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Abstract

Ditch-buried straw return (DB-SR) is a promising practice for improving saline-alkali soils. However, the
underlying mechanisms of DB-SR on improving saline-alkali soils remain not fully understood. We
conducted a field experiment in a typical soda saline-alkali maize field in China with three sampling
zones, including the ditch zone (SD), near-ditch zone (SN), and far-ditch zone (SF), along a horizontal
gradient from the centerline of the straw-filled ditch. Soil physicochemical and microbial properties in
bulk and rhizosphere soils characterized by 16S rRNA gene amplicon sequencing, were determined in
the present study. Our results showed spatial heterogeneity under DB-SR, i.e., soil pH was lower, but
electrical conductivity (EC) was higher in SN and SF than in SD, whereas maize growth generally
increased from SD to SF. Although bacterial alpha diversity did not differ significantly among treatments,
community composition varied significantly across the gradient in bulk soil but not in rhizosphere soil.
Several differentially abundant ASVs, belonging to Clostridium, Phyllobacterium, and Niabella, were
significantly correlated with shoot biomass. Our findings suggest that DB-SR provides a ditch-centered
spatially heterogeneous environment, improves local soil conditions in zones adjacent to the straw-filled
ditch, and may contribute to enhanced maize growth, partly through manipulating bacterial community
composition.

1 Introduction

The reclamation and sustainable utilization of saline-alkali soils is always a major challenge for
sustainable agriculture worldwide (Tarolli et al., 2024). Soda saline-alkali soil, a typical saline-alkali soil,
presents a particular challenge for development and utilization due to the elevated pH, high salinity, and
poor physical structure, all of which severely restrict crop growth and agricultural productivity (Wang et
al., 2024; Shan et al., 2026; Yu et al., 2010). Straw return is generally considered to be an effective
agronomic practice for improving soil fertility, increasing soil organic matter, and shaping soil microbial
communities (Pan et al., 2022). Among various straw-return methods, ditch-buried straw return (DB-SR)
has recently been developed by placing crop straw into excavated subsurface ditches within the soil
profile to loosen compacted subsurface layers and facilitate straw incorporation into deeper soil layers,
potentially improving subsoil fertility and physical conditions (Dou, 2019). DB-SR has been shown to
enhance subsoil organic carbon sequestration and increase crop yield, highlighting its potential as an
effective subsoil management strategy (Kan et al., 2025). Hence, DB-SR is emerging as a promising
management strategy for improving local soil conditions and supporting crop growth in saline-alkali
farmlands.

Recent research on DB-SR has predominantly focused on the paddy system, where positive effects on
soil conditions and crop yields have been documented (Kan et al., 2025). Because straw, under DB-SR, is
incorporated into concentrated subsurface ditches, its impacts may vary between the ditch zone and the
surrounding soil matrix. This spatial heterogeneity may be particularly pronounced in soda saline-alkali
soils, where concurrent stresses, including high salinity, elevated pH, and limited nutrient availability, can
intensify localized variations in soil processes and agronomic performance (Rengasamy, 2010).
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Consequently, elucidating this spatial heterogeneity and its subsequent effects on localized soil
properties, bacterial communities and maize growth indicators can provide proof of viability of DB-SR as
an agricultural management strategy in soda saline-alkali farmlands. However, the specific mechanisms
through which DB-SR modulates soda saline-alkali soils along this ditch-centered spatial gradient remain
insufficiently understood. Although DB-SR has demonstrated potential to enhance soil quality and crop
productivity in certain cropping systems, its efficacy within soda saline-alkali maize fields has yet to be
fully clarified.

It is widely accepted that soil microorganisms, especially bacteria, are key drivers of straw
decomposition and nutrient cycling (Wu et al., 2019; Tang et al., 2018; Zhao et al., 2023). The microscale
environmental gradients generated by deep buried straw return (DB-SR) are highly inferred to reshape
bacterial community composition and co-occurrence patterns along the ditch-soil continuum.
Nevertheless, current research on straw return has predominantly focused on systemic changes in soil
physicochemical properties or overall microbial community structure (Ninkuu et al., 2025; Wu et al.,
2025). However, the effects and mechanisms of localized heterogeneity induced by concentrated straw
incorporation on specific bacterial taxa and their co-occurrence relationships along ditch-centered
spatial gradient are still largely unknown. Consequently, a comprehensive understanding of how
bacterial communities respond to this spatial heterogeneity within soda saline-alkali farmlands is
extremely crucial and urgent.

