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[bookmark: _Toc190952397]Section 1: Metagenomic approaches as a mode of studying riverine microbial ecology.

Understanding the dynamics of microbial communities in rivers, influenced significantly by human activities, water flow conditions, and environmental factors, has become essential for understanding river ecosystems. In this milieu, metagenomic sequencing has become pivotal in overcoming the challenges and limitations of traditional culture-based methods for characterizing microbes. By analyzing the composition, diversity, and functional potential of microbial communities, metagenomic analysis has deepened our understanding of how these systems respond to environmental disturbances and how to maintain essential ecosystem functions.

It is well-established that most of the taxa sampled from environmental sources were not culturable and thus remained unidentified using conventional culture-based techniques (Stewart, 2012, Zheng et al., 2024). The advent of amplicon sequencing and shotgun metagenomic sequencing has made it possible to more comprehensively and efficiently characterize these environments. Moreover, these advanced sequencing methods have facilitated the identification of novel microbial species and strains inhabiting these micro-ecosystems. This has led to groundbreaking implications in various fields such as agriculture, food, and healthcare (Eren & Banfield, 2024).

Metagenomic data have traditionally been generated from various sequencing platforms such as Illumina, PacBio, and Oxford Nanopore Technologies (ONT) (Nam et al., 2023). The process of analyzing such metagenomic data primarily involves taxonomic classification and functional enrichment by comparing sequence data to various databases (Grossart et al., 2020; Nam et al., 2023). These reference databases are typically created using fully annotated genomes and other genomic markers, which serve as benchmarks for gene prediction and genomic configuration of the species present in the sample (Hopson et al., 2020). The ongoing advancements in sequencing technologies, coupled with the development of key bioinformatic tools and comprehensive databases, have collectively enabled extensive studies of microbial environments. These studies have specifically focussed on their diversity and ecological functions, which are pivotal in linking microbial community dynamics to various biogeochemical processes (McGuire & Treseder, 2010).
Given its critical importance, investigating the dynamics of microbial communities in river ecosystems has gained significant prominence in recent years. These riverine ecosystems, primarily driven by microbial communities inhabiting both the water columns and sediments, serve as major biogeochemical hubs (Gibson et al., 2018). Uncovering the previously unknown microbial diversity has become essential, as rivers are extensively used for various activities, including drinking water supply, agriculture, industrial processes, and recreation (L. Lu et al., 2023). Metagenomics studies, powered by high-throughput sequencing technologies, have significantly advanced the in-depth characterization of many river metagenomes. These studies have enabled the monitoring of microbial diversity, and the detection of potential health risks associated with waterborne pathogens (Pérez-Cobas et al., 2020). Numerous such studies have emphasized that examining microbial compositions along spatiotemporal gradients reveals intricate relationships between bacterial communities, functional genes, and the riverine environment (Bagagnan et al., 2024; Dong et al., 2023; F. Huang et al., 2021; Rodríguez-Ramos et al., 2023; Y. Zhang et al., 2023).

From an ecological perspective, metagenomic analysis of river ecosystems plays a crucial role in assessing the genomic diversity of microbial ecosystems. River ecosystems are home to a wide variety of microorganisms, including bacteria, archaea, fungi, and viruses, each contributing to the ecological functions of the river (Taş et al., 2021). The assessment of genomic diversity through metagenomics helps in identifying not only the wide range of species present within, but also their potential functions within the ecosystem. Several microbial communities are often linked to important biogeochemical processes such as nutrient cycling, organic matter decomposition, and pollutant degradation (Fang et al., 2023). Many microorganisms act as primary decomposers, breaking down complex organic materials and also recycling vital nutrients like carbon, nitrogen, and sulfur (Battin et al., 2008; Zeglin, 2015). Others regulate nutrient availability through processes such as nitrification and denitrification, which are critical for ecosystem health (Gao et al., 2021).

