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Abstract


Engineering disturbances are increasing in permafrost regions of northeastern China, where soil microorganisms play essential roles in biogeochemical cycling and are highly sensitive to linear infrastructure disturbances. However, limited research has addressed how microbial communities respond to different post-engineering-disturbance recovery stages. This study investigated the impacts of the China–Russia Crude Oil Pipelines (CRCOPs) on soil microbial communities in a typical boreal forest permafrost zone of the Da Xing’anling Mountains. Soil samples were collected from undisturbed forest (the control, CK); short-term disturbed sites associated with Pipeline II, which was constructed in 2018 (SD); and long-term disturbed sites associated with Pipeline I, which was constructed in 2011 (LD). Pipeline engineering disturbances significantly increased soil clay content and pH while reducing soil water content (SWC), soil organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP) (p < 0.05). No significant differences in these soil properties were observed between SD and LD. Bacterial diversity increased significantly, whereas fungal diversity significantly decreased following pipeline disturbances (p < 0.05). The beta diversity of both bacterial and fungal communities differed significantly among the three disturbance types. At the phylum level, pipeline disturbance increased the relative abundances of Proteobacteria, Acidobacteriota, Actinobacteriota, Ascomycota, and Mortierellomycota while reducing those of Bacteroidota and Basidiomycota. These shifts were associated with disturbance-induced changes in soil properties. Microbial co-occurrence networks in SD exhibited greater complexity and connectivity than those in CK and LD, suggesting intensified biotic interactions and active ecological reassembly during the early recovery phase. These findings suggest that pipeline disturbance could drive soil microbial systems into a new stable state that is difficult to restore over the long term, highlighting the profound impacts of linear infrastructure on microbial ecological functions in cold regions. This study provides a scientific basis for ecological restoration and biodiversity conservation in permafrost-affected areas.
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1. Introduction


Permafrost is a critical component of the cryosphere [1], characterized by its high sensitivity to both climatic variations and anthropogenic disturbances [2]. In China, the Da and Xiao Xing’anling Mountains in the northeast constitute the country’s second largest permafrost area and the only high-latitude permafrost region [3]. The distinct forest–wetland ecosystem in this area plays a vital role in global carbon dynamics. To meet growing energy demands, various infrastructure projects have been launched to explore, extract, store, and transport the abundant oil and gas resources in permafrost zones [4]. The China–Russia Crude Oil Pipelines (CRCOPs), the country’s first long-distance oil pipelines traversing permafrost terrain, have profound implications for energy security, economic growth, and ecological balance [5]. The pipeline system consists of two parallel routes: CRCOP I, which has been operational since 2011, and CRCOP II, operational since 2018 [6]. The pipelines span a total length of 953 km within China, with 441 km running through the ecologically sensitive permafrost regions in the Da Xing’anling Mountains, northeastern China [7]. Permafrost conditions along these pipelines are characterized by high ice content, low thermal and hydrological characteristics, structural instability, and pronounced susceptibility to climate change and anthropogenic disturbances [5,8].



The CRCOPs project involves large-scale construction, extensive geographical coverage, prolonged construction periods, and substantial environmental impacts [9]. Pipelines in permafrost zones are typically installed underground at depths of 1.6 and 2 m [10]. In addition, in the process of pipeline construction, it is necessary to remove the surface coverings above the active layer on a large scale, such as vegetation and organic matter layer [5]. Furthermore, soil excavated from the foundation pit is difficult to layer and backfill properly; thus, topsoil and subsoil are mixed. This process changes the content and distribution of soil organic matter [11], thereby exerting considerable impacts on the local ecological environment and ecosystem diversity [12]. During operation, the continuous transport of heated oil gradually increases the temperature of surrounding soils, accelerating permafrost degradation, promoting soil carbon loss, and consequently affecting regional carbon cycling process primarily mediated by soil microorganisms [13]. Microbial communities, which are central to material cycling in permafrost ecosystems, play a vital role in regulating energy flow and nutrient transformations [14]. Previous studies have emphasized that microbial recovery from various disturbances is critical for maintaining ecosystem stability and functionality [15], highlighting the importance of microbial research in assessing the ecological consequences of engineering activities. Despite substantial progress in understanding the ecological consequences of infrastructure development in cold environments, significant knowledge gaps remain concerning microbial community responses to pipeline engineering disturbances.