In this study, we sought to systematically explore the effects of DB-SR on both soil physicochemical and
microbial properties in soda saline-alkali soils. To achieve this, a field experiment was conducted in a
typical soda saline-alkali maize field managed under ditch-buried straw return (DB-SR). Three sampling
zones: the ditch zone (SD), the near-ditch zone (SN), and the far-ditch zone (SF) were prepared along a
horizontal distance gradient extending from the centerline of the straw-filled ditch for investigation. We
hypothesized that DB-SR would establish a ditch-centered spatial gradient in soil physicochemical
properties, thereby ameliorating localized soil conditions within specific zones, concurrently stimulating
maize growth and modulating bacterial community structures. The present study aims to 1) explore the
responses of soil physicochemical properties and maize growth across the ditch-centered spatial
gradient under DB-SR, 2) reveal the variations in bacterial community composition and differential taxa
within both bulk and rhizosphere soils along this gradient, and 3) decipher the structural disparities in
bacterial co-occurrence networks among the different sampling zones and between soil compartments.
Ultimately, this study provides a spatial ecological perspective for understanding the mechanisms of DB-
SR in soda saline-alkali farmlands and offers a scientific foundation for optimizing its application in
analogous agricultural systems.

2 Material and method
2.1 Field experiment description
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The field experiment was conducted in Zhenlai County, a part of western Songnen Plain and a typical
soda saline-alkali soil region, located in Baicheng City, Jilin Province, China (46°06'N, 123°03'E). In May
2024, ditches 30 cm wide and 50 cm deep were excavated and filled with chopped maize straw, and then
covered with a 5-cm topsoil layer as shown in Fig. 1. The straw used for ditch burial was collected from
the preceding maize crop grown in the experimental field with permission from the landowner, air-dried
and stored before incorporation, and chopped into short fragments before being placed into the ditches.
The straw-filled ditches were arranged in a 10 m x 10 m grid pattern across the experimental field.
Organic fertilizer, gypsum, and a citric acid-based amendment for straw decomposition were uniformly
broadcast across the entire experimental field before sowing as basal amendments at rates of 60, 60,
and 15t ha™ ', respectively. Maize (Zea mays L.) cultivar ‘Tianyu 108’, a commonly grown local maize
cultivar, was commercially purchased from Jilin Yuntianhua Seed Industry Technology Co., Ltd., China,
and mechanically sown in late April 2025. The field experiment and collection of soil and maize samples
were conducted with permission from the landowner. Ridges were spaced 1.2 m apart, with two maize
rows on each ridge and an intra-row plant spacing of 23 cm, corresponding to an approximate planting
density of 7.2 x 10% plants ha™ . Irrigation and other agronomic practices were managed uniformly
across the experimental field according to local practice. Soil and plant samples were collected on July
31, 2025, approximately 14 months after straw burial in the ditches and three months after maize was
sown. Three further sampling sites were established at 30-m intervals along a selected straw-filled ditch.
At each sampling site, three subsampling zones including the ditch zone (SD), the near-ditch zone (SN),
and the far-ditch zone (SF) were defined according to horizontal distance from the ditch centerline

(Fig. 1a). In detail, the ditch zone (SD) represents soil samples which were collected from the center of
the refilled ditch while the near-ditch zone (SN) refers to soil samples which were collected from within
1.0 m of the ditch centerline but outside the refilled ditch. The far-ditch zone (SF) indicated samples that
were collected from soil located 1.0-2.0 m from the ditch centerline.

