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ABSTRACT
Saline-alkali soils pose a serious challenge to the agricultural production system. Although ordinary biochar application has been found to be beneficial in

mitigating salt stress, its effectiveness could be further enhanced through some modifications. In this study, a soil column leaching experiment was conducted
to evaluate the potential roles of original rice straw biochar (OB) and aluminum-modified rice straw biochar (AB) in the reclamation of a saline-alkali soil.
Five treatments were designed: treatments amended with 1% and 3% (weight:weight) OB and AB (1% OB, 3% OB, 1% AB, and 3% AB, respectively) and
without biochar (control, CK), and each treatment was repeated four times under a completely randomized design. The results reflected that the 3% AB
treatment was more effective than other treatments in reducing soil pH, electrical conductivity, sodium adsorption ratio, and exchangeable sodium ions (by
7.8%, 27.4%, 36.8%, and 30.2%, respectively, relative to CK). It was mainly due to the maximum replacement of sodium ions with aluminum ions on soil
exchange sites. Additionally, irrigation practices further accelerated the salt removal from the soil column via leaching. With a reduction in salt content, soil
β-1,4-glucosidase and β-cellobiohydrolase activities became enhanced, particularly in the 3% AB treatment. Notably, biochar application also altered soil
microbial community composition. The relative abundance of salt-tolerant bacteria, such as Proteobacteria and Actinobacteriota, was greatly improved in the
3% AB-amended soil, thereby benefiting soil health. In conclusion, this study proves the multiple enhanced impacts of AB on overall soil properties and also
provides new insight into the utilization of natural resources with slight modification for reclaiming saline-alkali soils.
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INTRODUCTION

Soil salinization is a major agricultural constraint that
converts agronomically useful areas into nonproductive land,
affecting 1%–2% of agricultural land area annually (Sa-
hab et al., 2021). This problem is more prevalent in arid
and semi-arid regions with low average annual precipitation
(Navarro-Torre et al., 2023). More than 30% of the world’s
salinized area is located in China, out of which one-third is in
Xinjiang (Liang et al., 2021). High concentrations of soluble
salts, particularly sodium ions (Na+) in the saline-alkali soil,
negatively affect soil physicochemical properties by degra-
ding soil structure and lowering soil organic matter (SOM)
and nutrient contents (Saifullah et al., 2018; Tian et al.,
2023). All these changes, in turn, severely affect crop growth
and cause an annual worldwide economic loss of about 27.2
billion dollars in agricultural production (Elmeknassi et al.,

2024). In addition, soil salinity also induces a detrimental
impact on soil biological properties by decreasing the di-
versity and abundance of microbial community, which plays
an important role in nutrient cycling (Haj-Amor et al., 2022;
Yang et al., 2023). It is expected that the global population
will increase to 10 billion by 2050, and the current arable
land is insufficient to meet the food demand of the increasing
population (Zul Azlan et al., 2024). Therefore, to cope with
this problem, it is necessary to bring the saline-alkaline
land under cultivation by adopting control measures that
could effectively mitigate the salt stress, improve soil fertility
status, and promote sustainable agriculture.

Recently, biochar application has received great atten-
tion as an effective strategy to remediate the saline-alkali
soil and sustain crop productivity (Sánchez et al., 2022;
Han et al., 2023). Biochar, a carbonaceous material produ-
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ced under anaerobic conditions, has a porous structure and
large specific area (Lu et al., 2023; Wang et al., 2025). It
contains numerous functional groups such as –COOH, –OH,
C=O, phenolic –OH, and –CHO groups, which play an
important role in soil nutrient adsorption such as potassium
(K+), ammonium (NH+

4 ) and calcium (Ca2+) ions, thus
improving soil fertility status (Zhang C et al., 2023; Adhikari
et al., 2024). Biochar addition modifies soil physicochemical
properties by regulating soil pH and increasing SOM, cation
exchange capacity (CEC), porosity, aggregate stability, and
saturated hydraulic conductivity, as well as retaining essential
nutrients in the soil (Duan et al., 2023; Wang K et al., 2024).
Biochar amendment is mostly used in acidic soils, where it
indicates more pronounced positive effects on soil properties,
but its utilization in saline-sodic soils is very limited due
to the alkaline nature. Nowadays, modified biochar, such
as acidic or cationic modified biochar, is used to increase
its efficiency in reclaiming saline-alkali soil by displacing
Na+ from soil exchange sites with divalent cations (He et
al., 2023; Che et al., 2024). Several studies have reported the
beneficial effect of acidified/cationic biochar in reclaiming
saline-alkali soil (Zhou et al., 2021; Singh et al., 2023) by
increasing soil moisture content, forming soil water-stable
macro-aggregates, and facilitating the Na+ adsorption on
biochar surface (Zhou et al., 2021; Gao et al., 2024). Ad-
ditionally, modified biochar as a nutrient-enriched carrier
and modifier releases more K+, Ca2+, and magnesium ions
(Mg2+), causing the displacement of Na+ from soil exchange
sites into soil solution (Zhao et al., 2020; Wang et al., 2025).

Furthermore, emerging evidence indicates that modified
biochar with metal salts, such as chlorides of Ca, Mg, iron
(Fe), etc., can induce a shift in pH from high alkalinity to
lower acidity (Li C Y et al., 2023; Li H et al., 2023; Peng C
et al., 2023; Che et al., 2024). This transformation not only
enhances soil CEC by displacing Na+ from soil exchange
sites, but also allows the salts to leach out of the soil profile
with irrigation practices (Xu et al., 2023). Such improvements
in soil physicochemical properties with the application of
modified biochar produce a well-pronounced positive effect
on soil microbial diversity, community composition, and
enzyme activities, which play a crucial role in improving soil
health and ecosystem functioning (He et al., 2023; Bolan
et al., 2024). In earlier investigations, the application of
Ca- and Fe-based modified biochar significantly improved
bacterial diversity, bacterial population size, and various
enzyme activities that help in nutrient cycling and overall
improve soil health (Peng et al., 2022; Wang et al., 2023).
Despite the advancement in this research, a knowledge gap
still persists regarding the effects of modified biochar in
reclaiming saline-sodic soils.

Aluminum ions (Al3+) have a high charge density and
better binding affinity to displace Na+ from exchange sites
and release them into soil solution (Qian and Chen, 2014).