Given their sensitivity to environmental changes, a key outcome of these studies has been recognizing the potential use of microbial communities as indicators of ecosystem health, reflecting impacts from pollution, habitat alteration (Sagova-Mareckova et al., 2021), and climate change (Gweon et al., 2021; L. Wang et al., 2021). This underscores the importance of real-time monitoring of these communities, extracting valuable insights into how human activities alter the structure of microbial consortia, aiding in the management and protection of river ecosystems (Dubey et al., 2022). A notable example of this application is using these communities as indicators of environmental pressures (Bagra et al., 2023) and monitoring the spread of antimicrobial resistance (AMR) within microbial communities (Bagra et al., 2023; Grenni, 2022).

As highlighted above, the advancements in sequencing technologies, coupled with the development of sophisticated computational tools, have been pivotal in making these studies and potential applications possible. These technological advancements have revolutionized our ability to analyze and interpret complex microbial communities within various ecosystems. Several evaluations of the strengths and weaknesses of metagenomic analysis have revealed that these tools would enable us to significantly enhance our understanding of ecosystem functions linked to microbial community structure (Reddington et al., 2020). By providing deeper insights into the genomic composition, diversity, and functional potential of microbial communities, metagenomic tools enable more precise modeling of the biogeochemical processes driven by microbes.

[bookmark: _Toc190952398]Section 2: The function, diversity, and ecological roles of riverine microbiomes

Recent research has devoted more effort in understanding riverine microbiomes, which are at the core of these river ecosystems and are deemed essential for maintaining its balance and function (Boeraş et al., 2021; P. Liu et al., 2023). Riverine microbiomes, the communities of microorganisms inhabiting river ecosystems, play important roles in maintaining ecological balance and supporting various biogeochemical processes (Balmonte et al., 2016; L. Liu et al., 2011). These microbiomes are influenced by a range of environmental factors and can significantly impact the health and functionality of riverine systems. These microbes help break down organic material, recycle nutrients, and support the health of both terrestrial and aquatic life (Ding et al., 2023). By doing so, they ensure that ecosystems remain productive and resilient (Philippot et al., 2021). Without these microbial communities, the delicate balance of nutrient and energy flow between land and water would be disrupted, leading to potential ecological issues.


[bookmark: _Toc190952399]2a. Nutrient Cycling and Ecosystem Health:

Riverine bacterial microbiomes play a crucial role in nutrient cycling processes, encompassing the utilization and recycling of chemical substances that are essential for preserving the ecological integrity of river systems (Boeraş et al., 2021). Microbial communities in rivers facilitate the biogeochemical connections between terrestrial and marine environments, transforming elements and organic matter as they move from land to sea. These communities are vital drivers of carbon and nitrogen transformations in rivers, especially in those impacted by human activities, such as effluent from wastewater treatment plants and reservoirs (Balmonte et al., 2016). They mediate key biochemical processes such as denitrification (Z. Wang et al., 2018) and phosphorus absorption, which are essential for maintaining water quality and ecosystem stability (Y. Hu et al., 2023). Key microorganisms like Pseudomonas (Z. Chen et al., 2024), Acinetobacter, and Microbacterium are involved in nitrate and phosphate removal, contributing to the stability of river-lake systems (Banerjee et al., 2018; Ding et al., 2023).

Key natural factors that influence bacterial community composition include salinity, seasonality, temperature, and nutrient availability (Doherty et al., 2017; Mason et al., 2016). Tee et al. (2021) showed that microbial community composition and metabolic processes are strongly influenced by salinity, with distinct patterns of osmoregulation, nutrient cycling, and primary production in freshwater, brackish, and marine environments. Salinity and nutrient gradients impose significant biological boundaries between sediment and water, and among non-saline, brackish, and marine environments (Lozupone & Knight, 2007; Thompson et al., 2017). 

[bookmark: _Toc190952400]2b. Response to Environmental Changes:

Microbial generations are on the scale of minutes to hours under optimum conditions, while significant changes in river chemistry and hydrology typically unfold over longer periods, such as seasonal cycles (Gibson et al., 2018). Understanding the impact of microbial community dynamics across relevant temporal gradients is of utmost importance for nutrient cycling, organic matter decomposition, and overall ecosystem health (Kaevska et al., 2016; Liao et al., 2018). 