2.2 Plant biomass measurement and soil sample collection

At the pre-tasseling stage of maize, three plants were randomly selected for plant and soil collection
from each of the three subsampling zones (SD, SN, and SF) at each sampling site. For all zones, soil
samples were collected from the 0-20 cm soil layer using the same sampling depth. Rhizosphere soil
was obtained from roots collected within the same 0-20 cm soil layer. Plant height and stem diameter
were measured in situ. Plant height was measured from the soil surface to the tip of the uppermost leaf
using a ruler. Stem diameter was measured at the third internode above the plant base using a vernier
caliper. Following this, shoots were harvested, and their fresh weight was recorded. To determine shoot
dry weight, shoot samples were initially dried at 105°C for 30 min and then oven-dried at 65°C to
constant weight. For plant growth analyses, measurements from all sampled plants were treated as
individual observations, yielding nine plant-level samples for each zone (SD, SN, and SF, three sampling
sites x three plants per site).
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Soil loosely adhered to the roots was shaken and collected as bulk soil after the root system of each
sampled plant was gently removed by hand. After passing through a 2-mm sieve, the bulk soil samples
were divided into two parts. In detail, one part was stored at -80°C for DNA extraction, and the other was
air-dried for determination of soil physicochemical properties. For soil physicochemical analyses, each
bulk soil sample associated with an individual plant was analyzed separately, yielding nine bulk soil
samples for each zone. Roots with tightly adhering rhizosphere soil were cut into 1.0 cm segments and
added into Erlenmeyer flasks previously loaded with sterile distilled water. The flasks were shaken at 180
rpm for 30 min to detach rhizosphere soil from the root surface and obtain a soil suspension. The
suspension was then centrifuged at 8000 rpm for 15 min at 4°C to collect rhizosphere soil pellets for
analysis. Each plant-associated bulk and rhizosphere soil sample was treated as an individual sample
for microbial community analysis.

2.3 Soil physicochemical properties determination

Soil basic physicochemical properties, including soil pH, organic matter (OM), electrical conductivity
(EC), alkali-hydrolysable nitrogen (AHN), total nitrogen (TN), available phosphorus (AP), and available
potassium (AK) were determined according to the previously described method (Cao et al., 2024). In
brief, soil pH and electrical conductivity (EC) were done on the 1:5 (w/v) soil-to-water suspension by
using pH meter and EC meter. AHN was determined using the alkaline hydrolysis diffusion method while
TN was measured by the Kjeldahl method. AK was determined by ammonium acetate extraction
followed by flame photometry, whereas AP was determined by the quinolinium phosphomolybdate
colorimetric method. OM was determined by the potassium dichromate oxidation method with external
heating.

2.4 DNA extraction, PCR amplification, and sequencing

Total soil genomic DNA was extracted from approximately 0.5 g of each bulk and rhizosphere soil
sample by using the DNeasy® PowerSoil® Pro Kit (Qiagen, Hilden, Germany) following manufacturer
protocols. DNA quality and concentration were verified using the NanoDrop 2000 spectrophotometry and
used as sequencing templates. Sequencing libraries were constructed following the method described
by Caporaso et al. (2011). The V4 hypervariable region of the bacterial 16S rRNA gene was amplified
using the forward primer 515F (5-GTGCCAGCMGCCGCGGTAA-3') and the reverse primer 806R (5
GGACTACHVGGGTWTCTAAT-3'). PCR amplification, library construction, and lllumina MiSeq PE 250
sequencing were performed at MAGIGENE Co., Ltd., China, according to their standard pipeline. All raw
sequence data have been deposited in the NCBI Sequence Read Archive database under the accession
number PRUNA1490355.

2.5 Sequence processing and bioinformatic analysis

Raw paired-end 16S rRNA gene sequences were processed using QIIME2 v2024.5. Quality filtering,
denoising, paired-end read merging, and chimera removal were performed using DADA2 to generate
amplicon sequence variants (ASVs) (Callahan et al., 2016). Based on sequence quality profiles, the first
19 bp of the forward reads and 20 bp of the reverse reads were trimmed from the 5' ends, and the reads
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were truncated at 240 bp and 230 bp, respectively. Taxonomic assignment was performed using a naive
Bayes classifier trained on the 16S rRNA gene V4 region extracted from the Greengenes 13.8 database
(Werner et al., 2012). Non-bacterial sequences, as well as chloroplast- and mitochondria-associated
sequences, were removed prior to downstream analyses. All samples were rarefied to 10,000 sequences
per sample prior to diversity analysis.

After rarefaction, alpha- and beta-diversity metrics, including Shannon diversity and Bray-Curtis
dissimilarity, were calculated in QIIME2. Beta diversity was visualized by non-metric multidimensional
scaling (NMDS) based on Bray-Curtis dissimilarity. Differences in bacterial community composition
among sampling zones were tested separately for bulk and rhizosphere soils using PERMANOVA based
on Bray-Curtis dissimilarity with 999 permutations. Taxonomic composition at the phylum level was
visualized using stacked bar plots showing the top 10 most abundant phyla, with the remaining phyla
grouped into “others”.

