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Floodplains play essential roles in the ecological functions of regional environments. The merging and coalescence of bacterial communities in aquatic environments results in periodic patterns driven by regular hydrological activities, which may, in turn, influence ecological activities. However, the degree of bacterial community coalescence in the lateral and vertical directions as well as the underlying hydrological mechanism of floodplain ecosystems is poorly understood. Therefore, we investigated the spatiotemporal patterns and coalescence processes of planktonic and sedimentary bacterial communities during normal and high-water periods in a floodplain ecosystem of the Yellow River source region. We classified bacterial operational taxonomic units (OTUs) based on 16S rRNA gene sequencing, and quantified community coalescence by calculating the proportions of overlapping OTUs, the contributions of upstream sources to downstream sinks, and positive/negative cohesion. The results revealed major differences in the composition and diversity of planktonic and sedimentary bacterial communities. Bacterial community diversity in the high-water period was higher than in the normal period. Laterally, hydrological connectivity promoted the immigration and coalescence of bacterial communities to oxbow lakes in both the mainstream and tributaries, with the coalescence degree of planktonic bacteria (2.9%) higher than that of sedimentary bacteria (1.7%). Vertically, the coalescence degree of mainstream planktonic and sedimentary bacterial communities was highest, reaching 2.9%. Co-occurrence network analysis revealed that hydrological connectivity increased the complexity of the bacterial network and enhanced the coalescence of keystone species to oxbow lakes. Furthermore, community coalescence improved the competitiveness and dispersal of bacterial communities. This study demonstrated that coalescence of bacterial communities is driven by hydrological connectivity in a floodplain ecosystem. Further studies should investigate the processes of bacterial community coalescence in floodplains in more detail, which could provide new approaches for environmental protection and ecological function preservation.
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Introduction

Floodplains are alluvial complexes comprising interconnected biota and ecological gradients. Being extremely vital ecosystems (Argiroff et al., 2017; Wang et al., 2020), floodplains contribute to preserving biodiversity (Naiman et al., 1993), maintaining water quality (Mitsch et al., 2001; Tockner et al., 2010) and handling flood surges (Kousky and Walls, 2014). Floodplains contain a vertical tree-like network of mainstream and tributaries (Mansour et al., 2018). In addition, numerous ecological niches are present as oxbow lakes, formed by shore erosion and overflow floods, which are seasonally separated from the original rivers (Durkin et al., 2015; Wang et al., 2020). During the normal period, oxbow lakes are partitioned from the mainstream, exhibiting a high spatial heterogeneity (Mayora et al., 2020). However, during the high-water period, the rising water of the mainstream will flood the floodplain between the mainstream and the oxbow lake, and the mainstream and the oxbow lake are connected. As a result, most environment of mainstream and oxbow lake displays typical equilibrium effects (Mayora et al., 2013, 2020). Hydrological connectivity not only drives matter and energy flows laterally and vertically, but also maintains the spatiotemporal heterogeneity of microbial community structure in riverine networks (Mansour et al., 2018).

Bacteria constitute a substantial part of microbial communities and play a paramount role in biogeochemical processes and nutrient cycling in aquatic ecosystems (Findlay, 2010; Madsen, 2011; Zhang et al., 2022a,b). According to their habitat preferences in rivers and lakes, bacterial communities can be divided into planktonic and sedimentary. The planktonic bacterial community is the sum of the sources of upstream bacteria, including rainfall, lake water, groundwater, and soil water, and it is susceptible to compositional and structural variations (Liu et al., 2018). The sedimentary bacterial community is formed through long-term sediment erosion and accumulation (Qian et al., 1987), and it is sensitive to environmental disturbances (Labbate et al., 2016; Zeng et al., 2019). There are also diversity and compositional differences between the two different bacterial communities (Jiang et al., 2006; Liu et al., 2018; Zeng et al., 2019). Planktonic bacteria can flow to the downstream and benthic zone, where they coalesce with sedimentary bacteria (Mansour et al., 2018; Gao et al., 2021). However, the extent to which these bacterial communities merge and coalesce in aquatic ecosystems is still not fully understood (Mansour et al., 2018; Langenheder and Lindström, 2019). This question includes the merging and coalescence of the same bacterial community in different aquatic environments, and the merging and coalescence of different communities in the same environment.

From an ecological perspective, a community coalescence event is more than just a part of a dispersal process, and it results in interactions between the whole community and its environment (Rillig et al., 2015). Meanwhile, community coalescence is an exchange event among communities (and the surrounding environments); that is, individual communities coalesce with a new entity under mixing of relatively large environments (Rillig et al., 2015). By contrast, bacterial dispersal encompasses the immigration and establishment of individuals (Hanson et al., 2012). In recent years, coalescence of bacterial communities has received increasing attention, including the construction of theoretical frameworks (Rillig et al., 2015; Mansour et al., 2018), verification by microcosmic experiments or mathematical algorithms (Livingston et al., 2013; Rillig and Mansour, 2017), significance in biological evolution (Castledine et al., 2020), and quantitative extent of community coalescence (Zhou and Ning, 2017; Mei and Liu, 2019). However, comprehensive studies elucidate the distribution patterns and ecological significance of bacterial community coalescence in natural habitats are still limited. Consequently, how hydrological connectivity influences bacterial community coalescence in floodplain ecosystems remains an open question.

Coalescence is a community assembly process involving settlement and interactions of species (Castledine et al., 2020). Co-occurrence network analysis is commonly used to explore interactions among species and to ascertain the importance of certain species (Röttjers and Faust, 2018). Co-occurrence networks cannot always illustrate a real biological connection (Freilich et al., 2018; Qiu et al., 2021). Nonetheless, co-occurrence network analysis can visualise the complexity of bacterial communities, and identify which taxa are more important than others for maintaining the network structure (Qiu et al., 2021; Yuan et al., 2021). The network structure of bacterial communities in rivers is influenced by water environmental factors (Peng et al., 2017). Community coalescence is bound to affect the complexity of the bacterial network, the number of keystone species, and the connectivity among species. Thus, network analysis can be used as a tool to determine the possible influence of bacterial community coalescence on interspecies interactions under variable hydrological connectivity.

The present study was conducted in a floodplain ecosystem in the source region of the Yellow River, China. We analyzed the merging and coalescence of planktonic and sedimentary bacterial communities in vertical and lateral directions during different hydrological periods. We hypothesized that coalescence of planktonic and sedimentary bacterial communities occurs in the floodplain during the normal period, and would be enhanced in vertical and lateral directions by increased hydrological connectivity during the high-water period; in this way, hydrological connectivity positively influences the network complexity of bacterial communities and community coalescence, ecologically. To verify the hypothesis, we studied the distribution patterns of different bacterial communities at multiple spatiotemporal scales, quantified the extent of community coalescence, and investigated the influence of community coalescence on bacterial networks. This study was designed to explore the following: (1) Why are there differences in the spatial distribution patterns of bacterial communities between normal and high-water periods? (2) How does hydrological connectivity influence lateral and vertical coalescence of bacterial communities, in addition to the community structure and keystone species? (3) How does community coalescence improve the stability of bacterial communities in the floodplain?



Materials and methods


Study area and sampling

The study area (102°00′–103°00′E, 33°00′–33°30′N) is located in the Baihe River Basin in Hongyuan County (Yellow River source region), Aba Tibetan and Qiang Autonomous Prefecture, Sichuan Province, Southwest China. The Baihe River has a large number of tributaries and oxbow lakes, providing a natural observation window for this study. We classified the Baihe River into three types of water bodies (i.e., mainstream, tributaries, and oxbow lakes) based on their connectivity. A total of 36 sampling sites were selected along the Baihe River, with 10 in the mainstream, 14 in the tributaries, and 12 in the oxbow lakes (Figure 1).
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FIGURE 1
 Locations of sampling sites in Baihe River in the source region of the Yellow River, China. (A) Baihe River Basin. (B) Sampling sites at oxbow lakes 5 and 6. (C) Sampling sites at oxbow lakes 7 and 8. (D) Oxbow lake in normal period. (E) Oxbow lake in high-water period.


