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Increased soil salinization slows biochar ol
aging and limits microbial colonization
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Abstract

Biochar is widely recognized as a green and sustainable amendment for saline-alkali soils. However, the aging process
can alter its properties and compromise its long-term effectiveness in improving soil quality. Despite its significance,
limited information is available on biochar aging in saline soils. This study investigated the mechanisms by which

soil salinization influences biochar aging and microbial colonization characteristics. Biochar samples collected

from agricultural fields with different salinity levels were subjected to repeated wet—dry cycles simulating approxi-
mately 8 years of natural aging and analyzed for changes in chemical and microbial properties. The results revealed
that increased soil salinization slowed the aging process of biochar. Biochar aged in high-salinity soils retained
significantly higher total carbon, aromaticity, and surface C-C/C=C carbon contents than those in low-salinity soils,
whereas its total oxygen content, degree of oxidation, and surface C—O content were markedly lower. In the final
cycle, the O/C ratio of biochar aged in high-salinity soil was 9.82% lower than that in low-salinity soil. Soil salin-

ity also suppressed microbial community activity and diversity in the biochar, particularly fungi, likely contributing

to the retardation of biochar aging. In addition, the barrier formed by soil mineral salts on the biochar surface further
slowed the aging process. Additionally, temporal analysis revealed that over time, the oxidability of biochar increased
due to the loss of labile carbon and the mineralization of organic matter, whereas the total carbon content decreased
by approximately 20%. These findings enhance our understanding of biochar aging in saline soils and provide insights
into its long-term environmental performance as a sustainable amendment.

Highlights

- Increased soil salinization slowed the aging process of biochar.

- Oxidability of aged biochar decreased with increasing salinization.

+  (C-C/C=C content and aromaticity of aged biochar increased with increasing salinization.
- Biochar in highly saline soils showed reduced microbial activity and diversity.

- Microbial activity may influence biochar aging in saline soils.
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1 Introduction

Soil salinization is a critical global issue that contributes
to land degradation and adversely affects certain soil
properties, such as increased salt content, low hydraulic
conductivity, nutrient deficiencies, and poor aeration, all
of which severely constrain soil productivity (Xie et al
2020; Li et al. 2023). In recent years, biochar has gained
widespread application as a soil amendment for saline
soils (Jin et al. 2024; Wang et al. 2023). It significantly
enhances the physicochemical properties of salt-stressed
soils and improves soil fertility (Piao et al. 2023; Wang
et al. 2025). Biochar, produced by pyrolysis of biomass
feedstocks under oxygen-limited, high-temperature con-
ditions, is characterized by low production cost, a large
specific surface area (SSA), strong adsorption capacity,
and high stability (Luo et al. 2023). Over time, biochar in
soil undergoes a natural aging process that alters its prop-
erties and environmental functions (Yi et al. 2020; Long
et al. 2024). Natural factors such as rainfall, freezing and
thawing, atmospheric oxidation, and soil biological activ-
ity contribute to the mechanical fragmentation, surface
oxidation, and biodegradation of biochar, thereby induc-
ing notable changes in its properties (Zhao et al. 2015;
Silber et al. 2010; Yang et al. 2016; Quilliam et al. 2013).
The intrinsic properties and temporal changes of biochar
influence its ecological functions, including soil improve-
ment and nutrient cycling (Li et al. 2016). For instance,
studies have indicated that the long-term release of dis-
solved organic carbon (DOC) from aging biochar can
enhance soil pollutant adsorption by opening biochar

pores (Wang et al. 2022). Additionally, the formation of
oxygen-containing functional groups during aging can
reduce nitrogen leaching and improve nitrogen use effi-
ciency (Esfandbod et al. 2017; Mia et al. 2017a, b). There-
fore, a thorough understanding of biochar aging and its
impact is essential for optimizing its application in soil
remediation and sustainable land management.

Recent studies have explored changes in biochar
properties following natural aging in field soils or artifi-
cial aging over several years. These changes encompass
physical properties (e.g., morphology, SSA, and porosity),
chemical properties (e.g., pH, surface functional groups,
elemental composition, aromaticity, and cation exchange
capacity), and biological properties (e.g., microbial activ-
ity, community structure, and diversity) (Bandara et al.
2021; Ge et al. 2024; Wang et al. 2020). These altera-
tions are influenced by multiple factors, including bio-
char type, soil characteristics, and aging method (Liu
et al. 2022). Compared with fresh biochar, aged biochar
typically exhibits structural disruption and mechanical
disintegration, which are often associated with rainfall
and freeze—thaw events (Rafiq et al. 2020). As biochar
ages, its carbon content generally decreases, whereas its
oxygen content increases, reflecting the dissolution of
unstable carbon and the formation of oxygen-containing
functional groups (Mia et al. 2017a, b). Biochar oxida-
tion can occur abiotically or biotically. Over extended
periods, microorganisms become extensively colo-
nized within biochar (Quilliam et al. 2013), The higher
the labile carbon content (e.g., aliphatic C compounds),
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the more rapid the colonization (Luo et al. 2013). After
biochar is added to soil, minerals can interact with it
through adsorption reactions and attach onto its surface,
enhancing long-term carbon sequestration. However,
natural aging of biochar proceeds extremely slowly, with
a half-life of up to 1,000 years (Spokas 2010), Conse-
quently, most studies adopt artificial aging methods (e.g.,
wet—dry cycles, freeze—thaw cycles, chemical oxidation,
or biological aging) to simulate natural aging and shorten
the experimental duration (Li et al. 2019).

The aging effects and mechanisms of biochar require
comprehensive and in-depth investigation to establish
a theoretical foundation for its effective application as
a sustainable soil amendment. However, the long-term
behavior of biochar under saline stress remains poorly
understood and requires further investigation. In par-
ticular, limited research has explored how biochar prop-
erties change under the influence of soil salinity and how
microbial communities respond to biochar aging. Such
investigations are crucial for evaluating the ecological
functions of biochar and its long-term effectiveness in
improving saline soils.