Consequently, these Na+ ions from soil solution are leached
out with irrigation water. In addition, Al3+ reacts with other
soil constituents, such as organic matter and other disso-
lved ions, and forms inorganic complexes and aluminum
(Al) hydroxides, which neutralize soil alkalinity (Aide,
2022). In previous studies, Al-modified biochar (AB) was
used for the remediation of arsenic-contaminated acidic
soils (He et al., 2020) and chromium-containing wastewater
(Yang et al., 2022). Their effectiveness was mainly attribu-
ted to several factors, such as large surface area, additional
functional groups, electrostatic attraction, redox potential,
and complex formation (Zheng et al., 2020). Notably, AB
exhibits a strong selective ion-adsorption capacity due to
the Al oxide coating, which increases its affinity for Na+
and can effectively replace Na+ from exchange sites (Aide,
2022; Li C Y et al., 2023). Meanwhile, it releases essential
nutrients like Ca2+ and Mg2+, which can also contribute to
the reclamation of soil alkalinity (Porras et al., 2017; Patrick
et al., 2022). In contrast, ordinary biochar possesses a low
selective ion-adsorption capacity and pH buffering capacity
due to its reduced surface area, CEC, and alkaline properties
(Hameed et al., 2024). Interestingly, AB offers a more stable
and prolonged beneficial impact on improving soil proper-
ties and fostering microbial activity, thereby reducing the
ecological disturbance linked to chemical application. Thus,
these multiple benefits can make AB an effective amendment
for ameliorating saline-alkali soils.

The objectives of this study were to 1) evaluate the
potential of AB in reclaiming the saline-sodic soil along with
successive irrigation practices, 2) enumerate the alterations in
soil chemical properties and enzyme activities, and 3) explore
the differences in microbial composition and diversity after
salt leaching between the soils amended with AB and original
rice straw biochar (OB). We hypothesized that the application
of AB and subsequent leaching with irrigation water could
accelerate the reclamation process compared to the individual
application of OB. Moreover, we hypothesized that AB
could modify soil chemical and biological properties, which
would be beneficial for soil health and promote sustainable
agriculture.

MATERIALS AND METHODS

Biochar preparation and characterization

Biochar used in the current study was produced from
pyrolysis of rice straw at 500 ◦C for 2 h under N2 atmos-
phere, which was provided by Hubei Academy of Agricul-
tural Sciences, Wuhan, Hubei Province, China (114◦32′ E,
30◦48′ N). Before application, the original rice straw bio-
char (OB) was first air-dried, crushed, and passed through
a 0.85-mm sieve. Aluminum-modified biochar (AB) was
prepared from OB using the impregnation and calcination
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method (Wang et al., 2023). The basic properties of OB
and AB are shown in Table SI (see Supplementary Material
for Table SI). The surface morphology and microscopic
attributes of biochar were determined by scanning electron
microscopy (SEM). Meanwhile, the elemental contents on
the biochar surface, such as C (carbon), O (oxygen), Ca, Mg,
K, Na, and Al, were measured by an energy dispersive spec-
trometer (EDS). Additionally, a Fourier transform infrared
(FTIR) spectrometer (Nicolet IS50, Thermo Scientific, USA)
was used to identify surface functional groups on biochar.
The X-ray diffraction (XRD) patterns of biochar powder
were obtained by an X-ray diffractometer (D8 Advanced,
Bruker Co., USA) using a CuKα radiation beam (λ = 0.150
45 nm) in a diffraction tube of 40 kV voltage and 40 mA
current with a scanning rate of 10◦ min−1 and scanning
range of 5◦–90◦.

Test soil and leaching experiment

The soil used in this study is a saline-alkali soil that
was collected from Aral City, Xinjiang, China (81◦29′ E,
40◦54′ N). The soil was air-dried and sieved through a 2-
mm mesh to remove plant residues and pebbles. The basic
properties of this soil were determined as follows: pH 9.90,
electrical conductivity (EC) 4 958.67 µS cm−1, and SOM
2.98 g kg−1. A leaching experiment was conducted in a
greenhouse at Huazhong Agricultural University, Wuhan,
Hubei Province, China (114◦22′ E, 30◦29′ N), to evaluate the
effects of biochar and irrigation water on the reclamation of
saline-alkali soil. Five treatments were designed: treatments
amended with 1% and 3% (weight:weight) OB and AB (1%
OB, 3% OB, 1% AB, and 3% AB, respectively) and without
biochar (control, CK), and each treatment was repeated four
times in a completely randomized design. Plastic containers
with a diameter of 8 cm and a length of 20.5 cm were used
to conduct the leaching process. The column contained a big
hole (2.5 mm in diameter) at the bottom that was covered
with a layer of filter paper and 80-mesh nylon. For uniform
leaching, a layer of quartz sand was laid up to 2 cm depth on
the filter paper. On the top of sand layer, the saline-sodic soil
samples (ca. 1.5 kg) amended with and without biochar were
added, and soil surface was levelled after the addition of
each soil sample. Three layers of filter paper were placed on
the top of soil sample to avoid soil surface disturbance and
splashing during water addition. The container was attached
to a glass storage bottle. The soil columns were saturated with
distilled water to maintain 60% of water-holding capacity.
Then, they were incubated for 15 d at room temperature to
facilitate better interaction between soil and biochar. After 15
d, a constant quantity of water was added to the container in
the following manner. At a time each day, 50 mL of distilled
water was added for 4 consecutive days and then left for 3 d
for better percolation through the soil column and effective

salt removal. The leachate was collected every week for
analysis by replacing the leachate collection container (i.e.,
the glass storage bottle). The same pattern was followed
during the whole leaching experiment. Four leachates were
collected at different time intervals on days 8, 16, 24, and 32
and then used to determine the pH, EC, and the contents of
water-soluble cations such as Na+, K+, Ca2+, and Mg2+ in
the leaching solution. The duration of the whole experiment
was about 72 d.

The basic purpose of the experimental leaching model
was to simulate field-relevant leaching practices that could be
adapted in salt-affected soils of the arid region in Xinjiang,
where inadequate rainfall distribution, high evaporation rate,
and great fluctuations in temperature inhibit the natural salt
leaching (Liang et al., 2021; Ding et al., 2023). In addition,
the amount of water used in this study was based on the
typical irrigation practices, which can stimulate a realistic
leaching process for saline-alkali soils (Zhang Y et al., 2020;
Xiao et al., 2022). Meanwhile, different time sets of leachate
collection allow us to better understand time-dependent
interactions between biochar and soil environment, especially
in terms of salt removal efficiency (Liu et al., 2023; Wang
et al., 2025). Thus, under controlled conditions, a detailed
assessment of salt removal by leaching action reflects how
irrigation practices and soil treatments function in real-world
scenarios and mitigate soil salinity issues in regions facing a
similar environmental challenge.