Key ASVs among sampling zones were identified separately for bulk and rhizosphere soils by using the
‘edgeR’ package in Rv4.4.2 (Robinson et al., 2010). Low-abundance ASVs were firstly filtered by using a
mean relative abundance threshold of 0.01%. Then pairwise comparisons including SD/SF, SN/SF, and
SD/SN were performed while ASVs with a false discovery rate (FDR) < 0.05 and |log, fold change| > 1
were considered to be significantly differed among treatments. Differential ASVs were visualized using
volcano plots. ASVs significantly enriched in each sampling zone across relevant pairwise comparisons
were pooled into zone-specific sets, and overlaps among these sets were visualized using Venn
diagrams.

For each soil compartment, the top 15 enriched ASVs ranked by overall abundance were selected from
the zone-enriched ASV sets, and their log, fold changes in the SD/SF and SN/SF comparisons were
visualized using bar plots. These selected ASVs were further used for Spearman’s rank correlation
analysis with plant growth traits, including plant height, stem diameter, shoot fresh weight, and shoot dry
weight. Correlation coefficients and significance levels were visualized and plotted using heatmaps in R
v4.4.2.

2.6 Co-occurrence network analysis

Co-occurrence networks were constructed and visualized in Gephi v0.9.2 separately for each soil
compartment and sampling zone based on ASV abundance data (Yuan et al., 2025; Bastian et al., 2009).
Within each group, ASVs detected in all nine biological replicates were retained as core ASVs, and
pairwise associations among these ASVs were calculated using Spearman’s rank correlation.
Correlations with |p| = 0.85 and P < 0.05 were used to construct undirected co-occurrence networks
using the ‘igraph’ and ‘WGCNA' packages in R v4.4.2 (Csardi and Nepusz, 2006; Langfelder and Horvath,
2008). Topological properties of the networks, including the proportion of positive correlations,
modularity, and global efficiency, were calculated in R v4.4.2. Node topological roles were classified
according to the Zi—Pi framework, where nodes with Zi < 2.5 and Pi < 0.62 were defined as peripherals,
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nodes with Zi< 2.5 and Pi > 0.62 as connectors, nodes with Zi> 2.5 and Pi < 0.62 as module hubs, and
nodes with Zi > 2.5 and Pi > 0.62 as network hubs.

2.7 Statistical analysis

Soil physicochemical properties, plant growth traits, and Shannon diversity index were compared among
sampling zones using one-way analysis of variance (ANOVA), followed by Tukey’s HSD test, with
significance determined at P < 0.05. These analyses were conducted separately for bulk and rhizosphere
soils where applicable. Phylum-level relative abundances were also compared among sampling zones
using one-way ANOVA followed by Tukey’s HSD test, with significance determined at P < 0.05.
Redundancy analysis (RDA) was performed using the ‘vegan’ package in R v4.4.2 to evaluate
relationships between bulk soil bacterial community composition and environmental variables. In short,
the ASV abundance table was Hellinger-transformed prior to RDA and all measured soil variables were
initially included in the RDA. After variance inflation factor (VIF) screening and backward selection, pH,
EC, OM, TN, and AHN were retained in the final RDA model. The significance of the RDA model and
individual explanatory variables was tested using permutation tests. All bioinformatic and statistical
analyses were performed by using QIIME2 v2024.5, R v4.4.2, and SPSS 23.0.

3 Results

3.1 The effects of DB-SR on local soil conditions and maize
growth across sampling zones

Significant differences in soil physicochemical properties were observed among the sampling zones
(Fig. 1Ta—c). Compared with SD, EC increased significantly in SN and SF by 77% and 45%, respectively (P
< 0.05; Fig. 2a). In contrast, soil pH decreased significantly in SN and SF by 7% and 5%, respectively (P <
0.05; Fig. 2b). OM also decreased from SD to SN to SF, with reductions of 7% and 8% in SN and SF
relative to SD, respectively (P < 0.05; Fig. 2c).

