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Abstract

To address the severe challenge of soil salinization, effective soil amelioration methods are
urgently needed; however, current research on the microbial mechanisms of the combined
application of multiple amendments is insufficient. Therefore, this study aims to investigate
the impacts of biochar combined with humic acid (HA) on the physicochemical properties
and microbial community structure of saline–alkali soils by a field experiment. The results
showed that the co-application treatments significantly improved soil physicochemical
properties and increased bacterial community richness; specific effects depended on the
biochar feedstock. Notably, the H-MBC treatment was the most effective in reducing
soil electrical conductivity (EC) by 44.1%, while the H-SBC treatment most significantly
increased soil water content by 80.3%. Stochastic processes influenced the assembly of
microbial communities, particularly the co-application group, forming a more complex and
stable microbial network. Furthermore, Spearman correlation and random forest analyses
revealed EC, nitrate nitrogen, and available phosphorus as the primary variables affecting
microbial communities. These findings support the potential of the combined application
of biochar and HA for saline–alkali soil amelioration, as this strategy mitigates salt stress
and increases nutrient availability, thereby reshaping microbial communities toward states
conducive to ecological restoration.

Keywords: saline–alkali soil; biochar; humic acid; microbial community structure;
random forest

1. Introduction
More than 10% of agricultural soils worldwide are affected by salinization, posing a

serious threat to the sustainability of agricultural production [1,2]. As a globally important
economic crop, although cotton has a certain degree of salt tolerance [3], its growth and
metabolic activities are still closely linked to the soil environment and are extremely sen-
sitive to salinization [4,5]. China is a major cotton producer, accounting for about 15% of
the world’s total planting area, with its production primarily concentrated in the Xinjiang
region [6]. However, the scarcity of freshwater resources in Xinjiang often necessitates the
use of mildly saline water for irrigation [7]. This practice not only exacerbates soil salin-
ization, leading to compaction and reduced water and nutrient retention in farmland [8],
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but also disrupts the soil’s microbial structure [9]. High salt stress is recognized as the
primary limiting factor for cotton growth in northwestern China [10]. Through mechanisms
such as osmotic stress, nutrient imbalances, and specific ion toxicity [11,12], it impairs the
physiological functions and overall growth of cotton, ultimately causing reduced yields. In
light of this, exploring effective soil amendment techniques to counteract salt stress has
become an urgent research priority.

The application of organic amendments is a promising strategy for soil remedia-
tion [13]. Among them, biochar (a porous, carbon-rich material produced from biomass
pyrolysis) and humic acid (HA, a natural organic compound) have been shown to im-
prove soil physicochemical properties, enhance nutrient retention, and stimulate crop
growth [14–17]. Notably, these amendments also profoundly influence the soil microbial
community—a key driver of soil ecosystem health and nutrient cycling [18,19]. Soil bacteria,
fungi, and microbial biomass are influenced by various soil properties, particularly salin-
ity [20,21]. Elevated soil salinity increases osmotic pressure, leading to cellular dehydration,
cell membrane rupture, and subsequent cell death in microbes [22,23]. The application
of organic amendments in saline–alkali soils can significantly alter soil salinity and the
overall microenvironment [24], thereby determining the composition of dominant microbial
communities. Organic amendments also promote favorable shifts in microbial community
structure, enhancing the abundance of salt-tolerant microbial taxa [25]. For example, in
the cotton fields of Northwest China, various fertilization strategies have improved soil
physicochemical properties, thereby increasing the populations of antagonistic bacteria [26].
Furthermore, certain microorganisms, such as Pseudomonas spp. and Bacillus spp., mitigate
the toxicity of salt stress in plants through metabolic processes, including the synthesis of
organic acids and secretion of stress-related enzymes [27,28]. Other halophilic microorgan-
isms can actively uptake free sodium ions during their growth and reproduction [29]. Soil
microorganisms are vital for plant growth, as studies have shown that higher microbial
diversity enhances the efficiency of litter decomposition, thus providing more essential nu-
trients for plants [30,31]. Therefore, soil microorganisms serve not only as crucial indicators
of soil ecosystem health but also as essential elements for achieving ecological restoration
and improving agricultural productivity.

