

[image: image1]
Land use change has profoundly altered the process of bacterial community assembly in the northeastern black soil zone









 


	
	
ORIGINAL RESEARCH
published: 26 August 2025
doi: 10.3389/fmicb.2025.1640134








[image: image2]

Land use change has profoundly altered the process of bacterial community assembly in the northeastern black soil zone

Ning Sun1, Xu Zhao1,2, Fangyuan Liu1,3, Ge Song1, Mengmeng Zhang1* and Fuqiang Song1*


1Engineering Research Center of Agricultural Microbiology Technology, Ministry of Education & Heilongjiang Provincial Key Laboratory of Ecological Restoration and Resource Utilization for Cold Region & Key Laboratory of Microbiology, College of Heilongjiang Province & School of Life Sciences, Heilongjiang University, Harbin, China

2Shenzhen Bolin Environmental Protection Engineering Co., Shenzhen, China

3The Department of Municipal and Environmental Engineering in Heilongjiang Institute of Construction Technology, Harbin, China

Edited by
 Tereza Castellane, São Paulo State University, Brazil

Reviewed by
 Maria Izabel A. Cavassim, University of California, Los Angeles, United States
 Luis Angel Chicoma Rojas, São Paulo State University, Brazil
 Qingyang Huang, Nature and Ecology Institute of Heilongjiang Academy of Sciences, China
 

*Correspondence
 Mengmeng Zhang, mengmengzhang_chn@outlook.com; Fuqiang Song, 0431sfq@163.com 

Received 04 June 2025
 Accepted 06 August 2025
 Published 26 August 2025

Citation
 Sun N, Zhao X, Liu F, Song G, Zhang M and Song F (2025) Land use change has profoundly altered the process of bacterial community assembly in the northeastern black soil zone. Front. Microbiol. 16:1640134. doi: 10.3389/fmicb.2025.1640134
 

Introduction: Soil microorganisms play a critical role in maintaining ecological functions; however, their responses to grassland reclamation and tillage remain poorly understood. This study aims to investigate the effects of these practices on soil bacterial communities in the Northeast China Black Soil Region.

Methods: We utilized high-throughput sequencing to compare soil bacterial community characteristics between undisturbed grasslands (CK) and reclaimed croplands (F). The analysis focused on assessing structural changes and shifts in ecological strategies of soil bacterial communities under both land-use types.

Results: Our findings revealed that croplands exhibited higher soil pH and elevated concentrations of nutrients such as ammonium nitrogen, nitrate nitrogen, and total phosphorus compared to pristine grasslands. The Average Variation Degree (AVD) indicated that bacterial communities in cropland soils had greater compositional stability. Additionally, dominant bacterial genera, particularly Sphingomonas and Pseudarthrobacter, were more prevalent in croplands. Using random forest classification modeling, we identified several rare bacterial genera, including Rhodomicrobium, Amycolatopsis, and Clostridium, which, despite each representing less than 1% of the community, played critical roles in shaping microbial community structure. Co-occurrence network analysis showed that reclamation reduced interspecies interactions and significantly decreased network complexity, connectivity, and cohesion (P < 0.05). Neutral community assembly modeling further indicated that stochastic processes were more dominant in the assembly of bacterial communities in croplands compared to undisturbed grasslands.

Discussion: This study provides a comprehensive understanding of how grassland reclamation and tillage influence soil bacterial communities in the Songnen Plain black soil region. The findings enhance our ecological understanding of land use changes and offer valuable insights for the sustainable management of black soil resources and ecosystems.
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1 Introduction

Black soils are known for their high fertility, favorable physical properties, and excellent tillage capacity, making them highly valuable for agricultural production (Chen et al., 2024). Globally, black soil zones refer to large contiguous areas of black soil and cover approximately 7 percent of the Earth’s land surface. However, the extent of these regions has been gradually shrinking in recent years (Liu et al., 2012; Tong et al., 2017). As one of the four main black soil regions globally, Northeast China plays an important role in ensuring food security and ecological stability (Tang et al., 2025). Nevertheless, overexploitation and intensive land use driven by human activities have led to the substantial degradation of black soils and a decline in their ecosystem service functions (Chen et al., 2025). For example, the Songnen Plain, a representative black soil area in Northeast China, is highly suitable for agriculture due to its favorable soil quality and topographic features. In response to growing food demand, large expanses of high-quality grasslands in the region have been converted into arable farmland (Zhang et al., 2021). Such alterations in land use not only result in the depletion of soil fertility (Zhao et al., 2018) but also induce profound changes in soil temperature, humidity, and micro-environmental structure, ultimately leading to a decline in soil carbon sequestration capacity and biodiversity (Liu et al., 2021; Li Z. et al., 2020). Globally, the conversion of grassland ecosystems to agricultural land significantly impacts their ecological functions (Lal, 2004). Grasslands, covering 40% of the Earth’s land surface, are crucial for biodiversity and soil and water conservation (Borer and Risch, 2024; Netsianda and Mhangara, 2025). In China, 18.2% of the cultivated land has been derived from grassland reclamation (Liu et al., 2009), a process that inevitably exacerbates soil erosion and desertification (Heredia-Acuña et al., 2023). Moreover, the extensive application of pesticides and chemical fertilizers during agricultural operations has become the norm (Jiang et al., 2021). This approach significantly changes the soil physicochemical characteristics, such as its pH levels and nutrient composition, and affects the expression of soil enzyme activity (Sagar et al., 2024). This intensive input significantly alters the physicochemical properties of the soil, including pH and nutrient composition, simultaneously impacting soil enzyme activity (Nuruzzaman et al., 2025).

