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Sediment bacterial biogeography across reservoirs in the Hanjiang river basin, southern China: the predominant influence of eutrophication-induced carbon enrichment












	
	ORIGINAL RESEARCH
published: 28 March 2025
doi: 10.3389/fmicb.2025.1554914






[image: image2]

Sediment bacterial biogeography across reservoirs in the Hanjiang river basin, southern China: the predominant influence of eutrophication-induced carbon enrichment

Haokun Yang1, Xueling Xiong1, Yiping Tai1, Li-Juan Xiao1, Dan He2, Liqin Wu3, Lijun Zhou4, Lijuan Ren1*, Qinglong L. Wu2,4 and Bo-Ping Han1


1Department of Ecology and Institute of Hydrobiology, Jinan University, Guangzhou, China

2Center for Evolution and Conservation Biology, Southern Marine Sciences and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China

3School of Environmental Science and Engineering, Guangzhou University, Guangzhou, Guangdong, China

4State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, Nanjing, China

Edited by
Jin Zhou, Tsinghua University, China

Reviewed by
Wangkai Fang, Hohai University, China
 Linbin Zhou, Chinese Academy of Sciences (CAS), China
 Xiaohui Zhao, Xi'an University of Technology, China
 Wang Tian, North China Electric Power University, China

*Correspondence
 Lijuan Ren, lijuanren@jnu.edu.cn

Received 03 January 2025
 Accepted 10 March 2025
 Published 28 March 2025

Citation
 Yang H, Xiong X, Tai Y, Xiao L-J, He D, Wu L, Zhou L, Ren L, Wu QL and Han B-P (2025) Sediment bacterial biogeography across reservoirs in the Hanjiang river basin, southern China: the predominant influence of eutrophication-induced carbon enrichment. Front. Microbiol. 16:1554914. doi: 10.3389/fmicb.2025.1554914



A fundamental goal of reservoir ecosystem management is to understand bacterial biogeographic patterns and the mechanisms shaping them at a regional scale. However, little is known about how eutrophication, a major water quality challenge in reservoirs, influences sediment bacterial biogeographic patterns in subtropical regions. In this study, sediment bacterial communities were sampled from 21 subtropical reservoirs in the Hanjiang river basin, southern China, and spanning trophic states from oligotrophic to eutrophic. Our findings demonstrated that eutrophication-driven changes in total carbon (TC) significantly shaped the regional biogeographic patterns of sediment bacterial communities, weakening the “distance-decay” relationships that typically link bacterial community similarity to geographical distance. TC content exceeding a threshold of 13.2 g·kg−1 resulted in substantial shifts in bacterial community structure. Specifically, high TC levels promoted the dominance of copiotrophic bacteria such as Syntrophales (Deltaproteobacteria), Clostridiaceae (Firmicutes), and VadinHA17 (Bacteroidetes), while oligotrophic taxa like Anaerolineaceae (Chloroflexi) and Nitrospirota were prevalent in low TC sediments. Additionally, higher TC content was associated with increased regional heterogeneity in bacterial community composition. Reservoirs with elevated TC levels exhibited more complex bacterial interaction networks, characterized by stronger niche segregation and higher competition compared to low TC networks. Overall, these findings underscore the pivotal role of sediment TC in shaping bacterial biogeography at a regional scale. They provide valuable insights for predicting ecosystem responses to eutrophication and offer guidance for mitigating the impacts of anthropogenic activities on freshwater ecosystems.
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1 Introduction

Understanding biogeography and the underlying mechanisms are fundamental objectives of freshwater ecology (Abell et al., 2008; Xu et al., 2020; Amend et al., 2022). Unlike natural freshwater ecosystems, such as lakes and rivers, reservoirs are artificial systems formed by damming rivers or valleys (Nilsson and Berggren, 2000). They serve multiple purposes, supporting both economic and ecological development through water storage and supply, flood control, agricultural irrigation, hydroelectric power generation, and climate regulation (Reitter et al., 2021). The biogeographic patterns observed in reservoirs arise from a dynamic interplay between deterministic and stochastic factors, including environmental filtering, random dispersal events, and geographic isolation (Gittins et al., 2023). While spatial proximity often correlates with microbial community similarity due to shared environmental conditions and historical contingencies (Liu et al., 2015; Gittins et al., 2023), anthropogenic inputs of nitrogen (N) and phosphorus (P) have triggered widespread eutrophication in aquatic systems (Smith, 2003; Smith and Schindler, 2009; Yang et al., 2012). This nutrient enrichment has led to divergent trophic states ranging from oligotrophic to hypereutrophic among neighboring reservoirs. Consequently, shifts in microbial community structure driven by trophic state gradients increasingly supersede geographic distance as the dominant driver of biogeographic variation (Liu et al., 2019; Tang et al., 2019).

Eutrophication profoundly impacts the carbon cycle in reservoir ecosystems, driving the accumulation of total carbon (TC) in sediments (Smith and Schindler, 2009; Yang et al., 2012). Sediment bacterial communities respond quickly to TC deposition, making them valuable indicators of environmental change (Sun et al., 2012). These microbes play a crucial role in metabolic processes, breaking down complex organic polymers (e.g., cellulose and chitin) through extracellular enzymes (e.g., cellulases and chitinases), thereby releasing bioavailable carbon, nitrogen, and phosphorus into the water column. This process supports primary production and sustains higher trophic levels (Buchan et al., 2014; Sinsabaugh et al., 2014; Sun et al., 2012; Wang et al., 2020). Despite growing awareness of eutrophication's influence on bacterial communities, critical knowledge gaps persist regarding how eutrophication-driven TC accumulation shapes bacterial biogeography across different trophic states and reservoir types. Specifically, the effects of TC variation on bacterial diversity, ecological interactions, and network structure in reservoirs with varying nutrient conditions remain poorly understood. Additionally, while TC enrichment is known to influence bacterial metabolic strategies, its role in shifting the balance between deterministic and stochastic processes in bacterial community assembly has yet to be fully explored. Addressing these gaps is essential for advancing our understanding of bacterial ecology in eutrophic aquatic systems and informing effective reservoir management strategies in response to increasing nutrient inputs at a regional scale (Yang et al., 2021).

