 t ha−1 annually in conjunction with the CK treatment;
and SR, in which straw was returned at a rate of 7.5 t ha−1

annually in conjunction with the CK treatment. The straw
application rate was based on the average yield of maize straw
in this region, and the biochar application rate was based on the
transformation efficiency (35%) of straw conversion into biochar.
All the treatments involved the same chemical fertilizer
application rate (120 kg ha−1 N, 60 kg ha−1 P2O5, and
60 kg ha−1 K2O). All the chemical fertilizers were applied once
as basal fertilizers before sowing, and the amendments were also
applied before sowing annually. The planting pattern was
continuous maize cropping. The maize was planted early in
May and harvested at the end of September.

Soil Aggregate Separation
A wet sieving method was used to determine the soil aggregate
class and stability (Elliott, 1986). The soil aggregates were
separated into four size fractions: large macroaggregates
(>2000 μm), small macroaggregates (250–2000 μm),
microaggregates (53–250 μm), and the aggregates composing
the silt + clay fraction (<53 μm). Undisturbed soil samples
were sieved through an 8 mm mesh screen during the air
drying process. Then, 50 g of the prepared samples was placed
on top of a series of sieves. The samples were then immersed in
distilled water for 5 min, and the sieves were shifted upward and
downward approximately 3 cm and at approximately 30 strokes
per minute. All the aggregate fractions were oven dried at 60°C
until a constant weight was reached and stored for further
analysis.

Humic Substance Fractions
The humic substance fractions were extracted by the sodium
hydroxide-hydroxide sodium pyrophosphate mixed solution
method (Wang et al., 2016). Both bulk soil samples and
aggregate samples were sieved through a 0.25 mm mesh
screen. Then, 5.00 g of the bulk samples was weighed in a
100 ml centrifuge tube, and 30 ml of deionized water was
added. After shaking in a constant-temperature environment
(70°C, 145 r min−1) and centrifuging at 3,500 r min−1, the
supernatant was collected and filtered for analysis; this fraction
is referred to as dissolved organic carbon (DOC). Then, the
residue and soil aggregate samples were extracted by a
solution consisting of a mixture of 0.1 M NaOH and 0.1 M

TABLE 1 | Basic properties of the soil tested at the beginning of the experiment.

Soil index Value

pH (m:v = 1:2.5) 7.4 ± 0.2
Bulk density (g cm−3) 1.31 ± 0.11
Total nitrogen (g kg−1) 1.20 ± 0.12
Total phosphorus (g kg−1) 0.38 ± 0.04
Soil organic carbon (g kg−1) 11.0 ± 0.02
Dissolved organic carbon (g kg−1) 0.26 ± 0.01
Fulvic acid carbon (g kg−1) 0.72 ± 0.29
Humic acid carbon (g kg−1) 2.43 ± 0.15
Humic carbon (g kg−1) 6.45 ± 0.03
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Na4P2O7. Then, the supernatants were dissolved in 0.5 M H2SO4,
after which the acid-insoluble humic acid carbon (HAC) from
acid-soluble fulvic acid carbon could be separated (Falsone et al.,
2016). The solid residue remaining in the centrifuge tubes was
humin [humic carbon (HMC)]. The DOC, FAC, and HAC were
determined by a multi-TOC analyzer (Analytic Jena 3100,
Germany), and the SOC and HMC were detected by an
Elementar Vario max analyzer (Elementar Macro Cube,
Germany).

Solid Nuclear Magnetic Resonance (13C
NMR) Analysis
The composition of the SOC was measured by solid-state 13C
nuclear magnetic resonance spectroscopy with cross-polarization
and magic-angle spinning nuclear magnetic resonance (CPMAS-
NMR) (Li et al., 2013). To improve the accuracy of detection, we
removed any paramagnetic compounds and minerals by
hydrofluoric acid (Chen et al., 2018). We obtained NMR
spectra by a 400-MHz Bruker AVANCE Ⅱ spectrometer.
Hexamethylbenzene was used to generate an external standard
spectrum, and four chemical shift regions were used as specific
organic C groups in each NMR spectrum: alkyl C (0–46 ppm),
O-alkyl C (46–114 ppm), aromatic C (114–164 ppm), and
carbonyl C (164–220 ppm) regions. We obtained the relative
contents from the spectra via integration.