Soil microorganisms are integral components of terrestrial ecosystems, playing crucial roles in nutrient cycling and maintaining environmental balance (Sahu et al., 2019). Among them, certain bacterial taxa contribute significantly to processes such as the regulation of oxygen fluxes and the decomposition of organic matter (Liu et al., 2024). These microbial activities have profound effects on soil quality, fertility, and nutrient availability, thereby supporting long-term soil productivity and ecosystem health (van Midden et al., 2023). Bacteria constitute one of the most abundant and taxonomically diverse groups of microorganisms on Earth and are particularly vital in agricultural systems (Xing et al., 2024). They drive key ecological processes, including nutrient turnover and energy flow within soil ecosystems (Bao et al., 2023). In addition to these functions, soil bacteria enhance resistance to erosion and contribute to improved water and nutrient retention, thereby promoting overall ecosystem stability (Jiang et al., 2025). More importantly, as foundational components of the soil microbiome, bacterial community composition and abundance directly influence soil health and biodiversity (Zheng F. et al., 2024). Land reclamation, however, can significantly alter the structure and function of these microbial communities, leading to downstream effects on ecosystem biodiversity and soil architecture (Santana-Martinez et al., 2024; Schreckinger et al., 2025). As a result, soil bacterial communities are increasingly recognized as sensitive and reliable indicators of land use change and ecosystem functionality (Hermans et al., 2017). Therefore, in-depth investigations into the ecological roles and functional dynamics of soil bacteria are essential for advancing sustainable agricultural practices and conserving natural ecosystems.

In response to the challenges faced in black soil regions, this study was conducted in the Songnen Plain, a representative area in Northeast China known for its black soil. High-throughput sequencing technology was employed as the core research method to systematically investigate the changes in soil physicochemical properties, and the composition, structure, co-occurrence networks, and assembly processes of soil bacterial communities between pristine grassland and croplands with long-term maize cultivation after reclamation. We formulated the following research hypotheses: (1) Reclamation of pristine grassland will significantly affect the α-diversity, species composition and symbiotic network structure of soil bacterial communities; (2) Reclamation of pristine grassland will disrupt the original equilibrium between deterministic and stochastic processes in the assembly process of soil bacterial communities; (3) Reclamation of pristine grassland will cause significant changes in soil physicochemical properties, which will then have a significant structural and stability change. This study aims to reveal the mechanism of the impact of reclamation on the black soil ecosystem through an in-depth analysis of the changes in soil physicochemical properties and the structural diversity of soil bacterial communities during the transition from pristine grassland to croplands in the Northeast Black Soil Zone. This study is not only of great significance to the field of ecological research, but also provides directional reference and data support for the conservation and restoration of the Northeast Black Soil Region.



2 Materials and methods


2.1 Study area

The experimental site is situated in the northern Songnen Plain (46°00′-47°89′N, 123°90′-125°27′E) of northeastern China, within the mid-temperate continental monsoon climate zone. This region is characterized by four distinct seasons, significant temperature variations, and concurrent precipitation and heat. Annual rainfall is relatively low, averaging approximately 560 mm, with 80% occurring between May and October. The mean monthly temperature ranges from −21.6 °C in January to 21.5 °C in July, with an annual average of 1.9 °C, reflecting substantial seasonal temperature fluctuations. The area boasts diverse soil types, primarily including black soil, black calcium soil, meadow soil, and wind-sand soil, with black soil being the most prevalent. Currently, large areas of pristine grassland in this region have been converted into croplands. The region’s flat topography provides favorable conditions for plant growth. Consequently, the area harbors a rich variety of primitive plant species, establishing an excellent natural resource foundation and offering valuable experimental materials and research subjects for scientific investigation and ecological conservation.



2.2 Experiment design and soil sample collection

This study was conducted in the northern part of the Songnen Plain, focusing on two distinct land use types: pristine grasslands (CK) and croplands (F) cultivated continuously with maize (Zea mays L.) since 1998. The croplands followed an annual management protocol of sowing in May and harvesting in October, with spring ploughing performed mechanically. Fertilizers, including a maize compound fertilizer (N + P₂O₅ + K₂O content ≥40%), were applied at 35–40 kg per acre during planting and an additional 15–20 kg per acre applied in mid-June. A 200-metre isolation buffer separated the croplands from the pristine grassland sample site, ensuring sample independence. The primitive grassland’s surface vegetation comprised a mixed herbaceous plant community, primarily including species such as dogweed, tiger’s tail grass, paintbrush, lobelia, barnyard grass, thousand spirea, small quinoa, grey-green quinoa, amaranth, concave-head amaranth, hogweed, groundnut, and prickly amaranth. The study design incorporated 2 treatments, each with 9 replications, totaling 18 treatment combinations to facilitate robust statistical analyses.

Soil samples were collected in August 2020 for this study. Before sampling, surface vegetation and organic debris were carefully removed from each sample site to ensure collection of the top 0–20 cm of soil. The study area was divided into 25 m × 25 m plots, with a minimum distance of 50 m between adjacent plots to mitigate spatial autocorrelation effects. Within each plot, systematic sampling was conducted using the five-point sampling method. A sterile soil auger was used for sample collection, with careful removal of plant debris, stones, and other extraneous materials. The soil samples from each point were thoroughly homogenized to obtain a final composite sample of approximately 1 kg per plot, resulting in a total of 18 soil samples. Stringent anti-contamination measures were implemented throughout sample collection, transport, and storage. All sampling tools were thoroughly decontaminated before use, and sterile polyethylene self-sealing bags were organized to store the samples the samples. While collecting samples, the top layer of loose soil and vegetation was cleared away to avoid contamination. Initial screening of the soil was conducted on-site through sieving, which helped remove stones, plant roots, and other unwanted materials (Wang et al., 2024). During transport, soil samples were segregated and stored based on their characteristics and intended use to prevent cross-contamination. To maintain sample integrity, soil samples were briefly stored at 4 °C to retard microbial growth and chemical reactions. For subsequent analyses, a portion of the samples was air-dried, ground, and passed through a 100-mesh sieve for physicochemical property determination; another portion was stored at −4 °C for soil enzyme activity assessment; and the remaining samples were stored at −80 °C for future extraction and analysis of total soil DNA.