Considering the influence of river connectivity on the migration and spread of bacterial communities, paired samples of surface water (0.5 m depth) and surface sediment (0.05 m depth) were collected in September 2019 (normal period: the runoff of the Baihe River is 41.81 ± 23.49 m3/s) and June 2020 (high-water period: the runoff is 164.17 ± 136.03 m3/s). In each season, sampling was completed within a 5-day period. At each sampling site, water samples (10 L each) were collected using two 5 L sterile polyethylene terephthalate bottles and kept at a low temperature of 0°C–4°C. Meanwhile, three sediment samples were collected near the water sampling site and mixed to form a composite sample, which was sealed in 50 ml sterile polypropylene tubes and kept in liquid nitrogen. All samples were immediately transported to the laboratory, where water samples were filtered through a 0.22 μm polycarbonate membrane (47 mm diameter; Millipore, Billerica, MA, United States). The filtered membranes and sediment samples were stored at-80°C until DNA extraction. A total of 140 samples (72 water and 68 sediment) were collected.



Environmental information

A total of 23 environmental variables were measured or collected (Supplementary File 2; Supplementary Table S1). Nine of the environmental variables were measured in the field. Specifically, flow velocity (V) was measured using an FP211 direct-reading flow meter (Global Water Instrumentation, Sunnyvale, CA, United States). Water quality parameters, namely water temperature (WT), electrical conductivity (EC), dissolved oxygen (DO), pH, oxidation–reduction potential (ORP), and total dissolved solids (TDS), were measured using a portable multi-parameter analyzer (YSI Corp., Yellow Springs, OH, United States). Turbidity (Tur) was measured with a 2100Q portable turbidity meter (Hach, Loveland, CO, United States), and mud temperature (MT) was measured using a DS600T mud thermometer (EDKORS, Changzhou, Jiangsu Province, China).

Another 14 environmental variables were determined in the laboratory. For water samples, chemical oxygen demand (COD) was determined by fast-digestion spectrophotometry based on the Chinese Environmental Protection Industry Standard for Water Quality (HJ/T 399-2007), and dissolved organic carbon (DOC) was determined by combustion based on the International Standard for Water Quality (ISO 8245-1987). Total phosphorus (TP), total nitrogen (TN), ammonium-nitrogen (NH4-N) and nitrate-nitrogen (NO3-N) of water samples were determined by spectrophotometry according to standard methods described in “Water and Wastewater Monitoring and Analysis Methods” (Third Edition). Levels of chlorophyll a (Chl-a) in water samples were determined by spectrophotometry after extraction with 95% ethanol according to “Specifications for Lake Eutrophication Investigation” (Second Edition). Soil total nitrogen (STN), total phosphorus (STP) and organic carbon (SOC) were also determined based on the Chinese Environmental Protection Industry Standards for Soil Quality (HJ 717-2014, HJ 632-2011 and HJ 615-2011, respectively). Sediment particle size was measured using a Mastersizer 2000 Laser Particle Sizer (Malvern Instruments Ltd., Worcestershire, United Kingdom) with a working range of 0.02–2,000 μm and relative error vc < 1%. Median particle size (D50) was obtained after drawing a gradation curve. Sediment type with a grain size was classified as clay (particle size <4 μm, 8Φ), silt (4–63 μm, 4–8Φ) and sand (>63 μm, 4Φ; Huang et al., 2010).



Illumina sequencing and bioinformatics analysis

Genomic DNA was extracted in duplicate using a FastDNA SPIN Kit (MP Biomedicals, Santa Ana, CA, United States) according to the manufacturer’s protocols. Duplicate DNA extracts were pooled for subsequent PCR amplification on a BioRad S1000 (Bio-Rad Laboratory, Hercules, CA, United States), targeting the hypervariable V4 region of the bacterial 16S ribosomal RNA (rRNA) gene. Each DNA sample was amplified using primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT-3′; Invitrogen, Carlsbad, CA, United States). PCR amplifications contained 25 μl of 2 × Premix Taq (Takara Biotechnology, Dalian, Liaoning Province, China), 1 μl of each primer (10 mM) and 3 μl of sample DNA (20 ng/μl). Thermal cycling included an initial denaturation at 94°C for 5 min, followed by 30 cycles of 30 s at 98°C, 30 s at 52°C, and 30 s at 72°C, and a final extension step of 10 min at 72°C. Triplicate PCR products for each of the 140 samples were purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States). All libraries were sequenced on an Illumina MiSeq platform (Illumina Inc., San Diego, CA, United States) using a paired-end (2 × 250 bp) approach. The raw 16S rDNA sequence data have been stored in a public National Center for Biotechnology Information (NCBI) database (accession number: PRJNA853875).

Sequences of bacterial 16S rRNA gene amplicons were quality-filtered using QIIME v2.0 (Li et al., 2019) following the official suggestions, and detailed processes can be found elsewhere (Gao et al., 2020). High-quality sequence data were checked and corrected using DADA2 to obtain operational taxonomic units (OTUs) with a sequence similarity of 100% (Gao et al., 2021). Taxonomic annotation of OTUs was assigned using the Naive Bayes classifier trained by the Silva (SSU132) 16S rRNA database (Hoyningen-Huene et al., 2019). In order to prevent sequencing errors in subsequent analyses, all sequences classified as chloroplasts, mitochondria, archaea, or eukaryotes were removed (Mo et al., 2018). Furthermore, to minimize the influence of unequal sequencing efforts, random sampling was conducted on an ESV table to equalize the number of sequences in each sample (n = 9,315).



Data analysis


Alpha-and beta-diversity

We calculated alpha-diversity (i.e., OTU richness, Chao1 and Shannon-Wiener indices) of bacterial communities for each sample using vegan version 2.5-7 with R program version 4.1.0 (Chen et al., 2019). One-way analysis of variance (ANOVA) and Student’s t-test were used to compare alpha-diversity between groups in SPSS version 25.0 (IBM Corp., Armonk, NY, United States). For beta-diversity, bacterial community composition was visualized using non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarities, and analysis of similarity (ANOSIM) was used to evaluate differences in bacterial communities between groups (Mo et al., 2021). These were implemented using the R program (version 4.1.0) with vegan (version 2.5-7), ggplot2 (version 3.3.5), and RColorBrewer (version 1.1-2) packages.



Community coalescence

We used three standard methods to evaluate the immigration and coalescence of bacterial communities. First, R version 4.1.0 was used to calculate the overlap of species (proportion of shared species, or number of reads of common OTUs) between adjacent communities (Gao et al., 2021). Second, the Bayesian classifier SourceTracker was used to predict the contributions of different types of upstream sources to different types of downstream sinks (Knights et al., 2011). Finally, the helperfunctions.r and calcCohesion.r packages were used to quantify the connectivity between communities (Herren and McMahon, 2017).



Habitat niche breadth

We calculated the Levins’ niche breadth (B) index for bacterial communities using the following formula:
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where Bj indicates the habitat niche breadth of OTU j in a metacommunity, N represents the total number of communities in each metacommunity, and Pij is the proportion of OTU j in community i (Wu et al., 2018). A high B value represents a wide habitat niche breadth. It is generally believed that at the community level, the wider the niche, the broader the distribution and the larger the number of species, and vice versa (Jiao et al., 2020). The calculation was implemented using the R spaa package (version 0.2.2; Zhang, 2016).