Other Properties
Soil pH was measured using a glass electrode (HANNA HI2221,
Italy); the solid-water ratio was 1:2.5 (w:v). The total nitrogen
contents of soil and amendments were determined by an
Elementar Vario max Analyzer (Elementer Macro Cube,
Germany). Soil bulk density was determined by the soil core
and cutting ring method. The soil phosphorus content was
determined by the H2SO4 and HClO4 digestion method. The
ash content and volatile matter of biochar and straw were
determined by the combustion method (Chen et al., 2018).
The specific surface area and average pore size of the
amendments were determined by the
Brunauer–Emmett–Teller (BET) method (Yang et al., 2017).

Calculations and Statistical Analysis
The mean weight diameter (MWD), geometric mean diameter
(GMD), and macroaggregate contents (R > 250 μm) are usually
used to indicate aggregate stability. These indexes were calculated
using the following equations (Mazurak 1950; van Bavel 1950):

MWD � ∑n
i�1�xiWi

∑n
i�1Wi

(1)

GMD � EXP⎡⎢⎢⎣∑n
i�1miln�xi

∑n
i�1mi

⎤⎥⎥⎦ (2)

where Wi is the weight percentage of every soil aggregate fraction
(%), x is the mean diameter of the soil aggregate fraction (μm),
and mi is the weight of the soil aggregate fraction (g).

The stability of SOC was shown by the ratios of alkyl C to
O-alkyl C, of aromatic C to aliphatic C, and of hydrophilic C to
hydrophilic C. The formulas were calculated as follows:

Alkyl C

O − alkyl C
� Alkyl C
O − alkyl C

(3)
Aromatic C

Aliphatic C
� Aromatic C
Alkyl C + O − alkyl C

(4)
hydropholic C

hydrophilic C
� Alkyl C + Aromatic C
O − alkyl C + Carbonyl C

(5)

All the data were calculated and arranged in Office Excel 2016.
One-way analysis of variance (ANOVA) was used to analyze the
differences among treatments according to the lease significant
difference (LSD) test. All the graphs were constructed via Origin
2022 software (Origin Lab, Inc., Northampton, United States).

RESULTS

Soil Aggregate Distribution and Stability
As shown in Figure 1, the soil aggregate size distribution changed
after 8 years of applications of straw and biochar as soil
amendments. The small macroaggregate (250–2000 μm) size
fraction was dominant in the soil, with a proportion of
58.23%–67.43%. The silt + clay size fraction accounted for the
lowest proportion, ranging from 4.34%–8.89%. Moreover, the
biochar and straw amendments significantly decreased the silt +
clay size fraction by 32.25% and 51.16%, respectively. Straw
amendments significantly increased the proportion of
macroaggregates. The ratio of macroaggregates to
microaggregates significantly increased in response to biochar
and straw (p < 0.05), and the same trend was also observed for the
soil aggregate stability, MWD and GMD; the trend of MWD,
GMD and the ratio of macroaggregates to microaggregates was
SR > BC > CK (p < 0.05). Compared with biochar, straw
amendments had a greater effect on soil aggregate stability.

TABLE 2 | Basic properties of the organic materials.