Biochar has been extensively studied in other soil types (e.g., paddy, acidic, and heavy
metal-contaminated soils), but its application in saline–alkali soils is less explored, and
improper feedstock selection can even worsen soil conditions [32–34]. Furthermore, most
studies have focused on either biochar or HA alone. Research on the synergistic effects
of combining biochar from different feedstocks with HA is particularly scarce, especially
concerning the underlying microbial mechanisms driving soil improvement. It remains
unclear how this combination specifically reshapes the microbial community to mitigate
salt stress.

Therefore, this study aims to investigate the effects of biochar prepared from different
feedstocks, applied alone or in combination with HA, on the physicochemical properties
and microbial community structure of saline–alkaline soil. We seek to address the following
scientific questions: (1) Can various soil amendment strategies effectively reduce soil
salinity and enhance nutrient accumulation? Does the efficacy of biochar amendments
specifically vary depending on the feedstock used? (2) How does HA enhance the effects of
biochar? What is its specific role in influencing the microbial community? (3) What are the
key environmental factors driving the structure and function of the microbial community
in these soils?
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2. Materials and Methods
2.1. Site Description

The experiment site is located in the 103rd Regiment of Wujiaqu City, Xinjiang, China
(44◦31′48′′ N, 87◦25′48′′ E), at an altitude of 429 m (Figure 1a). The region experiences
temperate, continental, and arid climates. During the experimental year, the mean annual
temperature was 8.0 ◦C, with an annual precipitation of approximately 99.8 mm. Figure 1b
illustrates the daily variations in rainfall and temperature. The soil at the site is sandy loam,
with the following physicochemical properties: pH of 8.36, electrical conductivity (EC)
of 1075 µS cm−1, water content (SWC) of 5.8%, total carbon (TC) content of 12.52 g kg−1,
total nitrogen (TN) of 0.62 g kg−1, total phosphorus (TP) of 0.58 g kg−1, nitrate nitrogen
(NO3

−-N) of 8.73 mg kg−1, and available phosphorus (AP) of 26.81 mg kg−1.

Figure 1. (a) Location of the experimental field; (b) precipitation and temperature data for 2023;
(c) on-site photograph of the experimental plot.

2.2. Experimental Design and Soil Sampling

To investigate the effects of HA and different biochar feedstocks, this study was
established as a two-factor factorial experiment arranged in a randomized block design.
The two factors were HA (two levels: with and without) and biochar (three levels: no
biochar, walnut shell biochar, and livestock manure biochar), resulting in the following
six treatments:

(1) CK: Control (no amendment);
(2) HUM: HA only (0.6 t ha−1);
(3) SBC: Walnut shell biochar only (12 t ha−1);
(4) MBC: Livestock manure biochar only (12 t ha−1);
(5) H-SBC: Co-application of HA and walnut shell biochar (0.6 t ha−1 + 12 t ha−1);
(6) H-MBC: Co-application of HA and livestock manure biochar (0.6 t ha−1 + 12 t ha−1).

Each treatment was replicated three times, for a total of 18 plots. Each plot measured
4 m × 4 m, with a minimum of 2 m spacing between plots to minimize cross-treatment
interference. Biochar and HA were applied uniformly in a single application to the soil
surface in early April 2023, followed by thorough mixing to a depth of 15–20 cm. The
pyrolysis temperature of the biochars was between 400 ◦C and 500 ◦C.
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The selected cotton variety, “Gengye 64,” was sown on 26 April 2023, with a planting
density of 14,000 plants per 666.67 m2. A wide–narrow row planting system with a
single plastic film, two drip irrigation lines, and six rows (row spacing of 66 cm and
10 cm). Fertilization and other agronomic practices were consistent with conventional local
field protocols.