The diversity of bacteria in reservoir sediments is closely linked to the amount of total organic carbon present (Filippini et al., 2019; Thomas et al., 2020). Variations in total organic carbon deposition can also influence bacterial ecological interactions in sediments (Säwström et al., 2016). Since eutrophication-driven organic carbon accumulation directly contributes to total carbon levels, variations in total carbon serve as an indicator of both anthropogenic nutrient inputs and their ecological consequences. For example, increased nitrogen and phosphorus concentrations can promote heterotrophic bacteria that metabolize labile carbon substrates (e.g., Flavobacterium and Bacteroidetes), while suppressing oligotrophic taxa (e.g., Acidobacteria) that thrive in low-nutrient conditions (Newton et al., 2011; Liu et al., 2019). Variations in total carbon deposition can also influence bacterial correlation patterns and ecological interactions in sediments (Säwström et al., 2016). Bacterial communities display intricate correlation patterns, indicative of complex ecological interactions and connectivity within the community (Faust and Raes, 2012; Zhang et al., 2018; Wang et al., 2023; Yu et al., 2023). Metabolic cross-feeding, where byproducts of one taxon (e.g., fermentation-derived acetate) serve as substrates for others (e.g., sulfate-reducing Desulfobacter), further drives these interactions (D'Souza et al., 2018). Some bacterial taxa co-occur due to their shared ability to metabolize specific carbon compounds, while others partition carbon resources to minimize competition (Liu et al., 2019; Tang et al., 2019). The correlation relationships can be visualized as networks, where bacterial taxa are represented as “nodes,” and their interactions as “links,” revealing clusters of co-occurred taxa responding to environmental carbon changes (PrŽulj and Malod-Dognin, 2016; Layeghifard et al., 2017; Liu et al., 2021; Wallenius et al., 2021). However, the ways in which eutrophication influences the correlation patterns and network modules of sediment bacterial communities at a regional scale remain poorly understood.

Additionally, eutrophication-driven changes may modify the balance between deterministic and stochastic processes underlying bacterial biogeography (Stegen et al., 2012; Pearson et al., 2018; Huber et al., 2020). Changes in sediment nutrient conditions may drive convergence or divergence in bacterial community compositions at a regional scale, depending on their local community assembly processes (Zeng et al., 2019; Zuo et al., 2024). Deterministic processes suggest that bacterial biogeography is driven by environmental heterogeneity or ecological interactions (Zhou and Ning, 2017). In contrast, stochastic processes assume that all bacterial taxa are ecologically and functionally equivalent, and their distributions are independent of environmental conditions (Stegen et al., 2012; Chen et al., 2019). Stochastic processes, such as random dispersal and ecological drift, can facilitate the establishment of rare bacterial taxa, contribute to community heterogeneity, and alter bacterial biogeography at regional scales (Wang et al., 2024). Anthropogenic activities such as dam construction impact reservoir ecosystems by forming dispersal barriers, isolating reservoirs with diverse hydrological and geographical conditions (Zarri et al., 2022). These dispersal barriers interact with eutrophication-driven carbon changes, potentially preventing homogenization of bacterial communities across reservoirs and increasing the role of both local environmental filtering and regional dispersal limitation in bacterial assembly (Chase and Ryberg, 2004; Chen et al., 2019; Huber et al., 2020; Pinto et al., 2021). Despite the ecological importance of community assembly processes, the relative contributions of deterministic and stochastic factors in shaping bacterial biogeography remain insufficiently understood, especially in subtropical reservoirs.

This study investigated sediment bacterial biogeography and its underlying mechanisms in subtropical reservoirs of the Hanjiang river basin, southern China. These reservoirs, heavily influenced by anthropogenic nutrient inputs, present a valuable yet underexplored context for understanding sediment bacterial biogeography and their responses to eutrophication (Han and Dumont, 2011; Liu et al., 2019; Nyirabuhoro et al., 2020). We hypothesized that: (1) eutrophication-induced carbon changes in geographically proximate reservoirs might disrupt the expected similarity of bacterial community compositions due to geographic proximity, and reshape bacterial biogeographic patterns on a broader regional scale; and (2) the relative contributions of deterministic vs. stochastic processes in shaping bacterial correlation patterns and biogeography varied with changes in trophic states. Our findings may offer critical insights into the biogeographic patterns of sediment bacterial communities under eutrophication, informing strategies for effective reservoir management and conservation as nutrient loads continue to rise regionally.



2 Materials and methods


2.1 Sample collection

From November 2019 to January 2020, a total of 63 sediment samples were collected from 21 reservoirs in the Hanjiang river basin in Guangdong Province, China (E 115°13′-117°09′, N 23°17′-26°05′; Figure 1). The Hanjiang river basin, covering an area of 3.01 × 104 km2, is the second-largest watershed in Guangdong Province. The study included 21 reservoirs, comprising three large reservoirs and 18 medium-sized ones. To ensure broad geographic coverage and minimize potential bias, the sampling sites were selected to encompass reservoirs with varying nutrient levels, land use impacts, and hydro-morphological characteristics. Within each reservoir, three sediment samples were collected from the central zone, ~10 m apart. This area was chosen to provide a more stable and representative record of sediment deposition, as it is less affected by localized disturbances such as shoreline erosion and inflow fluctuations compared to nearshore regions.
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FIGURE 1
 Location of sampling sites in 21 reservoirs in the Hanjiang river basin, southern China. CT, Changtan reservoir; DB, Duobao reservoir; DFH, Dongfanghong reservoir; FH, Fenghuang reservoir; FS, Fushi reservoir; FX, Fengxi reservoir; GS, Gangshan reservoir; GT, Guitian reservoir; HS, Heshui reservoir; HSY, Heshanyan reservoir; HT, Huangtian reservoir; HZP, Huangzhuping reservoir; MHT, Mianhuatan reservoir; MX, Meixi reservoir; PX, Pengxi reservoir; QLS, Qingliangshan reservoir; QX, Qingxi reservoir; SB, Shibi reservoir; WG, Wengong reservoir; YQ, Yanqian reservoir; YT, Yitang reservoir.