Previous studies have confirmed the marked ecological impacts of pipeline installation and operation on cold-region ecosystems [16]. Pipeline construction and operation accelerate permafrost thaw, alter soil thermal and hydrological regimes, and modify vegetation, thereby reducing soil nutrient levels, significantly altering soil physicochemical properties, and subsequently influencing soil microbial diversity and community structures [17,18,19]. Specifically, pipeline construction has been reported to reduce microbial diversity and abundance, reshaping microbial communities in surrounding soils [17,20]. During the operation phase, the rise in temperature and thawing of permafrost have expanded the space for the survival and reproduction of microorganisms in the active soil layer, significantly enhanced the microbial activity, increased the diversity of bacteria and fungi, and altered the composition of the microbial community [21,22,23,24], thus affecting the environmental recovery around the pipeline. However, mechanisms regulating microbial diversity and community composition vary substantially depending on the type and intensity of anthropogenic disturbance [25]. For example, soil microbial communities undergo pronounced changes under adverse conditions created by infrastructure projects in cold regions [26]. Long-distance water diversion projects have been shown to significantly reduce microbial species abundance, increase bacterial biomass, decrease fungal biomass, and weaken microbial network stability [27]. Similarly, highway construction in the Canadian permafrost region has resulted in vegetation degradation and altered soil physicochemical properties, leading to notable shifts in microbial community structure and diversity [28]. Oil pipeline construction in permafrost zones has also been found to significantly alter microbial diversity and community composition across soil depths [29]. Notably, the recovery period following engineering disturbances plays a crucial role in the succession of microbial communities. With increasing recovery time, the complexity of bacterial networks tends to increase while community diversity decreases; in contrast, fungal network complexity initially decreases and later increases, accompanied by a progressive increase in community diversity [30]. Although the relationships between soil physicochemical parameters (e.g., temperature, pH, nutrients) and microbial communities are well documented [31], several limitations remain. First, there is limited understanding of long-term ecological effects of linear thermal disturbances, such as those caused by pipelines, in permafrost regions. Second, few studies have investigated microbial community dynamics over extended recovery periods following infrastructure development. Addressing these gaps constitutes a critical scientific challenge for microbial ecology in the Da Xing’anling permafrost region, particularly under the accelerating pressures of climate warming. Therefore, this study aims to investigate soil ecological dynamics in the Da Xing’anling Mountains using microbial ecological approaches.



Situated at the sensitive southern edge of the Eurasian permafrost region, the forest-wetland ecosystems of the northern Da Xing’anling Mountains play a critical role in regional carbon sequestration. However, disturbances caused by the CRCOPs have reduced the stability of the local permafrost. To investigate how varying durations of CRCOP disturbance impact microbial community characteristics within the active layer soil of permafrost in the Da Xing’anling Mountains, this study focused on soils affected by pipeline construction. The objectives were to analyze differences in the effects of pre- and postdisturbance durations on soil microbial diversity, community composition, and network structure; quantify the correlations between soil physicochemical factors and microbial community characteristics; and identify key driving factors. Based on this, the following hypotheses are proposed: (1) pipeline engineering interference significantly changes the physical and chemical properties of soil; (2) there are strategic differences in the effects of pipeline interference duration on bacterial and fungal diversity; (3) there are stage differences in the driving force of soil physical and chemical factors on microbial communities. Through high-throughput sequencing, physical and chemical analysis, and network ecology methods, this study constructed a framework of “interference duration–microbial response–environmental driving”. The results will improve our understanding of the response of cold region ecosystems to linear engineering facilities, provide a basis for biodiversity conservation and ecological restoration strategies, and contribute to global carbon cycle research. Given the central role of soil microorganisms in regulating biogeochemical processes, particularly carbon cycling, this research provides critical insights into the contributions of cold-region ecosystems to global climate regulation. Moreover, the results have practical implications for ecological restoration, biodiversity protection, and sustainable management of permafrost-affected regions.




2. Materials and Methods


2.1. Site Description


The study area is located in the Walagan region of Heilongjiang Province, China (52°35′76″ N, 124°32′96″ E), at elevations ranging from 460 to 480 m (Figure 1A). The region experiences a cold temperate continental monsoon climate, characterized by long cold, and dry winters, and short, wet summers. The monthly mean temperature remains below 0 °C for approximately seven months of the year, with a mean annual temperature of around −2.4 °C. Vegetation in the surrounding boreal forest is primarily composed of Larix gmelinii and Betula platyphylla Suk. Within the pipeline corridor, the vegetation is dominated by herbaceous species and low shrubs. Dominant herbaceous plants include Deyeuxia angustifolia, Equisetum hyemale, and Carex rhynchophysa, while prevalent shrub species comprise Betula fruticosa, Salix viminalis, and Vaccinium uliginosum. The dominant soil types in the region are brown coniferous forest soil, marsh soil, and peat soil. Pit surveys and high-density electrical resistivity measurements indicated the presence of extensive and continuous permafrost. However, the permafrost in areas adjacent to the pipelines has undergone notable degradation [5]. Because of its geographic and ecological characteristics, this region is highly sensitive to climate change and anthropogenic disturbances. It represents a critical ecological zone that plays a vital role in maintaining environmental stability in the cold regions of Northeast China.