Maize growth differed significantly among the sampling zones (Fig. 2d—g). In detail, plant height was
significantly (P < 0.05) greater in SN and SF than in SD. Stem diameter, shoot fresh weight, and shoot dry
weight showed an increasing trend from SD to SN to SF, with significantly (P < 0.05) higher values in SF
than in SD. Overall, maize growth was enhanced from SD to SN to SF under DB-SR.

3.2 Bacterial diversity and community composition across
sampling zones

The Shannon index showed no significant differences among the SD, SN, and SF sampling zones in
either bulk or rhizosphere soils based on one-way ANOVA (P > 0.05; Fig. 3a). Phylum-level compositional
analysis displayed that the top 10 most abundant bacterial phyla were similar in bulk and rhizosphere
soils, including Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria, Firmicutes,
Verrucomicrobia, Gemmatimonadetes, Planctomycetes, Chloroflexi, and Nitrospirae (Fig. 3b). Together,
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these phyla accounted for 99.13% and 99.54% of the total bacterial sequences in bulk and rhizosphere
soils, respectively. In bulk soil, the relative abundance of Chloroflexi was significantly (P < 0.05) higher in
the SD and SN zones than in the SF zone. In rhizosphere soil, the relative abundances of Chloroflexi and
Planctomycetes were significantly (P < 0.05) lower in SN than in SF, whereas the relative abundances of
Cyanobacteria and Gemmatimonadetes were significantly (P < 0.05) higher in SD than in SF.

As shown by the RDA result based on bulk soil bacterial communities and corresponding bulk soil
physicochemical properties (Fig. 3c), soil EC, pH, OM, TN, and AHN were retained in the final model after
backward selection, while pH and AHN displayed strong correlation to the RDA1 axis in the ordination
plot. As shown in Fig. 3d and e, NMDS based on Bray—Curtis dissimilarity showed that bacterial
community composition differed significantly among sampling zones in bulk soil (PERMANOVA, R? =
0.1118, P=0.0110), whereas no significant difference was detected among sampling zones in

rhizosphere soil (PERMANOVA, R? = 0.1052, P = 0.0870).
3.3 Differentially abundant ASVs in bulk and rhizosphere
soils and their association with maize growth traits

Differentially abundant ASVs among sampling zones were identified separately in bulk and rhizosphere
soils using thresholds of FDR < 0.05 and |log, fold change| > 1. As shown by Fig. 4a and b, pairwise
comparisons using SF as the reference group in bulk soil, seven ASVs were enriched in SD compared to
SF while four ASVs were enriched in SN compared to SF. In contrast, 32 ASVs were enriched in SF in
comparisons with SD and SN. In rhizosphere soil, five and 12 ASVs were enriched in SD and SN relative
to SF, respectively, whereas three ASVs were enriched in SF across comparisons with SD and SN.

The top 15 enriched ASVs in each soil compartment, ranked by overall abundance, were further
examined. In bulk soil, Shewanella_ASV158, Luteolibacter_ASV185, Salinimicrobium_ASV434, and
Serratia_ASV86 showed positive log, fold changes in both comparisons, whereas the remaining ASVs
showed negative log, fold changes in both comparisons (Fig. 4c). In the rhizosphere,
Arthrobacter_ASV266, Sphingopyxis_ASV89, and Lysobacter_ASV148 showed positive log, fold changes
in both comparisons. Proteiniclasticum_ASV713, Pedobacter_ASV268, and Agrobacterium_ASV14
showed positive log, fold changes in SD vs SF but negative log, fold changes in SN vs SF, whereas
Ochrobactrum_ASV115, Flavobacterium_ASV95, Sphingobacterium_ASV70, and
Sphingobacterium_ASV162 showed the opposite pattern. Sphingobacterium_ASVS5,
Lutibacterium_ASV126, Phyllobacterium_ASV150, Thermomonas_ASV98, and Niabella_ASV405 showed
negative log, fold changes in both comparisons (Fig. 4d).

Spearman’s rank correlation analysis showed that several selected differential ASVs were significantly
associated with shoot biomass traits. In bulk soil, Alicyclobacillus_ASV104, Georgenia_ASV330,
Clostridium_ASV602, and Clostridium_ASV357 were significantly and positively correlated with both
shoot fresh weight and shoot dry weight, and Serpens_ASV335 was significantly positively correlated
only with shoot dry weight (Fig. 5a). Meanwhile, the Thermomonas_ASV98 and Phyllobacterium_ASV150

Page 9/25



were significantly and positively correlated with both shoot fresh weight and shoot dry weight, and
Niabella_ASV405 was significantly positively correlated only with shoot fresh weight in the rhizosphere
(Fig. 5b).