Material pH (m:v = 1:25) Total
carbon (g kg−1)

Total
nitrogen (g kg−1)

Ash content (%) Surface
area (m2 g−1)

Average
pore size (nm)

Volatile matter (%)

Biochar 9.2 ± 0.2 660.0 ± 12.8 12.7 ± 0.5 15.57 ± 0.33 8.87 ± 0.81 16.23 ± 0.88 21.94 ± 2.81
Straw 7.8 ± 0.1 429.3 ± 15.9 5.4 ± 0.3 3.78 ± 0.41 3.43 ± 0.25 10.75 ± 1.02 80.14 ± 2.56
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Soil Organic Carbon and Humic Substances
in Bulk Soil
As shown in Figure 2, compared with the initial SOC content, the
SOC content in the CK decreased (p < 0.05) after 8 years, but the
SOC content increased by 53.73% and 51.92% in the BC and SR
treatments, respectively, compared to the CK treatment.
However, compared to the initial SOC content, the SOC
content decreased by 14.92% in the CK treatment, and the
SOC content in the BC and SR treatments increased by
30.80% and 29.26%, respectively.

The DOC contents markedly decreased after 8 years of field
experiments. The decrease in DOC in the CK treatment compared
with the initial DOC value was the greatest, followed by that in the
BC treatment and then that in the SR treatment, and the values in all
the treatments reached significant levels (p < 0.05).

The FAC contents were not different between the CK and BC
treatments, and the FAC contents of the CK and BC were also not
different from the initial FAC contents. Only the SR treatment
significantly enhanced the FAC content after 8 years of straw
amendment (p < 0.05). Both the CK and BC decreased the HAC
contents compared to the initial HAC contents (p < 0.05).
Compared with the BC and CK treatments, the SR treatment
resulted in higher HAC contents. However, a difference between
the FAC content in the SR and the initial FAC contents was
observed. The HMC contents were in the following order: BC >
SR > CK. Compared with the initial HMC content, the HMC in

the CK did not change after 8 years of farming practices. The
(HAC + FAC)/HMC ratio was ranked as follows: initial > CK >
SR > BC (Figure 2). All the differences in the ratio of (HAC +
FAC)/HMC were significant (p < 0.05).

Soil Organic Carbon and Humic Substances
in Soil Aggregates
Organic materials increased all aggregate-associated organic
carbon compared to that in the CK treatment. In the large
macroaggregate (>2000 μm) and microaggregate (53–250 μm)
fractions, the aggregate-associated organic carbon contents
were in the order of SR > BC > CK, but in the small
macroaggregate and silt + clay fractions, the aggregate-
associated organic carbon contents were in the order of SR =
BC > CK. Biochar and straw increased the SOC content of large
macroaggregates by 39.82% and 62.45%; the SOC content of
small macroaggregates by 15.46% and 14.98%; the SOC content
of microaggregates by 30.73% and 53.98%; and the SOC content
of the silt + clay fraction by 68.28% and 70.79%.

The FAC in the different aggregate fractions exhibited the
same trend: compared with the CK and BC treatments, the SR
treatment presented a higher FAC contents. The HAC
contents in all aggregate fractions exhibited the same
trend—SR > BC > CK. Compared with the other
treatments, the BC treatment resulted in the highest HMC
content in the aggregate fractions (excluding the

FIGURE 1 | Effects of different strawmanagement practices on the soil aggregate distribution (A), mean weight diameter (MWD) (B), and geometric mean diameter
(GMD) (C), ratio of macroaggregates to microaggregates (D) in brown earth soil after 8 years. The error bars represent the standard deviations of the mean values (n = 3).
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microaggregate fraction), and compared with the CK
treatment, the SR treatment also enhanced the HMC
contents after 8 years of farming practices.

Solid-State 13C NMR Spectra
The 13C NMR spectra of all treatments are shown in Figure 3. The
solid-state 13C NMR spectra showed the carbon functional structures
(carbon species) of different treatments. Combined with Table 3, the
relative proportions of functional groups showed almost no different
between SR and CK; alkyl C ranged from 21.32 to 22.29%, O-alkyl C
ranged from 33.12 to 34.46%, aromatic C ranged from 29.90 to
28.31%, and carbonyl C ranged from 15.65 to 14.39%. In contrast,
compared with the CK and SR treatments, the BC treatment caused
changes in the relative proportion of carbon functional groups. As

shown in Table 3, the relative proportion of aromatic C was 52.54%
in the BC treatment. The ratios of alkyl C/O-alkyl C, aromatic
C/aliphatic C, and hydrophobic C/hydrophilic C were higher in
the BC treatment than in the other treatments.