2.2. Experimental Design and Sampling


According to field surveys, permafrost occurred approximately 50 cm below the ground surface at the study site. Therefore, active layer soil (0–40 cm) in the Walagan (WLG) permafrost region of the Da Xing’anling Mountains was selected for analysis, and soil sampling was conducted between July and September 2022. Given that the thermal influence of pipeline operation extends up to 60 m horizontally [9], an undisturbed reference transect was established at a distance of more than 60 m from the pipeline. Three transects were designated for this study: (1) within the operational zone of CRCOP I (disturbed for 11 years, long-term disturbance, LD), (2) within the operational zone of CRCOP II (disturbed for 4 years, short-term disturbance, SD), and (3) within an undisturbed forest area (control, CK). Each transect included six sampling plots (5 × 5 m2), resulting in a total of 18 plots (Figure 1B). Within each plot, soil was collected using a five-point sampling method. At each plot, four soil layers were sampled: 0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm. For each layer, samples from the five subsampling points were thoroughly homogenized to produce one composite sample per depth. Thus, each plot yielded four composite soil samples, resulting in a total of 72 samples across all plots. All samples were passed through a 2 mm mesh to remove plant debris, sealed in sterile containers, and transported to the laboratory under cooled conditions. Each sample was subsequently divided into two portions: one was air-dried at room temperature for physicochemical analysis, and the other, stored at −20 °C for microbial analysis [22].




2.3. Laboratory Analysis and Determination


Soil texture was analyzed using the hydrometer method to quantify sand, silt, and clay fractions. Soil water content (SWC) was measured by the drying method. First, the total weight of the wet soil was measured, and the total weight of the dry soil was measured after drying. The mass water content was calculated by the formula: SWC (%) = (wet soil weight − dry soil weight)/dry soil weight × 100. Soil pH was measured using a pH meter after extraction with deionized water (soil–deionized water = 1:2.5). A soil CN elemental analyzer was used to determine the soil organic carbon (SOC) and total nitrogen (TN), and total phosphorus (TP) was determined with an ultraviolet spectrophotometer through the molybdenum antimony colorimetric method [32].




2.4. Soil Microbial DNA Extraction and High-Throughput Sequencing


The soil samples were preserved on dry ice and submitted to Beijing Nuohe Zhiyuan Technology Co., Ltd., Beijing, China for analysis of microbial communities using high-throughput sequencing via the Illumina NovaSeq system. Genomic DNA was extracted from soil utilizing a magnetic bead-based protocol with the TianGen soil genomic DNA extraction kit (TianGen, Beijing, China). The bacterial 16S rRNA gene (V4 region) was targeted with primers 515F/806R, whereas fungal ITS regions were amplified using ITS5-1737F/ITS2-2043R primers. Subsequently, PCR products meeting quality standards were purified using magnetic beads and assessed for concentration using 2% agarose gel electrophoresis. The TianGen universal DNA purification gel recovery kit (TianGen, Beijing, China) was employed to isolate target DNA fragments. DNA quality was verified through electrophoresis on 1% agarose gel, and both purity and concentration were measured. DNA was adjusted to a final concentration of 1 ng/μL using sterile distilled water. Library preparation followed the NEB Next® Ultra™ II FS DNA PCR-free Library Prep Kit protocol (New England Biolabs, USA), with subsequent quantification of libraries performed via Qubit fluorometry and qPCR methods. Quantified libraries were pooled and sequenced on Illumina Nova 6000 platform, according to effective library concentration and data amountrequired. Raw sequencing reads were sorted according to barcodes and primer sequences, which were then trimmed, after which paired-end reads underwent merging via the FLASH software (v1.2.11) to produce raw tags. Quality filtering of raw tags was executed using fastp (v0.23.1) to eliminate low-quality sequences, resulting in clean tags. Effective tags were obtained after chimera sequences were identified and discarded through comparisons with established reference databases. The DADA2 module within the QIIME2 software (v2022.2) was then applied to denoise effective tags, remove residual low-quality reads, and generate amplicon sequence variants (ASVs) and their corresponding feature tables. ASV data normalization was performed to facilitate inter-sample comparisons, enabling downstream microbial community structure and diversity analyses.




2.5. Data Analysis


Data collation was performed in Excel 2010, while statistical analyses and data visualization were conducted using SPSS 27 and R 4.3.1. Because of the non-normal distribution of soil physicochemical properties and microbial alpha (α) diversity (including richness and Shannon index), significance testing was performed using the Scheirer–Ray–Hare test, a nonparametric two-way ANOVA alternative, to assess the effects of disturbance type and soil depth. Post hoc comparisons were conducted to evaluate intergroup differences. In addition, since there was no significant difference between the soil layers of 0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm (p > 0.05), the four soil layers were repeated and merged in each transect in the subsequent analysis, and the impacts of pipeline disturbance on the soil and microbial community were focused on. Microbial α-diversity was assessed using QIIME based on ASV-level taxonomic assignments. Non-metric multidimensional scaling (NMDS) based on a Bray–Curtis distance matrix was conducted using the “vegan” package (v2.6-8) in R to visualize the similarities among bacterial and fungal communities [25]. Permutational multivariate analysis of variance ordinations (PERMANOVA, 999 permutations) was applied to test for significant differences in community composition among disturbance groups.



