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Abstract

Background Biochar application has been widely
acknowledged as an environment-friendly practice to
promote soil organic carbon (SOC) stabilization and
sequestration in agroecosystems. However, the inter-
action between fungal and minerals on organic carbon
storage and stabilization with biochar application still
remains unclear in saline-alkaline soil.

Methods In the present research, this interaction has
been studied by following 6 years treatments at an
experimental farm: i) CK, without any fertilization;
ii) NPK, only mineral fertilizer; iii) BC, 8.0 Mg ha™!
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biochar-based NPK and iv) FeBC, 8.0 Mg ha~! Fe
modified biochar-based NPK, respectively.

Results The results show that the relative content
of illite in BC and FeBC treatments was 4.8%-5.1%
higher than that in NPK treatment. Moreover, more
stable OC fractions and functional groups, including
particulate organic carbon (POC) and aromatic-C,
were found in BC and FeBC treatments. Meanwhile,
a positive relationship between illite and aromatic-C
was found. The two of which might form organic-
mineral complexes to decrease specific C mineraliza-
tion rate. Besides, biochar application increased the
diversity of soil fungal community and composition
at the phylum level, such as Ascomycota. Redundancy
analysis revealed that the content of soil POC and
SOC was the major property affecting fungal diver-
sity. Furthermore, the relative abundance of Asco-
mycota and Basidiomycota was positively correlated
with SOC storage.

Conclusion Effects of biochar, especially Fe-modi-
fied biochar last up to six years to improve the sta-
bility and storage of SOC in saline-alkali paddy soils,
which may be a better agro-management practice.

Keywords Biochar - Carbon - Clay minerals -
Fungus - Paddy soils
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Introduction

The soil, as the largest carbon (C) reservoir within
the terrestrial ecosystem, exchanges approximately
600 million tons of C with the atmosphere every year
and absorbs about 20% of anthropogenic C emissions
(Yang et al. 2021). Soil organic carbon (SOC) is not
only a critical indicator to evaluate soil quality (Liu
et al. 2023b; Samson et al. 2020), but also maintains
the long-term sustainability of agroecosystems and
global C storage. Small variations in SOC storage
could have large impact on global warming (Huang
et al. 2021). Previous studies have found that exog-
enous C addition could improve soil physicochemical
properties, microbial activity, and interactions with
minerals to promote SOC storage (Han et al. 2020;
Hao et al. 2022; Rakhsh et al. 2017; Song et al. 2024).
Therefore, further understanding of the mechanism of
mineral-microbial interaction in SOC dynamics under
the input of organic materials is of great significance
for the mitigation of global climate change and sus-
tainable agricultural development (Zeng et al. 2021).
Biochar is a C-rich residue produced by the thermal
decomposition of organic matter in an oxygen-limited
environment (Fernandez-Ugalde et al. 2017). Biochar
is considered as a soil amendment that enhances SOC
storage due to increasing the aromatic C content (Bi
et al. 2021; Chen et al. 2018). After the application of
biochar, SOC storage could be increased by promot-
ing the combination of clay minerals with SOC (Xu
et al. 2017). The adsorption of OC through the inter-
actions between biochar and minerals will be accel-
erated by electrostatic interactions, hydrogen bond-
ing, cation bridging, and reactions involving ligand
exchange. Schweizer et al. (2019) found that mineral
particles could affect the storage of OC in soil. Previ-
ous studies have confirmed that, compared with 1:1
clay minerals (such as kaolinite), 2:1 clay minerals
(such as illite and vermiculite) could retain more OC
(Chen et al. 2023c; Six et al. 2002). However, Bruun
et al. (2010) assessed tropical soil respiration through
different mineral chemical properties, and found that
the OC stability of montmorillonite containing soil
was lower than that of kaolinite containing soil. In
addition, the input of exogenous C could promote the
stability of soil aggregates, which provided physical
protection for SOC (Kelly et al. 2017; Zhang et al.
2025). Numerous studies have found that Fe modified
biochar enhances soil aggregates stability by forming
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complex OC-Fe associations (Han et al. 2020). How-
ever, until now, the role of Fe modified biochar on the
mechanisms of SOC sequestration by changing the
composition of clay minerals remains unclear.

Fungi play key role in soil biochemistry as their
composition and activity are strongly related with
SOC mineralization (Bello et al. 2021; Ullah et al.
2019). Generally, microbial necromass contributed
greatly to OC stabilization. Liang et al. (2019) found
that fungal necromass accounted for about 40% of
SOC storage, whereas bacterial necromass accounted
for about 20%. Besides that, fungal hyphae could
provide transportation highways for soil bacteria
and organic C by forming large mycelial networks
(Emilia Hannula and Morrién 2022; Rudnick et al.
2015). Moreover, large amounts of fungal hyphae
encapsulate soil particles and particulate organic mat-
ter (POM), which is contributing towards enhancing
aggregate stability. Meanwhile, microbes could affect
the formation and transformation of clay minerals
(Chen et al. 2024a; Naimark et al. 2009), including
the processes of crystallization, biomineralization
and decomposition (Li et al. 2019). Nevertheless, it
remains unclear how fungi drive the changes of clay
mineral composition, which is crucial for C storage.

The Yellow River Delta is formed by large
amounts of sediment deposits, including vast areas
characterized by saline-alkali soils in which typically
both soil C stability and microbial activity are limited
(Chen et al. 2021). Due to soil salinization, a large
amount of SOC is lost by leaching, respiration (Chen
et al. 2022). Therefore, it is particularly important to
evaluate the relationships between clay mineral, fungi
communities and SOC storage under different fertili-
zation managements. In present study, a 6-year field
experiment was conducted to investigate the interac-
tion between fungal and minerals on SOC storage
and stabilization with biochar application. The bio-
char was produced by rice straw, which was added to
the soil with the same amount of carbon as the local
straw incorporation (about 3.6 Mg C ha™!) (Liu et al.
2023a). The study aimed to: (i) assess the changing
characteristics of clay mineral composition with bio-
char application; (ii) investigate the role of clay min-
erals on SOC storage and aggregate stability; (iii)
reveal the mechanisms of soil mineral-fungal inter-
actions driving SOC storage in saline alkaline paddy
soil. We hypothesized that (i) biochar, especially Fe-
modified biochar, can increase the C sequestration
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potential of soil by increasing the 2:1 clay minerals;
(i1) biochar can provide C source for fungi, promote
mineral-fungal interactions and then enhance the
stability and sequestration of SOC in saline-alkaline
paddy soil.

Materials and methods
Site description

The Yellow River Delta, one of the largest saline-
alkali wetlands in China, is characterized by low
SOC content with poor stability (Chen et al. 2021).
The improvement of saline-alkali soil in this region
is of great significance for food security and climate
change regulation. Therefore, the present research has
been conducted at an experimental farm located on
the Yellow River Delta (Kenli county) (118°32'35"E
longitude and 37°31'28"N latitude). The area is flat
with an average elevation of 16.8 m. The mean annual
air temperature and precipitation are 12.8°C and
556 mm, respectively, which belongs to temperate
monsoon climate. According to the FAO system, the
type of soil is the Aquic Inceptisol. Before the experi-
ment began, the land was fallow. After two years of
farming, the experiment was carried out. The origi-
nal soil (0-20 cm) contained 17.2% of clay, 61.7% of
silt and 21.1% of silt and has an pH of 8.1, a cation
exchange capacity (CEC) of 5.9 cmol kg™, and bulk
density of 1.57 g cm™, a water-holding capacity of
25.6%; a total nitrogen (TN) content of 1.1 g kg™!, a
total phosphorus (TP) content of 0.34 g kg_l, a soil
organic matter content of 8.4 g kg~! and an electrical
conductivity (EC) of 0.41 mS cm™!.