To address these knowledge gaps, this study aimed to
investigate changes in the chemical and biological prop-
erties of biochar across different salinity levels and aging
durations and to elucidate the underlying aging mecha-
nisms. Soils with varying degrees of salinization were
collected from natural farmlands to simulate realistic
aging conditions. Biochar was subjected to artificial aging
through multiple wet—dry cycles, followed by material
characterization and high-throughput analysis of micro-
bial communities. We proposed the following research
hypotheses: (1) Biochar undergoes carbon loss and oxi-
dative modification after long-term aging in saline soils.
(2) The salinity gradient affects the rate of carbon decline
in biochar. (3) Microbial colonization occurs in aged bio-
char and responds to the salinity gradient. These findings
are expected to enhance the understanding of biochar—
soil-microbe interactions under saline conditions and
support the long-term application of biochar in saline
agricultural fields.

2 Materials and methods

2.1 Soil sampling and biochar preparation

Saline farmland soil was collected from the 0-20 cm
layer at the Tiaozini National Wetland Protection Park
(32 °51'22.89” N, 120 °56'17.08” E) in Dongtai City,
Yancheng City, Jiangsu Province (Zhu et al. 2020). This
farmland, located approximately 1 km from the Yellow
Sea, has a subtropical monsoon marine climate with
an annual average temperature of 14.8 °C. Approxi-
mately 70% of the annual rainfall (1046.3 mm) occurs
between May and September, with annual evaporation

Page 3 of 16

of approximately 1.4 times the rainfall. According to soil
salinization classification criteria (Wang et al. 1993; Tang
et al. 2025), three types of saline soils, including low-
salinity (LS), moderate-salinity (MS), and high-salinity
(HS), were collected from different locations within
the same farmland, dried, ground, and passed through
a 2 mm sieve. According to soil taxonomy, the samples
were classified as loam. Fresh biochar (FB) was produced
by pyrolyzing wheat straw at 400 °C in a muffle furnace
and then ground to pass through a 0.038 mm sieve. Low-
temperature biochar retains more labile carbon (e.g., dis-
solved organic carbon and hemicellulose), which can be
more readily utilized by microorganisms, thereby stimu-
lating microbial activity and improving the soil ecologi-
cal environment (Li et al. 2020). The basic physical and
chemical properties of the soil and biochar are listed in
Table 1.

2.2 Biochar aging and extraction

The experiment consisted of 12 treatments (three salin-
ity gradients X four aging cycles), each replicated three
times. Previous field and laboratory experiments have
demonstrated that a 2% application rate can effectively
improve the physicochemical properties of saline soils
(Manasa et al. 2020). Soil (1 kg) was thoroughly mixed
with 20 g of fresh biochar (2% of soil weight) to form a
biochar—soil mixture, which was placed in 36 culture
bottles. The soil for each replicate was obtained from the
same location. Each replicate was treated independently,
with biochar and soil mixed separately in individual bot-
tles. Ultrapure water was added to saturate the samples
to ensure uniform water content, after which they were
incubated at 25 °C for 24 h. The samples were then dried
at 45 °C for 24 h to mimic natural conditions conducive
to microbial survival (Liu et al. 2022; Yang et al. 2022;
Cruz-Paredes et al. 2021). During incubation and dry-
ing, the bottles were randomly and unorderly placed in
the incubator and oven. This process constituted one
wet—dry cycle over two days. Destructive sampling was

Table 1 Basic properties of soil and biochar

LS Ms HS FB

pH 8.72 8.76 8.84 10.06
EC (uScm™) 3418 1162.5 1905.5 4091
TS(gkg™) 185 391 5.77 15293
TO(gkg™ 3216 35.97 30.11 939
OM (g kg™") 888 9.88 1197 296.38
TN (gkg™) 0.76 078 0.72 8.19
TP (gkg™) 045 045 062 544

TS total salt, TO total oxygen, OM organic matter, TN total nitrogen, TP total
phosphorus
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performed at the end of each aging cycle (days 20, 40,
60, and 80). According to data from the China Meteoro-
logical Administration, Dongtai in China experienced an
average of 4.7 d per year, with precipitation exceeding
50 mm between 2013 and 2023. We assumed that pre-
cipitation exceeding 50 mm would initiate the wet aging
process (Meng et al. 2020; Xu et al. 2018). Ten wet—dry
cycles in this study were considered to represent approxi-
mately 2 years of environmental conditions in Dongtali,
and 40 complete cycles in this study reflected the natu-
ral aging process of 8 years (Meng et al. 2020, 2022). To
separate biochar from soil, the mixtures were suspended
in pure water, stirred, and allowed to stand for 12 h. Bio-
char floated to the surface, whereas the soil settled at the
bottom (Meiirkhanuly et al. 2020). The upper liquid was
pumped and filtered to collect the black solids, which
were then washed, centrifuged, and oven-dried at 45 °C
to obtain the aged biochar. The biochar samples were
designated as LB1-4, MB1-4, and HB1-4, correspond-
ing to their salinity levels and aging cycles. The biochar-
soil mixtures were labeled LS1-4, MS1-4, and HS1-4.