Pearson correlation analysis was used to analyze the relationship between soil physical and chemical factors and microbial diversity and community composition at the phylum level. ASV-level microbial co-occurrence networks were constructed by selecting only ASVs with relative abundance > 0.01%. Pairwise Spearman correlations among ASVs were computed using the “igraph” package (v2.1.2), excluding self-loops and correlations below thresholds (|r| < 0.7, p > 0.01) [33]. Network visualizations were executed in Gephi 0.10.0, and topological metrics were calculated to characterize microbial interaction patterns under different disturbance conditions.





3. Results


3.1. Effects of Pipeline Engineering Disturbances on Soil Physicochemical Properties


Compared with CK, SD and LD exhibited significantly lower SWC, SOC, TN, and TP, but higher clay content and pH; no significant differences were observed in silt and sand contents (p < 0.05) (Table 1). Specifically, SWC decreased by 85.06% and 79.05%, SOC by 225.17 g·kg−1 and 251.15 g·kg−1, TN by 11.84 g·kg−1 and 13.14 g·kg−1, and TP by 0.54 g·kg−1 and 0.57 g·kg−1, respectively (p < 0.05), while clay content increased by 119.47% and 125.66%, and pH by 0.55 and 0.46, in SD and LD, respectively (p < 0.05). No significant differences in any of these soil physicochemical properties were detected between SD and LD.




3.2. Effects of Pipeline Engineering Disturbances on Diversity and Composition of Bacterial and Fungal Communities


This analysis identified a total of 35,298 bacterial ASVs and 12,225 fungal ASVs. Soil bacterial and alpha diversity (richness and Shannon index) exhibited opposite responses to pipeline engineering disturbances (Figure 2). Bacterial diversity significantly increased, while fungal diversity decreased, in both SD and LD compared with CK (p < 0.05). However, no significant differences were observed between SD and LD (p > 0.05) (Figure 2). The NMDS and ANOSIM analyses revealed significant differences in the soil bacterial and fungal community structure between among different pipeline engineering disturbances (p = 0.001) (Figure 3).



Dominant bacterial phyla (relative abundance ≥ 10%) [34] were Proteobacteria (36%), Acidobacteriota (22.6%), Actinobacteriota (12.9%), and Bacteroidota (10%), accounting for approximately 82% of total abundance. Compared with CK, the relative abundances of Proteobacteria after the disturbances in the SD and LD increased by 4.4% and 8.3%, respectively; the relative abundances of Acidobacteriota increased by 0.1% and 3.5%, respectively; and the relative abundances of Actinobacteriota increased by 3.8% and 1.7%, respectively, while the relative abundances of Bacteroidota decreased by 1.6% and 2.6%, respectively (Figure 4A). For fungi, the dominant phyla were Ascomycota (44.3%), Basidiomycota (30.3%), and Mortierellomycota (18.5%), representing approximately 93% of te total abundance. Compared with CK, the relative abundances of Ascomycota after the disturbances in SD and LD increased by 1.3% and 3.2%, respectively, and the relative abundances of Mortierellomycota increased by 3% and 21.5%, respectively, while the relative abundances of Basidiomycota decreased by 1.4% and 2%, respectively. It is worth noting that Basidiomycota was dominant in CK, but Ascomycota became the dominant phylum in SD and LD (Figure 4B).




3.3. Co-Occurrence Networks of Soil Bacterial and Fungal Communities Under Pipeline Engineering Disturbances


Based on Spearman correlations at the ASV level, co-occurrence networks of bacterial and fungal communities were constructed before and after pipeline engineering disturbances, and corresponding topological attributes were calculated. The overall network structures of both bacterial and fungal communities differed significantly across disturbance levels (Figure 5). In bacterial networks, with increasing disturbance duration, the proportion of positive correlations decreased from 88.76% (CK) to 68.27% (LD), while negative correlations increased from 11.24% to 31.13%. In contrast, fungal networks exhibited a fluctuating pattern: the proportion of positive correlations decreased from 92.67% in CK to 77.08% in SD but increased to 89.17% in LD. In all treatments, bacterial and fungal networks were predominantly composed of positive correlations. Additionally, the numbers of nodes, edges, average degree, and graph density for both bacterial and fungal communities were highest in SD compared with CK and LD. Conversely, average path length was lowest in SD (Table 2).




3.4. Relationship Between Soil Microbial Communities and Soil Physicochemical Properties


Significant correlations were identified between soil physicochemical factors and microbial diversity, as well as dominant phyla abundances. The results of correlation analysis between environmental factors and bacterial and fungal diversity showed that bacterial richness and Shannon index correlated positively with soil clay content and pH but negatively with soil SWC, SOC, TN, and TP. In contrast, fungal communities showed inverse relationships (p < 0.05) (Table 3). Proteobacteria, Acidobacteriota, and Actinobacteriota showed significant positive correlations with soil clay content. Additionally, Proteobacteria and Actinobacteriota were positively associated with soil pH, whereas Proteobacteria and Acidobacteriota were negatively correlated with soil SWC, TN, and TP. Meanwhile, Bacteroidota was positively associated with SWC and TN and negatively associated with clay content (p < 0.01). In the fungal community, Asomycota was significantly positively correlated with soil pH and negatively correlated with sand content. Basidiomycota was significantly negatively correlated with soil clay content and pH but significantly positively correlated with soil SWC, SOC, TN, and TP. Mortierellomycota was significantly negatively correlated with soil silt content, SWC, TN, and TP (p < 0.001) and positively correlated with clay content (p < 0.05) (Figure 6).