Soil sample collection and analysis

Before soil sample collection, the soil column was stan-
ding for 25 d to reach a constant state. Afterwards, the soils
from four replicates of each treatment were homogeneously
mixed in a big pot to get a composite sample. The collected
soil sample was divided into three parts. One part was kept
at −20 ◦C for the determination of extracellular enzyme
activity, while the second part was stored at −80 ◦C for
analyzing soil microbial sequence. Soil physicochemical
properties were determined by the methods of Bao (2000).
Soil pH was determined by a pH meter (FE20, Mettler Toledo,
China) at a soil:water ratio of 1:2.5 (weight/volume), while
soil EC was measured at a soil:water ratio of 1:5 (weight/
volume) at 25 ◦C (Chen et al., 2021; Wang et al., 2025).
The SOM content was measured using the potassium dichro-
mate (K2Cr2O7) volumetric method. Soil water-soluble and
exchangeable Na+, K+, Ca2+, and Mg2+ were extracted
with ultrapure water at a ratio of 1:5 (weight/volume) and 1
mol L−1 CH3COONH4, respectively, and then determined
using a flame photometer (FP6410, Shanghai Jingqi In-
strument Co., Ltd., China) and a flame atomic absorption
spectrophotometer (204DUO, Agilent, USA), respectively.
Soil extracellular enzyme activities were determined follo-
wing the protocol mentioned by Wang X L et al. (2024a).



514 S. BABAR et al.

The sodium adsorption ratio (SAR) was calculated based on
the following formula (Qadir et al., 2021):

SAR = Na+/
√

1

2
(Ca2+ + Mg2+) (1)

Soil DNA extraction and high-throughput sequencing

Soil DNA was extracted using the E.Z.N.A.® DNA kit
(Omega Bio-Tek, USA) for the CK, 3% OB, and 3% AB
treatments. Subsequently, DNA purity and quality were
assessed by a NanoDrop 2000 spectrophotometer (Thermo
Scientific, USA), and the integrity was evaluated with 1%
agarose gel. The primers 338F (5′-GTGCCAGCMGCCGC-
GG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
were selected for amplification of V3–V4 regions of the
bacterial gene (Zhang M Y et al., 2020). The amplified po-
lymerase chain reaction products were examined with 2%
agarose gel and recovered by the AxyPrep DNA gel extraction
kit (Axygen Biosciences, USA). High-throughput sequencing
was conducted on the Illumina MiSeq platform (Illumina,
USA) by Shanghai Majorbio Bio-Pharm Technology Co.,
Ltd., China.

Data processing and statistical analysis

Experimental data were shown as means± standard devi-
ations (n = 4). One-way analysis of variance (ANOVA) and
Duncan’s multi-interval test of SPSS software (V25.0) were
used to test the significant differences among the treatments,
and the difference was supposed to be significant atP < 0.05.
Overall, the analysis of soil biological information was car-
ried out at a branch of Shanghai Meiji Biomedical Technology
Co., Ltd., China (http://www.isanger.com/index.html).

RESULTS

Biochar characterization

The SEM images showed a notable change in surface
morphology of OB and AB; OB had a smoother surface than
AB (Fig. 1a). After Al modification, AB surface became rou-
gher, which might be due to the alterations in pore structure,
pore size distribution, particle agglomeration, and surface
coating. In addition, the SEM-EDS results indicated that the
C content on AB surface decreased from 52.50% to 45.26%
compared to that on OB surface, while the O, Mg, and Al con-
tents increased by 6%, 72%, and 100%, respectively. Mean-
while, the elemental contents of K and Ca were reduced on
AB surface. The FTIR spectra of OB and AB possessed simi-
lar characteristic peaks at 2 363, 1 596, 1 097, and 678 cm−1

(Fig. 1b). The absorbance peak at 2 363 cm−1 was probably
the peak of CO2, whereas the peaks at 1 596, 1 097, and
678 cm−1 were due to antisymmetric stretching and out-
of-plane bending of aromatic C=O (ester), C–O (ether),

and N–H (amide), respectively. Notably, an additional peak
was observed in the case of AB at 3 398 and 652 cm−1,
which corresponded to –OH (phenolic) and Al–O (Al oxide),
respectively. This change indicated that Al3+ ion became
exchanged with other cations present in OB or adsorbed on
biochar surface functional group, thus forming an Al com-
plex on biochar surface. Therefore, AB had an additional
functional group compared with OB. In addition, some peak
intensities were reduced and shifted after Al modification.
Moreover, the XRD analyses of OB and AB clearly indicated
a great variation in crystallographic pattern (Fig. 1c). After
Al modification, some peaks of CaCO3 (2θ = 20.9◦, 29.2◦,
39.3◦, and 43.3◦), Ca(OH)2 (2θ = 28.1◦ and 49.96◦), and
SiO2 (2θ = 26.7◦, 36.4◦, and 50.1◦) became reduced and
disappeared for AB relatively to OB due to loading of Al
oxide on the surface of AB.

Furthermore, the basic properties of OB and AB demons-
trated that Al modification significantly reduced the pH of
AB (4.24) as compared to OB (9.80), while increasing the
ash contents by 8% relative to OB. The increase in ash
content might be attributed to the inclusion of Al3+, which
formed the additional mineral component in the material.
Additionally, in Al-modified biochar, the contents of water-
soluble cations such as Ca2+ and Mg2+ increased by 80%
and 62%, respectively, due to the alteration in biochar pH,
which affected the solubility and mobility of Ca2+ and Mg2+,
potentially leading to higher water-soluble cation contents.
Meanwhile, the Na+ content in AB was reduced by 88%
because of the replacement of Na+ with Al3+ (Table SI, see
Supplementary Material for Table SI). Thus, these improved
properties of modified biochar were more conducive to the
reclamation of saline-alkali soil.

Cation contents in soil leachates

To assess the contents of salts removed from the saline-
alkali soil along with successive irrigations, we measured the
chemical properties of soil leachates collected at different
time intervals. Figure 2 displays the pH, EC, and water-
soluble cation contents in the leachates of the saline-alkali
soil. There were notable differences among the treatments.
In the first leachate (i.e., on day 8), the pH and EC values
were the highest, ranging from 8.30 to 8.91 and from 4.61
to 7.37 dS m−1, respectively, across all treatments, which
indicated that the maximum removal of salts from soil took
place during the first irrigation. In the 3% OB and 3% AB
treatments, the highest pH and EC values of soil leachate
were recorded as compared to CK. In the subsequent leachate
(i.e., on day 16), the pH and EC values were still higher;
however, there was no significant difference in the pH and
EC values of the third (i.e., on day 24) and fourth (i.e., on day
32) leachates between the 1% AB and 3% OB treatments.
Notably, in the third and fourth leachates, the pH and EC

http://www.isanger.com/index.html
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Fig. 1 Surface properties of biochar: scanning electron microscopy (SEM) images along with energy dispersive spectroscopy spectra (a), Fourier transform
infrared spectra (b), and X-ray diffraction spectra (c) of original rice straw biochar (OB) and aluminum-modified rice straw biochar (AB). a.u. = arbitrary unit.

values in the 3% OB and 3% AB treatments were increased
by 33%–41% and 66%–81%, respectively, relative to CK.
Thus, the pH and EC values across four leachates fluctuated
between 7.90 and 8.91 and between 0.60 and 7.37 dS m−1,
respectively.

