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Temporal dynamics and optimal dose effects
of biochar on soil properties, cotton growth,
and bacterial community assembly in saline-
alkali soils
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Abstract

Biochar is widely recognized as an effective soil amendment, yet its residual effects on saline soils remain
underexplored. This study investigates the residual impact of a single biochar application on soil properties,
bacterial community assembly, and cotton growth over three years. A controlled pot experiment was conducted
using four biochar treatments —0%, 1%, 3%, and 5% (w/w) - along with two cotton varieties: salt-sensitive and salt-
tolerant. Results showed that biochar reduced soil salinity by 0.80-1.39 g-kg™' in the second year, with no effects
observed in years 1 and 3. By the third year, biochar at 5% increased soil pH by 0.34-0.44 units. Biochar application
enhanced soil organic carbon by 135.15%-763.19%, total nitrogen by 12.88%-241.92%, and available potassium
by 22.00%-168.84%, in a dose-dependent manner. However, available phosphorus was unaffected by biochar and
showed a gradual decline over time. Biochar altered bacterial community composition but had limited impact

on alpha diversity. A shift from homogeneous to heterogeneous selection in bacterial community assembly was
observed in the third year, correlating with soil nutrient changes. Cotton growth exhibited an “A-shaped” response,
with Limited benefits in the first and third years but improvement in the second year. The 1% biochar promoted
cotton growth by at least 12.07%, whereas higher concentrations (3% and 5%) had no effect, emphasizing

an optimal dose effect. These findings highlight biochar’s potential as a tool for improving saline soils, while
underscoring the importance of optimizing application rates and considering its long-term residual effects.
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Introduction

Soil salinization has emerged as a global agricultural cri-
sis, currently affecting over 900 million hectares of arable
land through structural degradation and nutrient avail-
ability impairment [1, 2]. In saline-alkali systems, high
salinity impairs water uptake by plant roots and competi-
tively inhibits the absorption of essential nutrients [3],
while elevated osmotic pressure damages root membrane
integrity [4, 5]. This ionic toxicity is further exacerbated
by salt-induced microbial community collapse, charac-
terized by reduced diversity and functional homogeniza-
tion favoring halotolerant taxa [6]. Such environmental
filtering critically disrupts microbially-mediated pro-
cesses including organic matter mineralization and nitro-
gen cycling [7]. However, salinized soils hold significant
potential for agricultural development and reutilization
[8]. Developing ameliorated strategies to enhance micro-
bial resilience and nutrient retention therefore represents
an urgent sustainability priority.

Biochar derived from pyrolyzed agricultural residues
(300-700 °C) functions as a multifunctional amend-
ment for saline soils through synergistic mechanisms [9,
10]. The microporous structure effectively optimizes soil
porosity architecture, significantly reduces bulk density,
and enhances salt leaching efficiency while maintaining
water retention capacity [11]. Surface charge dynam-
ics regulate nitrogen and phosphorus availability via
anion adsorption and pH-mediated solubilization [12],
and labile carbon inputs combined with microhabitat
complexity promote microbial community restructur-
ing toward stress-resilient consortia [13, 14]. Critically,
these beneficial properties evolve dynamically through
microbially mediated aging processes [15], manifesting
an intrinsic functional duality: while oxidation-generated
surface oxygen groups enhance cation exchange capac-
ity [16, 17], mineral deposition conversely occludes pores
and reduces specific surface area [18]. This dual effect
creates significant uncertainty regarding the persistence
of biochar’s benefits in saline systems subject to acceler-
ated weathering. Current studies predominantly focus on
immediate (<1 year) amendment effects, leaving a critical
knowledge gap in understanding the multi-year residual
impacts on soil-microbe-plant interactions and biochar is
irreversible once applied.