DISCUSSION

Effects of Maize Straw and Straw-Derived
Biochar on Soil Aggregates and Aggregate
Stability
In the current study, both biochar and straw as soil amendments
increased the macroaggregate contents and decreased the silt + clay

FIGURE 2 | Effects of different straw management practices on soil organic carbon (SOC) (A), dissolved organic carbon (DOC) (B), fulvic acid carbon (C), humic
acid carbon (HAC) (D), humic carbon (HMC) (E) and the ratio of HAC and FAC to HMC (F) after eight-year field experiments. The error bars represent the standard
deviations of the mean values (n = 3). The different lowercase letters indicate significant differences between the different treatments. The initial properties are those
measured at the beginning of the experiments.
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contents (Figure 1). These results suggested that these soil
amendments could promote the bonding of smaller soil fractions
to form macroaggregates. Compared with the CK treatment, the SR
treatment increased both small macroaggregates (250–2000 μm) and
large macroaggregates (>2000 μm). In addition, compared with the
CK treatment, the BC treatment increased only the small
macroaggregate (250–2000 μm) fractions. The macroaggregate
contents were also higher in the SR than in the BC, but both
were significantly higher than they were in the CK. Biochar and
straw application could provide different aggregate binding agents.
The effects of biochar on soil aggregate stability have remained
controversial until now: biochar as a soil aggregate has been
shown to significantly enhance soil aggregate stability (Luo et al.,
2020; Han et al., 2021; Zhang et al., 2020; Shuai Zhang et al., 2021),

reduce it or have no effect (Rahman et al., 2017; Heikkinen et al.,
2019; Zhou et al., 2019). These different results might be caused by
many factors, such as differences in soil type, biochar feedstock and
climate. However, in the current study, BC had the same effect on soil
aggregate stability as did SR. The increase inmacroaggregate contents
led to the improvement in MWD and GMD in response to biochar
and straw applications. The underlying mechanisms of the effects of
biochar on soil aggregates might be explained as follows: biochar
enhanced the SOC and HMC, which could act as binding agents for
aggregates; biochar also contributed to the activity of soil
microorganisms, which would also be beneficial for the
aggregation process (Sun et al., 2021). Although the level of
improvement in aggregate stability was greater in response to
straw amendment than to biochar amendment, biochar remains
an ideal amendment for soil aggregation.

Effects of Straw and Straw-Derived Biochar
on Soil Organic Carbon and Humic
Substances in Bulk Soil
The most effective way to increase SOC is returning organic material
to the field. In the current study, after eight successive years of biochar
and straw amendments, the SOC significantly increased compared to
that in response to chemical fertilizer only (Figure 2). The chemical
fertilizer only decreased the SOC content compared to the initial
content. However, no differences in SOC contents were observed
between the BC and SR treatments after 8 years of field farming
practices. The SOC content is driven by carbon inputs and outputs
(Amundson and Biardeau, 2018). In a previous study, biochar
application resulted in higher SOC contents than did straw
amendment under equal carbon input (Xiaowei Zhang et al.,
2019). In the current study, the amount of carbon inputs was
inconsistent (SR > BC), the amount of carbon input due to SR
was 3.22 t year−1 in theory, and the amount of carbon input due to BC
was 1.73 t year−1 in theory.

However, biochar had the same effect, i.e., increased SOC, after an
eight-year field experiment (Figure 2). These results might be
attributed to biochar having more stable carbon contents than
straw does, and straw amendment could lead to more greenhouse
gas emissions (Yang et al., 2017; Huang et al., 2018). Biochar increases
the SOC content by direct and indirect effects; the direct effect is
mainly due to the stable properties of SOC contained in biochar, and
this proportion of SOC could mix with the SOC pool. Biochar also
had a negative priming effect, which is the potential reduction in
mineralization of the native SOC content (Blanco-Canqui et al., 2020;
Han et al., 2020). Therefore, biochar had a higher carbon
sequestration efficiency than straw did. These results could be
explained by the biochar structure and properties.