Several such studies highlight the response of these microbiomes to varying environmental conditions, particularly the physical-chemical characteristics of the river sediments. Liao et al. (2018) collected water samples from 34 sites along the Chaobai River and analyzed physiochemical parameters, microbial biomass, and community composition. The authors reported that environmental factors jointly influenced 57.5% - 65.7% of the variation of microbial communities, and that the distribution patterns of the microbial communities were caused by environmental changes in December and March, while caused by both environmental changes and spatial factors in June. Similarly, Kaevska et al. (2016) investigated seasonal changes in microbial community composition in water samples from five rivers in Brno over four seasons, focusing on diversity. They observed the highest microbial diversity in winter and autumn, with average Shannon diversity scores of 9.05 and 8.54, respectively, compared to a lower diversity for the rest of the year, averaging 6.91, across the five locations. Shannon index (Ortiz-Burgos, 2016) is a measure of biodiversity that accounts for both the richness (number of species) and evenness (distribution of individuals among species) in a community. It quantifies uncertainty or unpredictability in species identity, with higher values indicating greater diversity. In the context of the study, higher diversity was attributed to seasonal changes across the year. Additionally, the physical and chemical analyses revealed distinct correlations between specific bacterial phyla and environmental factors. The phylum Actinobacteria was found to be negatively correlated with phosphorus, sulphate, dissolved particles, and chloride levels. In contrast, Proteobacteria demonstrated positive correlations with sulphate, dissolved particles, chloride, dissolved oxygen, and nitrite levels (Dong et al., 2023; Y. Zhang et al., 2023).

While it is well-established that seasonal changes cause significant disruptions in river chemistry and hydrology, numerous such studies have underscored the necessity of assessing these disruptions and interpreting the resulting variations from the perspective of microbial diversity within these ecosystems. This diversity is not only crucial for enriching the agricultural lands along the river’s course (Rodríguez-Ramos et al., 2023), it is also important to examine how ecological factors such as nutrient inputs, temperature shifts, and water flow patterns influence the composition and abundance of riverine microbial communities.



[bookmark: _Toc190952401]2c. Ecological Succession and Spatial Variability:

Ecological succession refers to the process by which the structure of a biological community evolves over time. Spatial variability, on the other hand, pertains to the differences in the distribution and abundance of species across different spatial scales. Together, ecological succession and spatial variability can create dynamic environments that promote high microbial diversity, which in turn is crucial for ecosystem stability, resilience, and function (Z. Liu et al., 2022; URycki et al., 2020).

It is often observed in studies, that different stages of succession support varying microbial populations. For example, early successional stages might have higher microbial activity due to the availability of resources, while later stages might be more stable with a diverse array of specialized species (URycki et al., 2020). Seasonal changes, which are part of the successional process, also affect microbial diversity. For instance, higher microbial diversity is often observed in seasons with favorable conditions for growth, such as autumn (Kaevska et al., 2016).

On the other hand, spatial variability is influenced by factors such as nutrient availability, water flow patterns, and habitat heterogeneity. Studies of bacterial communities along river systems have shown that different bacterial groups dominate at different stages, from headwaters to downstream regions. Headwaters might have different nutrient inputs and physical conditions compared to downstream areas, leading to varied microbial diversities (Shi et al., 2023).

This diversity further enhances the ecosystem's resilience, enabling it to withstand both natural and human-induced stressors (Boeraş et al., 2021). It is intrinsically linked to the system's capacity to grow, adapt, maintain balance, and sustain itself over time. For example, hurricanes can influence various factors such as water flow, sediment deposition, and habitat availability, all of which impact the recovery and reshaping of the river ecosystem. These disturbances can create opportunities for species colonization. In a notable study, Balmonte et al. (2016) reported that Hurricane Irene induced significant changes in the bacterial community composition along the Tar River. The disturbance led to an increase in microbial diversity and the emergence of new bacterial lineages, particularly within the class Betaproteobacteria. Specific genera such as Limnohabitans and Polynucelobacter showed notable increases. This example illustrates how extreme weather events can create dynamic environments that favor the proliferation of certain microbial groups, thereby influencing the overall microbial diversity and ecosystem function.