Cotton (Gossypium hirsutum L.) is a globally signifi-
cant cash crop [19]. Its cultivation in arid and semi-arid
regions faces severe salinity challenges, which constrain
plant growth and yield [20]. As a pioneer species in sali-
nized lands, cotton’s growth serves as a valuable indica-
tor of soil amelioration. Biochar enhances cotton growth
by optimizing nutrient allocation [21], improving root
architecture [9], and facilitating rhizosphere coloniza-
tion by beneficial microbes [22]. However, studies dem-
onstrate a well-defined dose threshold for these benefits,
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confined to optimal application rates [12, 23]. Excessive
biochar application may lead to physical hindrance (e.g.,
hydrophobic biochar impeding root water absorption)
[24], secondary salinization (e.g., mineral salts in bio-
char increasing soil electrical conductivity), and nutri-
ent fixation (e.g., highly active surface functional groups
in biochar binding to soil nutrients) [25], all of which
can further limit crop growth. Biochar also influences
soil microbial communities, which in turn affect nutri-
ent cycling and overall plant health [26]. This microbial
mediation introduces additional complexity to biochar’s
agronomic impacts. Therefore, it is crucial to apply bio-
char at the appropriate dosage, with careful consideration
of its effects on microbial communities.

Based on the aforementioned knowledge gaps, address-
ing the uncertainties related to biochar aging and appli-
cation rates is crucial for evaluating its effectiveness in
soil remediation. This study conducted a three-year con-
trolled experiment to fill this gap by investigating the
multi-year impacts of biochar on the improvement of
saline-alkali soils and cotton growth. The research inte-
grates long-term data, dose analysis, and soil microbial
ecology to provide a comprehensive understanding of
biochar’s effects on cotton growth. Specifically, the study
aims to: (1) quantify the residual effects of single-dose
biochar application (0%, 1%, 3%, 5% w/w) across multi-
ple growing seasons, particularly in saline-alkali soils; (2)
investigate how biochar aging influences microbial com-
munity dynamics and its subsequent impact on cotton
growth. We hope that our research will provide critical
insights into the longevity of biochar remediation effects,
offering practical guidance for sustainable saline soil
management strategies.

Materials and methods

Experiment site overview

The study was conducted from May to October each year,
from 2021 to 2023, at the Experimental Station of Farm-
land Irrigation Research Institute (CAAS) under a rain-
sheltered outdoor structure in Xinxiang, Henan Province
(35°18'N, 113°54'E), China. This region exhibits a warm
temperate continental monsoon climate characterized
by distinct seasonal variations, with an annual mean
temperature of 14 °C. The experimental site experiences
a 210-day frost-free period and high annual evaporation
reaching 2000 mm, creating typical semi-arid agricultural
conditions.

Experimental materials

Soil samples were collected from the 0-20 cm layer
of drip-irrigated cotton fields in Alar City, Xinjiang
(40°22'-40°57'N, 80°30'-81°58'E). The sandy loam soil
was air-dried, homogenized through 5-mm sieving, and
stored under dry conditions prior to experimentation.
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Corn straw-derived biochar produced via pyrolysis (500—
600 °C) was obtained from Lize Environmental Technol-
ogy Co., Ltd. (Henan). The essential physicochemical
properties of the soil and biochar are detailed in Table 1.
Two cotton cultivars (Gossypium hirsutum L.) with dis-
tinct salt tolerance were employed: the salt-sensitive (SS,
Medium §9612) and the salt-tolerant (ST, Medium 9807),
both sourced from the Institute of Cotton Research,
CAAS (Anyang City, Henan Province, China).

Experimental design

A completely randomized 4 x 2 factorial design evaluated
biochar application rates (0%, 1%, 3%, 5% w/w) and cot-
ton varieties (SS vs. ST), generating eight treatments with
15 pots per treatment (N =120). Cylindrical pots (#20 cm
x 50 cm) were filled with 20+ 0.5 kg soil column (40+3
cm depth), with biochar homogenized in the 0-20 cm
layer. Seeds were sown annually in May-June (2021-2023
schedules) and thinned to single uniform seedlings. Drip
irrigation maintained 75%-90% of water holding capac-
ity through weight-based water replenishment, Supple-
mented with 0.15 g-kg™ N fertilizer (N: P,Os: K,O =5:3:4).
Plant sampling commenced 35-40 days post-emergence
for subsequent physiological analyses.