4. Discussion


4.1. Changes in Soil Physicochemical Properties Due to Pipeline Engineering Disturbance


This study found that CRCOP engineering disturbances significantly decreased SWC, SOC, TN, and TP while significantly increasing clay content and pH (p < 0.05). These findings are consistent with the general ecological impacts of linear engineering disturbances but reflect distinct mechanisms under permafrost conditions [35,36]. Pipeline engineering disturbances affect soil structure and nutrient cycling through multiple pathways [17]. The undisturbed area was dominated by Larix gmelinii, with dense vegetation cover and abundant litter input contributing to the formation of a thick humus layer and promoting soil organic matter accumulation. Litter decomposition improves soil physical properties by increasing porosity, reducing bulk density, and enhancing water retention [37,38]. By contrast, pipeline construction imposed multiple disturbances on soil physical and chemical properties. First, vegetation removal reduced evapotranspiration buffering and increases direct solar exposure, which accelerated surface evaporation and led to a significant decline in SWC [38]. Second, the absence of proper stratified excavation, storage, and backfilling of topsoil and subsoil during pipeline construction resulted in the mixing of organic-rich surface horizons with nutrient-poor mineral layers. This process diluted surface nutrient concentration and exposed previously protected organic matter to oxygen, thereby enhancing microbial decomposition and accelerating the loss of SOC, TN, and TP [17,19,36]. In addition to these effects, soil compaction caused by heavy machinery, along with the residual presence of alkaline construction materials such as cement, contributed to decreased soil porosity and increased pH [39,40]. These results are consistent with earlier studies reporting increased pH and reduced organic matter in pipeline-affected soils [38,40,41,42].



This study also found no significant differences in soil physicochemical properties between SD (4 years of disturbance) and LD (11 years of disturbance) sites (p > 0.05). This implies that, following disturbance, soil systems in permafrost region may rapidly shift to a new physicochemical equilibrium within four years, without clear evidence of recovery even after more than a decade. These findings differ from those of Shi et al. [43], who reported that soil physicochemical properties recovered within 6 years after the pipeline construction was completed. The results presented here indicate that pipeline infrastructure may exert persistent thermal and structural effects on soil carbon dynamics in permafrost regions. Therefore, the ecological consequences of such disturbances likely extend well beyond the immediate physical impacts of construction, underscoring the need for long-term monitoring and sustained research efforts.




4.2. Microbial Community Responses and Underlying Mechanisms


Engineering construction substantially alters soil nutrient conditions, reshaping the original soil microenvironment and leading to changes in the composition and diversity of the soil microbial community [44]. Previous studies have generally reported that engineering disturbances tend to reduce the diversity of both bacterial and fungal communities [23,45]. However, our results revealed a contrasting pattern under pipeline disturbance: bacterial diversity increased while fungal diversity declined. This divergence warrants a discussion of the underlying mechanisms. Correlation analysis indicated that bacterial diversity was significantly positively correlated with soil clay content and pH, consistently with findings by Terrat et al. [46]. Soil clay provides greater microbial habitat heterogeneity and nutrient retention capacity [47], while increased pH can reduce environmental stress, improve nutrient availability, and broaden the spectrum of suitable ecological niches [48]. Consequently, soils with higher clay and pH levels may foster a more diverse bacterial community. Conversely, bacterial diversity showed significant negative correlations with SWC, SOC, TN, and TP. This appears inconsistent with the general expectation that higher moisture and nutrient levels promote microbial diversity in stable ecosystems [49,50]. We propose that this discrepancy arises from the unique conditions characterizing the ‘disturbance-recovery’ stage following pipeline construction. The topsoil stripping and subsoil mixing during pipeline construction may inhibit the original dominant bacterial population [5,11], thus creating a vacant niche in the spatial and resource dimensions in the subsequent restoration stage, resulting in the destruction of the competitive balance. This niche release may promote the colonization and proliferation of subordinate or exogenous opportunistic bacteria previously inhibited by dominant populations, thereby driving the observed increase in bacterial diversity. This disturbance-mediated niche release effect aligns with findings by Zhao et al. [51], who reported significant increases in bacterial α-diversity during ecological restoration. In contrast, fungal diversity exhibited positive correlations with SWC, SOC, TN, and TP and negative correlations with clay content and pH. These associations are consistent with prior research on environmental determinants of fungal communities [52,53,54]. Given that pipeline disturbance significantly reduced SWC and nutrient levels (SOC, TN, TP) while increasing clay content and pH, the observed decline in fungal diversity likely reflected nutrient limitation and altered habitat suitability for many fungal taxa. From an ecosystem stability perspective, the increased bacterial diversity may enhance system resilience and adaptability to environmental fluctuations [55]. However, the concurrent decline in fungal diversity could weaken key aspects of ecological stability, particularly by impairing the pathways and efficiency of organic matter decomposition and nutrient cycling, processes where fungi play pivotal roles [56]. Therefore, although pipeline disturbance may transiently elevate bacterial diversity through niche release mechanisms, the overall functional stability of the soil microbial community is likely compromised due to the significant loss of fungal diversity and its associated functions.