2.3 Determination of soil physicochemical properties

The air-dried soil samples, once ground to pass through a 100-mesh sieve, were utilized for systematic chemical property analysis. To measure soil pH, we proceeded as follows: precisely weighed 10.0 grams of the air-dried, sieved soil and placed it in a 50 mL beaker. Added 25 mL of deionized water, maintaining a soil-to-water ratio of 1:2.5, stirred continuously for 1 ~ 2 min using a glass rod, and then left it to equilibrate for 30 min. We then determined it using a pH meter of type FE20 (Mettler Toledo, Shanghai, China) (Wang et al., 2018). Soil electrical conductivity (EC) was measured using a FE38 model conductivity meter from Mettler Toledo, Shanghai, China. The soil organic matter (SOM) content was accurately determined using the high-temperature exothermic potassium dichromate oxidation-volumetric method as outlined by Zhou et al. (2014). The soil total nitrogen (TN) content was assessed through the classical Kjeldahl method. For estimating ammonium nitrogen (NH₄+-N) and nitrate nitrogen (NO₃−-N) in the soil, the procedures described by Wang et al. were followed as a reference. First, we did the extraction using 2 M KCl solution. Next, we measured the ammonium content using indophenol blue colorimetry with the A580 UV spectrophotometer (Aoelab, Shanghai, China) (Wang et al., 2018). For available phosphorus (AP), we used the sodium bicarbonate method with the same A580 instrument. This method has two main advantages: high accuracy and simple operation. To measure available potassium (AK), we extracted samples with ammonium acetate and read results using the AP1500 flame photometer (Aoelab, Shanghai, China). This common method gives precise soil potassium measurements. For total phosphorus (TP) and potassium (TK), we followed Schut’s method (Schut and Reymann, 2023). First, we moistened soil samples with alcohol. Next, added NaOH to cover the soil. Then heated in two stages: 400 °C for 15 min, then 700 °C for 30 min. After cooling, we treated the samples with 5% sulfuric acid. Finally, did the final measurements.



2.4 DNA extraction

Based on the detailed steps listed in Table 1, the total microbial DNA in the soil samples was extracted, and then the extracted DNA samples were subjected to rigorous quality testing and concentration determination to ensure that they met the technical requirements for high-throughput sequencing analysis.


TABLE 1 DNA extraction and detection.


	Procedure
	Operating method

 

 	DNA extraction 	OMEGA Soil DNA Kit


 	DNA quality testing 	0.8% agarose gel electrophoresis


 	Determination of DNA concentration 	Ultraviolet spectrophotometer (Nanodrop 2000)




 

The hypervariable V3-V4 segments of bacterial 16S ribosomal RNA genes were amplified through polymerase chain reaction employing universal primer pair 338F (5′-ACTCCTACGGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGGTWTCTAAT-3′). The PCR reaction system was as follows: The 25 μL amplification mixture consisted of 5.00 μL 5 × reaction buffer, 5.00 μL 5 × GC enhancer, 2.00 μL of 2.5 mM dNTP mix, 1.00 μL each of forward and reverse primers (10 μM concentration), 2.00 μL genomic DNA template, 8.75 μL ultrapure water, and 0.25 μL Q5 high-fidelity DNA polymerase. Thermal cycling conditions were initiated with 2 min of pre-denaturation at 98 °C, followed by 30 amplification cycles, which comprised three sequential steps: 15-s denaturation at 98 °C, 30-s primer annealing at 55 °C, and 30-s elongation at 72 °C, concluding with a 5-min terminal extension at 72 °C, as per the method described by Atashpaz et al. (2010) products were sent to Shanghai Meiji Biologicals Co., Ltd., where they were analyzed by double-end sequencing using the Illumina MiSeq platform.



2.5 Data analyses

QIIME (V1.7.0) was utilized to process the raw data (Heidrich et al., 2021). Trimmomatic software (Bolger et al., 2014) was employed to remove low-quality sequences, with parameters set to exclude sequences shorter than 200 bp, those with a Q-value below 30, sequences containing ambiguous bases, mismatches of more than one primer base, and sequences unrecognizable by Barcode. Chimeric sequences were detected and removed using UCHIME software, referencing the ‘RDP Gold’ database (Schloss et al., 2011). USEARCH software (Zhou et al., 2024) clustered the operational taxonomic units (OTUs) of non-repetitive sequences at a 97% similarity level, generating representative OTU sequences. These OTU representative sequences underwent taxonomic analysis and annotation using the SILVA database, producing clustering information for each sample OTU. Data normalization was performed using the minimum number of sequences method, with 30,000 sequences per sample. Principal component analysis (PCA) characterized the natural distribution among samples, analyzing community composition at the genus level using R software. Referring to the method by Xun et al., the Average Variance Degree (AVD) was used to assess bacterial community stability (Xun et al., 2021).