Soil samples (0–20 cm depth) were collected on 14 September 2023. In each plot,
five subsamples were randomly collected and combined to form one composite sample,
resulting in a total of 18 independent composite samples for analysis. After removing
plant roots and stones, each composite sample was homogenized and divided into two
portions: one fresh portion for soil microbial analysis, and the other for determining soil
physicochemical properties after air-drying.

2.3. Sample Analysis

The soil physicochemical indicators were determined following the procedures de-
scribed by Bao [35].

High-throughput sequencing was used to analyze the soil microbial communities. Soil
DNA extraction and high-throughput sequencing were performed by Shanghai Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China) The specific steps were as follows: total
DNA from the soil microbial community was extracted, and the quality of the extracted
genomic DNA was accessed using 1% agarose gel electrophoresis. The bacterial 16S rDNA
sequence was amplified using the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R
(5′-GGACTACNNGGGTATCTAAT-3′) on an ABI GeneAmp® 9700 PCR system (Applied
Biosystems, Foster City, CA, USA) [36]. The amplified DNA fragments were purified
through gel extraction, followed by library preparation, quantification, and quality control.
High-throughput 16S rRNA sequencing was conducted on the Illumina MiSeq platform
(Illumina, San Diego, CA, USA). The paired-end reads obtained from sequencing were
assembled, quality-controlled, and filtered based on sequence overlapping to produce opti-
mized sequences. Operational taxonomic units (OTUs) were clustered at a 97% similarity
threshold using the USEARCH11-uparse algorithm.

2.4. Statistical Analysis

All statistical analyses were conducted using R version 4.3.1. Prior to analysis, data
were assessed for the assumptions of normality using the Shapiro–Wilk test and for ho-
mogeneity of variances using Levene’s test. A two-way analysis of variance (ANOVA)
was used to test the effects of the biochar amendment factor (B; no biochar, walnut shell
biochar, livestock manure biochar), the humic acid factor (H; with or without humic acid),
and their interaction (B × H) on soil physicochemical properties (EC, SWC, pH, TC, TP, TN,
AP, NO3

−-N) and microbial α-diversity indices. When significant effects were detected
by ANOVA, Duncan’s multiple range test was performed for post hoc comparisons. The
statistical significance level was set at p < 0.05. Statistically significant differences are
indicated by different lowercase letters in figures, and error bars represent the standard
deviation (SD, n = 3).

To systematically elucidate the microbial community assembly processes in the biochar
treatment group (BCs, including MBC and SBC) and the biochar combined with humic acid
treatment group (HBCs, including H-MBC and H-SBC), we first calculated the modified
stochasticity ratio (MST) using the NST package [37]. An MST value > 0.5 indicates that
stochastic processes predominantly govern community assembly dynamics. In addition,
we employed the neutral community model (NCM) proposed by Sloan et al. [38], in
combination with the stats4, minpack.lm, and Hmisc packages, to further evaluate the role
of stochasticity in the assembly of bacterial communities in both the BCs and HBCs groups.
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Finally, the relative importance of deterministic processes, including homogeneous selection
(HoS), heterogeneous selection (HeS), and stochastic processes, including homogenizing
dispersal (HD), dispersal limitation (DL), and ecological drift (DR) in bacterial community
assembly was quantified using the iCAMP framework (the Infer Community Assembly
Mechanisms by Phylogenetic-bin-based null model) developed by Ning et al. [39].

Phylum-level taxa with a relative abundance > 0.05% and occurring in at least four
samples were selected for co-occurrence analysis. Spearman’s rank correlation coefficients
were calculated, and only statistically significant associations (|r| > 0.6, p < 0.05) were
retained. Co-occurrence networks were then constructed using the igraph package and
visualized with Gephi (version 0.10). Furthermore, we analyzed the phylum-level tax-
onomic composition of nodes within the co-occurrence networks to identify key phyla
that exhibited significant differences in relative abundance between the BCs and HBCs
treatment groups. Specifically, intergroup differences were assessed using the Wilcoxon
rank-sum test, with multiple testing correction performed using the Benjamini–Hochberg
method. Confidence intervals (CIs) were estimated using the bootstrap method, and the
results were visualized as extended error bar plots. The abundances of these key phyla were
subsequently used as representative indicators to characterize the taxonomic composition
of microbial co-occurrence networks.