The pH and EC values of soil leachates were highly
correlated with the cation contents in soil solution. The
contents of water-soluble cations such as Na+, K+, Ca2+, and
Mg2+ in soil leachate greatly varied among all treatments and
decreased with an increase in number of irrigation (Fig. 2).
In the first and second leachates, the content of water-soluble
Na+ varied from 1 245 to 2 650 mg L−1 and from 1 480 to
2 410 mg L−1, respectively, whereas in the third and fourth
leachates, the content of water-soluble Na+ changed from
1 360 to 1 602 mg L−1 and from 851 to 1 016 mg L−1, re-
spectively. Notably, during the first and second leachates, the
highest content of water-soluble Na+ was observed in the
3% AB treatment, increased by 112% and 63%, respective-
ly, relative to CK (Fig. 2). It was followed by the 3% OB

treatment, increased by 77% and 45%, respectively, relative
to CK. In the third soil leachate, there was no significant
difference in the content of water-soluble Na+ between the
3% AB and 3% OB treatments. While in the fourth soil
leachate, the content of water-soluble Na+ was lowered,
particularly in the 3% AB treatment, which is evidence of
the maximum removal of Na+ taking place during the first
irrigation. After successive irrigations, the average content
of water-soluble Na+ in soil leachate increased by 46.6% and
37.1%, respectively, in the 3% AB and 3% OB treatments
relative to CK.

Meanwhile, the contents of water-soluble K+, Ca2+, and
Mg2+ in soil leachates decreased with an increase in the
number of irrigations and tended to become stable after the se-
cond irrigation. The contents of K+ in the first, second, third,
and fourth leachates increased by 37.9%–67.9%, 17.1%–
42.5%, 17.4%–56.3%, and 18.2%–64.6%, respectively, in
the respective biochar-amended treatments relative to CK
(Fig. 2). Overall, the average contents of water-soluble K+
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Fig. 2 Variations in pH, electrical conductivity (EC), and water-soluble cation contents in leachates of a saline-alkali soil collected on days 8, 16, 24, and 32
following irrigation practices in the treatments amended with 1% and 3% (weight:weight) original rice straw biochar (OB) and aluminum-modified rice straw
biochar (AB) (1% OB, 3% OB, 1% AB, and 3% AB, respectively) and without biochar (control, CK). Vertical bars indicate standard deviations of the means
(n = 4).

in the 3% OB and 3% AB treatments increased by 40.0% and
56.3%, respectively, relative to CK, whereas the average con-
tents of Ca2+ and Mg2+ in the biochar-amended treatments
increased by 22.7%–55.2% and 7.8%–21.5%, respectively,
compared to CK (Fig. 2). The highest contents of Ca2+ and
Mg2+ were reported in the first and second leachates, while
the lowest contents were in the third and fourth leachates.
However, there was no significant difference in the Ca2+ and
Mg2+ contents between the 3% AB and 3% OB treatments.
In short, a decreasing trend in the contents of water-soluble
cations was observed after four successive irrigations, and
as a result, salinity stress in the saline-alkali soil was greatly
reduced.

Soil physicochemical properties

In order to enumerate the effects of biochar addition
and irrigation practices on the reclamation of saline-alkali
soil, we analyzed the physicochemical properties of the
saline-alkali soil. The 3% AB treatment showed a more
noticeable impact on the improvement of soil properties after
four successive irrigations, decreasing soil pH, EC, and SAR
by 7.8%, 27.4%, and 36.77%, respectively, relative to CK
(Fig. 3). In contrast, SOM increased by 7.71 folds in the 3%
AB treatment as compared to CK (Fig. 3).

Furthermore, the contents of water-soluble cations Na+,
K+, Ca2+, and Mg2+ in the saline-alkali soil after four su-
ccessive irrigations were significantly influenced by the

biochar-amended treatments (Fig. 4). The water-soluble
Na+ content in biochar-amended soils was dramatically
reduced by 4.8%–28.2%, whereas the K+ content increased
by 20.18%–55.29%. The highest reduction rate of water-
soluble Na+ content was reported in the 3% AB treatment.
In addition, the water-soluble Ca2+ and Mg2+ contents in-
creased by 13.8%–31.8% and 20.6%–59.6%, respectively, in
the biochar-amended treatments relative to CK. Additionally,
the variations in water-soluble cations were closely linked
to the alterations in the pool of exchangeable cations in soil.
The contents of exchangeable cations greatly varied among
different treatments (Fig. 4). After biomass application, the
content of exchangeable Na+ was reduced by 11.7%–30.2%
compared to CK. However, there was no significant difference
in the content of exchangeable Na+ between CK and 1% OB
treatment (Fig. 4). In addition, exchangeable K+ increased by
12.8%–45.5%; the highest content of exchangeable K+ was
reported in the 3% OB treatment (Fig. 4). Meanwhile, the
contents of exchangeable Ca2+ and Mg2+ were improved by
12.4%–35.9% and 25.5%–60.4%, respectively, after biochar
application compared to CK (Fig. 4).

Overall, biochar application, particularly modified bio-
char addition, greatly improved soil physicochemical proper-
ties by reducing the Na+ content as well as increasing the
K+, Ca2+, and Mg2+ contents, due to its high affinity for
Na+ displacement and gradual release of bound nutrients
from biochar. These improvements in soil properties led to
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Fig. 3 Variations in pH, electrical conductivity (EC), sodium adsorption ra-
tio (SAR), and organic matter (SOM) of a saline-alkali soil after four succes-
sive irrigations in the treatments amended with 1% and 3% (weight:weight)
original rice straw biochar (OB) and aluminum-modified rice straw biochar
(AB) (1% OB, 3% OB, 1% AB, and 3% AB, respectively) and without
biochar (control, CK). Vertical bars indicate standard deviations of the
means (n = 4). Different letters indicate significant differences at P <
0.05 according to Duncan’s test.

the augmentation of soil extracellular enzyme activities and
fostered soil microbial community.

Soil extracellular enzyme activities

Soil extracellular enzyme activity is a crucial indicator
for determining soil microbial processes, nutrient cycling,
organic matter decomposition, and overall soil health. In
our study, the activities of C cycling-related enzymes such
as β-1,4-glucosidase (βG) and β-cellobiohydrolase (CBH)
were significantly improved among the biochar-amended
treatments compared to CK (Fig. 5). However, there was no
significant difference in βG activity between the OB and
AB treatments. Notably, in the 3% AB treatment, the βG
and CBH activities increased by 1.14 and 1.93 folds, re-
spectively, relative to CK. Additionally, the highest β-1,4-
N -acetylglucosaminidase (NAG) activity was reported in
the 1% OB treatment (Fig. 5). Such variations in enzyme
activity affected bacterial composition by altering nutrient
availability and substrate utilization.

Moreover, the results of two-factor redundancy ana-
lysis (RDA) between soil microbial community and enzyme
activity showed that the first (RDA1) and second (RDA2)

axes accounted for 41.92% of the variation in bacterial
composition at species level, of which RDA1 accounted for
34.12% and RDA2 accounted for 7.80% (Fig. S1, see Sup-
plementary Material for Fig. S1). Notably, the application of
AB and OB positively influenced the CBH and βG activities,
which were closely associated with cellulose degradation
and nutrient cycling.