2.3 Biochar characterization

All fresh and aged biochar samples were analyzed using
scanning electron microscopy (SEM, ZEISS Sigma 300,
Germany) under consistent operational parameters. The
crystal structure of the biochar was characterized by
X-ray diffraction (XRD, Bruker D2 Phaser, Germany),
scanned at a rate of 5° min~! over a 20 range of 10-80".
The XRD patterns were analyzed using Jade 6.5 software
to identify mineral compositions. Surface functional
groups were identified using a Fourier transform infra-
red spectrometer (FTIR, Thermo Fisher Scientific Nicolet
iS20, USA) in the range of 500-4000 cm™ at a resolution
of 2 cm™!. Elemental compositions (C, O, H, and N) were
determined using an elemental analyzer (EA, Thermo
Fisher Scientific Flash 2000, USA). The degree of oxida-
tion was estimated from the O/C molar ratio, while the
H/C molar ratio served as an indicator of aromaticity and
carbonation levels. Surface elemental composition and
chemical states were analyzed using X-ray photoelectron
spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi,
USA), and data were processed using Thermo Avantage
software for peak identification, fitting, and charge cali-
bration. Additionally, X-ray fluorescence spectroscopy
(XRF) was conducted using a SHIMADZU XRF-1800
(Japan).

2.4 Microbial diversity analysis

The microbial community structures of biochar and soil
samples from aging cycle IV (LB4, MB4, HB4, LS4, MS4,
and HS4) stored at—80 °C were analyzed using high-
throughput sequencing and quantitative polymerase
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chain reaction (qPCR). The microbial communities of
the background samples were also analyzed to eliminate
the influence of intrinsic microorganisms. DNA was
extracted using an E.Z.N.A™ Mag-Bind Soil DNA Kit
(OMEGA). For microbial community diversity analysis,
the 16S rRNA gene was amplified using primers 16S-F
(GTGCCAGCMGCCGCGGTAA) and 16S-R (CCCCGY
CAATTCMTTTRAGT), whereas the ITS rRNA gene
was amplified using primers ITS-F (GCATCGATGAAG
AACGCAGC) and ITS-R (TCCTCCGCTTATTGATAT
GC). The Silva (v138.1_16s) database was employed for
bacteria and the UNITE (v9.0_its) database for fungi,
with the analysis conducted in QIIME2 (2019.4). Dada2
(verl.l) was used for sequence analysis. Details of soil
DNA extraction, sequencing, and data processing are
provided in the Supplementary Materials.

2.5 Statistical analysis

Experimental data were presented as the mean + standard
deviation, and significant differences (p<0.05) between
the treatments were determined using ANOVA in SPSS
26, followed by Tukey’s Honestly Significant Difference
(HSD) test for post hoc multiple comparisons. To exam-
ine the reciprocal effects of soil salinity and aging time
on biochar aging, multivariate ANOVA was performed,
and results were visualized using OriginPro 2021. Cor-
relation between biochar properties and soil salinity was
analyzed using the linkET package in R software, whereas
redundancy analysis (RDA) in CANOCO 5 was used to
assess the relationship between the microbial commu-
nity structure and biochar properties (p <0.05). Ecologi-
cal networks of bacterial and fungal communities were
constructed based on Spearman’s correlation coeffi-
cients (r>0.7, p<0.05). Network analysis and topological
parameters were calculated using the igraph package in R
(Table S4), and co-occurrence networks were visualized
using Gephi. Additional details of microbial data analysis
are provided in the Supplementary Materials.

3 Results

3.1 Variation in biochar morphology during aging

The surface morphologies of fresh and aged biochars
are shown in Fig. 1. Fresh biochar exhibited a rough sur-
face coated with inorganic salts and organic oils while
retaining the original pore structure of the plant material
(Fig. 1la—c). After the first aging cycle, the biochar surface
became smoother (Fig. S1), with localized fragmenta-
tion occurring at weaker edges. As the aging cycles pro-
gressed, fragmentation intensified, leading to substantial
structural damage and loss of integrity. Diverse physical
aging phenomena were observed, including the forma-
tion of new pores (Fig. 1d), local surface rupture and
fragmentation (Fig. 1le), pore structure erosion (Fig. 1f),
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Fig. 1 SEM images of fresh biochar (a—c) and aged biochar (d-1) from saline soils. Yellow boxes represent physical change in aged biochar. Yellow
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boxes of (e) local surface rupture, f pore structure erosion, g pore blockage, h structural splitting, and i severe pore blockage in the cross sections

pore blockage by soil particles (Fig. 1g), structural split-
ting that exposed the inner surface and internal structure
(Fig. 1h), and severe pore blockage by numerous soil par-
ticles in the cross sections (Fig. 1i).

3.2 Variation in elemental and mineral composition
of biochar during aging

Figure 2 illustrates changes in the total amounts of C,
O, N, and H during biochar aging. The total C content
decreased with increasing aging cycles (Fig. 2a), whereas
the total O content increased progressively (Fig. 2c). The
most pronounced changes were observed in LB, where
the C content declined from 54.79% to 29.06%, and the
O content increased from 9.39% to 15.94%. The N and H
contents (Fig. 2b and e) initially increased but declined in
the final cycle. The O/C atomic ratio steadily increased
with aging time (Fig. 2f), whereas the H/C ratio initially
increased and then decreased (Fig. 2g). Soil salinity sig-
nificantly influenced C and H contents, whereas aging
time had a notable impact on C, H, and O contents.
However, there was no significant interaction between
salinity and aging time on elemental composition.

Changes in the surface elemental composition of bio-
char during aging were analyzed semi-quantitatively
using XPS (Table 2). After the first aging cycle, the con-
centrations of Mg, Ca, Fe, Cl, and O decreased in the
fresh biochar, whereas those of C and Al increased.
Changes in the C content were particularly notable, with
surface C levels decreasing significantly from approxi-
mately 62% to 36% after three aging cycles, representing
a reduction of 20%. No significant changes were observed
after the fourth cycle. The surface O and Si contents
gradually increased, with O increasing by approximately
3%. In addition, Mg, Na, Fe, and Cl were detected on
the surface of aged biochar after three cycles. Soil salin-
ity significantly affected surface levels of Mg, Ca, Na, and
Fe, whereas most surface elements exhibited substantial
changes with aging time. The interaction between soil
salinity and aging time was significant for Mg, Al, Ca, Na,
Fe, and Cl concentrations.