To assess the influence of environmental factors on species community structure and to
address the issue of multicollinearity, this study employed a Principal Component Analysis
(PCA) dimensionality reduction strategy. We first performed PCA on the standardized
environmental factors and selected the top N Principal Component scores (PC scores) as the
RDA’s explanatory variables, based on a cumulative variance contribution threshold greater
than 90%. Subsequently, an RDA model was constructed using the Hellinger-transformed
species data and these PC scores. The overall significance of the RDA model, as well
as the significance of each constrained axis, was assessed using a permutation test with
999 permutations. Finally, the envfit function was utilized to fit the original environmental
factors onto the RDA ordination plot, thereby identifying key factors with a significant
driving effect (p < 0.05) on community structure. Based on this, the top 15 most abundant
bacterial phyla were selected, and Spearman’s rank correlation analysis was conducted
in combination with key soil factors. A correlation heatmap was generated to visualize
these associations.

Concurrently, to further assess the relative importance of key soil environmental
variables in shaping the microbial co-occurrence networks, a random forest model was
constructed within a 3-fold cross-validation framework repeated 20 times. Within each
training fold, permutation importance (%IncMSE) was calculated based on out-of-bag
(OOB) samples, and the selection frequency of the top 4 variables was used as a stability
metric. A stability threshold of 60% (higher than the random selection probability of
4/8 = 50%) was set to identify the stable, important variables. Finally, a comprehensive
ranking based on the average rank was conducted to screen for the most critical and stable
driving factors.

3. Results
3.1. Response of Soil Physicochemical Properties

The application of biochar or HA improved the physicochemical properties of the
saline–alkali soil (Figure 2). However, the combined application of biochar and HA yielded
better results than their individual applications, and the specific effects varied depending on
the biochar feedstock. Two-way ANOVA indicated a significant interaction effect between
the biochar and HA factors in influencing key soil physicochemical properties (B × H,
p < 0.05). Specifically, compared to the CK, the H-MBC treatment was most effective in
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reducing soil EC by 44.1% and increasing AP by 45.8%; meanwhile, the H-SBC treatment
was most prominent in increasing SWC by 80.3% and NO3

−-N by 44.5%. Furthermore,
none of the treatments had a significant effect on soil pH.

Figure 2. Soil physicochemical characteristics under different treatments. (a) electrical conductivity
(EC); (b) water content (SWC); (c) pH; (d) total carbon (TC); (e) total phosphorus (TP); (f) total
Nitrogen (TN); (g) available phosphorus (AP); (h) nitrate nitrogen (NO3

−-N). Error bars represent the
standard deviation (n = 3). Different lowercase letters above the bars indicate significant differences
among treatments at the p < 0.05 level. The symbols ns, *, **, and *** indicate no significant difference,
and significant differences at the p < 0.05, p < 0.01, and p < 0.001 levels, respectively.

3.2. Changes in Bacterial Community Diversity and Taxa Composition

The bacterial richness indices were assessed, and the results showed that compared
with the CK, sole biochar application significantly increased the ACE and Chao1 indices by
12.9–22.4% and 12.3–20.2%, respectively, while the combined application with HA led to
increases of 17.2–27.4% and 15.9–26.0%. No significant differences were observed in the
Simpson and Shannon indices among treatments (Figure 3a–d). NMDS results showed
that the bacterial communities in soils subjected to different treatments formed distinctly
separated clusters (Figure 3e). A two-way ANOVA revealed that the biochar amendment
factor, the HA factor, and their interaction significantly affected soil microbial diversity
(Figure 3a,b).