Experimental design and biochar preparation

Four treatments have been established since June
2016, i.e. 1) CK, without any fertilization; 2) NPK,
chemical fertilizer with application rates if 255 kg
N ha™!, 128 kg P ha™! and 229 kg K ha™! 3) BC,
NPK plus 8 Mg ha~! biochar; 4) FeBC, NPK plus
8 Mg ha™! Fe modified biochar. The amount of chem-
ical fertilizer applied is the traditional amount used in
the local area. All biochar was applied only once in
2016 as basic fertilizer. Biochar (BC) was produced
from straw of locally harvested rice crops, which was
pyrolyzed at 600 °C in a muffle furnace for 4 h. Fe

modified biochar (FeBC) was also made from rice
straw, which was pre-impregnated with 0.1 M FeCl,
for 24 h. Subsequently, this pretreated rice straw was
further pyrolyzed at 600 °C, similar to the prepara-
tion of biochar. The characteristics of BC and FeBC
has been described in Table S1. Each year, urea was
applied four times, in which 20% was of the total
amount was applied before planting, 40% during the
early tillering stage 30% during a later phase of this
tillering stage, and the remaining amount during the
flowering period. All the superphosphate was used
as basal fertilizer. In addition, 7.5 kg ha™! zinc sul-
fate was foliar sprayed to all treatments during the
tillering stage. The area of each plot was 11.05 m?
(4.25 mx 2.6 m). The experiment was conducted fol-
lowing a completely randomized design with three
replicates.

Soil sampling and soil aggregate sieving

After rice harvest in October 2021, soil (0-20 cm)
sampling was carried out with an auger (5 cm diam-
eter). 5 samples per plot were combined to form one
composite sample. At the laboratory the composite
samples were divided into three parts: one part was
stored at —80 °C for fungi analysis; one part was
stored at 4 °C to determine the content of dissolved
organic carbon (DOC) and microbial biomass carbon
(MBC); and the remaining part was air-dried for the
soil properties determination.

As described by Six et al. (2000), the wet siev-
ing method was used to obtain the different fractions
of soil aggregates. Briefly, fresh soils (200 g) were
slightly separated along the natural breakpoints and
placed on a set of sieves, and shook up and down
in the water for 2 min (50 times). Subsequently,
the four fractions of water-stable aggregates were
obtained, i.e.>2 mm, 0.25-2 mm, 0.053-0.25 mm
and <0.053 mm, respectively.

The aggregate stability expressed by mean weight
diameter (MWD) was calculated based on the for-
mula given in equation (Chen et al. 2023b):

MWD = 3" XY,

where X; is the mean diameter of the four aggregate
size fractions; Y; is the mass ratio of the remain-
ing aggregate size fractions on each sieve. Y is

the total mass of all size fractions of the aggregate.
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i=1, 2, 3, 4, represent the aggregate size>2.0 mm,
0.25—2.0 mm, 0.053—0.25 mm, and<0.053 mm,
respectively.

Soil analyses

Soil EC and pH were determined using a glass elec-
trode and pH meter (soil: distilled water=1:5). SOC
was extracted using H,SO,-K,Cr,0,. TP was digested
with H,SO,-HCIO,. Soil available P (AP) was extract
with 0.5 M NaHCO; (Olsen 1954). DOC was deter-
mined using TOC analyzer (TOC-Vario, Elementar,
Langenselbold, Germany). Particulate organic carbon
(POC) was measured based on the revised method of
Yuan et al. (2020): soil sample (10 g) was dispersed
with hexametaphosphate solution (5 g L™!) by shak-
ing for 16 h (100 r min~"), and sieved at 0.053 mm.
The POC content was then determined using the
same methodology as the SOC. The method of chlo-
roform fumigation incubation was used to quantify
MBC (Vance et al. 1987).

Preparation of soil colloids and clay minerals
analyses

Soil colloids were extracted with the natural sedi-
mentation and centrifugation methods (Gimbert et al.
2005; Zhang et al. 2021). Briefly, we used 0.2 M
hydrochloric acid to remove carbonates from soil
colloids, and then used 10% H,0, to remove organic
matter. And the dithionite-citrate-bicarbonate method
was used to remove iron oxides. The clay fraction
was extracted using a siphon tube and dried under an
infrared light at 50°C for further analysis.

Mg-glycerol and K were used to saturate soil col-
loids. The preparation method of Mg-glycerol satu-
rated sample was as follows: dissolved the sample
twice in a 0.5 M MgCl, solution, then added a 5%
glycerol solution, centrifuged, and discarded the
supernatant. The samples were stored in a desiccator
containing saturated Ca (NO;), at room temperature.
The soil colloids sample was stirred three times with
KCI (1.0 M) solution, and the K-saturated oriented
flakes were heated at 25°C (K-25), 300°C (K-300) and
550°C (K-550) for 2 h, respectively.

To identify clay minerals, X-ray diffraction (XRD,
DSADVANCE, Bruker, Germany) was utilized.
JADE 6.5 software was used to analyze the XRD
results. The proportion (%) of clay minerals was
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calculated through the relative intensity of their diag-
nostic diffraction peaks (Zhou et al. 2018).

Fourier-transform infrared spectra analyses

As described by Bernier et al. (2013a), fourier-trans-
form infrared spectra (FTIR) was used to analyze OC
functional groups in soil samples with a Nicolet 6700
FTIR spectrometer (Thermo Scientific, Pittsburg, PA,
USA). Before analysis, the soil samples were finely
ground and dried at 105°C to minimize the interfer-
ence of moisture on FTIR spectrum, to subsequently
being ground with KBr powder in an agate mortar.
The spectrum records were scanned 32 times in aver-
age. The wavelength range was 400-4000 cm™! con-
sidering a 4 cm™! resolution. The semi-quantitative
analysis of functional groups was achieved accord-
ing to Zhu et al. (2016) and Szymanski (2017). The
data of FTIR absorption region was processed using
OMSNIC 8.0 spectrometer software.

CO, emission experiment

Soil incubation experiment (60 days) was carried out
to quantify CO, emission from the soil. Fresh soil
(20 g dry weight equivalent) was adjusted to 60%
moisture content and placed in a 500 ml jar. Each
sample was replicated 4 times, and non-soil treatment
was taken as control. Before the incubation test, soil
microbial activity was restored by pre-incubation at
25°C for 7 days. Briefly, 20 ml NaOH (0.5 M) trap
was precipitated with BaCl, solution and then titrated
with 0.1 M HCI to calculate CO, emissions. The CO,
measurements were caried-out on days 1, 3, 5, 7, 9,
11, 13, 15, 20, 25, 30, 40 and 60 of the experiment
(Huang et al. 2016).

The SOC storage (0-20 cm) was calculated by the
method described by Chen et al. (2022):

SOC storage (Mg C ha™!')=SOC (g kg™ )xBD (g
em™3)xD (0.2 m) x 10.