Many of these studies lay the groundwork and highlight the necessity for a more comprehensive understanding of riverine bacterial community structures (She et al., 2024). They emphasize the impacts of spatial scale effects and underscore the importance of effective ecological management in the face of various anthropogenic activities. This deeper insight is crucial for developing strategies to sustain and enhance the health and functionality of river ecosystems.

[bookmark: _Toc190952402]Section 3: Impact of human activities and environmental changes on riverine microbial communities

One of the most significant negative impacts of human activities is nutrient pollution, specifically the excess of nitrogen and phosphorus. Environmental factors like nutrient concentrations and heavy metals are key in shaping microbial communities (Liao et al., 2018). Nitrogen and phosphorus are essential for microbial growth and activity, as they are involved in various biological processes (A Hu et al., 2017).

Further, unique environmental influences as well as human activities also result in distinct microbial profiles in different water sources (Beattie et al., 2020) (Naeem et al., 2020). Groundwater often contains higher heterotrophic bacterial counts, with common detections of coliforms and enterococci, indicating potential contamination from human or animal waste. A study involved the collection of water samples from the borehole and well in Akure, Nigeria, and the analysis of the physicochemical characteristics and microbial quality of the water (Olalemi et al., 2021). Results from the study claimed that the mean levels of E. coli in water from the borehole and well were 3.3 and 1.7 log₁₀ CFU/100 ml, respectively. Such elevated levels of coliforms and enterococci are strong indicators of fecal contamination, which can pose severe health risk.

In contrast, water influenced by agricultural runoff harbors bacteria such as Actinobacteria, Flavobacterium spp., Pseudomonas spp., and Aeromonas spp, which thrive in nutrient-rich environments (Beattie et al., 2020). These bacteria are often linked to organic matter and nutrient-rich conditions typical of agricultural discharge. In groundwater-replenished rivers, microbial markers provide insights into subsurface influences, while surface water reflects immediate environmental and anthropogenic activities.

The interaction between rivers and adjacent agricultural lands further underscores the influence of land-use practices on river ecosystems. Agricultural activities contribute to nutrient loading and microbial input in surface waters, leading to dynamic microbial communities that reflect these external influences (Sasakova et al., 2018). This suggests that effective management of agricultural practices is critical for maintaining the microbial and ecological balance of nearby water bodies. 

[bookmark: _Toc190952403]3a. Anthropogenic Activities and Microbial Community Structure:

Agricultural runoff and wastewater discharge significantly impact riverine microbial communities and overall ecosystem health. Human activities such as wastewater discharge, pesticide, and fertilizer use significantly alter microbial community composition, increase bacterial production, and accelerate the metabolism of natural organic matter (Liao et al., 2018). Human interference directly changes nutrient levels, leading to imbalances in ecosystems. This disruption promotes the growth of specific microbial communities while reducing overall microbial diversity.

Higher nutrient concentrations were found in the midstream and downstream areas compared to the upstream area, indicating more frequent anthropogenic activities in those areas in the Xiyuan River (L. Liu et al., 2021). The study also found that anthropogenic activity-tolerant bacteria (involved in nutrient removal, aromatic degradation, and pathogenic bacteria) and their linked taxa formed large, strongly positive modules in the midstream and downstream networks, further contributing to community destabilization.