Figure S2 shows that the characteristic peaks of quartz
(SiO,) and calcite (CaCO,) were more prominent in
aged biochar than in fresh biochar, indicating that quartz
and calcite were the primary crystalline phases in aged
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Fig. 2 Total elemental content of biochar aged in saline soils. a Total C content, b total N content, ¢ total O content, d total H content, f O/C atomic
ratio, and g H/C atomic ratio. p <0.001***, p <0.01**, p < 0.05%

Table 2 Surface element content of biochar aged in saline soils (%)

Sample (o} C Si Mg N Al Ca Na Fe Cl
FB 26.07 56.01 361 283 1.50 —_ 342 0.86 _ 2.86
LB1 17.61 61.53 2.54 e 2.69 2.10 127 —_— R —_—
MB1 17.04 62.83 2.02 — 2.60 2.54 0.87 — — —
HB1 17.50 63.18 3.10 —_— 2.69 2.98 218 e —_— —_—
LB2 18.90 48.39 2.68 — 2.25 3.12 118 —_ —_— —_—
MB2 1857 53.93 227 —_— 2.70 229 1.21 —_— —_— —_—
HB2 18.58 54.99 2.36 R 2.76 2.84 1.29 —_— —_— R
LB3 1943 36.78 358 0.62 257 221 0.94 031 —_ —_
MB3 20.21 3573 4.03 0.84 1.97 219 1.14 040 0.70 —_—
HB3 19.52 3717 3.66 0.87 1.92 2.33 1.01 0.56 0.76 —_—
LB4 19.69 35.87 3.81 0.70 273 210 0.92 0.21 0.60 044
MB4 19.71 35.70 3.69 0.79 3.30 2.18 1.06 0.29 0.51 0.52
HB4 21.21 35.55 3.83 0.87 348 2.16 1.06 042 0.60 0.54
Soil salinity ns ns ns ** ns ns ** ** * ns
Aging time * - ns P *xx ns *x - P *xx
Soil salinity* ns ns ns ** ns * xxx * ** ns
Aging time

“——"indicates not detected. p <0.001***, p <0.01**, p < 0.05*

biochar. During the aging process, biochar absorbed sub-
stantial amounts of soil minerals including Fe,O,, SiO,,

Ca0, and Al,O, (Table S3).

We analyzed the correlation matrix of soil salinity
with elemental and mineral compositions during bio-

char aging (Fig. S4). For the elemental composition of
the aged biochar, significant correlations with salinity
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were observed for total C (r=0.419, p=0.03), total O
(r=-0.345, p=0.018), O/C (r=-0.572, p=0.006), H/C
(r=—0.634, p=0.004), surface Mg (r=0.503, p=0.001),
surface Fe (r=0.439, p=0.027), and surface CI (r=0.378,
p=0.029). For mineral composition, significant corre-
lations with salinity were identified for K,O (r=0.234,
p=0.01), ZnO (r=0.571, p=0.006), SO; (r=0.947,
p=0.01), and P,O; (r=0.612, p=0.015).

3.3 Variation in surface functional groups during biochar
aging

Figure 3 illustrates changes in the functional groups
during biochar aging in saline soils. The characteristic
C-O-C stretching vibration peak (1156 cm™) associ-
ated with cellulose and hemicellulose was observed only
in the fresh biochar and disappeared in all aged biochar
samples. In contrast, aged biochar exhibited several
intensified peaks that became sharper over time, includ-
ing aliphatic ~CH,— (2861 and 2981 cm™), carboxyl
C=0 (1627 cm™), C-O or Si-O (1025 cm™"), C-H aro-
matic ring oscillations (780 cm™), AlI-O-Si (524 cm™),
and Si—O-Si vibrations (468 cm™!). Some peaks, such as
—OH (3421 cm™), carbonyl C=0 or ~OH geormationvibra.
tion (1436 cm™), and C—H aromatic out-of-plane bend-
ing (878 cm™!), initially attenuated and later intensified.
As salinity increased, several peaks exhibited significant
variations across different saline soils, particularly the
carbonyl C=0 or ~OH ¢ mationvibration (1436 cm™!) and
C-0 or Si—O (1025 cm™).

The concentrations of functional groups during bio-
char aging in saline soil were analyzed semi-quantita-
tively from Cls deconvolution spectra obtained by XPS

LB1 MB1 HB1 LB2

HB3 LB4-

MB2 HB2
MB4—— HB4— FR|

LB3 MB3

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Fig. 3 FTIR spectra of biochar aged in saline soils
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(Fig. 4), with specific parameters detailed in Table S4.
The identified functional groups included aliphatic/aro-
matic carbon (C-C/C=C) at 284.8 eV, hydroxyl (C-O)
at 286 eV, ketone (C=0) at 287 eV, carboxylic acid/ester
(O=C-0) at 289 eV, and carbonate (CO,*") at 289.4 eV.
During aging, the C-C/C=C content decreased from
50% to approximately 30-40%, with significant differ-
ences observed among biochars derived from different
saline soils, increasing with salinity. Notably, a 10% differ-
ence was observed between LB and HB. The oxygen-con-
taining functional groups exhibited varying degrees of
increase, with C=0 and CO,*>~ demonstrating the most
notable changes, increasing by 16.13% and 4.76%, respec-
tively. Although the C—O and O—C =0 contents initially
decreased, they gradually increased over time. Multivari-
ate ANOVA revealed that salinity did not significantly
affect most of the functional groups. However, aging time
had a significant effect. In addition, salinity and aging
time showed significant interactive effects only on CO,*".
Significant correlations were identified between salinity
and C-C content (r=0.311, p=0.022), as well as C-O
content (r=—0.217, p=0.032) (Fig. S4).