Sample collection

Soil samples

A 2 cm soil auger was used for sampling. Three pots
(replicates) were randomly selected from the 15 pots
per treatment. Each pot was sampled randomly using
a 3-point sampling method at a soil depth of 0-20 cm.
The samples were mixed, sieved (2-mm), and composite
samples were prepared after removing roots and other
impurities. The fresh soil samples were divided into three
portions: one portion was immediately refrigerated at
4 °C for determining soil moisture content, nitrate and
ammonium nitrogen; another portion was placed in cen-
trifuge tubes, sealed with parafilm, and stored at —80 °C
for DNA extraction and high-throughput sequencing; the
final portion was air-dried for determining other basic
chemical properties of the soil.

Plant samples

Morphometric parameters were systematically recorded:
plant height (cm) using graduated rulers, and stem diam-
eter (mm) at the first main stem node via digital caliper.
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Whole plants were then cleaned, Subjected to 105°C
enzyme deactivation (30 min), followed by 75 °C drying
to constant mass for aboveground biomass quantifica-
tion. Since cotton growth was severely inhibited under
the 5% biochar application rate treatment in the first year
of the experiment (2021), no plant or soil samples were
collected that year.

Soil chemical analysis

Soil pH was electrometrically determined at 1:5 (w/v)
soil-water suspension using an FE28-Standard pH meter
(Mettler Toledo). Total salt content (TSC) was quanti-
fied through steam drying methodology, while organic
carbon (SOC) was analyzed via H,SO,-K,Cr,0O, wet
oxidation [27]. Total nitrogen (TN) was measured
after H,SO, digestion using an Auto Analyzer 3 system
(Bran + Luebbe Inc., Norderstedt, Germany). Inorganic
N species were extracted with 2 M KCI (1:4 soil: solution
ratio, 200 rpm/1 h centrifugation) and quantified using
an Auto Analyzer 3 system [28]. Available phospho-
rus (AP) followed Olsen’s molybdate-blue protocol [29],
using a UV-8000 spectrophotometer (Metash Instru-
ments Co., Ltd.,, Shanghai, China). The available potas-
sium (AK) content was extracted using 1 M NH,OAc at
pH 7 [30] and quantified using an FP640 flame photom-
eter (Jqyiqi Co., Ltd., Shanghai, China).

DNA extraction and high-throughput sequencing

Total DNA was extracted from 0.5 g of fresh soil using
the FastDNA® SPIN Kit for Soil (MP Biomedicals, USA)
following the manufacturer’s protocol. DNA integrity
was checked via agarose gel electrophoresis, and purity/
concentration were measured using a NanoDrop 2000
spectrophotometer (Thermo Fisher, USA) and Qubit
3.0 fluorometer (Invitrogen, USA). The V3-V4 region of
the 16S rRNA gene was amplified using primers 341F
(5'-CCTACGGGNGGCWGCAG-3’) and 805R (5’-GAC-
TACHVGGGTATCTAATCC-3’). PCR products were
validated by gel electrophoresis, purified with Agencourt
AMPure XP beads, and sequenced using the Illumina
NovaSeq 6000 platform (Illumina Inc., San Diego, CA,
USA).

Processing and analysis of illumina sequencing data
Raw sequencing data were analyzed using QIIME 2 [31].
Adapter and primer sequences were removed using the

Table 1 The basic physical and chemical properties of biochar and soil

pH TSC SOC TN TP TK Clay Silt Sand
(gkg™) (gkg™) (gkg™) (gkg™) (gkg™) % % %
Soil 86 4300 4540 0.130 0043 13.036 1248 3167 5585
Biochar 90 / 410.898 8354 2327 30594 / / /

The abbreviation in the table are as follows: TSC The salt content, SOC Soil organic carbon, TN Total nitrogen, TP Total phosphorus, TK Total potassium, AP Available

phosphorus, AK Available potassium



Wang et al. BMC Plant Biology (2025) 25:1337

cutadapt plugin, after which quality control and amplicon
sequence variant (ASV) inference were carried out with
DADA2 [32]. Taxonomic classification of the represen-
tative ASV sequences was achieved with a pre-trained
Naive Bayes classifier trained on the Ribosomal Database
Project (version 11.5), with a confidence threshold set at
0.8 [33]. The raw sequencing data supporting the findings
of this study have been deposited in the NCBI Sequence
Read Archive (SRA) under the BioProject accession num-
ber PRJNA1321770.