The Hanjiang river basin has a subtropical climate, with annual precipitation ranging from 1,500 to 2,000 mm, which varies across the basin. Most reservoirs in the region function as rain catchments, exhibiting strong directional water flow, and being heavily influenced by anthropogenic activities, such as agricultural runoff, industrial pollution, and urban development (Lin and Han, 2001). These factors play a critical role in shaping water quality and nutrient dynamics in the reservoirs. Sampling was conducted during the dry season (November 2019–January 2020) to minimize the effects of seasonal hydrological fluctuations, such as heavy rainfall and flooding, which could alter sediment composition and microbial community structure. This period was chosen to provide a more stable representation of long-term organic matter accumulation and nutrient deposition rather than transient seasonal variations. Sediment cores were vertically collected from the central zone of each reservoir using a Uwitec columnar sediment sampler (PVC tube: 60 cm length, 6 cm diameter), targeting a depth of 10–30 cm. This depth range was chosen to minimize the influence of surface disturbances and seasonal variability, providing a historical snapshot of organic matter deposition and microbial community structure (Nelson and Sommers, 1982; Wan et al., 2017). Water depths in the reservoirs ranged from 5 to 50 m. Each sediment sample was carefully cleaned of extraneous matter, thoroughly homogenized, sealed in 50 ml sterilized polyethylene tubes, and placed in a cooling box for transport. Samples were then stored at −80°C in the laboratory for subsequent DNA extraction and analysis.



2.2 Physicochemical characterization analyses

To analyze the main physicochemical properties of the sediment samples, sediments were placed in Petri dishes and frozen at −30°C for 24 h. The samples were then freeze-dried for 48 h, ground using an onyx mortar, and sieved through a 100-mesh sieve. The sediment mass before and after drying was recorded, and sediment-water content (SWC) was calculated using the drying constant weight method.

Sediment total nitrogen (TN) and total phosphorus (TP) were determined using the persulfate digestion method (De Borba et al., 2014). Sediment total carbon (TC), total hydrogen (TH), and total sulfur (TS) were measured with an elemental analyzer (EA2400II, PE Inc., USA). The dissolved magnesium (Mg2+), calcium (Ca2+), iron (Fe3+), copper (Cu2+), and manganese (Mn2+) in the sediments were analyzed using graphite furnace atomic absorption spectrophotometry. Additionally, the water environmental properties of the studied reservoirs were assessed. Water depth was measured on-site using a depth sounder. Water transparency (SD) was measured on-site using a Secchi disk, while nutrient analyses for total nitrogen (TN), total phosphorus (TP), and chlorophyll a (Chla) in the water were conducted following standard methods for water quality monitoring (Greenberg et al., 1988). The trophic status index (TSI) for each reservoir was calculated based on the concentrations of water TP, TN, Chla, and SD (Carlson, 1977).



2.3 DNA extraction, PCR amplification, and sequencing

Genomic DNA was extracted from the samples using a DNA extraction kit (MoBio Laboratories, Carlsbad, CA, USA) and purified with a DNA purification kit from the same manufacturer. The purified DNA served as the template for PCR amplification. Specific primers with barcodes and high-fidelity enzymes were selected for amplification. The V4 region (~291 bp) of the bacterial 16S rRNA gene was amplified using the universal primers F515 (5′-GTGCCAGCMGCCGCGG-3′) and R806 (5′-TAATCTWTGGGVHCATCAG-3′). The PCR reaction mixture consisted of 25 μl of 2 × PCR Premix Taq, 10 mM primers, 60 ng of genomic DNA, and 20 μl of nuclease-free water. The PCR cycling conditions were as follows: initial denaturation at 94°C for 5 min; 30 cycles of 94°C for 30 s (denaturation), 52°C for 30 s (annealing), and 72°C for 30 s (extension); followed by a final extension at 72°C for 10 min. The amplified products were combined in equal mass, thoroughly mixed, and verified by agarose gel electrophoresis. The target bands were extracted using a Qiagen Gel Recovery Kit. Library preparation was performed using the TruSeq® DNA PCR-Free Sample Preparation Kit following the standard protocol, and the finalized library was sequenced on the Illumina HiSeq 2500 platform.



2.4 Data analyses

Using the barcodes and PCR amplification primer sequences, we performed the split_libraries_fastqc.py script in QIIME (v1.9.1) to demultiplex the raw reads for each sample. Sequence trimming was performed using Trimmomatic (v0.36), with the base quality threshold set to 20 for both ends of the reads (Bolger et al., 2014). FastQC was utilized to visualize the quality of the filtered reads. Paired-end reads were merged using the Vsearch plugin in QIIME2, and redundant sequences were dereplicated to generate representative sequences. Sequences were clustered into operational taxonomic units (OTUs) at 97% similarity using the cluster-features-de-novo method (Edgar, 2013). The OTU table and representative sequences were compared with the species database via Vsearch, and chimeric sequences were removed to obtain the final valid data set. Taxonomic annotation was performed using Mothur (v1.45.0) by aligning sequences against the SILVA SSU rRNA database (release 138) at the recommended bootstrap threshold of 80% (Quast et al., 2012). All sequences identified as chloroplasts and mitochondria were removed before downstream analyses. Representative sequences were aligned with MAFFT (v7.463), and maximum likelihood estimation (MLE) was applied to construct phylogenetic trees using FastTree (v2.1.10). For downstream analysis, the “phyloseq” package in R was used to normalize the data for subsequent analyses.