Soil microbial properties

The results of high-throughput sequencing unambigu-
ously presented that bacterial composition greatly varied
among all treatments. Overall, 54 977 sequences were ac-
quired from 12 soil samples. The differences at operational
taxonomic unit (OTU) level with biochar application were il-
lustrated by the scatter plot of principal component analysis,
showing a clear degree of separation in microbial com-
munity structure among CK, 3% OB, and 3% AB treatments
(Fig. 6a). In addition, the alpha diversity test of inter-group
differences at OTU level showed that Shannon index exhi-
bited a significant difference (P < 0.05) between CK and
biochar-amended treatments (i.e., 3% OB and 3% AB treat-
ments) (Fig. 6b). The index Sobs greatly varied between
CK and 3% OB treatment (Fig. 6c). Meanwhile, there was
no significant difference in Chao 1 among all treatments
(Fig. 6d).

Moreover, the results of two-factor RDA between soil
microbial community and exchangeable cations showed that
RDA1 and RDA2 accounted for 57.95% of the total vari-
ation in soil microbial community, with 37.32% explained
by RDA1 and 20.63% by RDA2. It was indicated that ex-
changeable cations such as Ca2+, Mg2+, and K+ induced by
AB and OB application were strongly associated with soil
microbial community (Fig. S2, see Supplementary Mate-
rial for Fig. S2). Among soil microbial community struc-
ture, Proteobacteria, Actinobacteriota, Firmicutes, Chloro-
flexi, Gemmatimonadota, and Bacteroidota were common
bacterial phyla in the biochar-amended and non-amended
saline-alkali soils (Fig. 6e). However, the relative abun-
dances of Proteobacteria and Actinobacteriota in the 3%
AB treatment were higher than those in CK and 3% OB
treatment, whereas the relative abundance of Bacteroidota
was lower. At the genus level, a noticeable difference in soil
bacterial composition was also observed. Bacillus, norank
f JG30-KF-CM45, norank f Longimicrobiaceae, norank
f Euzebyacceae, and norank f Nitriliruptoraceae were domi-
nant bacteria at the genus level (Fig. 6f). In the 3% AB treat-
ment, the relative abundances of norank f JG30-KF-CM45,
norank f Longimicrobiaceae, and norank f Euzebyacceae
were increased by 21%, 9%, and 18%, respectively, whereas
the abundance of Bacillus decreased by 21% in compa-
rison to the 3% OB treatment. Meanwhile, Pontibacter, a
phosphate-solubilizing bacterium, had the highest relative
abundance in the 3% OB treatment.
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Fig. 4 Contents of water-soluble and exchangeable cations in a saline-alkali soil after four successive irrigations in the treatments amended with 1% and 3%
(weight:weight) original rice straw biochar (OB) and aluminum-modified rice straw biochar (AB) (1% OB, 3% OB, 1% AB, and 3% AB, respectively) and
without biochar (control, CK). Vertical bars indicate standard deviations of the means (n = 4). Different letters indicate significant differences at P < 0.05
according to Duncan’s test.

Fig. 5 Activities of extracellular enzymes, C cycling-related β-1,4-glucosidase (βG) and β-cellobiohydrolase (CBH) and N cycling-related β-1,4-N -
acetylglucosaminidase (NAG), of a saline-alkali soil after four successive irrigations in the treatments amended with 1% and 3% (weight:weight) original rice
straw biochar (OB) and aluminum-modified rice straw biochar (AB) (1% OB, 3% OB, 1% AB, and 3% AB, respectively) and without biochar (control, CK).
Vertical bars indicate standard deviations of the means (n = 4). Different letters indicate significant differences at P < 0.05 according to Duncan’s test.

Interestingly, in order to elucidate which microorganisms
showed statistically substantial variations, two groups of soil
microbial community at the genus level between CK and 3%
AB treatment and between 3% OB and 3% AB treatments
were compared to determine differential microorganisms in
the 3% AB treatment (Fig. 7). The results showed that in
the 3% AB treatment, the relative abundances of norank
f Longimicrobiaceae, norank c Alphaproteobacteria, Sphi-
ngomonas, and Nitrosococcus were the highest, while the re-

lative abundances of norank f JG30-KF-CM4, norank f
Nitriliruptoraceae, norank c BD2-11 terrestrial group, and
unclassified f Cyclobacteriaceae were lowered compared
to CK.

Furthermore, 3% AB addition induced a prominent in-
crement in the relative abundances of norank f Symbio-
bacteraceae, norank c Alphaproteobacteria, Sphingomonas,
and unclassified c Actinobacteria, while decreasing the re-
lative abundances of Bacillus, Pontibacter, and unclassified
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Fig. 6 Principal component (PC) analysis (a) and alpha diversity, shown as Shannon index (b), Sobs (c), and Chao 1 (d), at operational taxonomic unit level
and relative abundances at phylum (e) and genus (f) levels of microbial community of a saline-alkali soil after four successive irrigations in the treatments
amended with 3% (weight:weight) original rice straw biochar (OB) and aluminum-modified rice straw biochar (AB) (3% OB and 3% AB, respectively)
and without biochar (control, CK). In panels b, c, and d, vertical bars indicate standard deviations of the means (n = 4). Asterisk * indicates significant
differences at P < 0.05.

f Cyclobacteriaceae as compared to 3% OB addition. These
changes in soil microbial community were further elaborated
via the linear discriminant biomarker analysis (LEfSe), sho-
wing that 48 microbial biomarkers existed in the 3% AB treat-
ment, which was lower than the 3% OB treatment (Fig. S3,
see Supplementary Material for Fig. S3). The most dominant
class in the 3% AB treatment was Alphaproteobacteria, phy-
lum Proteobacteria, orders Rhizobiales, Sphingomonadales,
and Burkholdaleriales, and family Sphongomonodaceae,
whereas in the 3% OB treatment, the dominant class was
Bacteriodia, phylum Bacteriodota, and family Bacillaceae.

A single-factor correlation network between microbial
species indicated that the number of nodes and edges in-
creased after OB and AB application compared to CK (Fig.
S4, see Supplementary Material for Fig. S4). In the AB
treatment, the total numbers of nodes and edges were 62 and
133, respectively, whereas in the OB treatment, 54 nodes
and 139 edges were formed. In contrast, the network ana-
lysis showed 42 nodes and 137 edges in CK. These results
indicate that biochar application modified the interaction
between bacterial species. Interestingly, the heatmap ana-
lysis showed that soil bacterial community structure was

significantly influenced by soil properties both at the phy-
lum and genus levels. Soil pH, EC, SAR, exchangeable
Na+, and NAG activity showed strong positive correlations
with the relative abundances of Planctomycetota and Desul-
fobacterota, whereas robust negative correlations with the
relative abundances of Nitrospirota and Cynobacteriota at
the phylum level (Fig. 8a). Meanwhile, SOM and other
exchangeable cations such as K+, Ca2+, and Mg2+ were
positively linked to the relative abundances of Nitrospirota,
Cynobacteriota, and Proteobacteria. Additionally, the CBH
and βG activities also enhanced the relative abundances
of these groups. Whereas, at the genus level, soil pH, EC,
SAR, and NAG activity were positively associated with
the relative abundances of unclassified f Cyclobacteriaceae
and Halomas and negatively correlated with the relative
abundances of norank f Longimicrobiaceae and norank c
Alphaproteobacteria (Fig. 8b).