Data analysis

The soil physicochemical parameters and growth metrics
were depicted using line graphs, illustrating the differ-
ences in values between various biochar application rates
and the control group (BC0) within the same planting
year. In R, the ASV table was normalized using the “phy-
loseq” package. Then, the Chaol and Shannon indices,
representing the alpha diversity of the soil bacterial com-
munity, were calculated using the “microeco” package.
Principal Coordinate Analysis (PCoA) was conducted
using the “vegan” package to analyze the variation in bac-
terial community among different treatments. The corre-
lation heatmap was created using the “heatmap” package
inR.

The structuring of soil microbial communities was
assessed using a null model implemented with the R
packages “picante” and “ape” [34]. Specifically, we calcu-
lated the beta mean nearest-taxon distance (betaMNTD)
between samples, and generated a null distribution by
randomly shuffling the phylogenetic tree tip labels 999
times. The mean (mean_betaMNTD) and standard
deviation (sd_betaMNTD) of this null distribution were
then used to standardize the observed betaMNTD val-
ues for subsequent beta nearest taxon index (betaNTI)
calculation, which reflects the phylogenetic dissimilarity
among communities. In parallel, Bray—Curtis dissimilar-
ity was used to calculate the modified Raup—Crick index
(RCp,,y), representing the dissimilarity of community
composition.

Based on these metrics, community ecological pro-
cesses were classified according to the following criteria
[35]: when |betaNTI| >2, deterministic processes were
considered dominant, with betaNTI<-2 indicating
homogeneous selection and betaNTI>2 indicating het-
erogeneous selection. When |betaNTI| < 2 and |RCy,,, |
>0.95, probabilistic dispersal processes were considered
dominant, where RCp,,, >0.95 indicated dispersal limited
and RCp, <-0.95 indicated homogenizing dispersal.
When |betaNTI| < 2 and |RCy,, | < 0.95, drift was con-
sidered the dominant process. The relative contributions
of these five ecological processes were then quantified
across all sample pairs.
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The residual effects of biochar on the soil chemical
properties
Soil pH and salinity

In the first two years, soil pH remained stable across
treatments (Fig. la; Fig. Sla, b). However, by the third
year, the BC5 treatment increased soil pH by 0.34-0.44
units compared to the BCO (Fig. 1a; Fig. S1c). Soil total
salt content (TSC) was reduced by 0.80-1.39 gkg™
under biochar treatment specifically in year 2 relative to
BCO, with no consistent reductions observed in years 1
and 3 (Fig. 1a; Fig. S1).

Soil nutrient contents

Biochar addition increased SOC, TN, and AK levels
each year, showing a clear dosage effect - the greater
the biochar application, the larger the increase (Fig.
S2-54). Compared to the BCO control, SOC increased by
135.15%-763.19%, TN by 12.88%—-241.92%, and AK by
22.00%-168.84%. The effects of biochar on SOC and TN
remained stable over time (Fig. 1b). However, its impact
on AK became more pronounced with longer duration
(Fig. 1b). In contrast, biochar application exerted no
impact on AP (Fig. S2b-S4b), yet AP depletion was more
evident in biochar-treated groups over time (Fig. 1b).
Biochar had no effect on inorganic nitrogen (nitrate and
ammonia) in the first and third years (Fig. S2e-f; Fig. Sde-
f). In the second year, biochar had no effect on nitrate
nitrogen, but compared to the BCO control, BC3 and
BC5 reduced ammonia nitrogen by 64.78%-65.69% and
41.49%-50.32%, respectively (Fig. 1b; Fig. S3e-f).

The residual effects of biochar on the cotton growth
Biochar application exhibited an “A-shaped” effect on
cotton growth parameters—including aboveground
biomass, plant height, and stem diameter—with lim-
ited impact in the first and third years but enhancement
in the second year (Fig. 1c). Integrating three-year data
revealed an optimal dosage effect: at 1% biochar amend-
ment, cotton growth Surpassed the control with biomass,
height, and stem thickness increasing by 24.13%-80.72%,
12.07%-29.65%, and 13.99%-33.22% respectively (Fig.
1c; Fig. S5). However, higher application rates (3%—5%)
exerted no detectable effects on cotton growth (Fig. 1c;
Fig. S5). Notably, cotton growth indicators declined over
time with continuous planting (Fig. S6a).