Anthropogenic contamination, including micropollutants like pharmaceuticals and personal care products [PPCPs], disrupts microbial co-occurrence patterns and affects the diversity and abundance of dominant species in riverine microbial communities (A. Hu et al., 2017; L. Liu et al., 2021). A study of the Jiulong River in Fujian province, China found that the riverine microbial co-occurrence network has a non-random, modular structure, and that micropollutants, particularly PPCPs, exert a combined effect on shaping diversity of riverine microbial communities (A. Hu et al., 2017). In other words, closely related taxa tended to be inter-connected and thrive together, attributing either to strong niche overlap in closely related species or to synergistic relations due to micropollutants (Chaffron et al., 2010; A. Hu et al., 2017; Ju & Zhang, 2015). Liu et al. (2021), investigating the effects of anthropogenic activities on the stability of bacterial communities another river [Xiyuan River] in the same province, corroborated these effects of frequent anthropogenic activities on increased the synergistic relations between taxa, with increased coordination among bacterial taxa in midstream and downstream areas contributing to reduced overall stability. This occurs because, in a community with a high proportion of strong positive correlations between taxa, the taxa are likely to respond collectively to environmental changes, leading to coordinated fluctuations defined as co-oscillation or synchrony. 

[bookmark: _Toc190952404]3b. Microbial Resistance and Resilience:

Adaptability is crucial for maintaining functional ecosystems that can bounce back from disturbances. Microbial communities show different levels of resistance and resilience to human impacts, significantly contributing to such adaptability (Philippot et al., 2021). While some microbial traits such as composition, diversity, and functional gene distribution can return to their original state after stress is removed, the interactions among microbial communities may not fully recover, indicating a lasting effect of human activities (L. Huang et al., 2020). The presence of a stable core community of abundant taxa suggests that the distribution of specific microbial groups is shaped by their metabolic abilities in response to human activities and environmental factors (Ma et al., 2022).

Consequently, human land-use practices greatly influence microbial communities, with certain microbial taxa acting as indicators of local environmental conditions; for instance, the presence of specific bacteria can directly reflect high or low nutrient levels in an area (H. Wei et al., 2024). A pioneering study, conducted in 2004 by Professor Jillian (Jill) Banfield, found that a pink biofilm growing on the surface of the five-way region of the Richmond mine at Iron Mountain, California was dominated by Leptospirillum species and contained F. acidarmanus at a relatively low abundance (Tyson et al., 2004). Extended studies based on this work, have established acid mine drainage (AMD) biofilm communities as a tractable model system for studying microbial ecology, due to their relatively low species richness defined ecological succession patterns (Denef et al., 2010; Tyson et al., 2004). These environments, characterized by low pH and high concentrations of heavy metals, present extreme conditions that shape unique microbial biofilm communities. Further, Chen et al. (2022) found that rare earth element (REE) acid mine drainage (AMD) significantly changed the river's microbial diversity and created unique indicator taxa such as Thaumarchaeota, Methylophilales, Rhodospirillales and Burkholderiales. These species play a crucial role in nitrogen and sulfur cycling, as well as immobilizing REEs in the river. The high concentration of REEs increased REEs-dependent enzyme-encoding genes. These communities exhibit both resistance and resilience in response to environmental stressors.

These studies have underscored the importance of utility of characterizing river ecosystems for identification of unique indicator taxa for effective management and development of remediation strategies to safeguard river ecosystems (Gibbons et al., 2014;Feng et al., 2022).

[bookmark: _Toc190952405]Section 4: Microbial Dynamics and Nitrate Reduction

Microbial dynamics and nitrate reduction are critical components of river ecology, influencing water quality and ecosystem health (F. Huang et al., 2021). Excessive nitrate levels, often due to anthropogenic activities, can lead to eutrophication and other environmental issues (Burgin & Hamilton, 2007). Understanding how microbial communities respond to nitrate pollution and contribute to nitrate reduction processes is essential for managing and restoring river ecosystems.

Over the past few decades, global reactive nitrogen levels have risen significantly in estuarine and coastal ecosystems due to ‘industrial nitrogen fixation’ (Fortin et al., 2021; J. Wei et al., 2023). Industrial nitrogen fixation has increased due to human activities such as burning fossil fuels and making fertilizers. This increase has led to various ecological and environmental issues such as degraded soils, biodiversity loss, eutrophication (algae blooms, which can lead to oxygen-depleted zones), acid rain, groundwater contamination, polluted drinking water, and human health impacts (F. Huang et al., 2021).