The results of this study show that the relative abundances of the dominant bacterial and fungal phyla in the soil shifted following pipeline engineering disturbance. In the bacterial community, the relative abundances of Proteobacteria, Acidobacteriota, and Actinobacteriota increased following pipeline engineering disturbance, whereas Bacteroidota decreased. These phyla responded differentially to environmental variables. Proteobacteria, Acidobacteriota, and Actinobacteriota showed significant positive correlation with soil clay content. Additionally, Proteobacteria and Actinobacteriota were positively associated with soil pH, whereas Proteobacteria and Acidobacteriota were negatively correlated with soil SWC, TN, and TP. These patterns are consistent with previous studies [32,57,58,59]. Proteobacteria and Actinobacteria are known for their high environmental adaptability, maintaining metabolic activity and proliferation under harsh conditions such as high temperatures and nutrient-poor environments. In contrast, Acidobacteria are typically adapted to more acidic soils [60,61]. During crude oil pipeline construction and operation, the thermal diffusion from crude oil transport can raise surrounding soil temperatures, concurrently increasing clay content and pH while reducing SWC and nutrient availability. These conditions may select for phyla such as Proteobacteria, Acidobacteriota, and Actinobacteriota, which exhibit physiological plasticity and stress tolerance, leading to their increased relative abundances [17]. Conversely, Bacteroidota was significantly positively correlated with SWC and TN, which aligns with findings from Zhao et al. [62], who reported similar relationships in rhizosphere soils of wild morels. The decline in water and nutrient content following disturbance likely contributed to the reduction in Bacteroidota, a group functionally associated with the degradation of complex organic substrates [63]. A decline in its abundance may inhibit organic matter decomposition, reduce nutrient availability for plants, and impair the efficiency of carbon and nitrogen cycling in the soil ecosystem. In the fungal community, Ascomycota replaced Basidiomycota as the dominant phylum following disturbance, accompanied by an increase in the relative abundance of Mortierellomycota. Ascomycota showed a significant positive correlation with soil pH, while Basidiomycota was more closely associated with soil moisture and organic carbon (SOC) and nutrient (TN and TP) content [64]. The increase in pH and decline in moisture and nutrients likely suppressed the functional capacity of Basidiomycota, particularly their ability to degrade complex compounds such as lignin [63], while favoring Ascomycota, which are efficient decomposers of labile carbon. These findings are consistent with those of Wang et al. [65], suggesting that pipeline-induced changes in soil chemistry can restructure fungal functional roles—accelerating labile carbon turnover while retarding lignin decomposition. This shift may extend the residence time of organic carbon in soil and reduce its conversion to inorganic forms. Furthermore, Mortierellomycota was negatively correlated with soil SWC, TN, and TP, consistently with the findings of Wu et al. [66], indicating that nutrient depletion and altered soil conditions from pipeline disturbance may have facilitated its proliferation under stress conditions. Collectively, these findings suggest that pipeline construction imposes a compound disturbance mechanism consisting of both physical mixing and chemical stress. This disturbance alters soil texture and chemical properties, thereby reshaping microbial ecological niches in permafrost soils.



This study reveals the dynamic effects of pipeline engineering disturbances on the complexity and stability of soil microbial co-occurrence networks. In the SD stage, bacterial and fungal networks exhibited significantly increased numbers of nodes and edges, higher average degree, greater graph density, and reduced average path length compared with CK, collectively indicating a more complex and tightly connected network structure. These changes suggest that, during the early stages of ecological recovery, microorganisms respond to environmental heterogeneity by intensifying interspecific interactions. Although positive correlations remained dominant, an increase in negative correlations indicated intensified competition. This pattern reflects the postdisturbance adjustment phase, where microbial communities are characterized by active colonization, competitive–symbiotic interactions, and high sensitivity to environmental changes [67], consistently with the findings of Shade et al. [68]. In the LD stage, the network complexity gradually converged toward that of CK, indicating that with the advancement of ecological succession, microorganisms tend to establish a simplified yet stable community structure through adaptive processes. This transition may indicate that the ecosystem is entering a metastable equilibrium state, characterized by reduced functional redundancy but enhanced resistance to external disturbances [69,70]. Notably, compared with the SD stage, the proportion of positive correlations in the fungal network increased during long-term disturbance LD, whereas it continued to decline in the bacterial network. This divergence indicates distinct recovery trajectories among microbial groups, suggesting that ecosystem restoration is not a simple, linear process and that different microbial taxa exhibit differential responses to prolonged disturbance. Overall, the elevated network complexity observed in the SD stage may support short-term functional stability via dense positive interactions but also implies greater structural vulnerability. In contrast, the reduced complexity observed in LD appears to enhance system robustness against secondary disturbances. These findings are consistent with the conclusions of Chen et al. [71], who proposed that while high network complexity may contribute to functional redundancy, moderate structural simplification can improve ecosystem resistance and promote long-term stability.