The C mineralization rate (CMR) and the specific
C mineralization rate (SCMR) were obtained using
the following equation (Chen et al. 2022):

total amount of CO2

CMR = time
SCMR = — M

SOC content
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Fungal community characterization

The Powersoil® DNA Isolation Kit was used to
extract DNA from 0.5 g soil samples. The fungal
internal transcribed spacer (ITS) was sequenced
by specific ITS 1F/2R primer set (White et al.
1990). Generally, PCR contained 1 pL of each
primer (5 pM), 0.25 pL of TransStart Fastpfu
DNA Polymerase, 2 pL. of dNTPs (2.5 mM), 4 pL
of 5xReaction Buffer and 10 ng DNA Template.
PCR initial denaturation was performed at 98°C for
2 min, at 98°C for 15 s, at 50°C for 30 s, at 72°C for
30 s, and at 72°C for 5 min. Illumina high through-
put sequencing platform of Majorbio (China) was
used to sequence.

Date analysis

Before analyzing the data, we checked the nor-
mality and homogeneity of variance of the data.
A one-way ANOVA was used to evaluate the dif-
ference in soil properties, organic C functional
groups, clay mineral composition and soil fungus
community. Significance among treatments were
tested by least significant difference (LSD) at
p <0.05. Redundancy analysis (RDA) was carried
out using Canoco 5 in order to evaluate the rela-
tionship between soil physicochemical properties
and fungus community. All figures were performed
using Origin 2021 software.

Results
Physical and chemical properties of soil

Compared with NPK treatment, soil pH was higher
than that in the two types of biochar application treat-
ments. The content of SOC was 7.7 g C kg~! in FeBC
treatment, which was 26.2% higher than that in NPK
treatments (p <0.05). There was no significant dif-
ference between BC and FeBC treatment. Compared
with NPK treatment, soil AP content was 28.1%
higher in the FeBC treatment. Compared with NPK
treatments, TN content was also higher with biochar
addition. And compared with NPK, the content of
POC and MBC was increased by 50.0% and 20.0% in
FeBC treatments, respectively (Table 1).

Soil organic C functional groups

Four main functional groups of OC were found on
the soil surface: polysaccharide-C, Aliphatic C, Aro-
matic-C, and Carboxyl or Amidogen-C (Table 2). The
proportion of polysaccharide-C was 37.2%—41.1%.
Compared with NPK treatment, the relative content
of Aromatic-C was about 13.9% greater with biochar
addition (p <0.05). Moreover, the Aromatic-C con-
tent in FeBC treatment was 24.3% higher than that
in NPK treatment. Aliphatic-C was also increased in
FeBC treatment relative to NPK treatment. While the
proportion of Carboxyl or Amidogen-C was reduced
with the application of biochar.

Table 1 Effects of different fertilizer regimes on soil basic physicochemical properties

Soil properties Treatments

CK NPK BC FeBC
pH 8.74+0.06a 8.61+0.25a 8.47+0.26a 8.49+0.12a
EC (mS cm™) 0.33+0.02a 0.31+0.03ab 0.28+0.02b 0.28 +0.02b
SOC (gkg™) 5.6+0.5¢ 6.1+0.5b 7.1+1.0ab 7.7+0.9a
AP (mgkg™) 6.5+0.7d 19.7+1.9¢ 23.6+2.5b 252+2.3a
TP (gkg™) 0.2+0.03c 0.7+0.03b 0.8+0.02ab 0.8+£0.07a
TN (gkg™) 0.6+0.07b 0.7+0.09ab 0.7+0.04a 0.8+£0.05a
POC (gkg™) 0.7+0.0c 1.0+0.1b 1.3+0.1a 1.5+0.1a
MBC (mg kg™h) 71.5+2.7b 178.9+6.5a 197.5+13.5a 214.6+14.1a

Values are means + standard deviation (n=3). Different lower-case letters show significant differences between treatments (p <0.05).
Abbreviations: EC Electrical conductivity; SOC Soil organic carbon; TP Total phosphorus; AP Available phosphorus; POC Particu-

late organic carbon; MBC Microbial biomass carbon; Feo Fe oxides
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Table 2 Effects of different

- ; ; Treatment Organic C function group (%)
fertilizer regimes on soil
organic carbon functional Polysaccharide-C Aliphatic-C Aromatic-C Carboxyl or
group content Amidogen-C
Values are means & standard CK 37.2+1.5¢ 32.4+0.5b 10.3+0.7d 20.1+ 1.5
deviation (n=3). Different
lower-case letters show NPK 38.6+0.7bc 32.7+0.8ab 11.5+0.7¢c 17.2+2.1b
significant differences BC 40.6+0.8ab 333+1.2ab 13.1+0.7b 13.0+1.3c
between treatments FeBC 41.1+14a 34.1+0.4a 14.3+0.3a 10.5+0.7¢

(p<0.05)

Analyses of dominant clay mineral in soil

Vermiculite, illite and kaolinite were found as
the dominant minerals in soil (Fig. 1). Compared
with NPK treatment, the proportion of illite was

Fig.1 The clay miner-

als analysis results using
XRD in four fertilization
treatments. Note: Values are
means =+ standard deviation
(n=3). Different lower-case
letters show significant dif-
ferences between treatments
(p<0.05). Abbreviations:
CK, no fertilization; NPK,
application of mineral ferti-
lizer; BC, mineral fertilizer
application combined with
biochar; FeBC, mineral fer-
tilizer application combined
with biochar

Intensity (arb.units)

increased by 19.4% and 14.7% in FeBC and BC
treatments, respectively. While no significant differ-
ences were observed in the proportion of vermicu-
lite among those four treatments. In comparison to
NPK treatment, the proportion of kaolinite in BC
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and FeBC treatment was significantly decreased by
10.4% and 11.1%, respectively (p <0.05).

SCMR and SOC storage

The application of biochar and Fe modified bio-
char could significantly reduce SCMR, which was
decreased by more than 51.1% with biochar addi-
tion, compared with NPK treatment (Fig. 2a). SOC
storage was increased with biochar application, in
which it was 15.7% higher in FeBC treatment, com-
pared with NPK treatment, and the order of SOC
storage was CK < NPK < BC < FeBC (Fig. 2b).
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(9]
1
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CK NPK BC FeBC

Fig.2 The SCMR (a) during the 60-day incubation period
and SOC storage (b) as affected by different fertilizer treat-
ments. Note: Values are means +standard deviation (n=3).
Different lower-case letters show significant differences
between treatments (p <0.05)

Fungus community

Compared with NPK, the Chaol (Fig. 3a), Evenness
(Fig. 3b), Shannon (Fig. 3c), and Simpson index of
soil fungus communities were increased in FeBC
treatment. Ascomycota was the dominant phyla of
fungi, the relative abundance of which was improved
by more than 6.3% in the two treatments with biochar
amendments. Furthermore, the content of Sordari-
omycetes was increased with biochar addition, which
was increased by more than 4%, relative to NPK
(Fig. 3f). However, compared with NPK treatment,
the relative abundance of Basidiomycota, Chytridi-
omycota and Glomeromycota was reduced across the
three different fertilization treatments (Fig. 3e).