Nitrogen transformation processes such as denitrification are mediated by microorganisms that have genes involved in the various processes of the nitrogen metabolism and catalyzed by the corresponding enzymes (T. Zhang et al., 2022). Integrating and correlating metagenomic data with biogeochemical measurements enables us to better understand the ecological impacts of nitrate pollution on river microbial communities. It provides context on how these microorganisms interact with their environment, and why certain changes can lead to functional and taxonomic convergence of microbial communities within the ecosystem. While functional convergence denotes the homogenization of microbial functional traits due to a notably changed ecosystem factor [like nitrate], taxonomic convergence refers to the domination of a specific group of taxa that can exploit the notably changed ecosystem factor (Li et al., 2021). These convergences often reduce taxonomic diversity, making the ecosystem more vulnerable to disturbances. For example, elevated nitrate levels lead to taxonomic convergence of Proteobacteria, and a functional convergence of denitrifiers like Thiobacillus, due to notably increased denitrification (nitrate reduction to nitrogen gas) and sulfide oxidation, accompanied with a significant loss of biodiversity and community stability (Li et al., 2021).

Polluted river sites show a higher abundance of opportunistic pathogens and reduced microbial diversity compared to cleaner sites. Bacterial communities have significant spatial heterogeneity in river sediments of different polluted areas showcasing the significant impact of industrialization on river pollution and the ecological consequences for microbial life forms. A study on the impact of anthropogenic pollution revealed that bacterial communities had significant spatial heterogeneity in river sediments of different polluted areas (L. Zhang et al., 2021). The study found significant differences in bacterial communities and nitrogen metabolism strategies among the three pollution types: industrial, agricultural, and domestic. The results showed an increase in abundance of taxa with functional genes involved in nitrogen fixation, assimilation, denitrification, and other nitrogen cycles, positively correlating with total nitrogen (TN), total phosphorus (TP), and total organic carbon (TOC).

Given the critical role of nitrogen in shaping microbial diversity, numerous studies have explored the nitrate-induced biogeochemical cycling in river sediments. Many studies have observed significant biodiversity loss due to the enrichment of denitrifiers and the removal of core taxa (Li et al., 2021). However, other bacterial taxa contribute significantly to such shifts in community composition, in response to nitrogen enrichment and seasonal changes (Y. Hu et al., 2023). Several such observations, not just limited to nitrogen associated community shifts, have led to the advent of concepts like core, rare and conditionally rare taxa [CRT] (Dueholm et al., 2024; Shade et al., 2014; Shi et al., 2023).

Briefly, within any microbial ecosystem, both abundant and rare bacterial taxa exhibit distinct functional traits, ecological roles, and survival strategies, making them integral part of these microbial communities (Shade et al., 2014; Shi et al., 2023). Most of these rare taxa only occur in very low abundance and are therefore unlikely to have any quantitative impact on the overall ecosystem performance (Dueholm et al., 2024). But recently, the interest has shifted towards studying CRT, and their roles in these processes (Y. Hu et al., 2023; Shi et al., 2023). Conditionally rare taxa (CRT), as defined by Shade et al. (2014), are bacterial groups that remain low in abundance under normal conditions but can become dominant and play critical roles during environmental disturbances (ex. nitrate pollution). So, largely, a core subcommunity is made up of taxa that are consistently observed in high abundance over time or space, CRT stay at or below the detection limit but sporadically boost to appreciable abundance as a result of changes in environmental conditions. Since these microbial groups are often overlooked due to their rarity, they propose to "deterministically explore the abundance-occupancy distributions of microbial community members and to systematically characterize the core microbiome and CRT (Dueholm et al., 2024; Shade et al., 2014; Shi et al., 2023).