Additionally, the results of the interactive Mantel test
analysis between microbial communities and soil nutrients,
as well as extracellular enzyme activities, indicated that
the alpha diversity index and bacterial composition altered
with the variation in soil chemical properties (Fig. S5, see
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Fig. 7 Comparisons of two groups of microbial community at genus level of a saline-alkali soil between the treatments amended with 3% (weight:weight)
original rice straw biochar (OB) and aluminum-modified rice straw biochar (AB) (3% OB and 3% AB, respectively) and without biochar (control, CK).
Horizontal bars indicate 95% confidence intervals. Asterisks *, **, and *** indicate significant differences at P < 0.05, P < 0.01, and P < 0.001,
respectively.

Supplementary Material for Fig. S5). Notably, the alpha di-
versity index showed negative correlations with exchangeable
cations except Mg2+. Thus, an obvious change in bacte-
rial structure was encountered with the alteration in soil
properties.

DISCUSSION

Effects of biochar application on soil leachate pH, EC, and
cation contents

Biochar application with irrigation practices significantly
altered pH, EC, and water-soluble cation contents in soil
leachate at different time intervals, showing a decreasing
trend among all treatments (Fig. 2). During the first irrigation,
the pH and EC values of the leachates were higher due to the

maximum removal of salts, particularly Na+ replaced from
the soil matrix. Among all treatments, the 3% AB treatment
was more effective in lowering the salt content. High content
of Al in AB replaces more Na+ and other cations from the
soil exchange sites and, in turn, increases their contents in
leachate (Huang et al., 2023). The decreasing trend in pH
and EC values of leachates was in line with the findings of Xu
et al. (2023). After the third irrigation, the contents of Na+,
K+, Ca2+, and Mg2+ in leachate tended to become stable,
but were still significantly higher in the 3% AB treatment
as compared to other treatments. The possible reason is that
Al modification further enhances the CEC of biochar and
induced competition for exchange sites; as a result, more
cations are displaced from the soil matrix upon Al-modified
biochar application (Zheng et al., 2020).
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Fig. 8 Heatmaps showing Spearman correlation analysis between relative richness (n = 4) of the top 17 microbial species and physicochemical properties
and enzyme activities at phylum (a) and genus (b) levels of a saline-alkali soil. Asterisks *, **, and *** indicate significant correlations at P < 0.05,
P < 0.01, and P < 0.001, respectively. EC = electrical conductivity; SAR = sodium adsorption ratio; SOM = soil organic matter; Ex-Na+, Ex-K+,
Ex-Mg2+, and Ex-Ca2+ = exchangeable Na+, K+, Mg2+, and Ca2+, respectively; NAG = β-1,4-N -acetylglucosaminidase; βG = β-1,4-glucosidase; CBH
= β-cellobiohydrolase.

In general, great ion exchange, particularly between Al3+
and Na+, occurs primarily due to the differences in their
ionic charge density or size. Al3+, being a trivalent ion, has
a higher charge density (+3) than monovalent Na+ (+1).
This higher charge density creates a stronger electrostatic
attraction for negatively charged sites within the soil matrix or
exchange sites. Thus, when Al-modified biochar is added to
Na+-enriched saline-alkali soil, it competes for the exchange
sites (Li et al., 2022; Singh et al., 2023). Due to its higher
charge density, Al3+ preferentially displaces Na+ from the
exchange sites and releases Na+ in soil solution. Such an
ion exchange process mainly works on the principle of
electrostatic equilibrium, where the ions with higher charge
density have a greater affinity for the negatively charged
surfaces and replace the ions with lower charge density (Peng
C et al., 2023). Additionally, the smaller ionic radius of Al3+
compared to Na+ further enhances its ability to fit into the
exchange sites efficiently, reinforcing the displacement pro-
cess (Ouhadi and Goodarzi, 2006; Zhou et al., 2019).

Furthermore, a complex interaction between Al3+ ions
and biochar surface functional groups, such as carboxyl and
hydroxyl groups, has influenced the selectivity for specific
cations, leading to the preferential release of Na+, K+, Ca2+,
and Mg2+ into leachate. Such selectivity for specific cations
depends on the structure and stability of the Al-carboxyl
complex, cation size, and charge density, as well as hydration
energy and affinity of cations for surface functional groups
(Mandal et al., 2021). In addition, the pH, surface properties,
and feedstock composition of biochar also affect the sorption
and desorption of cations from the soil matrix (Wang K et al.,
2024; Wang X L et al., 2024b). Our result demonstrated that
with an increase in the number of irrigations, the contents of

water-soluble cations in soil leachate became reduced (Zhang
Y et al., 2020; Xu et al., 2023). In the fourth leachate, the
contents of water-soluble cations were lowered as compared
to the other leachates. However, the contents of K+, Ca2+,
and Mg2+ in leachate in the 3% AB treatment were a little
higher compared to the other treatments, due to the slow
release of cations from biochar over an extended period
(Li et al., 2022). In addition, the application of Al-modified
biochar effectively lowers soil pH and enhances the solubility
of certain minerals and nutrients; as a result, more K+, Ca2+,
and Mg2+ can be released (Hameed et al., 2024). Notably,
AB addition improves soil structure, which increases water
retention and aeration. Such improvements in soil physical
properties with modified biochar application can further
accelerate the nutrient mobilization and availability (Lin et
al., 2024; Wang et al., 2025). However, it is well understood
from these findings that only limited irrigation can drain off
the water-soluble cations and can lower the salt contents in
the soil. Excessive irrigation practices not only cause water
losses, but also remove the essential cations from the soil,
which are important for plant growth and development.

Alterations in soil physiochemical properties after biochar
application and successive irrigations

Biochar application and irrigation practices greatly affec-
ted soil physiochemical properties and induced a positive
impact by lowering the salt contents in saline-alkali soil.
Reduction in salt contents with biochar application is attribu-
ted to an improved soil structure that facilitates better water
infiltration and percolation, as well as to pH regulation that
enhances salt mobility for effective leaching (Yin et al.,
2022). Among all treatments, soil pH, EC, and SAR were
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greatly reduced, particularly in the 3% AB treatment (Fig. 3).
This is due to the acidic nature of AB, which is altered
with the introduction of Al3+, neutralizing alkaline salts and
promoting salt leaching (Yin et al., 2018; Peng C et al.,
2023). Moreover, Wang Y P et al. (2024) stated that the
biochar with low pH had a high adsorption capacity due to
a large number of O-containing functional groups, while
the biochar with high pH had a low adsorption capacity
because of competition for hydroxyl ions on the biochar sur-
face. Additionally, Al modification promotes the formation
of organo-mineral complexes and enhances ion exchange
reaction, which also modifies soil ionic balance (Qian and
Chen, 2014).