Correlation analysis

SOC stock was found to be positively correlated with
MWD, illite, Aliphatic-C and Aromatic-C (Table S2).
Besides that, illite was also positively correlated with
SOC stock (p<0.05). While the proportion of Car-
boxyl or Amidogen-C showed a negative relation-
ship with SOC stock, and the same relationship was
found between kaolinite and SOC stock (r=-0.779,
p<0.05).

RDA results showed that the composition of soil
fungal community was positively correlated with
POC (F=6.3, p=0.002) and SOC contents (F=4.9,
p=0.002) (Fig. 5). The results revealed that POC
explained 38.5% of the total variable. The Linear
and Pearson correlation analysis showed that SOC
and POC were positively related to Ascomycota
(Table S3). The composition of soil fungal commu-
nity, especially Ascomycota, showed a strong positive
correlation with MWD (Figs. 5 and S3), whereas soil
pH and EC were negatively correlated with soil fun-
gal community composition.

Discussion

The changes of clay mineral composition with
biochar application

Clay minerals are widely distributed across soil col-
loids, which are the key factors affecting soil physico-
chemical properties (Chen et al. 2024b; Zhang et al.
2018). Based on XRD analysis, vermiculite, illite and
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Fig. 3 The fungus community Chaol (a), Evenness (b), Shan-
non (c), Simpson (d) index, and the chord diagram shown
the relative abundance of fungal community at the phylum

kaolinite were the dominant clay minerals (Fig. 1),
which was consistent with previous studies who
reported that vermiculite, kaolinite and illite were the
main clay minerals in north China (Chen et al. 2023b;
Zhang et al. 2016). This was determined by soil par-
ent material and climate conditions. Meanwhile, Jing
et al. (2022) demonstrated that biochar addition could
promote the change of clay mineral composition. As
such, also in present research, the relative content of
illite and vermiculite in biochar applied treatments
did increase, while the opposite trend was found for
kaolinite (Fig. 1). This might be the consequence of
increased K with biochar application which could
increase the 2:1 type of clay minerals in saline-alkali
soil (Andrade et al. 2020; Chen et al. 2023b).

In addition, the proportion of clay minerals is fre-
quently affected by the redox condition in paddy soils
(Jia et al. 2014), such as the oxidation and reduction
processes of Fe (Andrade et al. 2014). In our study,
the content of illite was increased with Fe modified
biochar addition (Fig. 1), which might be due to the
fact that: (1) biochar could act as an electron acceptor
to promote Fe reduction in paddy soil; (2) more Fe
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ota

(e) and class level (f) in the four treatments. Note: Values are
means =+ standard deviation (n=3). Different lower-case letters
show significant differences between treatments (p <0.05)

(II) in Fe modified biochar which could also enhance
the reduction of Fe, and hence, increasing the layer
charge and promoting the transformation of clay
mineral.

Response of SOC stability to clay mineral
transformation

Clay particles, as an abiotic factor, affect the micro-
bial decomposition rate of OC (Kleber et al. 2015).
Compared with kaolinite, illite and vermiculite have
larger specific surface area and CEC, which leads
to the stronger interaction between SOC and clay,
thereby promoting the stabilization of SOC (Rakhsh
et al. 2017). The present research found that com-
pared to NPK treatment, the SCMR in BC and FeBC
treatments was reduced (Fig. 2a), which was nega-
tively correlated with illite (Fig. 4a). This indicates
that the legacy effect of biochar addition after 6 years
could increase the stability of SOC in saline-alkali
soil by increasing the proportion of illite.

The Fe** provided by Fe modified biochar acts as a
bridge to neutralize the negative charges and organic
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anions on the clay surface, and links organic biopoly-
mers (such as aromatic molecules) to the clay surface
(Kaiser et al. 2012). Illite was positively correlated
with aromatic-C (Table S2), which was the main rea-
son why clay minerals preferentially combined with
aromatics compounds to form organic-mineral com-
plexes reducing SCMR (Lanson et al. 2015; Xue
et al. 2022). Meanwhile, SOC could be protected by
soil aggregates (Chen et al. 2021). Chen et al. (2022)
found that clay minerals could promote the formation
of water stable aggregates by increasing the physical

retention of SOC. In the present study, MWD was
increased in FeBC treatments (Fig. S1b). This might
be because illite, as the main binder, promoted the
stability of aggregates (Chen et al. 2023b; Hu et al.
2021).

The role of microbial communities on SOC storage
Biochar has the physical characteristics of high

porosity and large surface area, which could improve
the aeration and water retention of soil, which on its
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Fig. 5 Redundancy
analysis (RDA) between
soil basic physicochemical
properties and soil fungus
community compositions in
phylum level

turn could provide better habitat for soil fungi (Jones
et al. 2012; Thies and Rilling 2009). In this study, the
application of biochar increased the diversity of soil
fungi (Fig. 3), which was consistent with Yao et al.
(2017) who found that biochar addition could pro-
mote fungal growth. This could be the consequence
of a fungal hyphae colonization in biochar pores,
increasing fungal diversity (Bernier et al. 2013b; Yan
et al. 2021). Furthermore, SOC was the main deter-
minant of fungal community composition (Zhalnina
et al. 2015), which was increased with biochar addi-
tion, suggesting that biochar addition could increase
fungal diversity by providing available C sources. In
this respect it is important to note that biochar is rich
in cellulose, and that the decomposition rate of cel-
lulose determines the increase or decrease of SOC
(Chen et al. 2023a; Wu et al. 2021). It was found that
Ascomycota was the most dominant phylum with bio-
char addition (Fig. 3), which was positively related
with SOC storage from RDA results (Figs. 5 and S3).
This might be the consequence of Ascomycota was
rich in hemicellulolytic and cellulolytic fungal com-
munities, which could lead to the decomposition of
recalcitrant lignocellulose in biochar, thereby increas-
ing SOC stock (Couturier et al. 2016; Ge et al. 2021).

The mineralization and sequestration of SOC were
affected by fungal diversity, composition and activ-
ity (Emilia Hannula and Morrién 2022). Fungi could
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promote the stability of aggregates through mycelial
entanglement, which provided physical protection for
OC (Rosenzweig et al. 2018). In our results, in com-
parison to NPK, the relative abundance of Chytridi-
omycota did increase with biochar addition (Fig. 3),
which could produce rhizoid, and hence, provide
more POC to the soil (Couturier et al. 2016). POC
and MWD were positively correlated with Chytridio-
mycota (Fig. 5), indicating that fungi might transport
organic matter to form soil aggregates, where organic
matter bond with minerals, thereby improving the sta-
bility of SOC (Guhra et al. 2022). In addition, clay
minerals are beneficial for microbial growth (Uroz
et al. 2015), and protect microorganism from adverse
environment conditions. On the other hand, due to the
filamentous growth habit of fungi and the secretion
of organic acids and protons (Rudnick et al. 2015),
it was highly suitable as a major bioconversion agent
(Fomina et al. 2005). Burford et al. (2018) found that
the oxalicacid-producing fungi could promote the
formation of 2:1 clay mineral, which was consist-
ent with the finding from our study illustrating that
illite was positively correlated with fungi (Table S3).
Moreover, the illite was increased with biochar appli-
cation (Fig. 1), which was also positively correlated
with SOC storage (Fig. 4). Hence, biochar, espe-
cially Fe modified biochar, could change the com-
position of clay minerals by providing a C source for
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fungal growth, thereby increasing SOC sequestration
in saline-alkali paddy soil.