2.5 Construction of correlation networks and detection of keystones

Correlation networks were constructed to explore the relationships in complex bacterial communities under different sediment carbon levels (Meziti et al., 2016). The top 1,000 most abundant OTUs, present in more than half of the samples, were selected for correlation network analysis. In a correlation network, nodes represent different OTUs, while edges denote strong correlations between OTUs (|R| > 0.7, p < 0.05). The p-values were adjusted using the Benjamini–Hochberg false discovery rate (FDR) corrections. Edges with adjusted p-values below 0.05 and scores above the threshold determined by the random matrix theory (RMT) method were retained. Network topological properties, including average path distance, clustering coefficient, average degree, positive edge ratio, network centralization, density, heterogeneity, and connectivity as well as modularity, were calculated using the “igraph” package in R. To compare the stability of different networks, we calculated the robustness index, defined as the proportion of the remaining species in the network following node removal. The vulnerability of each node, measuring the relative contribution of the node to the global efficiency, was also estimated, and the maximal value of the nodes in a network was the network vulnerability (Yuan et al., 2021). The “ggClusterNet” package was used to calculate within-module connectivity (Zi) and among-module connectivity (Pi), with node classification thresholds set at Zi ≥ 2.5 and Pi ≥ 0.62. Finally, the network was visualized using Gephi (https://gephi.org/).



2.6 Statistical analyses

ArcGIS was used to visualize the sampling site distributions in the studied area. In the “vegan” package of R, we conducted the following analyses: (1) multiple α-diversity indices, including OTU richness, Shannon index, Simpson index, Pielou's evenness, Chao1, ACE, and Coverage, to evaluate bacterial community diversity across samples; (2) Non-metric Multidimensional Scaling (NMDS) to visualize bacterial community distributions based on both sampling sites and sediment total carbon (TC) levels; (3) Permutational Multivariate Analysis of Variance (PERMANOVA) to assess significant differences in bacterial community composition between different carbon groups (Anderson, 2014); (4) Principal Component Analysis (PCA) to explore the relationships among environmental variables. Prior to analysis, all environmental variables (sediment TC, TN, TP, SWC, TS, TH, Ca2+, Fe3+, Cu2+, Mn2+, Mg2+, water TSI, Chla, TN, and TP) were log-transformed) to reduce skewness and standardized using Z-score normalization (mean-centered and scaled to unit variance). PCA was performed using the “vegan” package in R, and the significance of principal components was assessed through permutation tests (999 iterations). (5) Canonical Correspondence Analysis (CCA) was applied to assess the relationship between bacterial community composition and sediment environmental variables. To mitigate the influence of dominant taxa, bacterial abundance data were Hellinger-transformed. Environmental variables were selected based on variance inflation factors (VIF < 10) and stepwise selection methods. The most influential abiotic nutrient variables (TP, TN, SWC, and TC) that significantly contributed to bacterial community variation were identified. The significance of the ordination was tested using ANOVA-like permutation tests (999 permutations); (6) Variance Partitioning Analysis (VPA) was performed to partition the variation in bacterial community data with respect to environmental factors (env: TC, TP, TN and SWC), metal ions (Metals: Ca2+, Mg2+, Fe3+, Cu2+, and Mn2+), and geographical parameters using adjusted R-squared in CCA. (7) We carried out mantel tests between transformed environmental variables with both taxonomic composition (Bray-Curtis's dissimilarity) and phylogenetic composition (UniFrac's dissimilarity); (8) We conducted multivariate regression tree (MRT) analysis to assess the significance of environmental variables in shaping bacterial community assembly. To prevent overfitting, pruning was applied using cross-validation, and the optimal tree size was selected by minimizing the relative error.

Threshold indicator taxa analysis (TITAN) was carried out to detect potential environmental threshold points driving community changes using the “TITAN2” package in R (Figary et al., 2022). The relative abundances of major bacterial lineages or clades within the top 30 OTUs were visualized along a total carbon gradient using the “pheatmap” package in R. Significant differences of bacterial dominant phyla were analyzed between different carbon groups by STAMP software (Parks and Beiko, 2010). The infer community assembly mechanisms by phylogenetic-bin-based null model analysis (iCAMP) was performed to explore community assembly mechanisms under different sediment carbon groups, by using the “iCAMP” package in R (Stegen et al., 2013; Ning et al., 2020).




3 Results


3.1 Physicochemical and nutrient characteristics of the reservoirs

The 21 reservoirs exhibited a wide range of trophic state indices (TSI), spanning from oligotrophic (32–39) to mesotrophic (41–49) and eutrophic (above 50). Increasing eutrophication typically leads to higher total carbon (TC) content in sediments. Strong correlations were observed among water TSI, sediment TC, and sediment TP (Spearman's rank correlation, r > 0.405, p < 0.01), underscoring the significant relationship between reservoir eutrophication and sediment carbon accumulation (Supplementary Table S1). These findings suggest that eutrophication is a major driver of TC dynamics in sediments. Reservoir eutrophication led to increased total carbon (TC) in the sediments, with TC content ranging from 2.73 to 28.53 g·kg−1 (Figure 2). Sediment TC was positively correlated with water TSI, water chlorophyll a (Chla), sediment total phosphorus (TP), sediment total hydrogen (TH), sediment total sulfur (TS), and sediment water content (SWC) (Spearman's rank correlation, r > 0.405; p < 0.01; Supplementary Table S1). Significant correlations were also observed among sediment metal ions, including Mg2+, Ca2+, Fe3+, Cu2+, and Mn2+ (p < 0.05). Principal Component Analysis (PCA) reduced the environmental variables to two principal components (PC1 and PC2), which explained 32.82% and 22.75% of the total variation, respectively (Supplementary Figure S1). The strong correlations were found among water TSI, sediment TC, and sediment TP (Spearman's rank correlation, r > 0.405; p < 0.01), highlighting the significant relationships between reservoir eutrophication and sediment total carbon content (Supplementary Table S1).
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FIGURE 2
 Heatmap displaying the changes in sediment and water environment parameters of the studied reservoirs in the Hanjiang river basin, southern China. The color scale for each environmental parameter varies between the minimum and maximum values. TC, sediment total carbon; SWC, sediment water content; TS, sediment total sulfur; TH, sediment total hydrogen; Ca2+, sediment calcium; Fe3+, sediment iron; Cu2+, sediment copper; Mn2+, sediment manganese; TP, sediment total phosphorus; TN, sediment total nitrogen; TSI, water trophic state index; Chla, water chlorophyll a. The locations and the full names of the studied reservoirs are given in Supplementary Table S2.