3.4 Co-occurrence patterns of bacterial communities
across sampling zones

Bacterial co-occurrence networks were compared among sampling zones in bulk and rhizosphere soils
(Fig. 6). In bulk soil, network complexity, as reflected by node and edge numbers, increased from SD to
SN and then decreased toward SF, with the highest complexity observed in SN (343 nodes and 644
edges; Fig. 6). The proportion of positive correlations decreased from 74.82% in SD to 66.46% in SN and
59.62% in SF, whereas modularity increased from 0.70 in SD to 0.76 in SN and 0.80 in SF (Fig. 6b). In
rhizosphere soil, network complexity, as indicated by node and edge numbers, was lowest in SN (169
nodes and 256 edges; Fig. 6a). Overall, these results suggest that the ditch-centered spatial gradient
under DB-SR had a stronger influence on bacterial association patterns in bulk soil than in rhizosphere
soil.

4 Discussion

This study showed that DB-SR provided pronounced ditch-centered spatial heterogeneity in soda saline-
alkali soils, accompanied by distinct contradictions in local soil conditions, maize growth, and bacterial
community patterns. Soil pH, EC, and OM, as well as maize growth indicators, varied with distance from
the straw-filled ditch, indicating that DB-SR reshaped the local soil environment and was associated with
enhanced maize growth across zones. Taken together, our findings suggest that the effects of DB-SR in
soda saline-alkali soils are reflected not only in localized improvement of soil conditions, but also in
spatially differentiated enhancement of maize growth.

Previous findings have demonstrated that pH is an important factor in the amelioration of soda saline-
alkali soils (Liu et al., 2026). In the present study, soil pH in SN and SF was significantly lower than that in
SD, indicating that clear spatial differences in alkalinity formed among ditch-centered positions under
DB-SR. It was reported that higher pH is often accompanied by reduced nutrient availability, Na*
enrichment, soil particle dispersion, and decreased microbial activity in soda saline-alkali soils (Liu et al.,
2026). Therefore, the lower pH in SN and SF suggests that the alkaline environment in these zones was
alleviated to some extent. After deep straw burial, the ditch zone becomes a region where straw-derived
organic matter is concentrated and decomposed (Kan et al., 2025). The release of CO, and low-
molecular-weight organic acids during straw decomposition is widely reported (Jaillard et al., 2023),
which may contribute to the local carbonate system and alleviate soil alkalinity. It is worth mentioning
that the effect of straw decomposition on soil pH is also jointly regulated by processes such as water-
salt migration and ion redistribution under field conditions (Yescas-Coronado et al., 2022).
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Furthermore, soil OM and EC also varied with distance from the straw-filled ditch. The higher OM in the
ditch zone was mainly related to straw input itself and to organic intermediate products released during
decomposition (Li et al., 2025), suggesting that OM was more likely to accumulate where straw was
buried in a concentrated manner. Changes in EC were related to increases or decreases in soluble ions in
the soil solution. On the one hand, straw decomposition releases a certain amount of soluble organic
substances and inorganic ions (Li et al., 2017). On the other hand, alterations in soil moisture, pore
structure, and solute transport conditions in the ditch zone can also impact the local dissolution,
movement, and redistribution of salts (Kan et al., 2025). Overall, DB-SR improved local soil conditions in
some zones and reshaped physicochemical conditions across ditch-centered positions, thereby
contributing to the enhanced maize growth observed away from the ditch center.

It is well known that the assembly of soil bacterial communities is mainly driven by soil environmental
properties (Plassart et al., 2019; Jiao et al., 2015). Although the Shannon index did not differ significantly
among sampling zones, community structure, differential ASVs, and co-occurrence relationships were all
different in the current study, indicating that DB-SR altered the relative abundances of bacterial taxa and
their potential interactions. RDA results showed that EC, pH, OM, TN, and AHN were associated with
variation in community structure, suggesting that localized differences in salinity-alkalinity and nutrient
status along the ditch gradient shaped bacterial community distribution. In line with previous findings
(Sloan et al., 2007), the pattern of bacterial network in the current study was more pronounced in bulk
soil, suggesting greater sensitivity to straw decomposition and local environmental variation, while
rhizosphere soil remained relatively stable due to plant filtering effects. In addition, co-occurrence
network analysis further showed that DB-SR reshaped potential association patterns among taxa,
consistent with the observed changes in bacterial community composition, and this effect was stronger
in bulk soil than in rhizosphere soil (Liu et al., 2025).