Residual effects of Biochar on soil bacterial communities
Soil bacterial community characteristics

Changes in Chaol and Shannon indices showed that bio-
char had no impact on bacterial alpha diversity within
the same cropping year (Fig. 2a, S7). The only exception
was a reduction in diversity under BC5 in the second
year the ST variety, where Chaol and Shannon indices
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Fig. 1 In the years 2021-2023, the differences between different biomass charcoal addition groups and their respective control groups for the same
planting year were observed in soil pH and salinity (a), soil nutrients (b), and cotton growth (c). In the figure, TSC stands for total soil salinity, SOC repre-
sents soil organic carbon, AP denotes available phosphorus, AK indicates available potassium, and TN refers to total nitrogen

decreased by 7.91%-35.09% and 1.53%—6.44%, respec-
tively (Fig. S7). Correlation analysis further showed that
soil pH, salinity, and available phosphorus negatively cor-
related with bacterial diversity, while available potassium
and nitrate nitrogen had positive associations (Fig. 2b).

Principal coordinate analysis (PCoA) based on Bray-
Curtis distances showed that bacterial community com-
position clustered primarily by planting year (Fig. 2c).
An adonis test confirmed that cropping duration exerted
the strongest effect (R*=0.202, p<0.001), followed by
biochar amendment (R?=0.067, p <0.001), whereas cot-
ton variety had no influence (Fig. 2c). Within individual
years, biochar-treated samples tended to cluster together
along the PC1 axis (Fig. 2c).

Soil bacterial community assembly

Null model analysis showed that biochar addition influ-
enced soil bacterial community assembly over time
(Fig. 3a). Deterministic processes remained domi-
nant, but betaNTI values indicated a shift in selection

mechanisms. In the first two years, betaN'TI values were
below -2, with homogeneous selection accounting for
62.09% and 67.03%, respectively (Fig. 3a, b). By the third
year, values exceeded 2, happening a transition to hetero-
geneous selection, which accounted for 84.06% (Fig. 3a,
b). Further correlation analysis showed that the associa-
tion between betaNTI and nutrient contents (R?=0.353,
p<0.001) was stronger than that with soil properties
(including pH and salinity, R*=0.026, p<0.001; Fig. 3c,
d).

Relationship between soil environment and cotton growth
Contribution of soil bacterial diversity and community
composition

Spearman correlation analysis showed a relationship
between soil bacterial alpha diversity and cotton growth
(Fig. 4a). When data from all three years were combined,
bacterial alpha diversity showed a negative correlation
with cotton growth indicators, though no correlation
was detected in any individual year (Fig. 4a). A random
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Fig. 2 In the years 2021-2023, the differences between different biomass charcoal addition groups and their respective control groups for the same

planting year were observed in soil bacterial alpha diversity (a), the correlation

between soil chemical properties and soil bacterial alpha diversity (b), and

the differences in soil bacterial communities among different biochar types, cotton varieties, and planting years (c)

forest model based on phylum-level bacterial composi-
tion Successfully distinguished soil samples from differ-
ent cropping years with 100% accuracy (Fig. 4b). Further
modeling demonstrated that bacterial composition could
predict cotton growth indicators, with over 70% accu-
racy for above-ground biomass and plant height, and
approximately 60% for stem thickness (Fig. 4c, Fig. S8a,
c). Notably, the bacterial phyla Verrucomicrobiota, Ento-
theonellaeota, and Bacteroidota appeared in all three
models, with their relative abundances varying across dif-
ferent planting durations (Fig. 4d, Fig. S8b, d).