Although we have explored the mineral-fungal
mechanism, there are still some limitations. For exam-
ple, we have only explored fungi in terms of micro-
organisms, and have not explored bacteria, archaea,
etc. And, we still lack direct evidence to identify the
mechanism of mineral-fungal interaction on carbon
sequestration in saline-alkali soils. These limitations
may be the focus of future research. In addition, the
indexes of OC fractions (POC, MBC) and functional
groups showed no significant difference between BC
and FeBC treatments. However, the relatively stable
aromatic-C was increased significantly in FeBC com-
pared with BC treatment, and we noticed that SCMR
was decreased significantly in FeBC. Therefore, bio-
char, especially modified biochar, might be a better
agro-management practice to improve the stabiliza-
tion and storage of SOC in saline-alkaline paddy
soils.

Conclusion

After six-year of biochar application, the relative
content of kaolinite did decrease, while the relative
content of illite did increase, which indicated that the
composition of clay minerals was changed by bio-
char application in saline-alkaline soil. Meanwhile,
the proportion of aromatic-C was also increased with
biochar addition, which could form organic-mineral
complexes with illite. As such soil organic carbon
(SOC) tended to stabilize with a lower specific C
mineralization rate. In addition, Fe modified biochar
addition increased fungal diversity, which was mainly
affected by SOC. Compared with NPK treatment,
the relative abundance of Ascomycota and Basidi-
omycota was increased with biochar addition, which
was also positively correlated with SOC storage.
Consequently, biochar, especially Fe modified bio-
char, could change the composition of clay minerals
by providing a C source for fungal growth, thereby
improving the stabilization and sequestration of SOC
in saline-alkali paddy soil. Overall, our study found
that the effect of modified biochar on saline-alkali soil
improvement could last for 6 years, which is of great
significance for mitigating global climate change and
guiding saline-alkali soil improvement.

Acknowledgements This study was funded by National
Key R&D Projects (2021YFD1900901-06), the project of
Agricultural Science and Technology Innovation (CAAS-
ZDRW202201), Modern Agricultural Industrial Technology
System (SDAIT-17-05).

Author contributions Lu Liu: Formal analysis, Methodol-
ogy, Software, Writing—original draft, Data curation. Meng-
meng Chen: Methodology, Software, review & editing. Jeroen
Meersmans: Formal analysis, review & editing. Yuyi Li:
Supervision, review & editing. Shirong Zhang: Supervision,
review & editing. Xiaodong Ding: Formal analysis, review &
editing.

Data availability Data will be made available on request.

Declarations

Competing interests There have no competing financial
interests or personal relationships in this study.

References

Andrade GRP, de Azevedo AC, Cuadros J, Souza VS, Furquim
SAC, Kiyohara PK, Vidal-Torrado P (2014) Transforma-
tion of Kaolinite into Smectite and Iron-Illite in Brazilian
Mangrove Soils. Soil Sci Soc Am J 78:655-672. https://
doi.org/10.2136/s552j2013.09.0381

Andrade GRP, Furquim SAC, Nascimento TTVd, Brito AC,
Camargo GR, Souza GCd (2020) Transformation of clay
minerals in salt-affected soils, Pantanal wetland, Brazil.
Geoderma 371. https://doi.org/10.1016/j.geoderma.2020.
114380.

Bello A, Wang B, Zhao Y, Yang W, Ogundeji A, Deng L,
Egbeagu UU, Yu S, Zhao L, Li D, Xu X (2021) Com-
posted biochar affects structural dynamics, function and
co-occurrence network patterns of fungi community. Sci
Total Environ 775. https://doi.org/10.1016/j.scitotenv.
2021.145672

Bernier M-H, Levy GJ, Fine P, Borisover M (2013) Organic
matter composition in soils irrigated with treated waste-
water: FT-IR spectroscopic analysis of bulk soil samples.
Geoderma 209-210:233-240. https://doi.org/10.1016/j.
geoderma.2013.06.017

Bernier MH, Levy GJ, Fine P, Borisover M (2013) Organic
matter composition in soils irrigated with treated waste-
water: FT-IR spectroscopic analysis of bulk soil samples.
Geoderma 209:233-240. https://doi.org/10.1016/j.geode
rma.2013.06.017

Bi Y, Kuzyakov Y, Cai S, Zhao X (2021) Accumulation of
organic compounds in paddy soils after biochar applica-
tion is controlled by iron hydroxides. Sci Total Environ
764. https://doi.org/10.1016/j.scitotenv.2020.144300.

Bruun TB, Elberling B, Christensen BT (2010) Lability of soil
organic carbon in tropical soils with different clay miner-
als. Soil Biol Biochem 42:888-895. https://doi.org/10.
1016/j.50i1bi0.2010.01.009

@ Springer


https://doi.org/10.2136/sssaj2013.09.0381
https://doi.org/10.2136/sssaj2013.09.0381
https://doi.org/10.1016/j.geoderma.2020.114380
https://doi.org/10.1016/j.geoderma.2020.114380
https://doi.org/10.1016/j.scitotenv.2021.145672
https://doi.org/10.1016/j.scitotenv.2021.145672
https://doi.org/10.1016/j.geoderma.2013.06.017
https://doi.org/10.1016/j.geoderma.2013.06.017
https://doi.org/10.1016/j.geoderma.2013.06.017
https://doi.org/10.1016/j.geoderma.2013.06.017
https://doi.org/10.1016/j.scitotenv.2020.144300
https://doi.org/10.1016/j.soilbio.2010.01.009
https://doi.org/10.1016/j.soilbio.2010.01.009

Plant Soil

Burford EP, Fomina M, Gadd GM (2018) Fungal involvement
in bioweathering and biotransformation of rocks and min-
erals. Mineral Mag 67:1127-1155. https://doi.org/10.
1180/0026461036760154

Chen J, Chen D, Xu Q, Fuhrmann JJ, Li L, Pan G, Li Y, Qin
H, Liang C, Sun X (2018) Organic carbon quality, com-
position of main microbial groups, enzyme activities, and
temperature sensitivity of soil respiration of an acid paddy
soil treated with biochar. Biol Fertil Soils 55:185-197.
https://doi.org/10.1007/s00374-018-1333-2

Chen MM, Zhang SR, Liu L, Wu LP, Ding XD (2021) Com-
bined organic amendments and mineral fertilizer appli-
cation increase rice yield by improving soil structure, P
availability and root growth in saline-alkaline soil. Soil
Tillage Res 212. https://doi.org/10.1016/j.still.2021.
105060

Chen M, Zhang S, Liu L, Liu J, Ding x, (2022) Organic fertili-
zation increased soil organic carbon stability and seques-
tration by improving aggregate stability and iron oxide
transformation in saline-alkaline soil. Plant Soil 474:233—
249. https://doi.org/10.1007/s11104-022-05326-3

Chen M, Wu L, Ding X, Liu L, Li Y, Fei C, Zhang S (2023)
Fe-modified biochar improved the stability of soil aggre-
gates and organic carbon: Evidence from enzymatic activ-
ity and microbial composition. Land Degrad Dev: https://
doi.org/10.1002/1dr.4948.10.1002/1dr.4948