Bacterial phyla with a relative abundance > 0.5% were considered dominant. This
study identified 11 dominant bacterial phyla that collectively comprised over 90% of
the total bacterial community (Figure 4a). However, differences in bacterial taxa were
observed across the various treatments. Compared to the CK, the application of biochar
or HA alone significantly increased Actinobacteriota by 17.1–26.2%, while Proteobacteria
and Firmicutes showed the opposite trend. Additionally, compared to the MBC treatment,
the H-MBC treatment significantly reduced Actinobacteriota and Chloroflexi by 14.5% and
20.0%, respectively, while it significantly increased Proteobacteria by 32.1%. Two-way
ANOVA revealed a significant interaction effect between biochar and HA on Actinobacteriota,
Proteobacteria, Firmicutes, and Chloroflexi (Figure 4b).
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Figure 3. (a–d) Soil α-diversity indices of the bacterial community, including ACE, Chao1 index,
Simpson index, and Shannon index. (e) β-diversity of soil bacterial communities based on non-metric
multidimensional scaling (NMDS) analysis. The error bars represent the standard deviation (n = 3).
Different lowercase letters above the bars indicate significant differences among treatments at the
p < 0.05 level. The symbols ns, *, and ** indicate no significant difference, and significant differ-ences
at the p < 0.05, and p < 0.01 levels, respectively.

Figure 4. (a) Relative abundance composition of bacterial phyla for each treatment. (b) Bar plots
of four representative phyla (Actinobacteriota, Proteobacteria, Chloroflexi, and Firmicutes), presented
as mean ± standard deviation with error bars (n = 3). Different lowercase letters above the bars
indicate significant differences among treatments at the p < 0.05 level. The symbols ns, *, **, and ***
indicate no significant difference, and significant differ-ences at the p < 0.05, p < 0.01, and p < 0.001
levels, respectively.

3.3. Characteristics of Bacterial Community Assembly Processes

As mentioned above, the application of biochar in the presence of HA led to significant
changes in the bacterial community structure. To further compare the different effects of



Agronomy 2025, 15, 2412 8 of 17

biochar alone and in combination with HA on the bacterial community assembly process,
the MST, NCM, and iCAMP methods were employed. The SBC and MBC treatments were
categorized as the BCs group, while the H-SBC and H-MBC treatments were classified
as the HBCs group. As shown in Figure 5a,b, the MST analysis indicated that the MST
values for both groups were greater than 0.5, and the NCM model also showed a high
goodness of fit, collectively confirming that stochastic processes were dominant in com-
munity assembly. Notably, the NCM analysis also found that the migration rate of the
HBCs group (m = 0.867) was lower than that of the BCs group (m = 0.941), suggesting that
the addition of HA to biochar reduced bacterial taxa dispersal, possibly leading to a more
robust local community structure. Furthermore, iCAMP analysis quantified the role of
ecological processes, revealing that stochastic processes had a larger contribution in the
HBCs (93.8%) compared to the BCs group (90.4%), primarily driven by increased DR and
DL. In summary, HA plays a crucial regulatory part in the biochar-soil interaction system
by enhancing the dominance of stochastic processes, thereby shaping the assembly patterns
of the community.

Figure 5. Soil bacterial community assembly processes in the biochar treatments group (BCs) and the
combined biochar and humic acid treatments group (HBCs): (a) normalized stochasticity ratio (MST);
(b) neutral community model (NCM); (c) infer community assembly mechanisms by phylogenetic-
bin-based null model (iCAMP). The error bars represent the standard deviation.

3.4. Characteristics of the Bacterial Co-Occurrence Network and Keystone Taxa

To assess the impact of biochar and HA on the complexity and stability of the bacterial
community, we constructed microbial co-occurrence networks. The results showed that,
compared to the BCs group, the HBCs group formed a more complex and stable microbial
network (Figure 6a). Specifically, the network of the HBCs group had more nodes (1410)
and edges (1856), and the proportion of positive correlations (68.4%) was significantly
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higher than that of the BCs group (55.5%). Therefore, the synergistic effect of biochar and
HA likely optimized the coexistence patterns of microorganisms, enhancing the stability
and functional redundancy of the entire community by constructing a complex network
dominated by positive cooperation.