First, we used an analysis of variance (ANOVA) from R’s “vegan” package to compare differences in soil properties and bacterial diversity between treatments. Next, we calculated bacterial diversity (alpha diversity) for each sample using the “vegan” package, employing Mutlu’s method (Mutlu et al., 2017). We then performed an NMDS analysis based on Bray-Curtis distances to investigate differences between samples in the “vegan” environment (β diversity) (Taguchi and Oono, 2005). For visualization, we created Circos plots using the “RCircos” software package (Zhang et al., 2013). To find key bacteria after tillage, we created random forest models using the following R packages: “randomForest,” “psych,” “reshape2,” and “ggplot2” (Gustavsson et al., 2022). We used the relative abundance data of bacterial genera to define the “structure” of soil bacterial communities. The community structure is mainly described by the relative abundance of different bacterial genera in each sample. Finally, we analyzed the relationships between bacteria using the “igraph” package (Ju et al., 2016). Co-occurrence network visualization maps were created using Gephi.1 To assess the empirical network’s characteristics, random networks were simulated with the same number of nodes and edges, employing the Erdös-Réyni model. The topological indices of these simulated networks were summarized over 999 iterations, providing insights into the empirical network’s structure and properties by allowing comparisons against the randomized network behaviors to determine significantly non-random network properties (Hoffman and Holzer, 2019). Referring to the method by Hernandez et al. (2021) Network analysis was conducted within the R statistical environment (v4.2.1) to quantify topological characteristics including module cohesion indices and system resilience parameters within microbial co-occurrence networks, following established computational frameworks. Through implementation of the igraph package (v1.3.5), network deconstruction was performed via node-specific subgraph extraction algorithms, enabling targeted topological examinations. Microbial community assembly processes were decoded using the Sloan stochasticity model through CRAN-hosted analytical modules (Chen et al., 2019). Multivariate visualization techniques included: (1) LDA Effect Size (LEfSe) profiles generated via ggplot2 (v3.4.0), (2) taxonomic overlap diagrams constructed with ggvenn (v0.1.9), and (3) phylogenetic heat-tree representations produced using metacoder (v0.3.3) to elucidate lineage-specific associations (Coller et al., 2019). Environmental factor-microbe interactions were determined through Mantel correlation matrices with 999 permutations. Between-group variance significance was statistically validated in SPSS (v27.0) employing Kruskal-Wallis H-tests with Benjamini-Hochberg correction, as detailed in methodological benchmarks (de León et al., 2011).




3 Results


3.1 Soil properties

The reclamation of pristine grassland significantly altered the soil chemical properties (Supplementary Table S1; p < 0.01). In the reclaimed farmland soil, the pH value, nitrate nitrogen (NO3−-N), ammonium nitrogen (NH4+-N), total phosphorus (TP), and available phosphorus (AP) contents were all elevated compared to the pristine grassland. However, there was no significant difference in soil EC.



3.2 Soil bacterial diversity and composition

Our research showed that reclamation versus ploughing of pristine grassland significantly influenced the variance distribution of soil bacterial communities (Supplementary Figure S1). Comparative analysis of soil bacterial community alpha-diversity under the two treatments revealed that soil bacterial community alpha-diversity indices such as Chao1, ACE, and Shannon index were significantly higher in the F treatment than in the CK treatment (Supplementary Table S2; p < 0.01). To further explore the differences in β-diversity between soils with different treatments, we employed NMDS based on the Bray-Curtis distance (Figure 1A). The results indicated significant differences in the β-diversity of soil bacterial communities between the pristine grassland and the croplands. The stability of the bacterial community between the two treatments was evaluated by the average variation degree (AVD) index, and the results showed that the AVD value of the F treatment was significantly lower than that of the CK treatment, which indicated that the bacterial community in the farmland had a stronger stability (Figure 1B).

[image: Panel A shows a non-metric multidimensional scaling (NMDS) plot with two groups: F in blue and CK in red. Ellipses represent the data spread. Panel B is a violin plot with mean and standard deviation for groups F and CK, labeled 'b' and 'a' respectively, comparing their AVD values.]

FIGURE 1
 (A) Nonmetric multidimensional scaling (NMDS) analyses were conducted to evaluate the soil bacterial communities in croplands (F) and pristine grassland (CK). The stress value indicates the error between the original data distances and the distances in the low-dimensional space derived from NMDS; (B) Distribution of average variability (AVD) in the two treatments (F and CK). The dots in the figure show the specific distribution of data points in each group. Shaded areas indicate the density of distribution of the data. Different letter labels indicate significant differences (p < 0.05).


The Circos plot (Figure 2A) illustrated that the predominant soil bacterial genera across all samples are Sphingomonas and Pseudarthrobacter, with these genera exhibiting greater enrichment in samples under F treatment. Stacked plots revealed significant changes in the composition of soil bacterial communities at the genus level following reclamation and tillage activities. Among the top 20 most abundant genera, a greater number demonstrated increased abundance under the F treatment (Figure 2B). A significance plot test was employed to assess differences in bacterial genera between treatment groups (Figure 2C), revealing significant variations between the bacterial genera of the two treatments. Among the differential genera, Clostridium demonstrated the highest abundance in the CK treatment, while Chujaibacter showed greater abundance in the F treatment. Moreover, a random forest classification model was utilized to identify microbial groups most significantly influencing soil microbial community structure. The findings indicated that some less abundant genera, such as Rhodomicrobium and Amycolatopsis, despite contributing less than 1% to the total abundance, played crucial roles in the model (Figure 2D), thereby underlined the potential significance of low-abundance genera within the soil microbial community.

[image: (A) A circular plot illustrating the relationships among various bacterial genera, showing connections and relative abundances. (B) A stacked bar chart depicting the abundance of different genera in two conditions, labeled F and CK. (C) A horizontal bar chart showing the abundance of specific bacteria, comparing conditions F and CK, with significance values beside each bar. (D) A horizontal bar chart highlighting the importance of specific bacteria, with some marked by an asterisk indicating significance.]

FIGURE 2
 (A) Circos showed the top 10 genera of soil bacterial communities in farmland (F) and pristine grassland (CK). The width of the line represents the size of the abundance; (B) Stacked charts represent the soil bacterial genera in croplands (F) and pristine grassland (CK). The Random Forest classification modeling visually showed the dominant genera of bacteria in croplands (F) and pristine grassland (CK); (C)The significance plot was used to assess differences in bacterial genera between treatment groups. In this plot, different colored bars indicate the various treatment groups, with red representing the CK treatment and blue representing the F treatment. The horizontal axis shows the percentage of genera in each treatment group, while the vertical axis lists the names of the different genera; (D) The importance of random forest variables, derived through a categorical algorithm, is highlighted in predicting rare bacterial genera in soils. In this visualization, green bars denote the variables that were selected using the categorical algorithm. These bars illustrate the contribution of each variable to the model, emphasizing their role in the accurate prediction of rare bacterial genera in soil samples. Significant differences of asterisk were marked with * (p < 0.05).