Co-occurrence network

The OTU distribution patterns in samples of normal and high-water periods were displayed across the taxonomic tree by directed networks using the prefuse layout algorithm in CYTOSCAPE v3.7.1 (Faust and Raes, 2016). We selected prevalent OTUs (present in ≥20% of samples) among samples in the same habitat type as nodes to prevent inconsistent trends caused by transient OTUs (Liu et al., 2018). The network topology of each sample was characterized using the subgraph function via the R igraph package (Ma et al., 2016), in terms of node number (the number of OTUs), edge number (the number of connections among all nodes), average path length (APL, average shortest path length between any two nodes in the network), and betweenness (the number of times a node acts as a bridge along the shortest path between two other nodes). Higher node number, edge number and APL and lower betweenness represent greater network complexity (Gao et al., 2021; Qiu et al., 2021). Identification of keystone species was based on calculation of within-module connectivity (Zi) and among-module connectivity (Pi) in the co-occurrence network (Guimerà et al., 2005). Excluding peripherals (Zi < 2.5, Pi < 0.62), the other three types of nodes (module hubs, connectors and network hubs) were classified as keystone species (Deng et al., 2012; Shi et al., 2016). Visualisation of the co-occurrence network was performed using Gephi version 0.9.2.1





Results


Comparison of environmental factors between normal and high-water periods

Approximately half of the 23 environmental variables in floodplain showed a significant difference between normal and high-water periods (p < 0.05; Supplementary File 2; Supplementary Table S2). In the mainstream, the mean values of EC, TDS, NH4-N, TN, and TP were all significantly higher in the normal period than the high-water period, while the opposite was true for ORP and Tur. In tributaries, the mean values of EC, DO, TDS, Si, NH4-N and STN were significantly higher in the normal period than the high-water period, in contrast to the trends of ORP, Chl-a and Tur. In oxbow lakes, EC, TDS, NH4-N, TN and TP displayed similar trends to those in the mainstream, with significantly higher mean values in the normal period than the high-water period. On the contrary, ORP, Tur, STN and STP exhibited higher mean values in the high-water period than the normal period. Overall, the mean values of EC, TDS and NH4-N were significantly higher in the normal period than in the high-water period, while only ORP had higher mean values in the high-water period.



Relative abundances of bacterial communities

A total of 181,778 OTUs were retrieved from the 140 samples by high-throughput sequencing. The rarefaction curves revealed that the bacterial OTUs obtained from the applied sequencing depth were sufficient to represent the bacterial communities in water and sediment samples. In addition, the number of OTUs observed in different times and spaces were highly variable; the number of sedimentary bacterial OTUs was greater than that of planktonic bacterial OTUs, while the number of OTUs in the high-water period was greater than that in the normal period. Specifically, the number of OTUs in different groups were ordered sediment in the high-water period (HS) > water in the high-water period (HW) > sediment in the normal period (NS) > water in the normal period (NW; Supplementary File 1; Supplementary Figure S1).

Regarding planktonic bacteria, irrespective of the season, the number of OTUs in tributaries was the highest, and the number of OTUs in oxbow lakes was the lowest. In the high-water period, the mean number of OTUs in the three different water environments was 2.4 times that in the normal period. Regarding sedimentary bacteria, in both periods, tributaries harboured the largest number of OTUs, with the fewest found in the mainstream. Similar to planktonic bacteria, the number of OTUs in the three different sedimentary environments was higher in the high-water period than in the normal period. However, the magnitude of the increase in OTUs varied in different water body types, by 2.3 times in tributaries, 1.7 times in oxbow lakes, and 1.4 times in the mainstream (Supplementary File 1; Supplementary Figure S2).

With respect to the relative abundance of major bacterial phyla, Proteobacteria accounted for the largest proportions of planktonic and sedimentary bacterial communities in the two periods, and the proportions in water were slightly larger than those in sediment. Bacteroidetes was the second dominant phylum in all samples. In addition, Chlamydiae and Cyanobacteria only existed in water, while Latescibacteria and Rokubacteria only occurred in sediment. The major bacterial phyla also shifted with season. For example, Armatimonadetes and Cyanobacteria only appeared in the normal period (water), while Nitrospirae only emerged in the high-water period (water and sediment). Compared with the planktonic bacterial community, variations in the sedimentary bacterial community were minimal between the two study periods (Figure 2).
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FIGURE 2
 Relative abundances of major bacterial phyla in water and sediment samples of different periods. (A) Water in the normal period. (B) Sediment in the normal period. (C) Water in the high-water period. (D) Sediment in the high-water period.




Diversity of bacterial communities

With the exception of Good’s coverage, the other five alpha-diversity indices of planktonic and sedimentary bacterial communities were all significantly higher in the high-water period than in the normal period (Supplementary File 1; Supplementary Figure S3). For the planktonic bacterial community, the five alpha-diversity indices were highest in tributaries, followed by the mainstream, and lowest in oxbow lakes in both periods. However, the five alpha-diversity indices of the sedimentary bacterial community in the three types of water bodies exhibited distinctively different trends between the two periods. In the normal period, there was little difference among the three sedimentary environments, despite slightly higher bacterial diversity in oxbow lakes and slightly lower bacterial diversity in the mainstream. In the high-water period, tributaries harboured the highest bacterial diversity, while the mainstream showed the lowest bacterial diversity, and there was a significant difference between the mainstream and the other two water body types.

The NMDS biplot shows that the bacterial communities of water samples were significantly different from those of the corresponding sediment samples in the normal period, while only partial community differences were observed in the high-water period (Figure 3). The bacterial communities of sediment samples displayed distinct seasonal variations, but the bacterial communities of water samples did not form two separated clusters for the two seasons. The consistency of the results was corroborated by ANOSIM (Supplementary File 1; Supplementary Figure S4). Both the planktonic and sedimentary bacterial communities were significantly different between normal and high-water periods (planktonic, global r = 0.203, p = 0.001; sedimentary, global r = 0.263, p = 0.001).
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FIGURE 3
 Non-metric multidimensional scaling (NMDS) biplot showing differences in bacterial community composition in water and sediment samples of Baihe River across normal and high-water periods.


Furthermore, the NMDS and ANOSIM results demonstrated a clear separation of different bacterial communities (NW, NS, HW, and HS) in samples based on water body type (Supplementary File 1; Supplementary Figures S5, S6). For the normal water period, separation of the sedimentary bacterial community was clearer than that of the planktonic bacterial community; however, irrespective of the planktonic or sedimentary bacterial community, oxbow lake samples were markedly different from mainstream and tributary samples (Supplementary File 1; Supplementary Figures S5a,b). For the high-water period, separation of the planktonic bacterial community was clearer than that of the sediment bacterial community, and there were significant differences in the sedimentary bacterial community between the mainstream and tributaries (Supplementary File 1; Supplementary Figures S5c,d). In the high-water period, the planktonic bacterial community in the oxbow lakes and mainstream clustered more closely, while the sedimentary bacterial community of the mainstream and tributaries tended to be separated more clearly, compared with those in the normal period. In addition, the sedimentary bacterial community in different oxbow lake samples showed significant differences in the high-water period (Supplementary File 1; Supplementary Figure S5).



Coalescence of bacterial communities

Water and sediment from adjacent sampling sites were regarded as sources and sinks for the coalescence of bacterial communities, and default flow directions (from west to east, and from tributaries to mainstream to oxbow lakes) were taken into consideration to obtain more general and meaningful results. The detailed pairs of tributaries–mainstream–oxbow lake samples that met the upstream–downstream requirements are listed in Supplementary File 2; Supplementary Table S3.

Based on this hypothesis, the relative abundance of overlapping (shared) OTUs was calculated for each bacterial community and its neighbored upstream communities (Figure 4). Following merging of upstream–downstream bacterial communities in pairs, OTUs in water were more preserved than those in sediment, irrespective of the season. This indicates greater coalescence of planktonic bacteria than for sedimentary bacteria across different periods. Compared with the normal period, preservation of OTUs in both water and sediment was higher in the high-water period. Accordingly, there was increased connectivity between the tributaries, mainstream, and oxbow lakes in the high-water period, which promoted the integration of bacterial communities.