Chen M, Zhang S, Liu L, Ding X (2023) Influence of organic
fertilization on clay mineral transformation and soil phos-
phorous retention: Evidence from an 8-year fertilization
experiment. Soil and Tillage Research 230. https://doi.org/
10.1016/j.sti11.2023.105702

Chen M, Zhang Y, Gao C, Zhang S, Liu L, Wu L, Li Y, Ding X
(2023) Mineral-microbial interactions in nine-year organic
fertilization field experiment: a mechanism for carbon
storage in saline-alkaline paddy soil. Plant Soil 489:465—
481. https://doi.org/10.1007/s11104-023-06032-4

Chen M, Wang G, Jing Y, Zhou J, Song J, Chang F, Yu R,
Wang J, Wang W, Sun X, Zhang H, Li Y (2024) Straw
interlayer improves sunflower root growth: Evidence from
moisture and salt migration and the microbial commu-
nity in saline-alkali soil. J Integr Agric. https://doi.org/10.
1016/j.jia.2024.03.048

Chen M, Zhang S, Liu L, Chang B, Li Y, Ding X (2024)
Organo-mineral complexes in soil colloids: Implications
for carbon storage in saline-alkaline paddy soils from
an eight-year field experiment. Pedosphere 34:97-109.
https://doi.org/10.1016/j.pedsph.2022.11.007

Couturier M, Tangthirasunun N, Ning X, Brun S, Gautier V,
Bennati-Granier C, Silar P, Berrin JG (2016) Plant bio-
mass degrading ability of the coprophilic ascomycete
fungus Podospora anserina. Biotechnol Adv 34:976-983.
https://doi.org/10.1016/j.biotechadv.2016.05.010

Emilia Hannula S, Morrién E (2022) Will fungi solve the car-
bon dilemma? Geoderma 413. https://doi.org/10.1016/j.
geoderma.2022.115767.

Fernandez-Ugalde O, Gartzia-Bengoetxea N, Arostegi J, Mor-
agues L, Arias-Gonzalez A (2017) Storage and stability of
biochar-derived carbon and total organic carbon in rela-
tion to minerals in an acid forest soil of the Spanish Atlan-
tic area. Sci Total Environ 587-588:204-213. https://doi.
org/10.1016/j.scitotenv.2017.02.121

@ Springer

Fomina M, Hillier S, Charnock JM, Melville K, Alexander
1J, Gadd GM (2005) Role of oxalic acid overexcretion in
transformations of toxic metal minerals by Beauveria cal-
edonica. Appl Environ Microbiol 71:371-381. https://doi.
org/10.1128/aem.71.1.371-381.2005

Ge Z, Li S, Bol R, Zhu P, Peng C, An T, Cheng N, Liu X, Li
T, Xu Z, Wang J (2021) Differential long-term fertiliza-
tion alters residue-derived labile organic carbon fractions
and microbial community during straw residue decompo-
sition. Soil and Tillage Research 213. https://doi.org/10.
1016/j.stil1.2021.105120.

Gimbert LJ, Haygarth PM, Ronald B, Worsfold PJ (2005)
Comparison of centrifugation and filtration techniques for
the size fractionation of colloidal material in soil suspen-
sions using sedimentation field-flow fractionation. Envi-
ronmental Science Technology 39:1731-1735

Guhra T, Stolze K, Totsche KU (2022) Pathways of biogeni-
cally excreted organic matter into soil aggregates. Soil
Biol Biochem 164. https://doi.org/10.1016/j.s0ilbio.2021.
108483.

Han L, Sun K, Yang Y, Xia X, Li F, Yang Z, Xing B (2020)
Biochar’s stability and effect on the content, composi-
tion and turnover of soil organic carbon. Geoderma 364.
https://doi.org/10.1016/j.geoderma.2020.114184.

Hao X, Han X, Wang S, Li L-J (2022) Dynamics and compo-
sition of soil organic carbon in response to 15 years of
straw return in a Mollisol. Soil and Tillage Research 215.
https://doi.org/10.1016/j.still.2021.105221.

Hu F, Xu C, Ma R, Tu K, Yang J, Zhao S, Yang M, Zhang F
(2021) Biochar application driven change in soil internal
forces improves aggregate stability: Based on a two-year
field study. Geoderma 403. https://doi.org/10.1016/j.geode
rma.2021.115276.

Huang X, Jiang H, Li Y, Ma Y, Tang H, Ran W, Shen QJG
(2016) The role of poorly crystalline iron oxides in the
stability of soil aggregate-associated organic carbon in a
rice—wheat cropping system. Geoderma 279:1-10. https://
doi.org/10.1016/j.geoderma.2016.05.011

Huang L, Yu Q, Liu W, Wang J, Guo W, Jia E, Zeng Q, Qin R,
Zheng J, Hofmockel KS, Dong H, Jiang H, Zhu Z (2021)
Molecular Determination of Organic Adsorption Sites on
Smectite during Fe Redox Processes Using ToF-SIMS
Analysis. Environ Sci Technol 55:7123-7134. https://doi.
org/10.1021/acs.est.0c08407

Jia H, Zhao J, Li L, Li X, Wang C (2014) Transformation of
polycyclic aromatic hydrocarbons (PAHs) on Fe(IIl)-
modified clay minerals: Role of molecular chemistry and
clay surface properties. Appl Catal B 154—155:238-245.
https://doi.org/10.1016/j.apcatb.2014.02.022

Jing F, Sun Y, Liu Y, Wan Z, Chen J, Tsang DCW (2022) Inter-
actions between biochar and clay minerals in changing
biochar carbon stability. Sci Total Environ 809. https://
doi.org/10.1016/j.scitotenv.2021.151124

Jones DL, Rousk J, Edwards-Jones G, DeLuca TH, Murphy
DV (2012) Biochar-mediated changes in soil quality and
plant growth in a three year field trial. Soil Biol Biochem
45:113-124. https://doi.org/10.1016/j.s0ilbio.2011.10.012

Kaiser M, Ellerbrock RH, Wulf M, Dultz S, Hierath C, Som-
mer M (2012) The influence of mineral characteristics on
organic matter content, composition, and stability of top-
soils under long-term arable and forest land use. Journal


https://doi.org/10.1180/0026461036760154
https://doi.org/10.1180/0026461036760154
https://doi.org/10.1007/s00374-018-1333-2
https://doi.org/10.1016/j.still.2021.105060
https://doi.org/10.1016/j.still.2021.105060
https://doi.org/10.1007/s11104-022-05326-3
https://doi.org/10.1002/ldr.4948.10.1002/ldr.4948
https://doi.org/10.1002/ldr.4948.10.1002/ldr.4948
https://doi.org/10.1016/j.still.2023.105702
https://doi.org/10.1016/j.still.2023.105702
https://doi.org/10.1007/s11104-023-06032-4
https://doi.org/10.1016/j.jia.2024.03.048
https://doi.org/10.1016/j.jia.2024.03.048
https://doi.org/10.1016/j.pedsph.2022.11.007
https://doi.org/10.1016/j.biotechadv.2016.05.010
https://doi.org/10.1016/j.geoderma.2022.115767
https://doi.org/10.1016/j.geoderma.2022.115767
https://doi.org/10.1016/j.scitotenv.2017.02.121
https://doi.org/10.1016/j.scitotenv.2017.02.121
https://doi.org/10.1128/aem.71.1.371-381.2005
https://doi.org/10.1128/aem.71.1.371-381.2005
https://doi.org/10.1016/j.still.2021.105120
https://doi.org/10.1016/j.still.2021.105120
https://doi.org/10.1016/j.soilbio.2021.108483
https://doi.org/10.1016/j.soilbio.2021.108483
https://doi.org/10.1016/j.geoderma.2020.114184
https://doi.org/10.1016/j.still.2021.105221
https://doi.org/10.1016/j.geoderma.2021.115276
https://doi.org/10.1016/j.geoderma.2021.115276
https://doi.org/10.1016/j.geoderma.2016.05.011
https://doi.org/10.1016/j.geoderma.2016.05.011
https://doi.org/10.1021/acs.est.0c08407
https://doi.org/10.1021/acs.est.0c08407
https://doi.org/10.1016/j.apcatb.2014.02.022
https://doi.org/10.1016/j.scitotenv.2021.151124
https://doi.org/10.1016/j.scitotenv.2021.151124
https://doi.org/10.1016/j.soilbio.2011.10.012