The LEfSe (linear discriminant analysis effect size) analysis revealed significant differences in the relative abundance of soil bacteria between the primitive grassland and the ploughed field following reclamation (Supplementary Figure S2). Subsequently, we visualized the average proportions of bacterial communities using a heat-tree diagram in the evolutionary classification of bacteria. This visualization demonstrated that Proteobacteria, Firmicutes, and Acidobacteriota exhibited the highest proportions among bacterial phyla. Further analysis of the variability confirmed the significant impact of reclamation and ploughing on the structure of the soil bacterial community (Figure 3).

[image: Phylogenetic tree illustrating bacterial relationships, with branches labeled by bacterial taxa such as Proteobacteria and Firmicutes. Colored branches represent log2 ratio median proportions, with a gradient from brown to blue indicating varying numbers of Operational Taxonomic Units (OTUs). A legend explains color significance and node size, showing the range from 1 to 1140 OTUs.]

FIGURE 3
 Heat trees illustrate the mean proportion of bacterial communities. Nodes signify each taxonomic level from kingdom (bacteria, center) to species (at branch tips). The width of nodes and branches indicates the average proportion of that taxon in samples within relative groups. Node size reflects the count of taxa present, while color intensity indicates proportions relative to all bacterial samples. The color represents the log−2 ratio of median proportions of reads found at each body site, with only significant differences highlighted. Significance is determined using a Wilcoxon rank-sum test with Benjamini-Hochberg correction for multiple comparisons.




3.3 Soil bacterial co-occurrence network

To delve into the alterations in bacterial community structures between croplands (Figure 4A) and pristine grassland (Figure 4B), we conducted a co-occurrence network analysis on the top eight abundant phyla. The findings revealed disparities in the top eight phyla between croplands and pristine grassland. Although the first seven phyla remained consistent across both treatments, with Proteobacteria and Actinobacteriota consistently ranking in the top two by abundance in both groups, the order of abundance for other phyla experienced marked changes. Notably, the abundance of Firmicutes underwent the most significant alteration in the F treatment, when compared to the CK treatment.

[image: The image consists of three main sections labeled A, B, and C. Sections A and B show microbial network graphs with nodes and edges, each depicting different bacterial phyla such as Proteobacteria and Actinobacteriota. Pie charts indicate the proportions of positive and negative interactions, with section A showing 57.62% positive and section B showing 63.92% positive. Section C contains bar charts comparing various network metrics, such as node number, edge number, and average degree between samples labeled F and CK, with CK generally having higher values than F.]

FIGURE 4
 (A) The co-occurrence network of croplands (F)showing operational taxonomic units (OTUs) as different dots. The size of the dots is proportional to their degree within the network. Different colors represent different phyla of bacteria. Blue lines indicate positive correlations between OTUs, while pink lines indicate negative correlations. The accompanying pie chart illustrates the ratio of positive to negative correlations within the network. (B) The co-occurrence network of the pristine grassland (CK), depicted similarly to the network in panel (A). The network structure and relationships are visualized with the same color scheme for bacterial phyla, and types of correlations are represented by blue (positive) and pink (negative) lines. The pie chart for this network similarly represents the ratio of positive to negative correlations within the network. (C) Comparative analysis of network topological attributes between F and CK treatments, including node number, edge number, average degree, average weighting, network diameter, map density, modularity index, statistical inference, average clustering coefficient, and average path length. These metrics provide insights into the complexity and connectivity of the bacterial community networks under different land-use treatments.


Further analysis of the co-occurrence network topology (Figure 4C) included metrics such as nodes, links, intermediacy concentration, and modularity. The results revealed that the co-occurrence network of the pristine grassland (CK) comprised 364 nodes and 2,680 edges, while that of the croplands (F) consisted of 327 nodes and 1,647 edges. The CK treatment exhibited a higher network graph density (0.041) and average degree (14.725) compared to the F treatment (network graph density of 0.031 and average degree of 10.073), while the average clustering coefficients of the two were similar. These findings suggested that reclamation and ploughing reduced the complexity of the co-occurrence network. Moreover, the positive correlation ratio in the CK treatment (63.92%) was significantly higher than in the F treatment (57.62%), further illuminating the impact of reclamation and ploughing on the structure of the soil bacterial communities’ co-occurrence network.

After this we calculated the difference in positive and negative cohesion of bacterial co-linear networks between the two treatments (Figure 5). As can be seen from Figure 5, the positive cohesion of the bacterial co-occurrence network was higher but the difference was not significant in the CK treatment compared to F, while the negative cohesion of the bacterial co-occurrence network in the CK treatment was significantly higher than that in the F treatment (p < 0.05). The results indicated that reclamation and ploughing had a significant effect on the negative cohesion of the bacterial community, but had the less effect on the positive cohesion.

[image: Panel A shows a violin plot comparing positive cohesion between F and CK, with overlapping distributions labeled 'a'. Panel B presents a violin plot of negative cohesion, contrasting F and CK; F is labeled 'b' and CK 'a'. Both panels include mean and standard deviation indicators.]

FIGURE 5
 Comparison of Positive and Negative Cohesion of bacterial networks. Panel (A) shows the difference in positive cohesion between F and CK treatment. Panel (B) shows the negative cohesion. Different letter labels indicate significant differences, p < 0.05.