3.2 Bacterial diversity and community composition in the reservoir sediments

A total of 3,387,770 high-quality bacterial sequences were obtained from the sediments of the 21 reservoirs. After quality filtering, 24,715 OTUs were retained, with 97% classified at the phylum level. A total of 73 phyla were identified, with the most abundant being Proteobacteria (21.56%), Chloroflexi (20.58%), Acidobacteria (9.30%), Bacteroidetes (7.86%), Verrucomicrobia (4.58%), Firmicutes (3.98%), Planctomycetes (3.64%), Actinobacteria (3.07%), and Cyanobacteria (0.99%). The remaining phyla accounted for 24.44% of the total bacterial community (Supplementary Figure S2). The relative abundances of Bacteroidetes, Firmicutes, and Planctomycetota were particularly high in the DuoBao (DB) and Dongfanghong (DFH) reservoirs, which had elevated nutrient levels in the sediments. In contrast, Chloroflexi, Acidobacteria, and Nitrospirota were more prevalent in the low-nutrient sediments of reservoirs such as Gangshan (GS), Yanqian (YQ), and Yitang (YT; Supplementary Figure S2). Notably, the Pingxi Reservoir (PX) exhibited the highest bacterial α-diversity, while the Heshanyan Reservoir (HSY) had the lowest (Supplementary Table S2).



3.3 Linking sediment bacterial community compositions with the environmental properties

When relating the key sediment abiotic nutrient conditions (TP, TN, SWC, and TC), selected based on stepwise selection as the most influential variables, along with metals (Ca2+, Mn2+, Mg2+, Fe3+, and Cu2+) and geographical parameters, to bacterial community compositions (Supplementary Figure S3), we found that the variation in sediment bacterial compositions was uniquely explained by abiotic environmental variables (11.05%), metal compositions (1.98%), and geographical distances (1.39%) after accounting for shared effects among these factors. These results suggest that environmental factors related to sediment nutrient conditions exert a greater influence on bacterial community variation than metal composition and geographical distance. CCA-based ANOVA tests showed that the effects of these three sets of variables were all significant (p < 0.01). Among the measured environmental factors, TC showed the highest correlation with the bacterial community composition in reservoir sediments, followed by TP, TSI, and SWC as revealed by both canonical correspondence analyses (CCA, Supplementary Figure S3) and partial Mantel tests (Table 1). We further investigated the relationship between environmental factors and bacterial community composition. Significant correlations were found between multiple environmental factors (e.g., sediment TC, sediment TH, sediment TS, sediment TP, sediment TN, sediment SWC, water TSI, and water Chla) and the composition of bacterial phyla and subphyla (Figure 3A). Among them, the sediment TC showed a strong and significant correlation with the composition of several dominant bacterial phyla and subphyla, indicating that TC plays a key role in shaping the structure of sediment bacterial community. Additionally, we explored the relationships between TC and the relative abundance of the dominant phyla and subphyla (Figure 3A). Spearman's rank correlation analysis revealed a significant positive relationship between sediment TC and bacterial community composition, with sediment TC positively correlating with the relative abundance of Bacteroidetes, Firmicutes, Planctomycetota, and Deltaproteobacteria (r > 0.687, p < 0.01). Conversely, the relative abundance of Chloroflexi and Nitrospirota showed a significant negative correlation with TC (r < −0.776, p < 0.05; Figure 3B). At the sites with high TC, the major lineage or clades were affiliated from Syntrophales, Clostridiaceae, and Bacteroidetes_VadinHA17r, while Anearolineaceae dominated in low TC reservoirs (Supplementary Figure S4).


TABLE 1 Mantel test between transformed environmental variables and bacterial taxonomic composition (Bray-Curtis distance) and bacterial phylogenetic composition (UniFrac distance) based on Spearman's correlations.
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FIGURE 3
 Relationships among environmental factors and their correlations with the relative abundance of the dominant (sub) phyla of bacterial communities (A). The relative abundances of Bacteroidetes, Chloroflexi, Firmicutes, Nitrospirota, Planctomycetota, and Deltaproteobacteria along the TC gradient (B). The relative abundance of Chloroflexi and Nitrospirota decreases linearly with increasing TC content, whereas Bacteroidetes, Firmicutes, Planctomycetota, and Deltaproteobacteria show positive correlations with TC content. TC, sediment total carbon; SWC, sediment water content; TS, sediment total sulfur; TH, sediment total hydrogen; Ca2+, sediment calcium; Fe3+, sediment iron; Cu2+, sediment copper; Mn2+, sediment manganese; TP, sediment total phosphorus; TN, sediment total nitrogen; TSI, water trophic state index; Chla, water chlorophyll a.


We further evaluated the positive and negative niche thresholds for sediment bacteria in response to the changes of TC using TITAN. We observed that sediment bacteria had a TC threshold around 13.2 g·kg−1 (Figure 4A). This finding was further confirmed by the multiple regression tree (MRT) model with bacterial relative abundance as the response variable and environmental variables as the explanatory variables. Among the investigated environmental variables, the TC in the reservoir sediments caused divergences in the bacterial community structure, with a threshold of 13.2 g·kg−1 (Figure 4B).
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FIGURE 4
 Threshold indicator taxon analysis of sediment bacterial communities in responses to TC content (A). Red and blue symbols and areas indicate the magnitude of the summed z scores of increasing (z+) or decreasing (z–) taxa with an increasing TC content. The peak indicates the points where the sediment bacterial community structure gets large change along the total carbon gradient (the TC at the Z+ peak is approximately 13.2 g·kg−1). Multiple regression tree (MRT) with bacterial community composition as the response variable and environmental factors as the explanatory variables [(B), n = 63].