Chen et al. demonstrated a seasonal diversity shift of aquatic microbiomes and found that nitrifiers, like Nitrospiraceae spp., were more abundant in agricultural streams than larger surface water courses (W. Chen et al., 2018). Other studies have also shown seasonal changes in bacterial community composition as a consequence of upstream wastewater discharge (García-Armisen et al., 2014; Xu et al., 2018). Such observations are not just limited to seasonal changes or human activities. Even an on- and off-season of outdoor grazing of livestock has been attributed to the conditionally rare abundance of Bacterioidales bacteria in surface water (Flynn et al., 2016). A study by (Fuentes et al., 2016) observed that certain soil bacteria, initially rare, became dominant following a disturbance due to diesel pollution, illustrating the potential role of the rare microbes in responding to environmental changes. The results of this study showed a decrease in microbial diversity in diesel-polluted soil, the dominance of Proteobacteria and Actinobacteria in the soil bacterial communities, and the bloom of a native soil member, Moraxellaceae, in response to diesel pollution. 

Overall, its well established that microbial communities respond to such selective environmental pressure through changes in their composition, abundance, diversity, and metabolic functions (Sasakova et al., 2018; L. Zhang et al., 2021). But its only recently that researchers have started to focus on these abundance-occupancy distributions, delving deep into, core, rare and CRTs, which may emerge as key players when ecosystems are stressed. These shifts highlight the adaptability and importance of microbial communities in maintaining ecosystem functions. Identifying such microbial players and associated processes, influenced by various highlighted factors, will drive the effective management of riverine microbial communities in the future, enhancing ecosystem health and mitigating the negative impacts of human activities and environmental factors (Kim et al., 2016; Yadav & Dharne, 2024). More importantly, in the context of this study, these recent deep dives into such characteristics of microbial ecosystems have been largely possible because of metagenomics studies.

[bookmark: _Toc190952406]Conclusion:
Riverine ecosystems host diverse microbial communities that vary significantly across different geographic locations and are influenced by urban and anthropogenic effects. These microbial communities are easily influenced by both natural events, like seasonal shifts or extreme weather, as well as human activities. The extent to which human-induced factors, such as pollution and land-use change, influence the microbial communities remains a critical yet underexplored area of research. The combined effects of these factors may lead to unpredictable changes in microbial community resilience, stability, and the ecosystem services they support. Hence, these can profoundly shape ecosystem functions and determine how they adapt to environmental changes. Understanding how these interactions shape microbial diversity and ecosystem functionality is critical but also presents significant challenges due to dynamic and multifactorial nature of river systems. These interactions can have cascading effects on microbial community composition, structure, and function. This variability makes it difficult to create broad-scale models of river ecosystems to quantify them.

Given its significance, a key outcome of these studies has been recognizing the potential use of characterizing microbial communities and specific taxa as indicators of ecosystem health, reflecting impacts of pollution, habitat alteration, and climate change. The importance of real-time monitoring of these communities, extracting valuable insights into how human activities alter the structure of microbial consortia, will significantly aid the management and protection of river ecosystems in the future.

In this context, the advancements in sequencing technologies, coupled with the development of supporting computational tools, have been pivotal in studying the river microbiomes through metagenomic analysis. These advancements have revolutionized our ability to analyze and interpret complex microbial communities within river ecosystems. Yet there are several key outstanding questions that need to be addressed, that span both the specific context of river microbiomes and the broader field of metagenomics and computational tools. There is a need to further elucidate the mechanisms driving microbial community dynamics in response to environmental changes, the functional roles of rare and abundant taxa, and the potential for microbial communities to serve as bioindicators of ecosystem health. Additionally, challenges related to data integration, standardization, and the development of robust computational models persist.

To elaborate on some important outstanding questions in this area of study, several key topics need to be addressed: First, understanding how microbial communities vary across different river systems is crucial. Geographic location, seasonal changes, and human activities such as urbanization and industrialization can significantly influence riverine microbial diversity. Thus, it is vital to investigate the ecological implications of this diversity and how it varies by region and over time. Additionally, it is essential to uncover the specific functions of discovered microbial taxa, whether they are rare or newly identified. Knowing their roles in nutrient cycling and other ecosystem functions can provide deeper insights into their contributions to river health and resilience. Urban and industrial activities are known to alter microbial community structures, but the full extent and mechanisms of these changes remain to be thoroughly explored. Understanding this will help in mitigating negative impacts on river ecosystems.