FIGURE 3 | Solid-state 13C NMR spectra of SOC in different treatments.

TABLE 3 | Relative contents (%) of organic functional groups revealed by solid 13C NMR spectroscopy in different treatments.

Treatment Alkyl C
(0–46 ppm)

O-alkyl C
(46–114 ppm)

Aromatic C
(114–164 ppm)

Carbonyl C
(164–220 ppm)

Alkyl C/
O-alkyl C

Aromatic C/
aliphatic C

Hydrophobic/
hydrophilic C

CK 21.32 33.12 29.90 15.65 0.64 0.55 1.05
BC 17.26 13.03 52.54 17.17 1.32 1.73 2.31
SR 22.29 34.46 28.31 14.39 0.65 0.49 1.04
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Soil HMC accounts for the largest proportion of SOC (Dou et al.,
2020). Traditional organic materials have the capacity to improve the
formation of soil humic substances (Yang et al., 2019; Jiuming Zhang
et al., 2019). Biochar as a kind of organic amendment has received
little attention in previous studies. Mazie straw biochar was shown to
enhance soil HMC and aggregate-associated organic carbon in
Mollisols (Jinjing Zhang et al., 2019). In the current study,
compared with the CK treatment, the SR enhanced DOC, FAC,
HAC, and HMC after an eight-year field experiment. In addition,
compared with the CK treatment, the BC treatment also increased
DOC and HMC contents, but no differences were observed in FAC
andHAC contents (Figure 2). Although biochar contains humic-like
compounds (Graber et al., 2015; Zhang et al., 2015), biochar still had
no effect on HAC or FAC in brown earth. The potential underlying
mechanisms still need further research.Moreover, comparedwith the
other two treatments in the current study, the BC treatment resulting
in the highest HMC content. These results could be explained by
biochar containing more alkyl C and aromatic C than the other
treatment components did (Figure 3 and Table 3). The straw
decomposition process could release labile carbon such as
polysaccharides, peptides and other small molecules; these active
substances could be beneficial for the formation of DOC, HAC, and
FAC. Therefore, SR enhanced almost all the humic substances after

8 years application. Biochar also partly consists of labile carbon and
could be useful for the humification process. However, in this study,
only DOC and HMC changed in response to biochar application.
Biochar applications increased HAC and FAC in aMollisol in a four-
year field experiment (Jinjing Zhang et al., 2019). The results of our
study were different from the results of Xiaowei Zhang et al. (2019).
These results might be due to the different soil types and biochar
application rates. The ratio of (HAC + FAC)/HMC reflects the
contribution and accumulation of amendments on the humic
fractions (Wang et al., 2016). The results indicated that BC was
more advantageous for the formation of HMC but that SR was
beneficial for the formation of HAC and FAC. However, the results
were different from those of the study by Jinjing Zhang et al. (2019).
Both biochar and straw were favorable for the formation of HAC in
that study. Our results were similar to the results of another study by
Zhang et al. (2022), in which biochar application was found to be
most beneficial for the enhancement of HMC.

SR treatment had little effect on the chemical composition of
SOC compared to that of the CK after the eight-year field
experiment (Figure 3 and Table 3). However, biochar clearly
altered the chemical composition of the SOC (Table 3). Biochar
as a soil amendment increased the amounts of alkyl C and
aromatic C. The stability of SOC was also enhanced by

FIGURE 4 | Effects of different straw management practices on aggregate-associated organic carbon (A), fulvic acid carbon (B), humic acid carbon (HAC) (C) and
humic carbon (HMC) (D) after eight-year field experiments. The error bars represent the standard deviations of the mean values (n = 3). The different lowercase letters
indicate significant differences between the different treatments.
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biochar application, as reflected by the ratios of alkyl C/O-alkyl C,
aromatic C/aliphatic C, and hydrophobic C/hydrophilic C. In
conclusion, biochar could enhance SOC stability for long-term
storage.