[image: Figure 4]

FIGURE 4
 Proportions of overlapping operational taxonomic units (OTUs) between adjacent sampling sites in all OTUs of both sites in different study periods. The proportions of overlapping OTUs were used to quantify community coalescence between upstream and downstream sites. M&Tr-M represents the contribution of the upstream mainstream and tributaries to the downstream mainstream, and M&Tr-Ox represents the contribution of the upstream mainstream and tributaries to the downstream oxbow lakes. Data are means ± standard deviation.


The same trends were found based on correlation analysis between Bray–Curtis similarity matrices of bacterial communities and cumulative dendritic distances. The planktonic bacterial community displayed a distance attenuation pattern during the high-water period (p < 0.01; Figure 5). In the vertical direction, the coalescence of bacterial communities in water and sediment also showed temporal and spatial differences; with increasing water level, bacterial communities in the mainstream water and sediment merged most strongly (normal period, 0.23% ± 0.07%; high-water period, 2.94% ± 0.35%; Supplementary File 1; Supplementary Figure S7).
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FIGURE 5
 Distance-decay patterns based on the Bray–Curtis similarity of bacterial community composition and cumulative dendritic distance in different periods. (A) Comparison of planktonic bacterial community between the two periods. NW, water in the normal period; HW, water in the high-water period. (B) Comparison of sedimentary bacterial community between the two periods. NS, sediment in the normal period; HS, sediment in the high-water period.


The coalescence patterns of bacterial communities were corroborated by SourceTracker estimates (Figure 6). In the normal period, when the sink was set as the mainstream water or sediment, the planktonic and sedimentary bacterial communities in tributaries made larger contributions, respectively. Under the influence of connectivity, the bacterial communities in both the mainstream and tributaries were major contributors when the sink was set as oxbow lake water or sediment. When compared between water and sediment, there was greater coalescence between planktonic bacterial communities than between sedimentary bacterial communities. In the high-water period, the source of the bacterial community changed, and the contribution of the bacterial community in the mainstream increased for both planktonic and sedimentary bacteria.
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FIGURE 6
 SourceTracker estimates of the contributions of source communities to sink communities of planktonic and sedimentary bacteria in the mainstream and oxbow lakes of Baihe River across different periods. NW, water in the normal period; NS, sediment in the normal period; HW, water in the high-water period; HS, sediment in the high-water period; M, mainstream; Tr, tributaries; Ox, oxbow lakes.


Next, we calculated the cohesion of bacterial communities across time and space. The absolute values of both positive and negative cohesions of bacterial communities were higher in the high-water period than in the normal period, irrespective of water body type (Figure 7). The results of positive cohesion were consistent with the changes in the mean habitat niche breadth of bacterial communities (Supplementary File 1; Supplementary Figure S8). In the high-water period, the cohesion of both planktonic and sedimentary bacterial communities showed spatial differences. For example, the cohesion of the planktonic bacterial community in oxbow lakes reached the highest level, and the cohesion of the sedimentary bacterial community in the mainstream was much higher than that in the tributaries and oxbow lakes after flooding.

[image: Figure 7]

FIGURE 7
 Cohesion metric of bacterial communities in water and sediment samples of the mainstream, tributaries, and oxbow lakes between two different periods.




Co-occurrence patterns and keystone species of bacterial communities

The networks of bacterial communities constructed for the two different periods demonstrated distinct co-occurrence patterns (Figures 8A,B). In both periods, the betweenness of bacterial networks in water was lower than that in sediment, while their node number, edge number, and APL were all higher than those in sediment (Figures 8C–F). In the normal period, planktonic bacteria dominated the network, which played greater roles in the tributaries than in the mainstream and oxbow lakes. Compared with the normal period, the complexity of the bacterial network increased in the high-water period, and the role of sedimentary bacteria was enhanced, especially in the mainstream.
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FIGURE 8
 Co-occurrence networks of bacterial communities and topological features of sub-networks. Bacterial networks in the (A) normal and (B) high-water periods were constructed at the phylum level. The network topology was characterized using (C) node number, (D) edge number, (E) average path length (APL) and (F) betweenness. W-M, water-mainstream; W-Tr, water-tributaries; W-Ox, water-oxbow lakes; S-M, sediment-mainstream; S-Tr, sediment-tributaries; and S-Ox, sediment-oxbow lakes.


Network analysis identified 39 OTUs and 367 edges in the bacterial network of the normal period, compared with 159 OTUs and 400 edges in the bacterial network of the high-water period. In both periods, the top three phyla with the largest proportions were Proteobacteria (normal period 64.1%, high-water period 58.49%), Bacteroidetes (25.64, 25.79%) and Actinobacteria (10.26, 6.29%; Figures 8A,B). In the two networks, 39 keystone OTUs were identified for the normal period compared with 112 for the high-water period (Supplementary File 2; Supplementary Table S4). After screening, Proteobacteria, Bacteroidetes and Actinobacteria were the three most abundant phyla, regardless of the water body type, habitat environment, and season. In the normal period, the abundance of keystone OTUs in sediment was extremely low, while the keystone OTUs in water were almost twice as abundant in tributaries than in the mainstream and oxbow lakes. The abundance of keystone OTUs increased dramatically in the high-water period compared with the normal period, but the magnitude of the increase was variable across different water bodies and environments due to distinctive connectivity. The most prominent increases were observed in water of oxbow lakes and sediment of the mainstream (Supplementary File 1; Supplementary Figure S9).




Discussion

Hydrological connectivity is defined as the amount of water-mediated transfer of matter, energy and organisms within or between elements of the hydrologic cycle (Michaelides and Chappell, 2010). Although hydrological connectivity is one of the main non-biological factors driving ecological processes and organism distribution, its influence on bacterial community coalescence in floodplain ecosystems is largely unknown. In this work, we found that the extent of enrichment and the composition of planktonic and sedimentary bacterial communities vary in different water bodies of a floodplain ecosystem over normal and high-water periods, with hydrological connectivity being the crucial factor driving bacterial community coalescence.


Bacterial communities display spatiotemporal patterns in the floodplain ecosystem

As expected, NMDS analysis revealed a separate clustering of planktonic and sedimentary bacterial communities in the floodplain of Baihe River in the normal period, with community intersection in the high-water period (Figure 3). This result is contradictory to the findings of Liu et al. (2018) showing that planktonic and sediment bacterial communities did not intersect in the Yangtze River due to seasonal changes. The differences in bacterial communities may be attributable to variations in environmental and hydrographic conditions. The Baihe River mainstream in the present study area was shallow (mean depth 30 ± 15 cm in the high-water period); however, compared with that of the normal period, the mainstream flow velocity drastically increased during the high-water period (Supplementary File 2; Supplementary Table S2), thus contributing to sediment disturbance and hence the coalescence between planktonic and sedimentary bacterial communities. In addition, the number of bacterial OTUs, relative abundances of major taxa (phylum level; Figure 2), and alpha-diversity of bacterial communities were all higher in the high-water period than the normal period (Supplementary File 1; Supplementary Figures S2, S3). These seasonal patterns could be explained by several reasons. First, the bacterial communities may have experienced seasonal succession. Second, in the high-water period, sediment disturbance and the coalescence between planktonic and sedimentary bacterial communities could lead to an increased number of bacterial OTUs and improved diversity. Third, rainfall events might wash out bacteria from the surroundings, increasing species richness and shifting the bacterial communities in the rainy season (Chen et al., 2019).