Several selected differential ASVs were significantly correlated with maize shoot fresh weight and shoot
dry weight, suggesting that DB-SR-induced spatial heterogeneity may contribute to enhanced maize
growth through its effects on specific bacterial taxa. Taxonomically, these significant differential ASVs in
bulk soil mainly belonged to Alicyclobacillus, Georgenia, and Clostridium, whereas those in rhizosphere
soil mainly belonged to Phyllobacterium, Thermomonas, and Niabella. Alicyclobacillus is commonly found
in acidic or specialized environments (Ciuffreda et al., 2015), and its shifts may be related to local
changes in pH and microhabitats after straw decomposition. Georgenia may likewise be associated with
resource and environmental differences induced by DB-SR. Clostridium is associated with anaerobic
decomposition of organic matter and can participate in carbohydrate transformation while producing
metabolic products such as organic acids (Liberato et al., 2019). This leads to straw decomposition,
nutrient release and thus indirectly promotes maize growth. In rhizosphere soil, Phyllobacterium is a
common plant-associated bacterial genus, and some members can colonize the rhizosphere and exhibit
potential growth-promoting effects (Mantelin et al., 2006). It was reported that the distributional change
of Thermomonas, commonly found in soils and related environments (Wang et al., 2014), may be related
to rhizosphere environmental shifts under DB-SR. Moreover, Niabella belongs to the Bacteroidota group,
which is generally associated with organic substrate utilization (Ma et al., 2023), linking to rhizosphere

Page 11/25



carbon-source inputs. Overall, the spatial distribution of these differential taxa indicates that DB-SR
altered local environmental conditions and further influenced bacterial community composition, and
such changes may indirectly affect maize growth.

This study was based on a single sampling time point and did not include a no-straw control. In addition,
pretreatment baseline soil data were not available for the exact SD, SN, and SF positions before the
establishment of DB-SR. Therefore, although the sampling zones were arranged within the same field
and along replicated ditch-centered gradients, we cannot completely exclude the possibility that some
differences in pH, EC, or nutrient status among zones partly reflected pre-existing spatial heterogeneity.
Accordingly, the current conclusions mainly explain spatial heterogeneity and associations under DB-SR,
but cannot yet fully reveal temporal dynamics, net DB-SR effects relative to conventional management, or
definitive before—after changes. Future studies should include baseline measurements, no-straw
controls, and continuous sampling across multiple crop stages to track dynamic changes in soil
environment, microbial processes, and crop responses across ditch-centered positions.

5 Conclusion

In conclusion, DB-SR generated pronounced ditch-centered spatial heterogeneity in soda saline-alkali
soils and was associated with enhanced maize growth. Under DB-SR, soil pH, EC, and OM differed
significantly across the ditch-centered gradient, and these differences were associated with spatially
differentiated maize growth. Meanwhile, DB-SR manipulated bacterial community composition and
impacted co-occurrence network patterns, especially in bulk soil. Several differential ASVs assigned to
taxa putatively associated with organic matter decomposition, carbon transformation, and plant growth
promotion, including Alicyclobacillus, Georgenia, Clostridium, Phyllobacterium, Thermomonas, and
Niabella, were observed to be correlated with maize shoot biomass traits. Overall, These results suggest
that DB-SR may contribute to spatially improved maize performance by jointly shaping local soil
conditions and bacterial communities, highlighting its potential application in soda saline-alkali
farmland.