Effects of Biochar and Maize Straw on Soil
Aggregate Organic Carbon and
Aggregate-Associated Humic Substances
Both biochar and straw were shown to increase the aggregate-
associated organic carbon contents in previous studies (Zhang
et al., 2017; Dai et al., 2019; Jiuming Zhang et al., 2019). Similarly,
all aggregate fractions associated with the organic carbon contents
were increased by biochar and straw in the current study. Straw
decomposed by soil microorganisms could benefit the soil
aggregation process, as more binding agents for soil aggregation
would be produced by soil microorganisms. Biochar also has the
capacity to promote the formation of macroaggregates. Because of its
large specific area and cation exchangeable capacity, biochar has the
potential to form organo-mineral complexes, which would facilitate
the soil aggregation process (Liu et al., 2017). Macroaggregates have
been shown to protect SOC, enabling increased storage duration (Six
et al., 2002).Macroaggregates usually containmore SOC compared to
microaggregates (Mehmood et al., 2020; Shuai Zhang et al., 2021); our
results are consistent with the findings of these studies. Because the
small macroaggregate fraction dominated in the study, the small
macroaggregate-associated organic carbon dominated in the study.
However, microaggregates were reported to contain the highest SOC
contents in black soil in a previous study (Xiaowei Zhang et al., 2019),
and the silt + clay fraction associated organic carbon contents were
also higher in a sandy soil (Dai et al., 2019). Therefore, the different
results among different studies might be due to different soil types.

All aggregate fraction-associated humic substances in the SR
treatment were higher than those in the CK treatment (Figure 4).
These results indicated that straw residue carbon incorporated into
humic fractions was distributed in different aggregate fractions.
Although biochar and soil humic substances are completely
different, biochar applied to soil could be depolymerized by
special microorganisms for the formation of humic substances
(Placido et al., 2016). Biochar also had the same effect on HMC
and HAC. These results showed that biochar had the potential to
become incorporated into the HMC and HAC fractions, which
means that biochar comprised more stable components. Although
the total HAC contents in the bulk soil were not different between the
CK and BC treatments, the HAC within water-stable aggregates
increased in response to biochar application. This phenomenon
might be explained by the absence of the sieving process provided
by water-stable aggregates. The free particles might be washed away
during the sieving process, but more particles were enclosed by
aggregates. HAC might also be adsorbed by biochar particles.
Moreover, compared with the other treatments, biochar
application was more conducive to the formation of HMC. No
difference in HMC between the BC and SR treatments was observed
in the microaggregate fraction. Mukherjee et al. (2014) suggested that
biochar resulted in the formation of FAC prior to that of HAC in a
1.5-year field experiment. Our results indicated a different trend. The

difference might be due to the different test years and conditions.
Some HAC or FAC can be utilized by soil microorganisms during a
long-term field experiment (Zhao et al., 2018). These results indicated
that the microaggregate fraction was the most stable fraction and that
the organic carbon associated with microaggregates was also more
stable than that associated with the other fractions.

CONCLUSION

This eight-year study demonstrated that, compared with chemical
fertilizer alone, both maize straw and straw-derived biochar
enhanced macroaggregate contents and soil aggregate stability.
Both biochar and straw promoted the silt + clay fraction to form
macroaggregates. The contents of SOC and different humic
fractions contents in bulk soil were also generally higher after
the application of maize straw. However, biochar enhanced only
the DOC and HMC in the bulk soil. The contents of SOC and
humic substances fractions in the aggregate fractions also increased
in response to SR trentment, and biochar also enhanced the
aggregate-associated SOC, HMC, and HAC contents. Moreover,
biochar obviously altered the chemical composition of the SOC.
The ratios of alkyl C/O-alkyl C, aromatic C/aliphatic C, and
hydrophobic C/hydrophilic C increased in response to BC
treatment compared to SR and CK. Our findings suggested that
biochar amendment could enhance the long-term storage of SOC
both via macroaggregate protection and via the stability of SOC
(Gao et al., 2019b).
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