Figure 6. (a) Microbial co-occurrence network patterns in the biochar treatments group (BCs) and the
combined biochar and humic acid treatments group (HBCs); (b) extended error bar plot illustrating the
effects of BCs and HBCs on the relative abundance of bacterial phyla showing significant differences.
Asterisks indicate significance levels (*: p < 0.05).

To further identify the key species contributing to the differences in the microbial
community network characteristics between the BCs and HBCs groups, an extended error
bar plot was used to display the significantly different taxa (Figure 6b). The results showed
that eight bacterial taxa exhibited significant differences when HA was treated as a random
factor. The addition of HA significantly increased the abundance of Gemmatimonadota,
Nitrospirota, Methylomirabilota, RCP2-54, Elusimicrobiota, and MBNT15, with Gemmatimon-
adota showing the most significant increase. In contrast, Cyanobacteria levels significantly
decreased. These changes in bacterial taxa were the primary contributors to the differences
in the co-occurrence networks between the BCs and HBCs groups.

3.5. Key Environmental Drivers of the Bacterial Community

To determine the crucial environmental factors influencing the shifts in the microbial
community, we conducted an RDA. The results suggested that application strategies led to
significant differentiation in the microbial community structure, with soil physicochemical
properties being the main variables explaining this variation (explaining 38.5%) (Figure 7a).
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To further explore the relationship between these soil factors and the abundance of major
bacterial phyla, we performed a Spearman correlation analysis (Figure 7b). This analy-
sis revealed that soil EC was a crucial factor, showing significant negative correlations
with the abundance of several major phyla, such as Methylomirabilota, Gemmatimonadota,
Armatimonadota, and Nitrospirota. Conversely, the availability of key nutrients (especially
NO3

−-N and AP) was positively correlated with these phyla. In addition, the Random
Forest model analysis (Figure 8) results showed that EC, NO3

−-N, and AP were the most
critical soil factors influencing the compositional features of the bacterial co-occurrence
network. In summary, these results indicate that soil salinity and nutrient status are the
primary environmental factors mediating the impacts of the specific application strategies
on the bacterial community.

 

Figure 7. (a) Redundancy analysis (RDA) ordination plot of the soil microbial community and soil
physicochemical properties. Sample points are colored according to their treatment groups, and red
arrows indicate the environmental variables that are significantly correlated with the ordination axes.
The first two constrained axes are displayed; the overall model and the first axis were significant as
determined by 999 permutation tests (overall model: p < 0.001; RDA1: p < 0.001; RDA2: p = 0.275).
(b) Spearman’s rank correlation heatmap of the relationship between soil physicochemical properties
and the top 15 dominant bacterial phyla. The color intensity represents the strength of the correlation,
and asterisks indicate the significance levels (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

Figure 8. Random forest importance stability (top-4 inclusion frequency).
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4. Discussion
4.1. Effect of Biochar from Different Feedstock Combined with Humic Acid on Soil Properties

The combined application of biochar and HA is an effective strategy for enhancing soil
fertility and remediating saline–alkali soils. This study found that the combined treatment
decreased soil EC by up to 44.1% and significantly increased nutrient content by 45.8%,
an efficacy far exceeding that of single amendments. By comparison, the effects of single
amendments reported in the literature are relatively limited. For instance, a meta-analysis
by Li et al. [40] indicated that conventional organic materials decreased soil EC by an aver-
age of 23.6%, while Wang et al. [41] reported that the application of inorganic amendments
resulted in a 26.8% reduction. This superior performance is attributed to the synergistic
effects of biochar and HA at the physical, chemical, and biological levels [42]. Physically,
the combination of biochar’s porous structure and the cementing ability of HA significantly
optimized soil aggregate structure, enhancing the soil’s aeration, water permeability, and
capacity for water and nutrient retention [43,44]. Chemically, the combined active func-
tional groups and adsorption sites from both materials substantially increased the soil’s
cation exchange capacity, improving nutrient adsorption and slow-release [45,46]. Simul-
taneously, the chelating effect of HA activated immobilized micronutrients, and together,
they enhanced overall nutrient availability [47,48]. Biologically, this composite amend-
ment provided habitats and nutrient sources for soil microorganisms, thereby stimulating
microbial activity and fostering a healthier micro-ecological environment [49].