Among the three typical water bodies (i.e., mainstream, tributaries, and oxbow lakes) of Baihe River, the distribution, number of OTUs, and diversity of planktonic and sedimentary bacterial communities all changed in the study periods (Supplementary File 1; Supplementary Figures S2, S3, S5). The community differences among these water bodies may be partially caused by environmental changes across seasons (Chen et al., 2019; Luo et al., 2019; Gao et al., 2020), as distinctive differences in some environmental variables (e.g., flow velocity, pH, nutrients) were detected (Supplementary File 2; Supplementary Table S2). Another possible reason is the potential influence of hydrological connectivity, because the mainstream, tributaries and oxbow lakes would be connected with each other, and the exchange of matter, energy and species in water would be higher than that of sediment during the high-water period. Furthermore, biological differences (e.g., planktonic and sedimentary bacteria) and interactions between external and internal factors (e.g., physicochemical factors and bacterial species) can enhance bacterial community dynamics (Sommer et al., 2012). Overall, complex interactions among aquatic environments, biological conditions, and spatial factors result in the distinctive patterns of bacterial community diversity and composition in the floodplain ecosystem.



Hydrological connectivity facilitates bacterial immigration and community coalescence

Similar to previous findings for large rivers (e.g., Liu et al., 2018), the immigration ability of the planktonic bacterial community was higher than that of the sedimentary bacterial community in the floodplain of Baihe River. This phenomenon depends not only on the living habits of bacterial species themselves, but also on the influence of surrounding environments (Liu et al., 2018; Gao et al., 2020). During the high-water period, the connections between the mainstream, tributaries and oxbow lakes would be enhanced with the rising water level. Consequently, the Bray–Curtis similarity of the planktonic bacterial community increased (Figure 5), and planktonic bacteria aggregated in oxbow lakes with increasing flow (Figures 4, 6). However, immigration and coalescence of the sedimentary bacterial community showed different patterns compared with to those of the planktonic bacterial community, consistent with results reported for the Yangtze River (Gao et al., 2021). Accordingly, increased hydrological connectivity in the high-water period can promote the immigration and coalescence of the planktonic rather than the sedimentary bacterial community in the lateral direction of the floodplain.

In the vertical direction, there were spatiotemporal variations in the proportions of overlapping OTUs between planktonic and sedimentary bacterial communities (Supplementary File 1; Supplementary Figure S7). Irrespective of the water body type (i.e., mainstream, tributaries or oxbow lakes), both the planktonic and sedimentary bacterial communities exhibited minimal coalescence in the normal period, in agreement with results for the Yangtze River and other places (e.g., Liu et al., 2018). However, upon the arrival of the high-water period, there was increased coalescence of both planktonic and sedimentary bacterial communities, especially in the mainstream, compared with that of the normal period (Supplementary File 1; Supplementary Figure S7). In addition, the results of microbial source tracing indicated the coalescence of the planktonic bacterial community with the sedimentary bacterial community in the mainstream during the high-water period (Figure 6). These results are mainly attributable to the influence of flood tides, increased mainstream velocity, and suspension of clay and silt in sediment during the high-water period (Padding and Louis, 2004; Zeng et al., 2015).

Furthermore, in the high-water period, suspended sedimentary bacteria would immigrate to the oxbow lakes with flow laterally, while the contribution of tributary bacterial communities to mainstream and oxbow lake bacterial communities showed a downward trend (Figure 6). In summary, hydrological connectivity can facilitate the coalescence of planktonic and sedimentary bacterial communities in the mainstream vertically, and increase the probability of sedimentary bacterial community immigrating from the mainstream to oxbow lakes. As a result of community immigration and coalescence, a more alike community and more homogeneous environment would be formed in the mainstream, tributaries, and oxbow lakes, leading to the convergence of environmental conditions in the floodplain ecosystem.



Hydrological connectivity influences bacterial network complexity and keystone species

Co-occurrence network analysis can be used to explore interactions between microbial species (Röttjers and Faust, 2018). Compared with that of the normal period, the network of planktonic and sedimentary bacterial communities in the high-water period was more complex mainly because of the increased complexity of sub-networks (Figure 8). A plausible mechanism is that source limitation played a reduced role in the high-water period (e.g., increased availability of nutrients in water and sediment); consequently, the diversity of bacterial species and the complexity of the bacterial network increased (Barberán et al., 2011; Hu et al., 2018; Banerjee et al., 2019). This mechanism is supported by previous observations in rivers showing that microbial network complexity is positively correlated with sediment organic matter (Fagervold et al., 2014) and negatively correlated with water pollution level (Wu et al., 2019). Some researchers have reported that during high-water periods, matter, energy and organic substances within the hydrological cycle can readily transfer between each other, increasing the utilization efficiency of resources by living creatures (Tang et al., 2020; Xie et al., 2020). Therefore, our hypothesis proves that the complexity of the bacterial network increases in the floodplain as a result of increased hydrological connectivity.

Based on the connectivity within and among modules, we identified highly connected bacteria, known as keystone species, in the sub-networks. Keystone species play a key role in the overall structure of the microbiota, and they can be used as indicators of environmental changes (Berry and Widder, 2014; Gao et al., 2021). Therefore, we also investigated the relationships between keystone species and hydrological connectivity in the floodplain ecosystem. Across different habitat environments and seasons, the top three most abundant keystone species both in planktonic and sedimentary bacterial communities were always identified as Proteobacteria, Bacteroidetes and Actinobacteria (Supplementary File 1; Supplementary Figure S9). This result suggests that the keystone bacterial species did not shift with hydrological connectivity in the study area. Previous studies also showed that external factors, including the environment (Wu et al., 2019; Tang et al., 2020) and altitude (Lee et al., 2012) had a profound influence on riverine bacterial species. With respect to different water body types, the keystone species abundances of both planktonic and sedimentary bacterial communities increased in the high-water period compared with those of the normal period (Supplementary File 1; Supplementary Figure S9). The difference is related not only to the seasonal succession of bacterial communities themselves, but also their immigration and coalescence driven by hydrological connectivity. Moreover, a stronger coalescence of keystone species in different habitats (water and sediment) could be supported by the drastic increase in the keystone species abundance of mainstream sediment (Gao et al., 2021). Oxbow lakes, located at the end of the mainstream and tributaries in the lateral flow during the high-water period, are the sites of pooling of keystone species.

We found that some other keystone species in the bacterial sub-networks had higher abundances during the high-water period than the normal period. These keystone species were classified as Verrucomicrobia, Acidobacteria, Fibrobacteres and Gemmatimonadetes, all found in terrestrial habitats including farmland, forest and woodland (Ludwig et al., 2015). Indeed, these land use types were observed around the sampling sites, suggesting the possibility of bacterial community coalescence between aquatic and terrestrial habitats (Mansour et al., 2018), particularly during flood events.



Ecological implications of bacterial community coalescence promoted by hydrological connectivity

Positive cohesion indicates the extent of cooperative behavior between microbial communities in samples, while negative cohesion reflects competitive behavior among community members (Herren and McMahon, 2017). The results of the present study showed that during the normal period, positive cohesion of the planktonic bacterial community was higher than that of the sedimentary bacterial community in different water body types (Figure 7), consistent with the findings reported for China’s Three Gorges Reservoir (Gao et al., 2021). During the high-water period, there was a higher positive cohesion for bacterial communities in the mainstream and oxbow lakes compared with tributaries (Figure 7), because the mainstream and oxbow lakes were the areas where bacterial communities coalesced. This demonstrates that in the mainstream and oxbow lakes, the coalescence of bacterial communities led to an increase in their positive cohesion, while community complexity and stability increased simultaneously.