3.4 Soil bacterial community assembly processes

The assembly processes of bacterial communities in croplands and pristine grasslands were assessed using the Sloan neutral community model (Figure 6). The results showed that land use practices altered the assembly processes of soil bacteria, mainly by influencing the equilibrium between deterministic and stochastic processes. Both pristine grassland (CK) and ploughed field (F) showed higher sensitivity to stochastic processes. Both CK treatment and F treatment were more influenced by stochastic processes, but compared to pristine grasslands, the bacterial community in cropland soil is more significantly affected. Additionally, the bacterial communities in farmland soil have a stronger dispersal ability, leading to a more uniform distribution of species between communities.

[image: Two scatter plots labeled A and B show the relationship between the mean relative abundance (log10) and frequency of occurrence. Plot A has an R-squared value of 0.768 with Nm equals 13,086, while Plot B has an R-squared value of 0.651 with Nm equals 9,061. Both plots display data points in black and red, with fitting curves and dashed lines indicating trends. The frequency ranges from 0 to 1 on the y-axis, and abundance ranges from approximately -5 to -2 on the x-axis.]

FIGURE 6
 Analysis of soil bacteria using Neutral Community Models (NCM) in croplands (A) and pristine grassland (B). (A) The plot shows the relationship between mean relative abundance (log10) and frequency of occurrence, with an R² value of 0.768 and a metacommunity size and migration rate product (Nm) of 13086. The solid blue line represents the best fit to the NCM, while the dashed blue line indicates the 95% confidence intervals. (B) This plot illustrates a similar relationship with an R² value of 0.651 and an Nm of 9061. The markers represent operational taxonomic units (OTUs), with those within the confidence intervals considered neutrally distributed.




3.5 Factors influencing the soil bacterial community composition

An investigation into the composition and co-occurrence patterns of bacterial communities, in correlation with environmental factors, was conducted through Mantel analysis. As shown in Figure 7, Mantel analysis showed that the AVD index, negative cohesion, and stability of the network were all significantly correlated with the composition of the bacterial community, with both composition and co-occurrence. Composition was significantly correlated with positive cohesion as well as with a variety of soil chemical factors such as pH, EC, NO3−-N and NH₄+-N, but co-occurrence was not significantly correlated with these indicators. Meanwhile, richness and diversity showed a more significant correlation with co-occurrence and a non-significant correlation with composition. Pearson correlation analysis indicated a significant negative correlation between network stability and positive and negative cohesion, as well as AVD, while a significant positive correlation was observed between richness and diversity.

[image: Correlation matrix and network plot showing relationships among various ecological parameters such as AVD, cohesion, pH, EC, nitrogen compounds, and diversity metrics. The matrix uses color gradients to represent Pearson's r correlations and Mantel’s p-values, with lines connecting composition and co-occurrence factors to other variables. Legend indicates significance levels and correlation strengths.]

FIGURE 7
 Mantel and Pearson correlation analyses of bacterial community composition, co-occurrence patterns with soil properties, and community diversity. The left part shows the results of Mantel tests between bacterial community characteristics (Composition and Co-occurrence) and environmental factors, Network stability = |Negative Cohesion| / Positive Cohesion, where line colors and types indicate different levels of p-values (orange: p < 0.01; green: 0.01–0.05; grey: p ≥ 0.05), and line thicknesses indicate the Mantel’s r-value magnitude. The right matrix section shows the Pearson correlations between the different factors, with the color shade indicating the strength of the correlation and the color distinguishing between positive (blue) and negative (red) correlations. Asterisks in the matrix indicate the level of significance (* p < 0.05, ** p < 0.01, *** p < 0.001).





4 Discussion


4.1 Bacterial community structure and composition under changing land use patterns

Changes in land use patterns and inappropriate agricultural practices have the potential to trigger profound changes in the soil environment, including shifts in physical properties and nutrient content, impacting the α-diversity of soil bacterial communities. This experimental study focused on undisturbed pristine grasslands and croplands as two treatment groups, aiming to investigate the potential effects of reclamation and ploughing activities on soil bacterial community structures in the Songnen Plain. The results aligned with our initial hypothesis, showing significant differences in α-diversity between the two treatments, with all diversity indices higher in cropland soils than in pristine grasslands (Supplementary Table S2). This suggests higher bacterial species richness and diversity levels in reclaimed and ploughed soil environments. Furthermore, NMDS (non-metric multidimensional scaling analysis) based on Bray-Curtis distance confirmed significant variability in bacterial community structure between the two treatment groups (Figure 1). To explore the stability of the bacterial community, we used average variability (AVD) to evaluate the stability of the bacterial community by referring to the method of Niu et al. (2017). In our study, the mean variance (AVD) value of the F treatment was significantly lower than that of the control (CK) treatment. We speculate that a single factor may not dominate the difference in the stability of the bacterial community, but rather the result of the interaction between environmental interference and nutrient redistribution. The farmland environment where the F treatment group was located originated from the interference of grassland. This interference process prompted the bacterial community to undergo a screening mechanism to adapt to the new environment, thereby enhancing the stability of the community. Nutrient redistribution, as an important regulatory factor in the ecosystem, after the application of nitrogen, phosphorus, potassium and other fertilizers in farmland, can provide more resources to support the growth of certain bacterial populations, thereby promoting functional redundancy and stability within the community (Allison and Martiny, 2008). It not only regulates the growth rate of microorganisms but may also change the spatial distribution of resources. It affects the composition of bacterial communities and their adaptive relationship with the environment (Sentis et al., 2021). It can be seen from this that the synergistic effect between environmental disturbance factors and nutrient redistribution mechanisms has significantly enhanced the adaptability of microbial communities to external environmental stress. This dynamic interaction relationship enables the F treatment group to maintain a more stable community structure and ecological function stability when facing environmental disturbances (Zhang et al., 2018).