Linkage between soil bacterial community assembly and
cotton growth

Analysis of the association between soil bacterial phy-
logenetic distances and cotton growth showed that all
treatments, except for BC1, exhibited correlations (Fig.
5a). The null model indicated that deterministic pro-
cesses primarily shaped the bacterial community across
different biochar treatments, with heterogeneous selec-
tion accounting for 59.09%-75.16% (Fig. 5b). Homo-
geneous selection contributed 18.3%-25.76%, while
stochastic processes accounted for 3.92%-17.65%. Nota-
bly, ecological drift was a significant factor in the BC1
group, contributing around 10%, whereas it was nearly
absent in the other treatments (Fig. 5b).

Discussion
The dynamic regulation of biochar on soil chemical
properties
The residual effects of biochar on regulating soil chemical
properties exhibited significant temporal heterogeneity
(Fig. 1a, b). In the second year after biochar application,
soil salinity decreased (Fig. 1a; Fig. S1), which was asso-
ciated with the porous structure of biochar promoting
salt leaching [36]. However, the salinity mitigation effect
diminished in the third year (Fig. S1), potentially due to
biochar aging, which may result in the release of colloi-
dal/nano-sized biochar particles [37] or degradation of
surface pore structures [38], leading to soil pore clogging.
The phased increase in soil pH (Fig. S1c) likely resulted
from the gradual release of alkaline components such as
carbonate-bound calcium and magnesium from biochar
[39], while the short-term buffering effect disappeared.
Nutrient deficiency constitutes another major limiting
factor in saline-alkali soils. Biochar, characterized by high
nutrient content and a porous structure, can effectively
enhance soil fertility [40]. In this study, the employed bio-
char exhibited substantially higher SOC (410.898 g-kg™')
and TN (8.354 gkg™!) contents compared to the initial
soil baseline (Table 1). Consequently, biochar applica-
tion significantly increased SOC and TN concentrations
in a dose-dependent manner (Fig. 1b; Fig. S2-S4), which
aligns with the findings reported by Dai et al. [41]. The
subsequent decline in structural integrity gradually
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compromised biochar’ phosphorus retention capacity
over time [42]. Furthermore, biochar residues altered
the soil redox status, which led to elevated soil pH and
promoted the transformation of phosphorus into less
bioavailable forms [43]. Our data are consistent with this
finding, as the observed increase in pH during the third
year likely contributed to the decline in available phos-
phorus levels (Fig. 1b). Long-term monoculture may lead
to nutrient depletion and pathogen accumulation [44,
45]. In particular, the content of available phosphorus
decreases year by year (Fig. 1b), which is also the reason
for the annual decline in plant biomass (Fig. S6a).

Residual effects of biochar on the soil bacterial community
Biochar enhances the growth of specific carbon-degrad-
ing bacteria by serving as a carbon substrate, while its
alkaline properties potentially reduce the abundance of
acidophilic bacterial taxa [46, 47]. The increased abun-
dance of dominant bacterial populations may suppress
the growth of other bacterial groups, consequently lead-
ing to reduced bacterial diversity. However, discrepancies

exist among different studies [48, 49], as environmental
factors selectively promote the growth of certain micro-
organisms, thereby influencing bacterial community
diversity. In this study, bacterial alpha diversity showed
negative correlations with pH, salinity, and available
phosphorus, but positive correlations with available
potassium and nitrate nitrogen (Fig. 2b), demonstrating
the crucial role of soil environmental conditions in shap-
ing microbial diversity.

Residual effects of biochar on the soil bacterial community
assembly

The assembly of soil microbial communities is medi-
ated by both deterministic and stochastic processes,
with their relative importance being context-dependent
[50]. Results from null model analyses revealed that
deterministic processes predominated in shaping micro-
bial community assembly throughout the three-year
experiment (Fig. 3a). These deterministic mechanisms
primarily reflect microbial adaptive responses to envi-
ronmental conditions, manifested through both habitat
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specialization (including species-specific niche prefer-
ences) and environmental filtering [51]. Our study dem-
onstrates that soil nutrients exert significantly stronger
influences than pH and salinity on bacterial community
assembly (Fig. 3c), highlighting their pivotal role as key
drivers in structuring soil microbial communities. How-
ever, other studies have reported that soil salinity exerts a
strong selective pressure on bacterial community assem-
bly in coastal estuarine wetlands [52]. These divergent
findings underscore the geographic and environmental

specificity of microbial assembly processes across differ-
ent soil ecosystems.