The results of bacterial community connectivity quantified using cohesion were corroborated through calculations of niche breadth. During the high-water period, we observed the largest increase in niche breadth for the sedimentary bacterial community in the mainstream and the planktonic bacterial community in oxbow lakes, compared with those of the normal water period (Supplementary File 1; Supplementary Figure S8). Coalescence of bacterial communities could play a positive role in improving competitiveness, expanding the distribution area, and increasing biomass. Furthermore, stronger community coalescence could result in more similar bacterial communities and associated environments (Rillig et al., 2015), with minor changes in community structure and species turnover (Hengeveld, 2002). Our study demonstrates that hydrological connectivity in the floodplain ecosystem facilitates the coalescence of planktonic and sedimentary bacterial communities, and thereby drives homogenous selection, reaching a balance in competition, dispersal, coalescence and selection. Consequently, coalescence of bacterial communities could increase community complexity and stability, thereby enhancing their competition and dispersal capacity.




Conclusion

We analyzed the spatiotemporal patterns and coalescence processes of planktonic and sedimentary bacterial communities in a floodplain ecosystem of the Yellow River source region. The results highlighted the importance of hydrological connectivity in bacterial community coalescence in the mainstream, tributaries and oxbow lakes. Hydrological connectivity promoted the lateral immigration and coalescence of planktonic bacterial community, and increased its vertical coalescence with sedimentary bacterial community, with plenty of keystone species enriched in the oxbow lakes after coalescence. Furthermore, the coalescence of bacterial communities enhanced the community complexity and stability, thereby improving their competitiveness and dispersal capacity. The findings shed light on the ecological significance of bacterial community coalescence driven by hydrological connectivity in the floodplain ecosystem.

Despite being successful in demonstrating the role of hydrological connectivity in promoting bacterial community coalescence, we did not further explore its influence based on the strength of hydrological connectivity in the oxbow lakes and mainstream. In addition, the shifts in bacterial functions as a result of community coalescence were not taken into consideration. To gain a full understanding of the ecological role of hydrological connectivity in bacterial community coalescence and after coalescence, future studies should quantify the strength of hydrological connectivity in different water body types, and determine how bacterial community coalescence influences bacterial functions in the floodplain ecosystem.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

BP: methodology, writing–original draft preparation, and formal analysis. QC: visualization and investigation. XL: conceptualization, validation, data curation, and funding acquisition. HS: supervision. XZ: software. ZH: writing–reviewing and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (51939009; 52121006; 51622901; and 92047303).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.971437/full#supplementary-material



Footnotes

1https://gephi.org/



References

 Argiroff, W. A., Zak, D. R., Lanser, C. M., and Wiley, M. J. (2017). Microbial community functional potential and composition are shaped by hydrologic connectivity in riverine flood-plain soils. Microb. Ecol. 73, 630–644. doi: 10.1007/s00248-016-0883-9 

 Banerjee, S., Walder, F., Büchi, L., Meyer, M., Held, A. Y., Gattinger, A., et al. (2019). Agricultural intensification reduces microbial network complexity and the abundance of keystone taxa in roots. ISME J. 13, 1722–1736. doi: 10.1038/s41396-019-0383-2 

 Barberán, A., Bates, S. T., Casamayor, E. O., and Fierer, N. (2011). Using network analysis to explore co-occurrence patterns in soil microbial communities. ISME J. 6, 343–351. doi: 10.1038/ismej.2011.119 

 Berry, D., and Widder, S. (2014). Deciphering microbial interactions and detecting keystone species with co-occurrence networks. Front. Microbil. 5:219. doi: 10.3389/fmicb.2014.00219 

 Castledine, M., Sierocinski, P., Padfield, D., and Buckling, A. (2020). Community coalescence: an eco-evolutionary perspective. Philos. Trans. R Soc. Lond. B Biol. Sci. 375:20190252. doi: 10.1098/rstb.2019.0252 

 Chen, W. D., Ren, K. X., Isabwe, A., Liu, M., and Yang, J. (2019). Stochastic processes shape microeukaryotic community assembly in a subtropical river across wet and dry seasons. Microbiome 7:138. doi: 10.1186/s40168-019-0749-8 

 Deng, Y., Jiang, Y. H., Yang, Y., He, Z., Luo, F., and Zhou, J. (2012). Molecular ecological network analyses. BMC Bioinformatics 13:113. doi: 10.1186/1471-2105-13-113 

 Durkin, P. R., Hubbard, S. M., Boyd, R. L., and Leckie, D. A. (2015). Stratigraphic expression of intra-point-bar erosion and rotation. J. Sediment. Res. 85, 1238–1257. doi: 10.2110/jsr.2015.78

 Fagervold, S. K., Bourgeois, S., Pruski, A. M., Charles, F., Kerhervé, P., Vétion, G., et al. (2014). River organic matter shapes microbial communities in the sediment of the Rhône prodelta. ISME J. 8, 2327–2338. doi: 10.1038/ismej.2014.86 

 Faust, K., and Raes, J. (2016). CoNet app: inference of biological association networks using Cytoscape. F1000Res. 5:1519. doi: 10.12688/f1000research.9050.2 

 Findlay, S. (2010). Stream microbial ecology. J. North Am. Benthol. Soc. 29, 170–181. doi: 10.1899/09-023.1

 Freilich, M. A., Wieters, E., Broitman, B. R., Marquet, P. A., and Navarrete, S. A. (2018). Species co-occurrence networks: can they reveal trophic and non-trophic interactions in ecological communities? Ecology 99, 690–699. doi: 10.1002/ecy.2142 

 Gao, Y., Zhang, W., and Li, Y. (2021). Microbial community coalescence: does it matter in the three gorges reservoir? Water Res. 205:117638. doi: 10.1016/j.watres.2021.117638 

 Gao, Y., Zhang, W. L., Li, Y., Wu, H. N., Yang, N., and Hui, C. Z. (2020). Dams shift microbial community assembly and imprint nitrogen transformation along the Yangtze River–ScienceDirect. Water Res. 189:116579. doi: 10.1016/j.watres.2020.116579 

 Guimerà, R., Nunes, A., and Luís, A. (2005). Functional cartography of complex metabolic networks. Nature 433, 895–900. doi: 10.1038/nature03288 

 Hanson, C. A., Fuhrman, J. A., Horner-Devine, M. C., and Martiny, J. B. H. (2012). Beyond biogeographic patterns: processes shaping the microbial landscape. Nat. Rev. Microbiol. 10, 497–506. doi: 10.1038/nrmicro2795 

 Hengeveld, R. (2002). The theory of island biogeography. Acta Biotheor. 50, 133–136. doi: 10.1023/a:1016393430551

 Herren, C. M., and McMahon, K. D. (2017). Cohesion: a method for quantifying the connectivity of microbial communities. ISME J. 11, 2426–2438. doi: 10.1101/112391 

 Hoyningen-Huene, A. J. E. V., Schneider, D., Fussmann, D., Reimer, A., Arp, G., and Daniel, R. (2019). Bacterial succession along a sediment porewater gradient at Lake Neusiedl in Austria. Scientific Data. 6, 163–167. doi: 10.1038/s41597-019-0172-9 

 Hu, Y., Bai, C. R., Jian, C., Dai, J. Y., Shao, K. Q., Tang, X. M., et al. (2018). Co-occurrence network reveals the higher fragmentation of the bacterial Community in Kaidu River Than its Tributaries in northwestern China. Microbes Environ. 33, 127–134. doi: 10.1264/jsme2.ME17170 

 Huang, Z., Wang, J. L., and Wang, Y. (2010). Grain-size features of quaternary sediments in Changjiang three gorge reservoir of the Wushan area. Trop. Geogr. 1, 30–33. doi: 10.13284/j.cnki.rddl.001323 (in Chinese). 