Changes in land use significantly alter bacterial habitats, impacting nutrient availability and environmental conditions. Fertilizer and herbicide use in croplands enriches soils with nutrients, fostering bacterial colonization (Liu et al., 2025). Differences in nutrient inputs between grasslands and croplands result in homogenous carbon and nitrogen in croplands, enhancing bacterial competition in similar niches (Wang and Kuzyakov, 2024). Simultaneously, to adapt to the changing environment, bacteria undergo functional differentiation and ecological niche rearrangement, inevitably leading to changes in bacterial communities (Wang and Zou, 2024). Changes in bacterial community structure (β-diversity) are also closely related to anthropogenic impacts. For instance, excessive application of ammonia fertilizer may lead to excessive proliferation of ammonia-oxidizing bacteria, which in turn inhibits the growth and reproduction of other bacteria (Zhao et al., 2025). Additionally, herbicide use may selectively eliminate certain competitively advantageous bacteria, allowing others to overpopulate, leading to a remodelling of microbial community structure (Bhardwaj et al., 2024). Changes in above-ground plant communities significantly impact soil bacterial communities. The diverse herbaceous vegetation in pristine grasslands contrasts with maize-dominated reclaimed lands. This shift alters plant residues, influencing soil properties and, consequently, the distribution of soil bacterial communities. Zheng B. et al. (2024) showed that changes in plant type significantly change soil microbial types. They found more fungi in some forest soils and also found a surprisingly high number of bacterial species in simple lawn soils. Other studies have confirmed that changing land use can have a large impact on soil microorganisms (Xiao et al., 2021). For instance, land clearing and long-term ploughing can disrupt soil structure, and this compromises the ecological distribution of microorganisms and nutrient availability. D’Acunto et al. (2016) found soil microbial diversity positively correlates with pH, with ecosystems acidifying under natural disturbances, aligning with our findings on apoplastic matter, organic accumulation, and pH correlations.

In this study, we found that Sphingomonas and Pseudarthrobacter were particularly abundant across all samples, with higher abundance observed in the F treatment group compared to the CK group (Figure 2B). Sphingomonas is a Gram-negative bacillus that is found widely in soil and the areas around plant roots. Earlier studies have shown that Sphingomonas can effectively break down pesticides and harmful substances in soil, and its metabolites can help plants grow. So, it is often used as a biofertilizer or biopesticide because of these useful properties (Li et al., 2017; Mizukami-Murata et al., 2016). In contrast, Pseudarthrobacter is a Gram-positive bacterium that can break down some pesticides. Also, it helps fix nitrogen and stops harmful plant bacteria from growing (Chai et al., 2023). The large amounts of Sphingomonas and Pseudarthrobacter in cropland soil likely come from pesticide use. These chemicals killed many microbes, but pesticide-breaking bacteria survived and spread because they are more resistant. In addition, bacteria involved in nutrient cycling, such as Gaiella and RB41, were more prevalent in the CK group. Pristine grasslands have evolved complex plant and microbial communities over long periods, leading to high ecosystem stability. This complexity enhances resistance to disturbances and promotes the production of rich apoplastic materials and root secretions, vital for sustaining stable soil nutrient cycles.

In addition to focusing on the dominant bacterial genera in the different treatments, this study highlights the important contribution of low-abundance genera in soil bacteria. In constructing the Random Forest classification model, we found that only one of the five genera that had a significant effect on soil bacterial community structure was among the top 20 genera in terms of abundance. The results of the model analysis showed that Rhodomicrobium, Amycolatopsis, Clostridium, and Nannocystis were the key genera that shaped the soil bacterial community structure (Figure 2D), and they played a crucial role in soil bacterial community construction, which might be closely related to their functions in nutrient cycling. Specifically, both Rhodomicrobium and Clostridium are involved in nitrogen cycling processes. According to Conners et al. (2024), Rhodomicrobium is a photosynthetic autotrophic bacterium that can use NH4Cl or N2 as a nitrogen source for nitrogen fixation, converting nitrogen into a form that can be absorbed and utilized by plants (Conners et al., 2024). However, Clostridium, as an anaerobic bacterium, can efficiently decompose organic matter and fix nitrogen under anaerobic conditions. Experimental studies by Meng et al. (2024) showed that the use of Clostridium as a microbial agent could reduce the loss of nitrogen in the composting process of food waste and accelerate the decomposition of compost to achieve the synergistic conversion of carbon and nitrogen in compost. Thus, Rhodomicrobium and Clostridium significantly drive soil nutrient cycling, enhance soil fertility, support plant growth, and maintain soil bacterial diversity and stability.

Whereas, the role of Amycolatopsis and Nannocystis is more on the inhibition of pathogenic bacteria. Gopalakrishnan et al. (2019) in their study on Amycolatopsis found that the fungus not only promotes the growth of sorghum, but also has resistance to sorghum charcoal rot. The study of Alipour Kafi et al. (2021) also showed that Amycolatopsis has an anti-pathogenic effect on cucumber grown in greenhouses, demonstrating significant potential for the development of biocontrol agents. On the other hand, the experiments of Visioli et al. (2018) found that Nannocystis may have a strong inhibitory effect on Aspergillus flavus, stimulate the growth of rare bacterial taxa in maize rhizosphere soil, and promote maize growth and development. The inhibitory effect of these genera on pathogenic bacteria is not only a reflection of their biological properties, but also one of the important mechanisms by which they occupy a key position in the soil bacterial community and participate in shaping the community structure. By inhibiting the growth of pathogenic bacteria, they provide a more favorable environment for other beneficial microorganisms, thus promoting the diversity and stability of soil bacterial communities. This ecological niche competition and dominant species promotion effect not only profoundly affects the composition and dynamics of soil bacterial communities, but also provides valuable microbial resources for sustainable agricultural development and soil ecological restoration.