However, the efficacy of the synergistic improvement is not constant; the key factor
lies in the feedstock used for biochar production [50]. For instance, wood-based biochar has
a greater advantage in improving soil physical structure [51,52], whereas biochar derived
from livestock manure is not only rich in readily available nutrients, but the Ca2+ and Mg2+

released during its mineralization can also effectively displace exchangeable Na+ [53,54].
This is also corroborated by our research findings: the combination of manure biochar
and HA was significantly superior to that of walnut shell biochar in reducing salinity
and increasing nutrients. Therefore, the key to achieving the optimal remediation effect
lies in scientifically selecting the biochar feedstock based on the specific problems of the
target soil (e.g., poor structure, salinization, or nutrient deficiency) and combining it with
HA in a rational proportion. Future applications will require a more precise matching of
biochar type, soil conditions, and crop requirements to achieve sustainable increases in
agricultural productivity.

4.2. Regulatory Mechanisms of Soil Amendment Strategies on Microbial Ecological Processes and
Co-Occurrence Networks

This study found that, compared to the sole application of biochar, the combined
application of biochar and HA significantly enhanced the complexity of the soil bacterial
co-occurrence network. We attribute this reshaping of the network structure to synergistic
regulatory mechanisms at two distinct levels. First, by optimizing soil physicochemical
properties, the combined application provided a direct driving force and a biological foun-
dation for the complexification of the microbial network [55]. On one hand, biochar and HA
significantly enhanced soil fertility, creating favorable conditions for microbial cooperation.
Nutrient-rich environments can promote the formation of microbial aggregates or biofilms
for more efficient resource utilization, thereby increasing material exchange and informa-
tion transfer and fostering closer interactions [56,57]. On the other hand, the improved soil
environment also supported higher bacterial diversity. Higher species diversity implies a
greater variety of ecological niches and potential functional complementarities, laying the
species foundation for a more complex co-occurrence network [58–60]. The study by Lu
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et al. [61] also confirmed that composite amendments are superior to single amendments
in enhancing both microbial diversity and network complexity.

At a deeper level, this increase in network complexity is rooted in a fundamental shift
in the microbial community assembly process. Microbial community assembly is a critical
nexus linking the environment to network structure [62,63]. Under saline–alkali stress,
deterministic processes driven by environmental filtering typically predominate [64,65].
However, our study revealed that the combined application of biochar and HA significantly
enhanced the contribution of stochastic processes to community assembly (Figure 5), a
finding consistent with reports by Wang et al. [66] on the effects of organic amendments.
This shift from deterministic to stochastic processes is crucial because when the pressure
from environmental filtering is alleviated (i.e., soil conditions improve), the stochastic
processes (such as DL and DR processes) become more significant [67–69]. These stochastic
processes give rise to greater diversity and heterogeneity in microbial interactions, thus
fundamentally driving the increase in network complexity [70].