Plant Soil

of Geophysical Research: Biogeosciences 117: n/a-n/a.
https://doi.org/10.1029/2011jg001712.

Kelly CN, Benjamin J, CalderON FC, Mikha MM, Rutherford
DW, Rostad CE (2017) Incorporation of Biochar Carbon
into Stable Soil Aggregates: The Role of Clay Mineralogy
and Other Soil Characteristics. Pedosphere 27:694-704.
https://doi.org/10.1016/s1002-0160(17)60399-0

Kleber M, Eusterhues K, Keiluweit M, Mikutta C, Mikutta R,
Nico PS (2015) Mineral-Organic Associations: Forma-
tion, Properties, and Relevance in Soil Environments. In:
DL Sparks (ed) Advances in Agronomy, Vol 130. Elsevier
Academic Press Inc, San Diego.

Lanson B, Ferrage E, Hubert F, Prét D, Mareschal L, Turpault
M-P, Ranger J (2015) Experimental aluminization of ver-
miculite interlayers: An X-ray diffraction perspective on
crystal chemistry and structural mechanisms. Geoderma
249-250:28-39. https://doi.org/10.1016/j.geoderma.2015.
03.005

Li GL, Zhou CH, Fiore S, Yu WH (2019) Interactions between
microorganisms and clay minerals: New insights and
broader applications. Appl Clay Sci 177:91-113. https://
doi.org/10.1016/j.clay.2019.04.025

Liang C, Amelung W, Lehmann J, Kastner M (2019) Quanti-
tative assessment of microbial necromass contribution
to soil organic matter. Glob Chang Biol 25:3578-3590.
https://doi.org/10.1111/gcb.14781

Liu L, Liu D, Ding X, Chen M, Zhang S (2023) Straw incor-
poration and nitrogen fertilization enhance soil carbon
sequestration by altering soil aggregate and microbial
community composition in saline-alkali soil. Plant Soil.
https://doi.org/10.1007/s11104-023-06439-z

Liu SZ, Wang YQ, Yang Y, Li ZM (2023) A Bayesian network
simulates the responses of soil organic carbon to envi-
ronmental factors at a catchment scale. CATENA 233:9.
https://doi.org/10.1016/j.catena.2023.107493

Naimark E, Eroshchev-Shak V, Chizhikova N (2009) Kompant-
seva EJZOB. Interaction of Clay Minerals with Microor-
ganisms: a Review of Experimental Data 70:155-167

Olsen SR (1954) Estimation of available phosphorus in soils
by extraction with sodium bicarbonate. US Department of
Agriculture.

Rakhsh F, Golchin A, Beheshti Al Agha A, Alamdari P (2017)
Effects of exchangeable cations, mineralogy and clay con-
tent on the mineralization of plant residue carbon. Geo-
derma 307:150-158. https://doi.org/10.1016/j.geoderma.
2017.07.010

Rosenzweig ST, Fonte SJ, Schipanski ME (2018) Intensify-
ing rotations increases soil carbon, fungi, and aggrega-
tion in semi-arid agroecosystems. Agric, Ecosyst Environ
258:14-22. https://doi.org/10.1016/j.agee.2018.01.016

Rudnick M, Van Veen J, De Boer W (2015) Oxalic acid: a
signal molecule for fungus-feeding bacteria of the genus
C ollimonas? Environmental Microbiology Reports
7:709-714

Samson M-E, Chantigny MH, Vanasse A, Menasseri-Aubry
S, Royer I, Angers DA (2020) Management practices dif-
ferently affect particulate and mineral-associated organic
matter and their precursors in arable soils. Soil Biol Bio-
chem 148. https://doi.org/10.1016/j.s0ilbio.2020.107867.

Schweizer SA, Bucka FB, Graf-Rosenfellner M, Kogel-Knab-
ner I (2019) Soil microaggregate size composition and

organic matter distribution as affected by clay content.
Geoderma 355. https://doi.org/10.1016/j.geoderma.2019.
113901.

Six J, Elliott ET, Paustian K (2000) Soil macroaggregate
turnover and microaggregate formation: a mechanism for
C sequestration under no-tillage agriculture. Soil Biol
Biochem 32:2099-2103. https://doi.org/10.1016/S0038-
0717(00)00179-6

Six J, Conant RT, Paul EA, Paustian KJP, soil, (2002) Stabili-
zation mechanisms of soil organic matter: implications for
C-saturation of soils. Plant Soil 241:155-176

Song FB, Hu N, Lou YL, Zhang HM, Zhu P, Li DC, Gao HJ,
Zhang SQ, Wang YD (2024) Divergent chemical compo-
sitions of soil organic matter size fractions under long-
term amendments across a climate gradient. Soil Tillage
Res 242:11. https://doi.org/10.1016/j.still.2024.106156

Szymariski W (2017) Chemistry and spectroscopic properties
of surface horizons of Arctic soils under different types of
tundra vegetation—A case study from the Fuglebergsletta
coastal plain (SW Spitsbergen). CATENA 156:325-337

Thies JE, Rilling MC (2009) Characteristics of biochar: bio-
logical properties. Biochar for Environment Management:
Science and Technology: 85-105.

Ullah S, Ai C, Ding W, Jiang R, Zhao S, Zhang J, Zhou W,
Hou Y, He P (2019) The response of soil fungal diver-
sity and community composition to long-term fertiliza-
tion. Appl Soil Ecol 140:35-41. https://doi.org/10.1016/j.
apsoil.2019.03.025

Uroz S, Kelly LC, Turpault MP, Lepleux C, Frey-Klett P
(2015) The Mineralosphere Concept: Mineralogical Con-
trol of the Distribution and Function of Mineral-associatec
Bacterial Communities. Trends Microbiol 23:751-762.
https://doi.org/10.1016/j.tim.2015.10.004

Vance ED, Brookes PC, Jenkinson DS (1987) An extraction
method for measuring soil microbial biomass C. Soil
Biol Biochem 19:703-707. https://doi.org/10.1016/0038-
0717(87)90052-6

White T, bruns T, Lee S, Taylor J (1990) Amplification and
direct sequencing of fungalribosomal RNA genes for phy-
logenetics. In: Innis, N, Gelfand, D., Sninsky, J, White,
T(Eds.), PCR: Protocols and Applications- A Laboratory
Manual. Academic Press, NevYork,: 315-322.