3.4 Microbial community colonization of biochar
after aging

The microbial responses within the biochar micro-
domains during aging were analyzed. qPCR analysis
detected amplified bands in the aged biochar, whereas
no amplification was observed in the fresh biochar (Fig.
S5). After four aging cycles, microbial communities in
the biochar microhabitat were characterized (Fig. 5). Fig-
ure 5a illustrates that LB4 exhibited a significantly higher
fungal gene copy number than both MB4 and HB4. The
effects of salinity on bacterial and fungal community
structures of aged biochar were analyzed using PCoA
at the genus level and compared with those of the soil
community (Fig. 5¢). Microbial communities in biochar
were significantly separated from those in soil, as fur-
ther confirmed by PERMANOVA, highlighting marked
differences in microbial community structures between
biochar and soil. The Chaol index for biochar bacteria
(p<0.001) and fungi (p <0.05) differed significantly across
soils with varying salinity levels (Fig. 5d). Bacterial and
fungal communities in LB4 exhibited higher Chaol indi-
ces than those in MB4 and HB4. However, the Shannon
index demonstrated no significant differences among
treatments (Fig. 5d). Significant correlations with salin-
ity were observed for fungal gene copies (r=—0.762,
p=0.028), bacterial Chaol index (r= —0.700, p=0.036),
and fungi Chaol index (r= —0.400, p =0.048).

To examine differences in microbial community com-
position between aged biochar and soil, the dominant
bacterial and fungal phyla in the aged biochar (Fig. 5b)
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Fig.4 C1sXPS deconvolution spectra of biochar aged in saline soils

and soil (Fig. S6) were compared. The abundances of
Firmicutes and Planctomycetota in biochar were higher
than those in soil across all salinity gradients, with spe-
cific values provided in Table S3. The relative abun-
dance of Bacteroidetes was higher in LB4 than that in
LS4. In contrast, the abundance of Verrucomicrobiota
decreased with increasing salinity in the soil community
but increased in biochar with rising salinity. Blastocladi-
omycota was the dominant fungal phylum in the biochar,
whereas its relative abundance in the soil was notably
low. The relative abundance of Basidiomycota in bio-
char was much higher than that in the soil, except under
high salinity. In contrast, the abundance of Ascomycota
in biochar was substantially lower than that in soil under
low and moderate salinity but not in high-salinity soils.
To further clarify the differences in microbial abundance
and composition of aged biochar across salinized soils, a
genus-level analysis of microbial communities was con-
ducted (Fig.S7). In the bacterial community, 10 domi-
nant genera, including Pontibacter, Pseudomonas, and
Ramlibacter, exhibited significant variations influenced

by salinity levels. In the fungal community, only Preussia
showed significant differences. RDA revealed the impact
of biochar characteristics on colonizing microorgan-
isms (Fig. 5f). The results demonstrated significant cor-
relations between the bacterial community and biochar
properties, including C-C/C-C content (p=0.004) and
O/C ratio (p=0.002). Figure 5g shows the explanatory
power of biochar microbial community indicators on
biochar properties. Fungal gene copy number (p=0.012)
and fungal Chaol index (p=0.012) were significantly
positively correlated with biochar properties including
C-0, H, and O content, while showing significant nega-
tive correlations with C content and C—C content.
Microbial ecological networks were constructed for
the bacterial (Fig. 6a) and fungal (Fig. 6b) communities
in the aging biochar (Table S4). All six microbial net-
works conformed to a lognormal distribution model. In
the bacterial community, the number of network edges,
average degree, clustering coefficient, and network den-
sity were lower in LB4 than in MB4 and HB4, indicat-
ing lower bacterial network complexity under lower
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salinization conditions. In contrast, in the fungal com-
munity, the number of network edges, average degree,
and network density in the aging biochar decreased with
increasing salinity while average path length increased,
reflecting a decline in fungal network complexity under
higher salinity. Positive correlations among bacterial spe-
cies decreased, whereas negative correlations increased

with increasing salinity, suggesting that intensified
salinization enhanced antagonistic or competitive rela-
tionships within the bacterial community, which may
contribute to greater community stability. However, this
represents only indirect statistical evidence, and true eco-
logical antagonistic interactions require further experi-
mental validation. Resistance of microbial networks to
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Fig. 6 Co-occurrence network of a bacterial and b fungal communities in aged biochar

disturbances was also tested by robustness analysis (Fig.
S9). We found that the natural connectivity of bacte-
rial networks decreased to a greater degree in LB4 by
removing the same proportion of nodes or edges, indi-
cating weakened resistance under low salinity (Fig.S9).
Conversely, fungal networks in the HB4 treatment dem-
onstrated the weakest robustness, suggesting that high-
salinity conditions have a pronounced negative impact on
fungal network stability.

4 Discussion
4.1 Mechanisms of biochar aging at different stages
in saline soils
Shortly after fresh biochar was applied to saline soils,
inorganic salt dissolution and loss of unstable carbon,

including dissolved organic matter (DOM) and dissolved
black carbon (DBC), were observed (Dong et al. 2017;
Spokas et al. 2014). This was supported by changes in
surface elements (Table 2), the disappearance of cellu-
lose C—O-C functional groups (Fig. 3), and a reduction
in the C—O peak area (Table S2) in fresh biochar (Yi et al.
2020). The total carbon content of biochar decreased by
approximately 20%, primarily because of the dissolution
of unstable C and mineralization of organic carbon (Dai
et al. 2021; Quan et al. 2020). Previous research has indi-
cated that microbial abundance is positively correlated
with aliphatic C but negatively correlated with aromatic
C in biochar (Zhang et al. 2018). The substantially unsta-
ble C provided by biochar during the initial phase can
serve as a carbon source for microorganisms, whereas
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recalcitrant aromatic carbon in later phases is decom-
posed into humus and other compounds (Yi et al. 2020;
Bandara et al. 2021; Zimmerman 2010). In this study,
the initial C loss predominantly occurred on the biochar
surface, resulting in a significant reduction in the surface
C content during the first three cycles (Li et al. 2019).
Subsequent C loss likely resulted from the depletion of
unstable C on the exposed inner surfaces of the biochar
and microbial degradation of recalcitrant C.