4.3. Implications for Ecological Restoration and Management in Permafrost Regions


This study reveals the multidimensional effects of engineering disturbances on the microbial communities of permafrost ecosystems and provides important insights into the mechanisms of ecosystem restoration in cold regions. Coordinated changes in soil physicochemical properties and microbial characteristics directly regulate nutrient cycling and carbon sequestration in permafrost ecosystems [72]. From the perspective of soil nutrient cycling, the synergistic interactions between soil physicochemical properties and microbial functional attributes are essential in maintaining nutrient balance [73]. In terms of soil structure restoration and stability, microbial diversity and stability play crucial roles in preserving soil structure, preventing erosion and degradation, and providing a favorable environment for plant root development [74]. During the SD stage, the highly complex microbial network increased ecosystem vulnerability, lowering resistance to external disturbances and elevating the risk of instability under continued perturbation. In contrast, the LD stage was characterized by a simpler but more stable microbial community structure. Nevertheless, full ecological function recovery may require an extended period, as it depends not only on structural stabilization but on the re-establishment of functional linkages among microbial taxa and the restoration of synergistic interactions with other ecosystem components (e.g., plants and soil abiotic properties) [75,76]. Pipeline-induced microbial shifts can significantly influence the long-term carbon sequestration capacity of permafrost ecosystems.



Despite the above findings, this study compared only the two time points of 4 years (SD) and 11 years (LD) after disturbance and lacked continuous monitoring data across longer time scales, so there was still a lack of sufficient understanding of the long-term ecological trajectory of microbial communities. In addition, the study did not involve depth analysis of the soil’s vertical profile, and the analysis of the comprehensive mechanisms of complex environmental variables such as permafrost warming was insufficient. Future research needs to include dynamic monitoring of longer time series, combined with multidimensional environmental variables such as soil vertical profile microbial distribution characteristics, frozen soil temperature field changes, and vegetation succession, to systematically analyze the long-term succession rules and key driving factors of microbial communities. This will deepen the understanding of the dynamics of microbial communities and their regulatory mechanisms under pipeline interference in the permafrost region of the Da Xing’anling Mountains and provide more solid scientific support for the assessment of ecosystem resilience in cold regions.



Based on this study and current ecological theory, several recommendations are proposed to guide ecological restoration in cold-region engineering projects: (1) implement stratified excavation and backfilling during pipeline construction to minimize soil compaction, preserve the vertical integrity of soil horizons, and reduce disruption to microbial habitats; (2) establish long-term, multidimensional monitoring systems following disturbance to evaluate recovery trajectories across microbial, physicochemical, and vegetation components, thereby enabling adaptive management; (3) identify and cultivate key functional microbial taxa with beneficial roles in nutrient cycling, organic matter decomposition, or stress tolerance, and consider their targeted reintroduction to accelerate soil microbial reassembly and ecosystem recovery; (4) construct synthetic microbial consortia with complementary ecological functions, promoting functional redundancy and cooperative interactions, to enhance soil multifunctionality, system resilience, and long-term stability under ongoing climatic and anthropogenic stress. Collectively, these strategies may provide a robust theoretical and operational framework for restoring permafrost-affected ecosystems disturbed by linear engineering infrastructure.