4.3. Mechanisms of Soil Salinity and Nutrient Supply on Microbial Communities

Soil EC, NO3
−-N, and AP as the most critical predictors driving variations in the

microbial community structure (Figure 8). Soil salinity, as the primary abiotic stress factor,
constitutes a strong environmental filter for community assembly [71,72]; whereas after the
alleviation of salt stress, nutrient availability becomes the key determinant of community
differentiation and functional divergence [73]. The strong filtering effect of EC is primarily
manifested in its holistic selection pressure on the microbial community [74]. High salinity
directly affects microbial osmotic regulation and enzyme activity [75], thereby leading to a
general suppression of community diversity and selecting for specific taxa possessing high
salt-tolerance capabilities [76]. The high responsiveness of the phylum Methylomirabilota to
EC fluctuations observed in our study is a direct manifestation of this selection mechanism;
the abundance of this group was strongly suppressed under high-salinity conditions, but
after salt stress was mitigated by co-application, it exhibited strong competitive adaptability
to the low-salinity, high-nutrient environment.

Therefore, the core ecological mechanism of this co-application strategy can be sum-
marized as a reshaping of the hierarchical influence of environmental drivers. By reducing
EC, these measures weakened the dominant role of abiotic stress (environmental filtering)
in community assembly, thereby allowing biological processes, such as resource com-
petition and niche partitioning, to become the key determining factors in shaping the
community structure [77,78]. For example, the increase in nitrate nitrogen provided a
competitive advantage for known microorganisms involved in the nitrogen cycle (e.g.,
Methylomirabilota). Meanwhile, the increased availability of phosphorus, a key limiting
element for microbial growth [79], generally promoted microbial metabolic activities and
community abundance [80,81]. This shift in driving forces—from being dominated by
environmental filtering to being dominated by resource competition—is the fundamental
reason for the recovery of the soil microbial community from a stressed state and the
re-establishment of more active biogeochemical processes, such as the nitrogen cycle, which
are governed by key functional guilds [82,83].

4.4. Limitations and Implications

This study provides high-reliability field evidence for the synergistic effects of co-
applying biochar and HA in the management of saline–alkali soils, particularly for cotton
cultivation, which significantly enhances the practical value of the findings. Compared to
traditional soil amelioration measures such as high-intensity leaching, frequent application
of gypsum, or the sole use of inorganic fertilizers, the co-application strategy demonstrates
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lower management costs and labor requirements, while offering more significant soil
improvement effects [84,85]. However, although the raw material for biochar is low-cost,
its production and transportation costs remain a potential economic barrier to large-scale
adoption. Therefore, a comprehensive life-cycle assessment is required in the future to
quantify its long-term sustainability. Concurrently, the limitations of this study include its
short-term nature (a single growing season) and single-site characteristic, which restrict
conclusions on the long-term stability and broad-spectrum applicability of the amendments’
effects. Future research should focus on conducting multi-year field trials and incorporating
molecular tools like metagenomics to further elucidate the biogeochemical mechanisms that
drive the improvement of soil functions, thereby providing more precise and economically
viable field management recommendations for cotton growers.

5. Conclusions
Our research systematically evaluated the effects of biochar and its co-application

with HA on the physicochemical properties, bacterial community structure, and ecological
assembly processes of saline–alkali soil. We confirmed that this co-application strategy
exhibits a significant synergistic effect and is biochar feedstock-dependent in saline–alkali
soil reclamation. Specifically, H-MBC demonstrated the best performance in reducing
soil EC and increasing AP, while H-SBC showed outstanding advantages in improving
soil SWC and increasing NO3

−-N. At the level of microbial ecology, the combined use of
biochar and HA not only significantly enhanced community richness but also constructed
a complex, tightly connected co-occurrence network dominated by positive cooperation
by strengthening the prevalence of stochastic assembly processes. Further analysis identi-
fied EC, NO3

−-N, and AP as the core environmental factors mediating the impact of the
co-application strategy on bacterial community structure. In summary, this co-application
strategy effectively drove the microbial community, making it more favorable for ecolog-
ical restoration by alleviating salt stress and improving nutrient availability. Therefore,
we suggest that agricultural managers adopt the combined application of biochar and
HA as an alternative to traditional amendments, based on specific reclamation goals, to
simultaneously enhance soil quality and support crop growth in arid saline environments.
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