The total O content of the biochar increased by
approximately 5%, which was attributed to the oxida-
tion of aromatic groups and the formation of oxygen-
containing functional groups such as hydroxyl, carboxyl,
and carbonyl groups (Mia et al. 2017b; Chen et al. 2023).
Soil microbial decomposition breaks unstable aliphatic
chains, which release free aromatic fractions and form
functional groups at the breakpoints (Zimmerman 2010;
Kuzyakov et al. 2014; Hilscher et al. 2009). This was
supported by FTIR and XPS analyses, which showed a
decrease in the C—C/C=C ratio and an increase in the
C-0O, C=0, and O=C-0 bonds. Additionally, biochar
can adsorb CO, from the environment, thereby contrib-
uting to the formation of new CO,* (Xu et al. 2016).
During aging, the increase in H and N contents on the
surface of aged biochar could be attributed to the adsorp-
tion of organic matter and mineral nutrients (Li et al
2019). The adsorption of H and degradation of aromatic
carbon also led to an increased H/C ratio, indicating
reduced aromaticity (Yi et al. 2020; Tan et al. 2020). The
rapid decline observed in the final stage may be due to
extensive microbial colonization and the rapid utilization
of aliphatic carbon.

4.2 Effect of different salinization on microorganisms
colonizing biochar
The porous structure of biochar acts as a “shelter” for soil
microorganisms, supporting their survival and repro-
duction (Gul et al. 2015). Microbial colonization within
biochar is facilitated by the abundance of nutrients,
including unstable C and minerals, which are carried and
adsorbed by the biochar (Dai et al. 2021). This coloniza-
tion is further enhanced when powdered biochar is used
instead of coarse lumps (Quilliam et al. 2013). Although
fresh biochar contains high concentrations of mineral
salts and PAHs that are unfavorable for microbial sur-
vival, microbial colonization readily occurs on aged bio-
char, consistent with previous findings (Quilliam et al.
2013; Luo et al. 2013).

This study demonstrated that soil salinization exerted
distinct effects on the activity, diversity, and stability
of bacterial and fungal communities in aged biochar.
Fungal community biomass in aged biochar declined
with increasing salinity, indicating that soil salinity
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significantly inhibited fungal activity (Zhu et al. 2025).
In contrast, bacterial community biomass showed no
significant correlation with salinity, suggesting that bac-
terial activity was less sensitive to salinity stress, poten-
tially because SOM can mitigate the effects of salinity on
microorganisms (Rath et al. 2019). The pattern of declin-
ing microbial species richness coupled with unchanged
species diversity indicated that rare, low-abundance taxa
were lost under higher salinity, whereas the relative abun-
dances of dominant taxa remained stable. This suggests
that salinity eliminated sensitive rare taxa but retained
the salt-tolerant core community (Yang et al. 2025). From
a functional perspective, the loss of rare taxa can poten-
tially weaken the community’s functional redundancy,
thereby reducing its resilience to subsequent environ-
mental disturbances and its functional diversity (Shade
et al. 2014). Integrated with the RDA results (Fig. 5f, g),
microbial richness was correlated with the C and O ele-
ments of biochar, suggesting a connection between
changes in microbial diversity and functional shift in car-
bon degradation.

Studies of microbial co-occurrence networks have
shown that the complexity and stability of bacterial and
fungal communities within biochar are regulated by soil
salinity and exhibit contrasting trends. With increasing
salinity, the complexity and stability of fungal commu-
nities are significantly reduced, whereas those of bacte-
rial communities are enhanced. This pattern may not be
solely attributable to salinity-driven selection, as pre-
vious studies have shown that fungal communities are
often more stable than bacterial communities under salt
stress (Rath et al. 2019). We propose three underlying
mechanisms. Firstly, the constraint of the labile carbon
pool. Biochar aged in high-salinity soils retains greater
amounts of labile C, which strengthens species interac-
tions and sustains bacterial network complexity and sta-
bility. In contrast, increased competition for resources in
low-salinity environments leads to a simplified network
structure and a vulnerable system (Sun et al. 2025). Sec-
ondly, the fundamental differences in bacterial and fun-
gal responses to salt stress in specific microhabitats. The
micropores of biochar are unfavorable for the establish-
ment of fungal hyphal networks (Ruamps et al. 2011).
High salinity can damage fungal hyphae and eliminate
keystone species, ultimately causing network collapse.
Conversely, bacterial communities are filtered by high
salinity to form a tightly interconnected network com-
posed of salt-tolerant specialists (Wang et al. 2026).
Thirdly, the impediment of microbial community succes-
sion. A successional shift from bacterial to fungal domi-
nance is expected during biochar aging. Initially, labile
carbon sources (e.g., DOC and aliphatic C) promote rapid
bacterial colonization. As these substrates deplete, fungi,
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capable of degrading recalcitrant C (e.g., aromatic com-
pounds), are theorized to increase and become dominant
(Dai et al. 2021; Parasar et al. 2025). We hypothesize that
high salinity stress impedes this natural successional pro-
gression. Future studies monitoring microbial dynamics
over time are crucial to validate the occurrence of such
succession.