4.2 Bacterial co-occurrence networks under changing land use patterns

Soil bacterial communities interact through cooperation and competition. We examined these interactions by focusing on the top 8 most abundant bacterial phyla and constructing interaction networks. The results of the co-occurrence network analysis showed that both connections (edges) and bacteria (nodes) of the soil bacterial network decreased in the croplands compared to the pristine grasslands. These changes make the bacterial communities are simpler and less connected overall (Figure 4). This supports findings by Qiu et al. (2024) that more complex networks are generally more stable. To better illustrate the stability of the co-occurrence network, we further calculated the positive and negative cohesion of the F and CK treatments, and the results showed that both positive and negative cohesion of the CK treatment were higher than that of the F treatment, with the negative cohesion showing a significant difference. Generally, positive cohesion refers to the collaborative relationship between microorganisms, while negative cohesion refers to the competitive relationship between microorganisms, and networks with high cohesion are generally more stable, which is consistent with our previous prediction (Zhang et al., 2024). The complexity of co-occurring networks often serves as an indicator of bacterial community resistance to external disturbances and community stability. Cohesive networks are typically more stable and resistant to disturbances, indicating that reclamation and ploughing decrease the stability and resilience of microbial communities. This may be linked to the greater biodiversity in pristine grasslands, as biodiversity often enhances ecosystem stability. Furthermore, Li et al.’s (2024) experimental results suggest that long-term fertilizer application and herbicide spraying may also contribute to weakening bacterial interactions.

In-depth analyses of the top 8 bacterial phyla in terms of abundance revealed that Firmicutes exhibited the most significant difference in abundance between treatments. They accounted for 7.03% in the cropland soils (F treatment) and 13.46% in the pristine grassland soils (CK treatment), which coincides with the results of our analysis of differences between groups. Firmicutes are key players in soil systems (Li X. et al., 2020). Bacteria in this phylum decompose organic matter to gain energy, enriching soil nutrients for other bacteria. This process generally enhances positive bacterial correlations and complementary effects, aligning with our findings. Soil nutrient measurements showed higher levels in the F treatment than in CK, possibly explaining the reduced positive bacterial correlations in F. Previous work by Li et al. (2023) suggests that richer soil nutrients could reduce the need for bacterial interactions during nutrient cycling. By analyzing the changes in soil bacterial symbiotic networks under different treatments, we can gain a deeper understanding of bacterial interrelationships and the dynamics within soil ecosystems under different land use patterns. These findings improve our understanding of soil bacterial communities’ structure, providing scientific guidance for managing and protecting soil ecosystems.



4.3 Assembly of bacterial community under changing land use patterns

The composition and diversity of soil bacterial communities are central drivers of ecosystem functioning, and their formation is regulated by a combination of deterministic and stochastic processes (Chang et al., 2025). Deterministic processes include environmental conditions, species competition, and different survival needs (Feng et al., 2025). Stochastic processes involve limitations in dispersal, ecological drift, and random variations in birth and death rates (Burns et al., 2016). To analyze these community assembly mechanisms, researchers use models such as the Neutral Community Model (NCM) and null models. In this study, we applied NCM—a framework focusing on stochastic processes like species migration—to investigate bacterial community assembly (Trinh et al., 2025). The results suggest that soil bacterial communities in the F treatment are more influenced by stochastic processes than those in the CK treatment, as shown by Figure 6. This aligns with the higher α-diversity in F-treated soils, likely due to enhanced bacterial dispersal capabilities. It also illustrates the limited impact of external environmental pressures on the assembly of bacterial communities. Bacterial communities that are strongly influenced by stochastic processes are usually characterized by faster bacterial renewal and higher oxygen utilization capacity. These patterns are consistent with previous findings suggesting that minor environmental changes favor stochastic assembly, while major disturbances trigger deterministic processes (Yu et al., 2022).

In this study, the soil nutrient content of the F treatment was higher than that of CK, but the difference was not significant, which led to the result that the bacterial community assembly of the F treatment was more affected by stochastic processes. Intensive and continuous ploughing and other anthropogenic practices in F introduce more disturbances than in CK, leading to a greater influence of stochastic factors in F’s community assembly. In addition to this, when analyzing the microbial network structure we found that both positive and negative cohesion were higher in the CK treatment than in the F treatment, and that high cohesion usually represents more interactions between bacteria, and that these interactions may have made the assembly of the bacterial community in the F treatment more affected by stochastic processes (Chase and Myers, 2011). This study emphasizes the dynamic balance between stochastic and deterministic processes in microbial community assemblages, which varies according to specific ecosystems and research content. Soil bacterial communities under both treatments were more affected by stochastic processes, but there was a significant difference in the ratio of stochastic to deterministic processes between the two treatments, and analyses of the reasons for this variability will help us to better understand bacterial community assemblages under different land uses.




5 Conclusion

Our study reveals the effects of land use change on soil bacterial communities in the black soil area of the Songnen Plain, Northeast China, and provides important insights for related ecological management. We found that reclamation significantly altered soil physicochemical properties as well as bacterial diversity patterns in terms of α-diversity, β-diversity, and community stability, where the relative abundance of dominant genera, such as Sphingomonas and Pseudarthrobacter, was elevated in the cropland. Random forest model showed genera such as Rhodomicrobium and Amycolatopsis, whose dynamics were correlated with changes in land use practices. Co-occurrence network analyses showed that reclamation led to a reduction in network complexity, a weakening of the ability of bacteria to interact with each other, and a reduction in positive and negative network cohesion. Community assembly analyses showed that bacterial community construction in both treatments was dominated by stochastic processes, and the croplands treatment was more affected by stochastic processes. The results revealed that the sustainable use of black soil resources needs to limit the threshold of anthropogenic disturbance to protect the stability of soil bacterial communities and their ability to interact with each other. The study has important practical value for maintaining the sustainability of black soil ecosystems.
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