Focusing on the legacy effects of biochar on ecological
selection processes, our results demonstrate that com-
munity assembly during the initial two years was strongly
driven by homogeneous selection (Fig. 3a, b). This deter-
ministic process preferentially enriched microbial popu-
lations with conserved functional profiles and convergent
adaptive traits, reflecting environmental filtering under
biochar amendment [51]. However, by the third year,
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heterogeneous selection became the dominant process
(Fig. 3a, b), potentially reflecting adaptive changes in the
soil environment under long-term monocropping pres-
sure. This shift may be related to increased phosphorus
limitation during the third year of cultivation (Fig. 1b).
The result reveals the dynamic adaptability of microbial
communities to long-term environmental changes while
also highlighting the importance of the temporal scale in
understanding community assembly processes.

Effects of biochar application rate and time on cotton
growth

Biochar exhibits a non-monotonic dose response coupled
with temporal dynamics in regulating cotton growth
(Fig. S5-S6). Low-dose application (1% w/w) significantly
enhances biomass accumulation, plant height, and stem
diameter (Fig. S5). However, higher application rates (3%
and 5%) may impede root development through physical
pore obstruction [53], consistent with reported nitrogen
uptake inhibition under excessive application (>80 t ha™)
[54]. Furthermore, biochar exhibited an “A-shaped” inter-
annual fluctuation pattern in its effects on cotton growth
(Fig. 1c). In the first year, a slow-release priming effect
predominated [55], followed by the strongest growth
promotion in the second year due to improved salinity
regulation. By the third year, however, the benefits were
substantially diminished by phosphorus limitation and
long-term monoculture.

Under biochar amendment, cotton growth was closely
associated with shifts in bacterial community composi-
tion, while alpha diversity showed no clear link (Fig. 4a,
b, and ), suggesting that community restructuring may
be more influential in saline—alkali soils. Random forest
modeling revealed that phylum-level composition could
predict 60%-70% of growth performance metrics (Fig.
4c; Fig. S8). Under the 1% biochar amendment, the asso-
ciation between soil bacterial phylogenetic composition
and cotton growth was not evident (Fig. 5a), suggesting
that the improvement in cotton growth was driven by
the optimization of soil physicochemical properties (e.g.,
reduced salinity and enhanced nutrient availability) or by
the response of specific functional taxa, rather than by
shifts in phylogenetic structure. Concurrently, the rela-
tive contribution of ecological drift increased to 10% (Fig.
5b). An elevated proportion of drift typically arises under
conditions of reduced environmental selection pressure
[56], thereby providing cotton with greater opportunities
to recruit beneficial microorganisms during growth.

Despite the promising preliminary findings, this study
has several limitations. The effects of biochar followed
a distinct temporal trajectory, highlighting the need for
extended field experiments and long-term monitoring
(5-10 years) to fully assess its agronomic benefits and
environmental consequences. Moreover, elucidating the
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mechanisms by which biochar interacts with soil micro-
bial communities—and how these interactions under-
pin cotton growth—remains a critical avenue for future
research.

Conclusion

This study demonstrates that biochar’s ameliorative
effects on saline-alkali soils exhibit an optimal dose effect
and temporal dynamics, with a 1% (w/w) application
rate promoting cotton growth, while higher doses had
no effect. In the second year, the 1% biochar treatment
also reduced soil salinity, leading to the most signifi-
cant growth promotion. Although biochar continuously
increased SOC, TN, and AK levels, its salinity alleviation
effect disappeared by the third year, and AP decreased
over time, which was associated with an increase in soil
pH and contributed to the decline in cotton growth,
highlighting the temporal dynamics of biochar’s impact.
Microbial community assembly shifted decisively from
homogeneous selection to heterogeneous dominance
in the third year, paralleling the emergence of growth
decline. These results highlight biochar’s potential to
improve soil fertility and cotton growth, while emphasiz-
ing that integrating temporal effects with biochar amend-
ments may help maintain microbial balance and prevent
crop growth limitations.
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