3.4 Beta diversity patterns and community assembly processes of sediment bacteria in reservoirs of the Hanjiang river basin

Non-metric Multidimensional Scaling (NMDS) analysis revealed that the spatial distributions of sediment bacterial communities in the reservoirs of the Hanjiang river basin did not follow clear geographical patterns (Figure 5A). Instead, they were grouped based on total carbon (TC) content into low-carbon (LC, TC < 13.2 g·kg−1) and high-carbon (HC, TC ≥ 13.2 g·kg−1) clusters (Figure 5B). PERMANOVA results confirmed significant differences in bacterial community structure between reservoirs with high and low TC content (F = 5.567, p < 0.001), indicating that eutrophication-driven carbon enrichment is a major factor shaping microbial biogeography (Figure 5B). The “distance-decay” relationship, which describes the correlation between bacterial community similarity and geographical distance, were notably weak (Mantel test, R2 = 0.008, p < 0.01; Figure 5C). However, beta diversity of sediment bacteria differed significantly between the LC and HC groups, with HC reservoir sediments exhibiting greater beta diversity (permutation ANOVA, p < 0.05) (Figure 5D).
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FIGURE 5
 Non-metric Multidimensional Scaling (NMDS) shows sediment bacterial community structure arranging to sites (A) or to total carbon groups (B). LC, low carbon content (< 13.2 g·kg−1) and HC, high carbon content (≥ 13.2 g·kg−1). Differences in bacterial community composition with geographical distance (C) as well as the beta diversity of bacterial communities in different total carbon groups (D).




3.5 Ecological assembly processes of sediment bacterial communities in reservoirs of the Hanjiang river basin

The iCAMP analysis revealed that homogeneous selection played a dominant role in shaping bacterial community assembly in the reservoirs of the Hanjiang river basin. In high-carbon (HC) sediments, homogeneous selection accounted for 45.72% of the assembly processes, surpassing the contributions of drift (31.44%), and dispersal limitation (17.95%; Figure 6). Whereas, in low-carbon (LC) sediments, homogeneous selection remained the primary driver (48.51%), followed by drift (31.97%), and dispersal limitation (14.71%; Figure 6). Furthermore, the relative importance of homogeneous selection was lower in HC reservoirs compared to LC habitats (t-test, p < 0.05), highlighting the reduced influence of these processes in HC environments (Figures 6A, B).
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FIGURE 6
 Relative importance of bacterial community assembly processes across all reservoirs (A) and within reservoirs with high (HC) and low (LC) total carbon content (B).




3.6 Patterns of bacterial correlation in reservoirs of the Hanjiang river basin

The HC network comprised 390 nodes and 505 edges, indicating a more complex bacterial community with greater taxonomic diversity and interaction potential, likely driven by the abundance of labile organic carbon substrates in eutrophic sediments (Zhou et al., 2020; Liu et al., 2021). In contrast, the LC network contained 281 nodes and 356 edges, reflecting a simpler community structure under oligotrophic conditions (Figure 7, Table 2). The higher number of nodes and edges in the HC network suggests that eutrophic conditions promote bacterial interactions, likely due to the enhanced availability of organic matter that supports diverse bacterial niches. Both networks exhibited small-world characteristics, as indicated by clustering coefficients and characteristic path lengths that significantly differed from corresponding random networks. The HC network displayed a higher average degree and clustering coefficient, reflecting more frequent and tighter associations among bacterial taxa. This suggests that bacterial communities in eutrophic sediments may exhibit stronger niche differentiation and interspecific competition, favoring functionally specialized bacterial groups that thrive in nutrient-rich environments (Table 2). Additionally, positive correlations (edges) outnumbered negative correlations in both networks (Figure 7), suggesting that bacterial taxa in both HC and LC sediments predominantly engage in cooperative interactions, such as cross-feeding or syntrophy. However, the proportion of negative correlations was notably higher in the HC network (12.08%) compared to the LC network (1.97%), indicating intensified niche segregation and competition among copiotrophic taxa in carbon-rich environments. This reflects the greater functional redundancy within eutrophic sediments, where multiple taxa compete for similar resources.


[image: Figure 7]
FIGURE 7
 Correlation networks of the bacterial community in both high-carbon (A) and low-carbon (B) groups. The color of the nodes represents different modularity types. The within-module degree (Zi) and the participation coefficients (Pi) of each node can be used to identify their roles in high-carbon (C) and low-carbon (D) networks, respectively. The taxonomy of network nodes was showed at the phylum level (E). The color represents the sum of phylum relative abundance, while the degree represents the sum of the phylum degrees in the network.



TABLE 2 Topological properties of sediment bacterial correlation networks in high-carbon (HC) and low-carbon (LC) reservoirs.
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Furthermore, the modularity of the HC network (0.776) was lower than that of the LC network (0.834), suggesting that the bacterial communities in HC sediments are more interconnected, with less distinct ecological subgroups. This lower modularity may reflect a more dynamic bacterial community, with frequent shifts in dominant taxa in response to environmental fluctuations. Additionally, the robustness of the HC network (0.301) was lower than that of the LC network (0.358), indicating that the HC network is more susceptible to disruptions, likely due to the reliance of key taxa on eutrophic conditions. This is further supported by the vulnerability of the HC network (0.281), which was higher than that of the LC network (0.221), suggesting that bacterial communities in eutrophic sediments are more prone to structural collapse under perturbations, such as sudden changes in nutrient availability.

The Zi-Pi plots revealed that certain bacterial nodes functioned as keystone within the networks, acting as module hubs that connect nodes within a module (Figure 7). In the HC network, six keystone OTUs were identified, including two from Desulfobacterota (Desulfobacterota, OTU8 and OTU29263), one from Clostridiaceae (Firmicutes, OTU55), one from Sutterellaceae (Gammaproteobacteria, OTU416), and two from unclassified taxa. In contrast, the keystone OTUs in the LC network belonged to different taxa, including Anaerolineaceae (Chloroflexi, OTU278), Spirochaeta (Spirochaetota, OTU361), Candidatus Omnitrophus (Verrucomicrobiota, OTU813), and Nitrosomonadaceae (Gammaproteobacteria, OTU23756).




4 Discussion

Typically, geographically proximate reservoirs exhibit similar bacterial compositions due to shared geographic, hydrological, and climatic conditions, as well as common historical dispersal routes (Hanson et al., 2012; Liu et al., 2015; Viana et al., 2016; Gittins et al., 2023). However, the eutrophication-related nutrient changes of geographically proximate reservoirs may change bacterial biogeographic patterns at a regional scale (Tang et al., 2019; Amend et al., 2022). Our findings show that bacterial communities in geographically close reservoirs did not necessarily exhibit similar compositions. Instead, eutrophication-driven environmental selection, particularly related to total carbon levels, played a dominant role in shaping bacterial community structure. This influence was stronger than that of local environmental factors (e.g., temperature, salinity, and metal concentrations), random ecological events (e.g., drift), or geographic proximity (e.g., dispersal limitation or homogenizing dispersal).