 Jiang, H. C., Dong, H. L., Zhang, G. X., Yu, B. S., Chapman, L. R., and Fields, M. W. (2006). Microbial diversity in water and sediment of Lake Chaka, an athalassohaline lake in northwestern China. Appl. Environ. Microbiol. 72, 3832–3845. doi: 10.1128/AEM.02869-05 

 Jiao, S., Yang, Y. F., Xu, Y. Q., Zhang, J., and Lu, Y. H. (2020). Balance between community assembly processes mediates species coexistence in agricultural soil microbiomes across eastern China. ISME J. 14, 202–216. doi: 10.1038/s41396-019-0522-9 

 Knights, D., Kuczynski, J., Charlson, E. S., Zaneveld, J., Mozer, M. C., Collman, R. G., et al. (2011). Bayesian community-wide culture-independent microbial source tracking. Nat. Methods 8, 761–763. doi: 10.1038/nmeth.1650 

 Kousky, C., and Walls, M. (2014). Floodplain conservation as a flood mitigation strategy: examining costs and benefits. Ecol. Econ. 104, 119–128. doi: 10.1016/j.ecolecon.2014.05.001

 Labbate, M., Seymour, J. R., Lauro, F., and Brown, M. V. (2016). Anthropogenic impacts on the microbial ecology and function of aquatic environments. Front. Microbiol. 7:1044. doi: 10.3389/fmicb.2016.01044 

 Langenheder, S., and Lindström, E. S. (2019). Factors influencing aquatic and terrestrial bacterial community assembly. Environ. Microbiol. Rep. 11, 306–315. doi: 10.1111/1758-2229.12731 

 Lee, C. K., Barbier, A. B., Bottos, E. M., McDonald, L. R., and Cary, S. C. (2012). The Inter-Valley soil comparative survey: the ecology of Dry Valley edaphic microbial communities. ISME J. 6, 1046–1057. doi: 10.1038/ismej.2011.170 

 Li, Y., Gao, Y., Zhang, W. L., Wang, C., Wang, P. F., Niu, L. H., et al. (2019). Homogeneous selection dominates the microbial community assembly in the sediment of the three gorges reservoir. Sci. Total Environ. 690, 50–60. doi: 10.1016/j.scitotenv.2019.07.014 

 Liu, T., Zhang, A. N., Wang, J., Liu, S. F., Jiang, X. T., Dang, C. Y., et al. (2018). Integrated biogeography of planktonic and sedimentary bacterial communities in the Yangtze River. Microbiome 6:16. doi: 10.1186/s40168-017-0388-x 

 Livingston, G., Jiang, Y., Fox, J. W., and Leibold, M. A. (2013). The dynamics of community assembly under sudden mixing in experimental microcosms. Ecology 94, 2898–2906. doi: 10.1890/12-1993.1 

 Ludwig, W., Euzéby, J., and Whitman, W. B. (2015). Taxonomic outlines of the phyla Bacteroidetes, Spirochaetes, Tenericutes (Mollicutes), Acidobacteria, Fibrobacteres, Fusobacteria, Dictyoglomi, Gemmatimonadetes, Lentisphaerae, Verrucomicrobia, Chlamydiae, and Planctomycetes. John Wiley & Sons, Ltd., 21–24.

 Luo, X., Zhang, W. L., Xu, M., Zhang, Y., Jiang, Y. F., He, L., et al. (2019). Correlation between antibiotic resistance genes and microbial Community in Winter Rivers. Environ. Sci. Technol. 42, 20–26. doi: 10.19672/j.cnki.1003-6504.2019.05.004 (in Chinese).

 Ma, B., Wang, H. Z., Dsouza, M., Lou, J., He, Y., Dai, Z. M., et al. (2016). Geographic patterns of co-occurrence network topological features for soil microbiota at continental scale in eastern China. ISME J. 10, 1891–1901. doi: 10.1038/ismej.2015.261 

 Madsen, E. L. (2011). Microorganisms and their roles in fundamental biogeochemical cycles. Curr. Opin. Biotechnol. 22, 456–464. doi: 10.1016/j.copbio.2011.01.008 

 Mansour, I., Heppell, C. M., Ryo, M., and Rillig, M. C. (2018). Application of the microbial community coalescence concept to riverine networks. Biol. Rev. 93, 1832–1845. doi: 10.1111/brv.12422 

 Mayora, G., Devercelli, M., and Giri, F. (2013). Spatial variability of chlorophyll-a and abiotic variables in a river-floodplain system during different hydrological phases. Hydrobiologia 717, 51–63. doi: 10.1007/s10750-013-1566-x

 Mayora, G., Scarabotti, P., Schneider, B., Alvarenga, P., and Marchese, M. (2020). Multiscale environmental heterogeneity in a large river-floodplain system. J. S. Am. Earth Sci. 100:102546. doi: 10.1016/j.jsames.2020.102546

 Mei, R., and Liu, W. T. (2019). Quantifying the contribution of microbial immigration in engineered water systems. Microbiome 7:144. doi: 10.1186/s40168-019-0760-0 

 Michaelides, K., and Chappell, A. (2010). Connectivity as a concept for characterising hydrological behaviour. Hydrol. Process. 23, 517–522. doi: 10.1002/hyp.7214

 Mitsch, W. J., Day, J. W., Wendell, G., and Peter, M. G. (2001). Reducing nitrogen loading to the Gulf of Mexico from the Mississippi River basin: strategies to counter a persistent ecological problem. Bioscience 51, 373–388. doi: 10.1641/0006-3568(2001)051[0373:RNLTTG]2.0.CO;2

 Mo, Y. Y., Peng, F., Gao, X. F., Xiao, P., Logares, R., Jeppesen, E., et al. (2021). Low shifts in salinity determined assembly processes and network stability of microeukaryotic plankton communities in a subtropical urban reservoir. Microbiome 9:128. doi: 10.1186/s40168-021-01079-w 

 Mo, Y. Y., Zhang, W., Yang, J., Lin, Y., Yu, Z., and Lin, S. (2018). Biogeographic patterns of abundant and rare bacterioplankton in three subtropical bays resulting from selective and neutral processes. ISME J. 12, 2198–2210. doi: 10.1038/s41396-018-0153-6 

 Naiman, R. J., Decamps, H., and Pollock, M. (1993). The role of riparian corridors in maintaining regional biodiversity. Ecol. Appl. 3, 209–212. doi: 10.2307/1941822 

 Padding, J. T., and Louis, A. A. (2004). Hydrodynamic and brownian fluctuations in Sedimenting suspensions. Phys. Rev. Lett. 93:220601.1–220601.4. doi: 10.1103/PhysRevLett.93.220601

 Peng, Y. K., Yue, D. M., Xiao, L., and Qian, X. (2017). Temporal variation and co-occurrence patterns of bacterial communities in eutrophic Lake Taihu, China. Geomicrobiology 35, 186–197. doi: 10.1080/01490451.2017.1348406

 Qian, N., Zhang, R., and Zhou, Z. D. (1987). The Fluvial Process. Beijing: Science Press, (in Chinese).

 Qiu, L. P., Zhang, Q., Zhu, H. S., Reich, P. B., Banerjee, S., Heijden, M. G. A., et al. (2021). Erosion reduces soil microbial diversity, network complexity and multifunctionality. ISME J. 15, 2474–2489. doi: 10.1038/s41396-021-00913-1 

 Rillig, M. C., Antonovics, J., Caruso, T., Lehmann, A., Powell, J. R., Veresoglou, S. D., et al. (2015). Interchange of entire communities: microbial community coalescence. Trends Ecol. Evol. 30, 470–476. doi: 10.1016/j.tree.2015.06.004 

 Rillig, M. C., and Mansour, I. (2017). Microbial ecology: community coalescence stirs things up. Curr. Biol. 27, R1280–R1282. doi: 10.1016/j.cub.2017.10.027 

 Röttjers, L., and Faust, K. (2018). From hairballs to hypotheses–biological insights from microbial networks. FEMS Microbiol. Rev. 42, 761–780. doi: 10.1093/femsre/fuy030 

 Shi, S. J., Nuccio, E. E., Shi, Z. J., and Firestone, M. K. (2016). The interconnected rhizosphere: high network complexity dominates rhizosphere assemblages. Ecol. Lett. 19, 926–936. doi: 10.1111/ele.12630 