Our findings were in line with the study of Phuong Tran
et al. (2021), who reported that the reductions in EC and
SAR values of saline-alkali soil were mainly due to the
high affinity of Al3+ ions to displace Na+ ions by forming
complexes or competing with Na+ for binding sites on bio-
char surfaces. Additionally, high CEC and surface positive
charge density of modified biochar alter the nutrient status
in soil by lowering Na content (Gao et al., 2024). All these
mechanisms collectively reduced soil pH, EC, and SAR.
Meanwhile, AB addition greatly improved the SOM content,
which is an important indicator of soil fertility (Fig. 3). The
reason behind this increase is that during biochar modi-
fication, additional functional groups were created on the
biochar surface; as a result, the surface chemistry of biochar
became altered, which may enhance microbial decomposi-
tion of organic residues and C sequestration (Deng et al.,
2021; Huang et al., 2023). In addition, the interaction of
Al3+ ions and organic C encouraged the formation of stable
organo-metal complexes that further enhanced organic ma-
tter accumulation. Such an increase in SOM contributes to
the long-term process involved in the improvement of soil
fertility (Porras et al., 2017; Patrick et al., 2022).

Variations in soil pH, EC, and SOM resulting from
biochar application significantly correlate with the water-
soluble and exchangeable cations in soil (Gao et al., 2024).
High contents of water-soluble and exchangeable cations,
particularly Na+, induce soil compaction, hindering salt lea-
ching, root penetration, and plant growth (Saifullah et al.,
2018; Du et al., 2023). In such conditions, biochar appli-
cation plays a key role in improving the properties of saline-
alkali soil by increasing soil CEC, porosity, and hydraulic
conductivity, which facilitate the salt leaching by irrigation
water and promote the retention of essential nutrients through
the large surface area of biochar (Liang et al., 2021; Adhikari
et al., 2024). Thus, in our study, AB showed a better effect
in reducing the Na+ content as compared to OB, due to its
larger surface area and higher adsorption capacity after Al
modification, which led to greater salt adsorption on its
surface or into its pores, where they are displaced with time
(Zhang et al., 2021).

In a previous study, He et al. (2020) identified two basic
mechanisms, by which the Al-modified biochar induces a
considerable change in surface charge density and, in turn,
helps in reducing salt content in saline-alkali soils. Firstly,
Al3+ ions form metal complexes with functional groups
present in biochar; as a result, negatively charged sites of
biochar become reduced, while the surface positive charge
density simultaneously increases (Qian and Chen, 2014).
This alteration in surface charge density makes the biochar
more suitable for retaining essential nutrients while repelling
excess Na+ ions associated with salt stress (Gao et al., 2024).
Secondly, the physical covering of Al oxide on the functional
groups of biochar further decreases the negative charge on
its surface. This physical barrier decreases the repulsion of
negatively charged ions, substantially boosting the biochar’s
ability to interact with or immobilize the Na+ ions inside the
soil matrix (Li et al., 2022). Collectively, these variations in
surface charge density generated by Al modification make
the biochar more proficient in lowering Na+ content in sa-
line-alkali soils, hence contributing to the improvement of
soil health. The above statement supports our results that the
3% AB treatment showed a better effect in reducing the salt
content in the saline-alkali soil than other treatments.

Moreover, biochar application further improved soil
properties by increasing the contents of multivalent cations
such as K+, Ca2+, and Mg2+. These cations further reduced
the Na+ ions by forming cation bridges between soil minerals
and biochar (Adhikari et al., 2024). The bridge structure
facilitates the oxidation of C–C, C=C, and C–H into C–O,
C=O, and –COOH on biochar surface and induces acidic
functional groups on biochar surface that promote the forma-
tion of mineral complexes (Yang et al., 2021). Among acidic
functional groups, the carboxylic (–COOH) and phenolic
(–OH) groups possess a strong affinity to form a complex
with Na+ ions and thus enhance the leaching of Na+ ions
through irrigation (Siedt et al., 2021; Singh et al., 2023).
Additionally, Ca2+ ions in soil usually act as coagulating
agents and possess a strong affinity to displace Na+ ions
from the soil exchange sites (Saifullah et al., 2018), in turn
promoting soil aggregation, aeration, water infiltration, and
nutrient availability (Lee et al., 2022).

Interestingly, the K content in the 3% AB-treated soil
was lower than that in the 3% OB-treated soil, possibly due
to the complex interaction between Al3+ and K+ ions. In
addition, during biochar modification with Al, ion exchange
and immobilization phenomena occur (Peng C et al., 2023;
Peng Y T et al., 2023) that lead to displacing K+ on biochar
surface with Al3+; as a result, insoluble compounds or pre-
cipitates form, which reduces K availability in soil (Gao et
al., 2024). While the Mg2+ content in the 3% AB treatment
was the highest, which could be attributed to the greater
Mg2+ content in AB due to the formation of Al-Mg complex
and retained Mg2+ ions on biochar surface (Zheng et al.,
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2020). Moreover, the aggregation or precipitation of Mg2+

on biochar surface after Al modification could be another
reason for the higher Mg2+ content found in the AB-treated
saline-alkali soil (Wu et al., 2019). Concisely, AB application
greatly reduced the salt content in the saline-alkali soil by
the mechanisms of ion exchange, dilution effect, adsorption,
and precipitation.

Alterations in soil extracellular enzyme activities and micro-
bial community structure after biochar application and su-
ccessive irrigations

Extracellular enzymes are essential for the biogeochemi-
cal cycling of nutrients, especially for C, nitrogen, and phos-
phorus, in turn affecting soil ecosystem functioning (Liu et
al., 2024). High salt content and high pH of saline-alkali
soil alter soil edaphic environment, causing ion toxicity and
osmotic stress, both of which retard soil enzyme activities
(Zhang et al., 2024). Under salt stress, biochar application in
saline-alkali soils not only reduces the salt content, but also
promotes the enzyme activities (Peng Y T et al., 2023). In
our study, a significant improvement in βG and CBH activi-
ties was observed under biochar application (Fig. 5), which
might be due to the complex interaction between soil pH,
organic matter, nutrient availability, and ion content (Wang
K et al., 2024). In addition, high SOM content, particularly
in the AB treatment, greatly enhanced the βG and CBH
activities (Rahmanian and Khadem, 2024; Wang X L et al.,
2024a). In contrast, a decline in the NAG activity in the AB-
amended soil (Fig. 5) may be attributed to the high N content,
which could potentially slow down the mineralization rate
of organic N and lead to a reduction in the NAG activity
(Gaudel et al., 2024). Overall, these results are aligned with
the findings of Zhang C et al. (2023) and Zhang N H et
al. (2023), who reported that biochar application increased
SOM and microbial biomass C, which in turn improved the
extracellular enzyme activities. Additionally, biochar appli-
cation provides a suitable environment that further promotes
soil enzyme activities through its unique properties, such as
high porosity, large surface area, and active adsorption sites,
which help in lowering the ion toxicity either by leaching
or adsorbing the ions (Pandey et al., 2020; Peng Y T et al.,
2023).