Wu LP, Zhang SR, Ma RH, Chen MM, Wei WL, Ding XD
(2021) Carbon sequestration under different organic
amendments in saline-alkaline soils. CATENA 196.
https://doi.org/10.1016/j.catena.2020.104882

Xu X, Zhao Y, Sima J, Zhao L, Masek O, Cao X (2017) Indis-
pensable role of biochar-inherent mineral constituents in
its environmental applications: A review. Bioresour Tech-
nol 241:887-899. https://doi.org/10.1016/j.biortech.2017.
06.023

Xue B, Huang L, Li X, Lu J, Gao R, Kamran M, Fahad S
(2022) Effect of Clay Mineralogy and Soil Organic Car-
bon in Aggregates under Straw Incorporation. Agronomy
12. https://doi.org/10.3390/agronomy 12020534.

Yan T, Xue J, Zhou Z, Wu Y (2021) <Land Degrad Dev -
2021 - Yan - Biochar and compost amendments alter the
structure of the soil fungal network in a karst.pdf>. Land
Degrad Dev 33:685-697. https://doi.org/10.1002/1dr.4148

Yang JQ, Zhang X, Bourg IC, Stone HA (2021) 4D imag-
ing reveals mechanisms of clay-carbon protection and

@ Springer


https://doi.org/10.1029/2011jg001712
https://doi.org/10.1016/s1002-0160(17)60399-0
https://doi.org/10.1016/j.geoderma.2015.03.005
https://doi.org/10.1016/j.geoderma.2015.03.005
https://doi.org/10.1016/j.clay.2019.04.025
https://doi.org/10.1016/j.clay.2019.04.025
https://doi.org/10.1111/gcb.14781
https://doi.org/10.1007/s11104-023-06439-z
https://doi.org/10.1016/j.catena.2023.107493
https://doi.org/10.1016/j.geoderma.2017.07.010
https://doi.org/10.1016/j.geoderma.2017.07.010
https://doi.org/10.1016/j.agee.2018.01.016
https://doi.org/10.1016/j.soilbio.2020.107867
https://doi.org/10.1016/j.geoderma.2019.113901
https://doi.org/10.1016/j.geoderma.2019.113901
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1016/j.still.2024.106156
https://doi.org/10.1016/j.apsoil.2019.03.025
https://doi.org/10.1016/j.apsoil.2019.03.025
https://doi.org/10.1016/j.tim.2015.10.004
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/j.catena.2020.104882
https://doi.org/10.1016/j.biortech.2017.06.023
https://doi.org/10.1016/j.biortech.2017.06.023
https://doi.org/10.3390/agronomy12020534
https://doi.org/10.1002/ldr.4148

Plant Soil

release. Nat Commun 12:622. https://doi.org/10.1038/
s41467-020-20798-6

Yao Q, LiuJ, Yu Z, Li Y, Jin J, Liu X, Wang G (2017) Three
years of biochar amendment alters soil physiochemical
properties and fungal community composition in a black
soil of northeast China. Soil Biol Biochem 110:56-67.
https://doi.org/10.1016/j.s0ilbio.2017.03.005

Yuan X, Qin W, Xu H, Zhang Z, Zhou H, Zhu B (2020) Sensi-
tivity of soil carbon dynamics to nitrogen and phosphorus
enrichment in an alpine meadow. Soil Biol Biochem 150.
https://doi.org/10.1016/j.s0ilbio.2020.107984

Zeng R, Wei Y, Huang J, Chen X, Cai C (2021) Soil organic
carbon stock and fractional distribution across central-
south China. International Soil and Water Conservation
Research 9:620-630. https://doi.org/10.1016/j.iswcr.2021.
04.004

Zhalnina K, Dias R, de Quadros PD, Davis-Richardson A,
Camargo FA, Clark IM, McGrath SP, Hirsch PR, Triplett
EW (2015) Soil pH determines microbial diversity and
composition in the park grass experiment. Microb Ecol
69:395-406. https://doi.org/10.1007/s00248-014-0530-2

Zhang 7Y, Huang L, Liu F, Wang MK, Fu QL, Zhu J (2016)
Characteristics of clay minerals in soil particles of two
Alfisols in China. Appl Clay Sci 120:51-60. https://doi.
org/10.1016/j.clay.2015.11.018

Zhang 7Y, Huang L, Liu F, Wang MK, Ndzana GM, Liu ZJ
(2018) Transformation of clay minerals in nanoparticles
of several zonal soils in China. J Soils Sediments 19:211-
220. https://doi.org/10.1007/s11368-018-2013-4

@ Springer

Zhang KJ, Wang XJ, Wu LP, Lu TP, Guo Y, Ding XD (2021)
Impacts of salinity on the stability of soil organic carbon
in the croplands of the Yellow River Delta. Land Degrad
Dev 32:1873-1882. https://doi.org/10.1002/1dr.3840

Zhang LY, Chen MM, Zong YT, Sun ZQ, Li YY, Ding XD,
Zhang SR (2025) The response of soil organic carbon
sequestration to organic materials addition in saline-alkali
soil: from the perspective of soil aggregate structure and
organic carbon component. Plant Soil. https://doi.org/10.
1007/s11104-024-07163-y

Zhou X, Liu D, Bu H, Deng L, Liu H, Yuan P, Du P, Song H
(2018) XRD-based quantitative analysis of clay minerals
using reference intensity ratios, mineral intensity factors,
Rietveld, and full pattern summation methods: A critical
review. Solid Earth Sciences 3:16-29. https://doi.org/10.
1016/j.sesci.2017.12.002

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.1038/s41467-020-20798-6
https://doi.org/10.1038/s41467-020-20798-6
https://doi.org/10.1016/j.soilbio.2017.03.005
https://doi.org/10.1016/j.soilbio.2020.107984
https://doi.org/10.1016/j.iswcr.2021.04.004
https://doi.org/10.1016/j.iswcr.2021.04.004
https://doi.org/10.1007/s00248-014-0530-2
https://doi.org/10.1016/j.clay.2015.11.018
https://doi.org/10.1016/j.clay.2015.11.018
https://doi.org/10.1007/s11368-018-2013-4
https://doi.org/10.1002/ldr.3840
https://doi.org/10.1007/s11104-024-07163-y
https://doi.org/10.1007/s11104-024-07163-y
https://doi.org/10.1016/j.sesci.2017.12.002
https://doi.org/10.1016/j.sesci.2017.12.002

	Mineral-fungal interactions in response to biochar amendment: implications for carbon storage in saline-alkali soil
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Site description
	Experimental design and biochar preparation
	Soil sampling and soil aggregate sieving
	Soil analyses
	Preparation of soil colloids and clay minerals analyses
	Fourier-transform infrared spectra analyses
	CO2 emission experiment
	Fungal community characterization
	Date analysis

	Results
	Physical and chemical properties of soil
	Soil organic C functional groups
	Analyses of dominant clay mineral in soil
	SCMR and SOC storage
	Fungus community
	Correlation analysis

	Discussion
	The changes of clay mineral composition with biochar application
	Response of SOC stability to clay mineral transformation
	The role of microbial communities on SOC storage

	Conclusion
	Acknowledgements 
	References