 Sommer, U., Adrian, R., De, L., Domis, S., and Winder, M. (2012). Beyond the plankton ecology group(PEG) model: mechanisms driving plankton succession. Annu. Rev. Ecol. Evol. S. 43, 429–448. doi: 10.1146/annurev-ecolsys-110411-160251

 Tang, X. M., Xie, G. J., Shao, K. Q., Hu, Y., Cai, J., Bai, C. R., et al. (2020). Contrast diversity patterns and processes of microbial community assembly in a river-lake continuum across a catchment scale in northwestern China. Environ. Microbiome 15:10. doi: 10.1186/s40793-020-00356-9 

 Tockner, K., Pennetzdorfer, D., Reiner, N., Schiemer, F., and Ward, J. V. (2010). Hydrological connectivity, and the exchange of organic matter and nutrients in a dynamic river-floodplain system (Danube, Austria). Freshw. Biol. 41, 521–535. doi: 10.1046/j.1365-2427.1999.00399.x

 Wang, D. Y., Li, Z. W., Li, Z. W., Pan, B. Z., Tian, S. M., and Nie, X. D. (2020). Environmental gradient relative to oxbow lake-meandering river connectivity in Zoige Basin of the Tibetan plateau. Ecol. Eng. 156:105983. doi: 10.1016/j.ecoleng.2020.105983

 Wu, H. N., Li, Y., Zhang, W. L., Wang, C., Wang, P. F., Niu, L. H., et al. (2019). Bacterial community composition and function shift with the aggravation of water quality in a heavily polluted river. J. Environ. Manag. 237, 433–441. doi: 10.1016/j.jenvman.2019.02.101 

 Wu, W. X., Lu, H. P., Sastri, A., Yeh, Y. C., Gong, G. C., and Chou, W. C. (2018). Contrasting the relative importance of species sorting and dispersal limitation in shaping marine bacterial versus protist communities. ISME J. 12, 485–494. doi: 10.1038/ismej.2017.183 

 Xie, C. J., Tian, X., Liu, Z. Z., Ning, Z. H., Yu, S. L., Wang, Q., et al. (2020). Effects of hydrological connection on wetland organisms. Environ. Ecol. 2, 26–34. 2096-6830 (2020) 01-0026-09 (in Chinese).

 Yuan, M. M., Guo, X., Wu, L. W., Zhang, Y., Xiao, N. J., Ning, D. L., et al. (2021). Climate warming enhances microbial network complexity and stability. Nat. Clim. Chang. 11, 343–348. doi: 10.1038/s41558-021-00989-9

 Zeng, X. M., He, R. Y., Xue, Z., Wang, H. J., Wang, Y., Yao, Z. G., et al. (2015). River-derived sediment suspension and transport in the Bohai, yellow, and East China seas: a preliminary modeling study. Cont. Shelf Res. 111, 112–125. doi: 10.1016/j.csr.2015.08.015

 Zeng, J., Jiao, C. C., Zhao, D. Y., and Xu, H. M. (2019). Patterns and assembly processes of planktonic and sedimentary bacterial community differ along a trophic gradient in freshwater lakes. Ecol. Indic. 106:105491. doi: 10.1016/j.ecolind.2019.105491

 Zhang, J. Y. (2016). Spaa: species association analysis. R package version 0.2.2. Available at: http://CRAN.R-project.org/package=spaa

 Zhang, J. W., Li, C., Rahaman, M. M., Yao, Y. D., Ma, P. L., Zhang, J. H., et al. (2022a). A comprehensive review of image analysis methods for microorganism counting: from classical image processing to deep learning approaches. Artif. Intell. Rev. 55, 2875–2944. doi: 10.1007/s10462-021-10082-4 

 Zhang, J. H., Li, C., Yin, Y. M., Zhang, J. W., Zhao, X., and Grzegorzek, M. (2022b). Applications of artificial neural networks in microorganism image analysis: a comprehensive review from conventional multilayer perceptron to popular convolutional neural network and potential visual transformer. Artif. Intell. Rev. 1–58. doi: 10.1007/s10462-022-10192-7 

 Zhou, J., and Ning, D. (2017). Stochastic community assembly: does it matter in microbial ecology? Microbiol. Mol. Biol. Rev. 81:e00002–e00017. doi: 10.1128/MMBR.00002-17 


OPS/images/fmicb-13-971437-g005.jpg
Bray-curtis similarity (%)

40.

0.

20

®  Y-0.106X14.358 Y- 3999X:11795
0.002 R=0015
P<0.01

20

193%+1.022 Y=2.027X13 376
R*-0.003
P2005

® o nNs
. o HS @

0

3 o6 8
Geography distance (100km)

00

0

06 05
Geography distance (100km)






OPS/images/fmicb-13-971437-g006.jpg
NS
T
Ns-Tr 2.7%
Unkaown
0.8%
ink: NW-M

51.8%

4

sink: HW-Ox

sink: HS-Ox

T3 4%

2.6%

4.4%
P






OPS/images/fmicb-13-971437-g003.jpg
@ Normal period-Water
® Normal period-Sediment
® Highwaterperiod-Water
@ Highwater period-Sediment

04






OPS/images/fmicb-13-971437-g004.jpg
Overlapped OTUs

10%

8%

6%

4%

2% 4

0% o

I Normal period
| High-water period

A -
M&Tr-M M&Tr-Ox M&Tr-M M&Tr-Ox
Water Sediment





OPS/images/fmicb-13-971437-M1.jpg





OPS/images/fmicb-13-971437-g007.jpg
Positive cohesion

Negative cohesion

025

[ Normal period
. High-water period
0.20 —
0.15
0.10 |
0.05
0.00 ® — 'S
Mainstream Tribwtary  Oxbowlake  Mainstream  Tribuary  Oxbow lake
Water Sediment
[ Normal period
] High-water period
- ' ) -4 -
-0.02
-0.04
-0.06
-0.08
-0.10

Mainstream Tributary Oxbow lake Mainstream Tributary Oxbow lake

Water Sediment






OPS/images/fmicb-13-971437-g008.jpg
© Proteobacteria
© Bacteroidetes

s .
 Bacteroidetes © Verrucomicrobia
® Actinobacteriz ® Acidobacteria
P
: ® Gemmatimonadetes.
E E
R SRS : - R
[l i .
o 7]
B e 1 !
B o
i
3 d _—
e WIS R T IR e






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hydrological connectivity promotes coalescence of bacterial communities in a floodplain



		Introduction



		Materials and methods



		Study area and sampling



		Environmental information



		Illumina sequencing and bioinformatics analysis



		Data analysis



		Alpha-and beta-diversity



		Community coalescence



		Habitat niche breadth



		Co-occurrence network















		Results



		Comparison of environmental factors between normal and high-water periods



		Relative abundances of bacterial communities



		Diversity of bacterial communities



		Coalescence of bacterial communities



		Co-occurrence patterns and keystone species of bacterial communities









		Discussion



		Bacterial communities display spatiotemporal patterns in the floodplain ecosystem



		Hydrological connectivity facilitates bacterial immigration and community coalescence



		Hydrological connectivity influences bacterial network complexity and keystone species



		Ecological implications of bacterial community coalescence promoted by hydrological connectivity









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



















OPS/images/fmicb-13-971437-g001.jpg
lOl"lFl‘O E

}”\ @

101°4P'0 E

Sampling site

Mainstream
Tributary
e
q 3 Oxbow lake
: River
o Elevation(m)

7 | 50
s R SO i B 350- 3,500
[ 3.500- 4,300

ry
- ] 4300-4.747






OPS/images/fmicb-13-971437-g002.jpg
53353

o

RS RS REEE






OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Hydrological connectivity

promotes coalescence of

bacterial communities in a
floodplain









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