There is evidence that the characteristics of biochar
influence the colonization of specific microbial species,
leading to variations in their abundance compared with
soil microbes. PCoA revealed significant differences in
the microbial community composition between the bio-
char microhabitat and the soil microbial community,
likely because of the distinct characteristics of biochar
and the unique environment it provides for microorgan-
isms. Biochar associated with microorganisms can serve
as a carbon source (Dai et al. 2021; Watzinger et al. 2014;
Kuzyakov et al. 2009). Firmicutes stably colonize biochar,
likely due to their strong ability to utilize both labile and
recalcitrant forms of organic carbon, enabling them to
rapidly establish and persist on biochar (Parasar et al.
2025; Liao et al. 2019; Ling et al. 2021). Planctomycetota
also showed potential for the degradation of complex
carbohydrates in biochar. Studies have shown that they
possess a variety of polysaccharide-degrading enzymes,
and their abundance is positively correlated with carbon
emissions in saline-alkali soils (Klimek et al. 2024; Zhang
et al. 2024a, b). Bacteroidota and Blastocladiomycota
are strongly linked to cumulative carbon mineraliza-
tion in biochar-amended soils owing to their lignin- and
cellulose-degrading abilities (Zhao et al. 2021; Fan et al.
2024; Lépez-Mondéjar et al. 2016), demonstrating high
colonization of biochar. Verrucomicrobiota can degrade
lignin, xylan, polysaccharides, and hemicellulose, poten-
tially driving carbon turnover (Rakitin et al. 2024; Brewer
et al. 2016; Tan et al. 2025). The high aliphatic and aro-
matic carbon contents in biochar from highly saline soils
may also facilitate the colonization of Verrucomicro-
biota. This suggests that although Verrucomicrobiota
may experience salt stress in soil, the abundant carbon
sources in biochar help mitigate the negative effects of
salinity. Ascomycota and Basidiomycota include sapro-
trophic fungi capable of degrading aromatic compounds,
contributing to the decomposition and mineralization
of biochar (Parasar et al. 2025; Yin et al. 2023). However,
the observed shift in their relative abundances between
soil and biochar suggests that Basidiomycota may be the
dominant fungal group responsible for breaking down
recalcitrant aromatic C in biochar, consistent with pre-
vious findings (Noyce et al. 2016; Bai et al. 2024). Under
high salinity conditions, the high abundance of Asco-
mycota in biochar indicates their strong salt tolerance,
whereas the colonization of Basidiomycota on biochar
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appears to be inhibited by salt stress (Yang et al. 2020).
Therefore, under high salinity conditions, Ascomycota
play a more important role in C catabolism.

4.3 Effects and mechanisms of different salinization
on biochar aging

This study demonstrated that soil salinity significantly
influenced various biochar properties (Fig. S4), includ-
ing elemental composition and surface functional groups.
Saline soils affect biochar both directly through salin-
ity and indirectly through other soil characteristics. The
total C and surface aliphatic/aromatic C contents of bio-
char increased with increasing salinity, whereas the total
O content, oxidability, and surface ether bonds/hydroxyl
groups decreased. This suggests that higher salinity may
slow biochar aging, potentially due to reduced micro-
bial community activity, which slows carbon degrada-
tion, specifically the decomposition and mineralization
of unstable aliphatic C, as well as the cleavage and degra-
dation of recalcitrant aromatic groups. The limited num-
ber of oxidizable aromatic cleavage sites further slows
the oxidation of biochar (Ge et al. 2024; Rath et al. 2019;
Zhang et al. 2024a). Consequently, in highly saline soils,
the biological aging of biochar is diminished, resulting in
higher C content and lower oxidability. Meanwhile, the
slow degradation rate of aromatic carbon in biochar leads
to an increase in the aromaticity of aged biochar with ris-
ing salinity. Previous studies that reported a significant
positive correlation between soil microbial biomass and
the H/C and O/C atomic ratios of biochar lend support
to our findings (Zhang et al. 2018). The RDA analysis
(Fig. 5g) further corroborated this conclusion, suggest-
ing that fungal community activity and richness are likely
the key factors driving biochar carbon degradation and
the enrichment of oxygen-containing functional groups.
Fungal communities appear to play a dominant role
in the biochar aging process, which is consistent with
previous findings (Zhang et al. 2018). As discussed in
Sect. 4.2, bacteria such as Firmicutes, Planctomycetota,
Bacteroidota, Blastocladiomycota, and Verrucomicro-
biota along with fungi such as Basidiomycota may play
important roles in driving biochar carbon degradation.
Additionally, correlation analysis (Fig. 5f) suggested that
bacterial phyla such as Bacteroidetes, Chloroflexi, Ver-
rucomicrobiota, Myxococcota, and Proteobacteria, along
with fungal phyla such as Zoopagomycota and Blasto-
cladiomycota, drove the decomposition of aliphatic and
aromatic carbon in biochar. These results indicate that
microorganisms involved in biochar aging can decom-
pose biochar. Although many studies have focused on
organic content and degradation products over specific
time scales, few have investigated the underlying mecha-
nisms of microbially driven processes.
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As minerals were dissolved and/or ions were exchanged
onto the external surfaces of biochar, they adhered tightly
to its surface through physical adsorption (Ren et al.
2018). XRD/XRF analysis further supported the mineral
deposition hypothesis (Fig. S2 and Table S3). After aging,
the surface of biochar became enriched with quartz and
calcite crystalline phases as well as substantial amounts
of soil minerals. Such mineral enrichment likely contrib-
uted to the formation of a physical barrier that impeded
further oxidative transformation, thereby retarding
the aging process. We observed positive correlations
between surface elemental and mineral concentrations
(e.g., Mg, Na, Fe, Cl, and ZnO) and the degree of saliniza-
tion (Figs. S4b and S4d), indicating that in highly saline
soils, salts preferentially accumulate on aged biochar sur-
faces to form a continuous protective layer. Li et al. dem-
onstrated that calcium salts or minerals deposited within
biochar pores can reduce carbon loss by more than 10%,
thereby enhancing carbon retention and overall stability
of the biochar matrix (Li et al. 2014). Beyond acting as
physical barriers, soil salts and minerals can interact with
biochar surfaces through chemical bonding or infiltra-
tion of internal pores, leading to the formation of stable
organometallic complexes (Giannetta et al. 2024). FTIR
analysis revealed the emergence of new Al-O-Si char-
acteristic peaks that gradually intensified over time in
aged biochar, indicating continuous interactions between
biochar and soil minerals during aging (Jing et al. 2022).
Negatively charged biochar can bind positively charged
species such as iron hydroxides, forming Fe—O-C link-
ages that further enhance oxidation resistance (Giannetta
et al. 2024). Aromatic structures in biochar can associ-
ate with mineral components to form stable organo—
mineral complexes, thereby improving carbon stability
(Yang et al. 2021). Yang et al. found that CI diffused into
the biochar interior after 1 year, suggesting deep integra-
tion of mineral species (Yang et al. 2016). In this study,
elements such as Fe, Mg, and Cl were enriched with
increasing salinity, potentially promoting the formation
of organometallic complexes. These two mechanisms,
physical surface shielding and chemical complexation,
act synergistically to enhance the oxidation resistance of
the biochar and reduce its surface reactivity.