Abbreviations

DB-SR Ditch-buried straw return

SD Ditch zone

SN Near-ditch zone

SF Far-ditch zone

EC Electrical conductivity
OM Organic matter
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AHN Alkali-hydrolysable nitrogen

TN Total nitrogen

AP Available phosphorus

AK Available potassium

ASVs Amplicon sequence variants

NMDS Non-metric multidimensional scaling

PERMANOVA Permutational multivariate analysis of variance

FDR False discovery rate
RDA Redundancy analysis

VIF Variance inflation factor
ANOVA Analysis of variance
HSD Honestly significant difference
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Figure 1

Experimental design and sampling scheme of the field study. (a) Schematic diagram of the field layout
showing straw-filled ditches arranged in a 10 m x 10 m grid, a selected straw-filled ditch for sampling,
three sampling sites at 30-m intervals, and three sampling zones defined according to horizontal
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distance from the ditch centerline: SD, ditch zone; SN, near-ditch zone; and SF, far-ditch zone. (b)
Experimental timeline showing ditch-buried straw return (DB-SR) establishment in May 2024, maize
sowing in late April 2025, and sampling on July 31, 2025. (c) Ditch specifications: 30 cm in width, 50 cm
in depth, and 5 cm in topsoil cover.
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Figure 2

Straw ditch burial altered soil physicochemical properties and improved maize growth across sampling
zones. (a) EC across the three sampling zones. (b) pH across the three sampling zones. (c) OM across
the three sampling zones. (d) Stem diameter across the three sampling zones. (e) Plant height across
the three sampling zones. (f) Shoot fresh weight across the three sampling zones. (g) Shoot dry weight
across the three sampling zones. Boxplots show the distribution of soil physicochemical property values
in each sampling zone, with points indicating individual observations (n = 9). Bars represent mean values
of maize growth traits, with points indicating individual plant measurements (n = 9), and error bars
represent standard errors. Different letters above the boxes or bars indicate significant differences
among sampling zones (P < 0.05) based on one-way ANOVA followed by Tukey’s HSD test.
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Figure 3

Bacterial diversity, community composition, and community structure across sampling zones in bulk and
rhizosphere soils. (a) Shannon diversity index of bacterial communities in bulk and rhizosphere soils
across the three sampling zones (SD, SN, and SF). (b) Relative abundance of the ten most abundant
bacterial phyla in bulk and rhizosphere soils across the three sampling zones. Phyla with a mean relative
abundance <1% were grouped as “others”. (c) Redundancy analysis (RDA) of bulk soil bacterial
communities and corresponding bulk soil physicochemical properties. (d—e) Non-metric
multidimensional scaling (NMDS) plots based on Bray—Curtis dissimilarity for bacterial communities in
bulk (d) and rhizosphere (e) soils. Points represent samples, and shaded polygons indicate 95%

confidence intervals. Stress values, PERMANOVA R?, and P values are shown in the panels.
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Figure 4

Differentially abundant ASVs across sampling zones in bulk and rhizosphere soils. (a) ASVs with FDR <
0.05 and |log, fold change| > 1 were considered significant, and the top five ASVs on each side were
labeled, ranked by FDR. (b) Venn diagrams showing the overlaps among ASVs enriched in SD, SN, and SF
in bulk and rhizosphere soils. (c) Bar plot of log, fold changes for the 15 most abundant ASVs enriched
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in bulk soil from the SD vs SF and SN vs SF comparisons. (d) Bar plot of log, fold changes for the 15
most abundant ASVs enriched in rhizosphere soil from the SD vs SF and SN vs SF comparisons.
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Figure 5

Spearman correlations between plant growth traits and enriched ASVs in bulk and rhizosphere soils. (a)
Heatmap of Spearman correlations between plant growth traits and enriched ASVs in bulk soil. (b)
Heatmap of Spearman correlations between plant growth traits and enriched ASVs in rhizosphere soil.
Color indicates Spearman’s correlation coefficient (p), and asterisks denote significance levels (*P <
0.05, **P < 0.01, ***P< 0.001).
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Figure 6

Bacterial co-occurrence networks and node roles in bulk and rhizosphere soils across zones. (a) Co-
occurrence networks of core bacterial ASVs in bulk and rhizosphere soils from the straw-ditch zone (SD),
near-ditch zone (SN), and far-ditch zone (SF). (b) Topological properties of the networks, including the
proportion of positive correlations, modularity, and global efficiency. (c) Zi—Pi plots showing node
topological roles. Dashed lines indicate the thresholds used for classification. Core ASVs were defined
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as those detected in all nine biological replicates within each group. Nodes represent ASVs and are
colored by phylum. Edges indicate significant Spearman'’s rank correlations (|p| = 0.85, P < 0.05), with
pink and blue lines representing positive and negative correlations, respectively. The numbers of nodes
and edges are shown for each network.
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