At the regional scale, total carbon in sediments emerged as the key factor driving bacterial community patterns, reinforcing the idea that eutrophication-related environmental filtering plays a crucial role in microbial biogeography. This finding agrees with previous studies suggesting that bacterial community assembly in reservoirs is dominantly shaped by deterministic processes of some eutrophication-related environmental factors (Liu et al., 2019; Nyirabuhoro et al., 2020; Gittins et al., 2023). Total carbon in sediments may come mostly from phytoplankton, zooplankton, and bacteria (Nelson and Sommers, 1982; Yang et al., 2014). Our results showed that reservoirs with higher total carbon content also had higher trophic state index, chlorophyll a, total phosphorus, and total nitrogen, indicating that total carbon in reservoir sediments was significantly related to eutrophication (Li et al., 2020). The likely explanation is that reservoir eutrophication driven by anthropogenic activities resulted in the proliferation of algae, zooplankton, and heterotrophic microorganisms, leading to the storage of organic carbon on the sediment surface.

We further found that the total carbon content in reservoir sediments not only influenced the bacterial community compositions within individual reservoirs but also altered the regional biogeographic patterns of bacterial communities (Liu et al., 2019; Tang et al., 2019). The “distance-decay” relationship, which describes how bacterial community similarity declines with increasing geographic distance, is often used to assess ecosystem connectivity and microbial dispersal patterns. However, our study found that this relationship was weak, indicating that variations in total carbon, rather than geographic distance, were the primary factor influencing bacterial community composition across reservoirs. This suggests that eutrophication-driven TC enrichment disrupts the expected geographic structuring of microbial communities, reducing the strength of the typical “distance-decay” pattern. These differences in sediment total carbon extend local environmental factors, and shaped a broader-scale pattern of bacterial biogeography (Nyirabuhoro et al., 2020; Ren et al., 2023).

In our study, we found that total carbon (TC) content in reservoir sediments, driven by eutrophication, led to a distinct divergence in bacterial community structure, separating communities into high-carbon (HC) and low-carbon (LC) groups at a TC threshold of 13.2 g·kg−1. This threshold aligns with a significant shift in the trophic state index (TSI), transitioning from oligotrophic (32–39) to mesotrophic (41–49) and eutrophic conditions (above 50). Bacteroidetes and Firmicutes were significantly more abundant in HC sediments (TC > 13.2 g·kg−1; Wilcoxon test, p < 0.01), supporting their role in degrading labile organic matter under eutrophic conditions (Rasigraf et al., 2020; Chen et al., 2021). At the lineage or clade level, Syntrophales (Deltaproteobacteria), Clostridiaceae (Firmicutes), and VadinHA17 (Bacteroidetes) were particularly enriched in eutrophic, high-carbon environments (Tang et al., 2023; Liu et al., 2024). These taxa play complementary roles in the anaerobic carbon cycle of freshwater sediments, facilitating the efficient decomposition and recycling of organic matter (Coleman et al., 1993; Song et al., 2012). This process is a crucial step in the overall breakdown of organic material in HC sediments (Wan et al., 2017; Dong et al., 2022). Meanwhile, Chloroflexi, particularly Anaerolineaceae, exhibited a significantly higher relative abundance in LC sediments (TC < 13.2 g·kg−1; p < 0.05), indicating their adaptation to low-nutrient conditions and their ability to metabolize recalcitrant organic compounds (Hug et al., 2016). These findings align with previous studies demonstrating the functional divergence of microbial taxa in response to varying carbon availability (McNichol et al., 2024; Li et al., 2024). Meanwhile, certain taxa within Nitrospirota in LC sediments are capable of complete ammonia oxidation (comammox), directly converting ammonia to nitrate (Daims et al., 2015). This function is particularly important in nitrogen-limited environments, allowing Nitrospirota to thrive in nutrient-poor sediments and play a key role in sustaining the nitrogen cycle (Daims et al., 2015; Zhang et al., 2015). By integrating our findings with previous studies, we provide a broader ecological perspective on how sediment carbon and water TSI thresholds shape bacterial community compositions, contributing to a deeper understanding of bacterial responses to eutrophication in reservoir ecosystems (Filippini et al., 2019; Li et al., 2020, 2024). These insights underscore the importance of monitoring and managing sediment carbon levels to maintain balanced bacterial communities and ensure the health and stability of aquatic ecosystems (Lin and Han, 2001; Abell et al., 2008).

Both HC and LC reservoirs can exhibit regional heterogeneity in bacterial community compositions due to nutrient gradients, hydrodynamic variations, dispersal limitations, functional differentiation, and redox conditions (Huber et al., 2020; Li et al., 2020). However, in this study, we found that high carbon content in reservoir sediments increased regional heterogeneity in bacterial community compositions. This finding could be explained in several ways. First, that may be spatial heterogeneity in variations in carbon composition and quality across reservoirs. HC sediments provide diverse carbon substrates, including both labile and recalcitrant organic compounds, which promote niche differentiation among bacterial taxa (McNichol et al., 2024). For instance, copiotrophic bacteria (e.g., Bacteroidetes) dominate regions with labile organic matter. Oligotrophic bacteria (e.g., Chloroflexi) thrive in regions with more recalcitrant organic carbon (Li et al., 2024). Bacterial taxa specializing in different carbon substrates may dominate in localized reservoirs, leading to increased heterogeneity in community compositions at a regional scale (Landa et al., 2016). Second, the accumulation of total carbon in eutrophic sediments facilitates the formation of distinct redox gradients and microhabitats, supporting a broader range of bacterial taxa with varying oxygen and nutrient requirements (Li et al., 2020, 2024). For example, sulfate-reducing Deltaproteobacteria were significantly more abundant in HC reservoirs (p < 0.05), likely benefiting from localized anoxic conditions that develop as organic matter decomposes (Rasigraf et al., 2020). This spatial heterogeneity within sediments may explain the increased microbial community divergence observed in HC reservoirs at the regional scale. Third, that could be attributed to community assembly mechanisms which amplify regional variation (Viana et al., 2016; Huber et al., 2020). Regional-scale dispersal barriers (e.g., physical separation of reservoirs or isolated sediment patches) interact with local HC conditions, preventing homogenization of bacterial communities across reservoirs at a regional scale (Chase and Ryberg, 2004; Chen et al., 2019; Huber et al., 2020). Moreover, HC might diminish the environmental filtering effects of local conditions (e.g., TSI, TP, Chla, and SWC), leading to reduced homogeneity among bacterial taxa across different reservoirs (Zeng et al., 2019; Zuo et al., 2024). Our findings revealed that reservoirs with HC exhibited a reduced influence of homogeneous selection on sediment bacterial community assembly compared to LC habitats. Collectively, these three ways might lead to distinct bacterial assemblages in individual reservoirs, increasing the heterogeneity of bacterial community compositions at the regional scale.