In addition, biochar application also positively influ-
ences soil microbial community structure (Yin et al., 2022),
which is one of the important biological indicators of soil
ecosystem functioning (Cui et al., 2023). In the current study,
soil microbial community was greatly influenced by biochar
application, as evidenced by the distinct differences observed
in Fig. 6a–d. Biochar addition in saline-alkali soils induces
a prominent impact on soil properties by lowering the salt
content via leaching or adsorption and provides a suitable
microhabitat for microbial growth (Chen et al., 2017). In

addition, the alteration in soil nutrient status with biochar
application also affects the diversity and composition of
soil microbial communities (Gao et al., 2024). Our results
reported notable variations in soil microbial diversity and
richness among all treatments, which are aligned with the
above statements. Proteobacteria, Actinobacteriota, Firmicu-
tes, and Chloroflexi were dominant phyla, whereas at the
genus level, Bacillus and norank f JG30-KF-CM45 were the
top genera regarding their richness among the different treat-
ments (Fig. 6e, f). The relative abundances of Proteobacteria
and Actinobacteriota were higher in the 3% AB treatment
as compared to the other treatments. These findings are
quite similar to the study of Zhang et al. (2022), who found
that biochar application in saline-alkali soils significantly
improved the relative abundance of Proteobacteria, whereas
reduced the relative abundance of Bacteroidetes, by altering
soil chemical properties, such as lowering pH, exchangeable
sodium percentage, and EC and increasing organic matter
and nutrient availability.

Furthermore, Proteobacteria, Actinobacteriota, Firmicu-
tes, and Chloroflexi possess a strong salt tolerance mecha-
nism and robust structural adaptation toward soil salinity;
that’s the reason why they are abundant in saline-alkali soils
and beneficial for soil health (Wang X L et al., 2024a). Pro-
teobacteria (Gram-negative) are copiotrophic bacteria that
prefer a nutrient-rich environment for their survival, are in-
volved in organic matter decomposition and nutrient cycling,
particularly in N cycling, and can reduce N losses (Zhang S
X et al., 2023). Actinobacteriota (Gram-negative bacteria)
are involved in the degradation of organic pollutants and
provide resistance against pathogens (Sharma et al., 2023).
Both Proteobacteria and Actinobacteriota are also involved in
phytohormone release, siderophore production, osmoregu-
lation, and exopolysaccharide secretion that further improve
soil structure and promote the soil-plant-microbe interaction
(Ebrahimi-Zarandi et al., 2023). Firmicutes, Gram-positive
bacteria, possess a ubiquitous presence and versatile adap-
tability in saline-alkali soils and can release various plant
growth-promoting substances that improve root growth and
nutrient uptake. Additionally, they are involved in anaerobic
degradation of cellulosic substances and showed positive
correlations with SOM and basic cations (Cui et al., 2023).
Chloroflexi, photoautotrophic bacteria, play an essential
role in carbohydrate metabolism (Ablimit et al., 2022) and
indicate negative correlations with SOM and exchangeable
cations except for Na+ (Fig. 8). These findings are consistent
with Ramı́rez et al. (2020), who found that the richness of
Chloroflexi was negatively correlated with soil organic C
fraction. Thus, the variations in soil organic C fractions or
organic C content in soil aggregates are closely associated
with bacterial abundance.

At the genus level, a significant improvement in be-
neficial plant growth-promoting rhizobacteria such as no-
rank f JG30-KF-CM45, norank f Symbiobacteraceae, and
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Sphingomonas was encountered (Fig. 7). These bacteria are
usually involved in nutrient cycling, organic decomposition,
and heavy metal phytoremediation (Lin et al., 2021), as well
as enhanced plant resistance against disease (Sharma et al.,
2023). According to Wang X L et al. (2024b), the variations
in soil bacterial communities arise from the changes in
soil environment, and the diversity of bacterial communi-
ty declines as salinity stress increases. High salt stress induces
a great restriction in colonization and expansion of bacterial
populations (Cao et al., 2023; Feng et al., 2023). Additionally,
soil enzyme activities are also closely associated with soil
bacterial community composition (Li et al., 2019).

Overall, AB exhibited a strong potential to reclaim the
saline-alkali soil by lowering the Na+ content, improving soil
structure, and modifying soil microbial community struc-
ture and functionalities that can facilitate a healthier soil
environment for plant growth. The AB could be beneficial
only when applied in conjunction with effective irrigation
practices. Regular irrigation practices not only reduce the
Na+ content, but also facilitate the leaching of excessive
Al3+ ions, thereby minimizing the risk of Al toxicity over
time. This synergy will enhance soil quality and support
sustainable agricultural practices. In the future, further re-
search is needed to explore the long-term impacts of AB
application on saline-alkali soils in depth by monitoring
Al3+ content and evaluating its effects on soil health and
ecosystem functioning.

CONCLUSIONS

In this study, the application of AB along with successive
irrigation practices was proven as an effective approach in
alleviating salt stress in a saline-alkali soil. Modification
of biochar, known for its porous structure, large surface,
and high CEC, with Al further improved its physiochemical
properties. Improved properties of AB greatly contributed
to the removal of excessive soluble salts, particularly Na+
ions, from soil exchange sites and soil solution, in turn
reducing soil pH and EC. In addition, irrigation practices
further enhanced the salt leaching rate. Reduction in salt
content led to the improvement in soil physicochemical and
biological properties. The underlying mechanism in low-
ering the salt content with AB application was that Al3+
ions in AB possessed a high charge density, which caused
the displacement of Na+ ions from soil exchange sites and
allowed them to leach out from soil profile by irrigation
water. The Al3+ ions also reacted with Na+ ions in soil
solution, forming stable Al-Na complexes that reduced Na+
availability and resulted in a lower content of Na+. More-
over, biochar was enriched with nutrients, improving soil
structure and nutrient status by releasing multivalent cations
after application. Such beneficial changes in soil properties
induced positive impacts on the diversity and richness of

soil microbial community structure and enzyme activity.
The relative abundances of Proteobacteria, Actinobacteriota,
Firmicutes, and Chloroflexi were greatly improved, which is
important for maintaining soil health. Thus, AB application,
in conjunction with irrigation practices, can be considered
as an efficient and reliable strategy to reclaim saline-alkali
soils.
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