By integrating previous studies on biochar aging in
non-saline soils, both similarities and differences in the
aging mechanisms of biochar in saline and non-saline
soils can be identified. Similarities include the leaching
and microbial decomposition of labile carbon during the
early stages, microbial degradation of recalcitrant carbon
during the later stages, and protection by mineral barriers
(Zhang et al. 2018; Yang et al. 2021). The differences lie in
the accumulation of salts in saline soils, where salt stress
reduces the activity of indigenous soil microorganisms
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compared with non-saline soils, thereby slowing the bio-
char aging process. In addition, the coverage and adsorp-
tion of salts on the biochar surface effectively protect it
from oxidation. Finally, salinization can alter the abun-
dance of specific microbial taxa, such as Firmicutes and
Ascomycota, which may in turn affect the rates of certain
biochar aging pathways (Yang et al. 2020).

4.4 Implications for biochar application in saline soils
and future prospects

Biochar undergoing long-term aging in saline soils not
only exhibits distinct alterations in properties and micro-
bial colonization but is also strongly influenced by vary-
ing levels of salinization. Long-term biochar aging can
improve soil characteristics, such as fertility, nutrient
retention capacity, and crop productivity (Jin et al. 2024;
Wang et al. 2025). Oxygenated functional groups on bio-
char surfaces enhance the retention of cations and other
nutrients through adsorption and ligand exchange (Mao
et al. 2012). In addition, biochar aging promotes compl-
exation with soil minerals and stabilization of soil organic
matter (Yang et al. 2016; Fang et al. 2015). Furthermore,
aged biochar provides an ideal habitat for microbial com-
munities and increases microbial diversity, both of which
are crucial for the functional improvement of saline soils
(Mao et al. 2022; Wang et al. 2024). However, recent
research has shown that biochar produces environmen-
tally persistent free radicals that are toxic to soil micro-
organisms (Yang et al. 2023). In highly salinized soils,
biochar exhibits greater stability, which helps reduce soil
carbon emissions and supports long-term carbon seques-
tration (Luo et al. 2023; Major et al. 2010). Therefore, in
highly salinized soils, biochar application is a promising
strategy for improving soil properties from a long-term
and sustainable perspective. It promotes soil aggre-
gate formation and carbon sequestration, thus showing
great potential for enhancing soil fertility (Jia et al. 2024;
Trozzo et al. 2025).

Although some novel phenomena were observed, this
study has several methodological limitations. First, the
aging process was simulated solely through wet—dry
cycles, without considering other natural factors such
as temperature, sunlight, and freeze—thaw cycles. This
might lead to an underestimation of the actual aging
rate in field environments. Therefore, long-term natural
aging experiments in actual field settings are required.
Second, the absence of quantitative indicators related
to carbon mineralization, aliphatic/aromatic C con-
tents, and microbial activity prevented the provision of
direct evidence for the pathways through which micro-
organisms influence the rate of biochar aging. Third,
dynamic changes in microbial communities within
the biochar were not continuously tracked across
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multiple time points, making it difficult to explore
shifts in microbially driven aging mechanisms at differ-
ent stages. Although the design aimed to highlight the
influence of salinization gradients on biochar-associ-
ated microbes, it overlooked the temporal dynamics of
salinity effects on soil microorganisms. Future studies
should provide direct evidence to clarify the detailed
pathways of microbially driven biochar aging in saline
soils, particularly under natural environmental condi-
tions and dynamic changes.

5 Conclusions

This study demonstrates that soil salinity significantly
decelerates the aging process of biochar, as evidenced by
reduced oxidation, higher retention of aromatic carbon,
and lower microbial colonization, particularly of fungi,
in high-salinity environments. The aging retardation is
attributed to both microbial inhibition and the physi-
cal barrier formed by salt-mineral coatings on biochar
surfaces. These findings highlight the role of salinity in
modulating biochar—microbe interactions and its long-
term stability in saline soils. We suggest that aged biochar
has the potential to improve highly saline soil proper-
ties. However, this study has certain limitations. The
aging simulation relied solely on wet—dry cycles, omit-
ting other environmental factors such as temperature
and sunlight exposure, which may underestimate field
aging rates. Moreover, the lack of direct measurements
of carbon mineralization and microbial activity limits
mechanistic insight into aging pathways. Future research
should incorporate multi-factor aging experiments, track
microbial succession dynamically, and quantify carbon
transformation pathways to better predict the long-term
behavior of biochar in saline agroecosystems.
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