Bacterial correlation networks offer valuable insights into how bacterial taxa coexist through niche differentiation or resource partitioning (Faust and Raes, 2012; He et al., 2021). In this study, we observed that the sediment bacterial correlation network in eutrophic reservoirs with high total carbon levels was more intricate, featuring a greater number of nodes and edges, compared to networks in low-carbon reservoirs. This observation aligns with ecological theories suggesting that resource enrichment, such as carbon input in eutrophic systems, can increase bacterial interaction complexity (Hernandez et al., 2021; Guo et al., 2023). However, it also highlights potential risks, such as reduced network stability or dominance of opportunistic taxa in highly nutrient-enriched environments (Goyal and Maslov, 2018; Mikhailov et al., 2019; Zeng et al., 2019). The HC network exhibits lower robustness and higher vulnerability, indicating that although eutrophication may promote complex interactions, such as mutualism, commensalism, or competition, it renders the bacterial network more fragile and prone to collapse under environmental perturbations (Widder et al., 2014; Fang et al., 2023). In our study, we found that the number of positive correlations (edges) exceeded that of negative correlations in both LC and HC bacterial networks; however, the proportion of negative correlations was higher in the HC network compared to the LC network. This suggests that mutualism or commensalism dominated in bacterial communities of both LC and HC reservoirs. But bacterial communities in HC reservoirs exhibited stronger competition and greater niche segregation compared to those in LC reservoirs. In eutrophic conditions, bacteria may adapt to utilize different niches or partition resources to coexist (Mougi and Kondoh, 2012; Morriën et al., 2017). This niche segregation fostered the coexistence of more taxa, further increasing network complexity (Hernandez et al., 2021). In addition, we found that sediment bacterial correlation networks in high total carbon reservoirs (eutrophic conditions) exhibited higher clustering characteristics, as evidenced by a greater average clustering coefficient, shorter harmonic geodesic distances, and lower modularity, compared to networks in low carbon reservoirs. Higher clustering networks in eutrophic systems might be more sensitive to environmental disturbances, as disruptions in key nodes or interactions can ripple through the network (Goyal and Maslov, 2018; Banerjee et al., 2019).

Keystone nodes, identified through network centrality metrics, play a disproportionately significant role in maintaining the stability and functionality of community networks and in preventing assemblage fragmentation (Faust and Raes, 2012). The keystone OTUs in high-carbon sediment networks were found mainly affiliated with Desulfobacterota, Clostridiaceae, and Sutterellaceae. These taxa act as metabolic hubs in high-carbon sediments (Wang et al., 2021; Ren et al., 2022; Yu et al., 2022; Yadav et al., 2024). They also produce carbon metabolites that are vital for supporting syntrophic interactions involved in methanogenesis, denitrification, and sulfate reduction (Zhang et al., 2010; Wang et al., 2022). In low-carbon sediments, the keystone OTUs belonged to Anaerolineaceae (related to OTU278) and Spirochaeta (related to OTU361), which sustained carbon metabolisms in sediments by breaking down recalcitrant organic carbon efficiently (Xie et al., 2021). This process provides them with energy to fix carbon dioxide via the Calvin cycle, contributing to primary production and supporting bacterial food webs in environments with low carbon availability (Dong et al., 2024). These findings underscore the significant influence of eutrophication-driven changes in total carbon on sediment bacterial correlation patterns, highlighting the interplay between external environmental changes and sediment bacterial interactions in shaping niche differentiation and resource partitioning within reservoirs.



5 Conclusion

Our results revealed that eutrophication-driven increases in total carbon (TC) profoundly altered the regional biogeographic patterns of sediment bacterial communities. These changes weakened the typical “distance-decay” relationships, where bacterial community similarity decreases with geographical distance. When TC concentrations exceeded a threshold of 13.2 g·kg−1, there were pronounced shifts in bacterial community structure. Moreover, higher TC content was linked to greater regional heterogeneity in bacterial community composition. Reservoirs with high TC levels exhibited more intricate microbial interaction networks, characterized by stronger niche segregation and higher competition compared to low TC networks.

These findings highlight the critical role of sediment TC in shaping microbial biogeography at a regional scale. More importantly, they provide valuable insights for the management of water quality and microbial community restoration in eutrophic freshwater ecosystems, particularly in subtropical reservoirs. Given that high TC levels can increase microbial network complexity but also reduce stability, targeted strategies should focus on maintaining a balance between nutrient enrichment and microbial resilience. Management efforts, such as reducing external carbon inputs from agricultural runoff and wastewater discharge, could help mitigate excessive network fragility and prevent functional losses in sediment microbial communities. Additionally, restoration approaches that promote keystone microbial taxa involved in carbon and nitrogen cycling could enhance ecosystem stability and improve water quality. By elucidating the ecological consequences of TC-driven eutrophication, our study offers a scientific basis for developing effective mitigation strategies that minimize anthropogenic impacts on freshwater ecosystems. Future research should further explore how dynamic nutrient management and microbial community interventions can enhance ecosystem resilience in the face of ongoing environmental change.
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nitrogen; TSI, water trophic state index; Chla, water chlorophyll a.
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