5. Conclusions


In summary, this study examined the impacts of the CRCOPs project on soil physicochemical properties and microbial community characteristics in the upper active layer (0–40 cm) of the permafrost region in the Da Xing’anling Mountains. The results indicated that pipeline engineering disturbances significantly increased bacterial diversity while decreasing fungal diversity. The pronounced shifts in the relative abundances of dominant microbial taxa were closely associated with variations in environmental factors. Notably, although there were no significant differences in soil properties and microbial diversity between the long-term disturbance (LD, in operation since 2011) and short-term disturbance (SD, in operation since 2018), the microbial community in the SD exhibited a more complex co-occurrence network. Moreover, the network structure in the LD gradually approached that of CK, highlighting the resilience and adaptive capacity of soil microbial communities in response to engineering disturbances. This dynamic reflects a two-phase microbial adaptation mechanism: initial functional compensation via network complexity (SD) followed by structural resilience through network simplification (LD). Through the synergistic effect of the soil physical and chemical screening–microbial strategy differentiation–community assembly process, pipeline engineering disturbance drives the microbial community in the active layer of frozen soil to a new steady state of “simplified function but stable structure”. The core mechanisms include niche release from microhabitats and the differential response of bacterial and fungal communities to the selection strategy of disturbance duration. This study comprehensively evaluated the ecological impact of pipeline engineering on soil microbial dynamics in permafrost environments. The findings offer critical baseline data for biodiversity conservation and ecological restoration planning in the Da Xing’anling permafrost region and contribute valuable insights for the sustainable management of infrastructure development in cold-region ecosystems.
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Figure 1. Geographical location (A) and plot setting (B) map of the study area. 
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Figure 2. Changes in α-diversity of bacteria (A,C) and fungi (B,D) under different pipeline disturbance conditions. Different lowercase letters indicate significant differences (p < 0.05). CK: control; SD: short-term disturbance; LD: long-term disturbance. 
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Figure 3. NMDS analysis of bacterial (A) and fungal (B) communities under different pipeline engineering disturbances. Stress represents the stress value; p denotes significance; R2 indicates explanatory power. CK: control; SD: short-term disturbance; LD: long-term disturbance. 
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Figure 4. Composition of bacterial (A) and fungal (B) communities at the phylum level under different pipeline engineering disturbance conditions. CK: control; SD: short-term disturbance; LD: long-term disturbance. 
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Figure 5. Co-occurrence networks of bacterial (A–C) and fungal (D–F) communities under pipeline engineering disturbance. CK: control; SD: short-term disturbance; LD: long-term disturbance. 
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Figure 6. Correlation analysis between relative abundances of major bacterial and fungal communities at the phylum level and soil physicochemical properties. *, p < 0.05; **, p < 0.01; ***, p < 0.001. r is the correlation coefficient. 
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Table 1. Differences in soil physicochemical properties under different pipeline disturbance conditions.
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	Soil Property
	CK
	SD
	LD





	clay (%)
	3.39 ± 0.45 b
	7.44 ± 0.41 a
	7.65 ± 0.39 a



	silt (%)
	59.26 ± 1.99 a
	57.99 ± 1.03 a
	55.65 ± 1.56 a



	sand (%)
	37.34 ± 2.38 a
	34.56 ± 1.11 a
	36.71 ± 1.57 a



	SWC (%)
	405.65 ± 26.9 a
	60.61 ± 16.33 b
	85 ± 21.16 b



	pH
	4.16 ± 0. 04 b
	4.71 ± 0.03 a
	4.62 ± 0.03 a



	SOC (g kg−1)
	356.74 ± 18.67 a
	131.57 ± 18.15 b
	105.59 ± 14.32 b



	TN (g kg−1)
	19.47 ± 1.01 a
	7.63 ± 0.97 b
	6.33 ± 0.82 b



	TP (g kg−1)
	1.49 ± 0.06 a
	0.95 ± 0.05 b
	0.92 ± 0.04 b







Note: The data in the table are means ± standard deviation, and different lowercase indicate significant differences (p < 0.05). CK: control; SD: short-term disturbance; LD: long-term disturbance.













 





Table 2. Topological properties of bacterial and fungal co-occurrence networks under pipeline engineering disturbance.






Table 2. Topological properties of bacterial and fungal co-occurrence networks under pipeline engineering disturbance.





	
Topological Properties

	
Bacteria

	
Fungi




	
CK

	
SD

	
LD

	
CK

	
SD

	
LD






	
Positive ratio

	
88.76%

	
78.46%

	
68.27%

	
92.67%

	
77.08%

	
89.17%




	
Negative ratio

	
11.24%

	
21.54%

	
31.13%

	
7.33%

	
22.92%

	
10.83%




	
Nodes

	
141

	
159

	
140

	
142

	
127

	
125




	
Edges

	
356

	
1639

	
312

	
232

	
253

	
240




	
Average degree

	
5.05

	
20.62

	
4.46

	
3.27

	
3.99

	
3.84




	
Graph density

	
0.036

	
0.13

	
0.032

	
0.023

	
0.032

	
0.031




	
Average path length

	
4.35

	
3.07

	
4.09

	
5.43

	
4.27

	
4.69








Note: CK: control; SD: short-term disturbance; LD: long-term disturbance.













 





Table 3. Correlations between α-diversity of soil bacterial and fungal communities and soil physicochemical properties.






Table 3. Correlations between α-diversity of soil bacterial and fungal communities and soil physicochemical properties.





	
Soil Property

	
Bacteria

	
Fungi




	
Richness

	
Shannon Index

	
Richness

	
Shannon Index






	
clay

	
0.58 **

	
0.51 **

	
−0.44 **

	
−0.61 **




	
silt

	
−0.11

	
−0.11

	
0.14

	
0.12




	
sand

	
−0.09

	
0.06

	
0.01

	
0.04




	
SWC

	
−0.66 **

	
−0.59 **

	
0.49 **

	
0.67 **




	
pH

	
0.70 **

	
0.68 **

	
−0.49 **

	
−0.49 **




	
SOC

	
−0.69 **

	
−0.62 **

	
0.46 **

	
0.65 **




	
TN

	
−0. 66 **

	
−0.58 **

	
0.46 **

	
0.65 **




	
TP

	
−0.54 **

	
−0.42 **

	
0.54 **

	
0.70 **








Note: **, p < 0.05.
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