Moreover, identifying best practices for integrating metagenomic data into ecological models is crucial for accurately predicting ecosystem responses to environmental changes. This integration can inform strategies to improve river management and conservation. Furthermore, using metagenomics to enhance river management and conservation efforts is another significant area of inquiry. This approach can lead to more effective interventions and policies to protect aquatic ecosystems. Finally, it is essential to unravel the complex interactions between microbes and their environments, especially in the context of rapid environmental changes and human impacts. Disentangling the relative contributions of human-induced and natural factors to microbial community changes will provide a comprehensive understanding of ecosystem dynamics and guide effective conservation practices.

By addressing these outstanding questions, we can gain a holistic understanding of riverine microbial communities and their ecological roles, paving the way for more informed and effective environmental management and conservation strategies. This requires tremendous efforts on all fronts, from robust sampling strategies, improvements in sequencing platforms, advanced analytical tools, and predictive modeling approaches. This study endeavors to provide answers to some of these pressing questions, thereby contributing to both the advancement of river microbiome research and the refinement of metagenomic and computational methodologies.

[bookmark: _Toc190952407]Section 5: Example Analysis: Impact of Environmental Variables and Seasonal Dynamics on Riverine Microbial Communities, Diversity, and Function

[bookmark: _Toc190952408]Background & Hypothesis

Bacterial communities within river ecosystems exhibit strong seasonal cycles with rapid successions of bacterial lineages, reflecting climatic conditions. Seasonal changes in temperature and river flow rate have the maximum impact on microbial diversity and community composition. Other than these, total suspended solids (TSS), biochemical oxygen demand (BOD) etc., are some of the key factors influencing bacterial density across seasons (Adewoyin & Okoh, 2020).

For instance, bacterial richness and diversity increase from winter to summer, with lower flow rates promoting microbial community coalescence among sediment, water, and biofilm habitats (Luo et al., 2020). Community coalescence denotes “the encounter and interaction of entire microbial communities, merging of previously separate networks of microbes forming new biotic networks, along with some aspects of abiotic environment, caused due to mixing of the source environments”(Rillig et al., 2015). During winter, low temperatures and reduced light availability create niches for specific bacterial taxa involved in carbon, iron, and nitrogen cycling, which are less active or dormant in summer. If typical freshwater microorganisms dominate in summer, methanotrophic and other specialized bacteria are more prevalent in winter (Cruaud et al., 2020). Similarly, seasonal rainfall patterns affect nutrient inputs and microbial diversity. For example, in subtropical lakes, increased turbidity during the rainy season correlated with changes in the abundance of specific bacterial genera such as Flavobacterium and Pseudomonas (Díaz-Torres et al., 2022), which were linked to nutrient cycling processes like denitrification & nitrogen fixation. 

Human activities, such as water diversions and land use changes, often have a more substantial impact on microbial communities than natural seasonal variations. These activities can override the effects of seasonality by altering nutrient concentrations and hydrological conditions (Lv et al., 2021;Qiu et al., 2020). Increased concentrations of nitrogen and phosphorus from anthropogenic sources can alter bacterial communities by changing nutrient availability and interactions. This affects the abundance and diversity of various bacterial taxa, such as alpha-, beta-, and gamma-proteobacteria, and the Cytophaga–Flavobacteria cluster (Rubin & Leff, 2007, Qiu et al., 2020). Higher levels of organic carbon and nitrogen, often due to water diversions, significantly impact microbial communities by increasing salinity and electrical conductivity (EC) (Lv et al., 2021). The ratio of dissolved inorganic nitrogen to soluble reactive phosphorus is crucial in structuring bacterial communities, with different taxa showing varying correlations with these ratios (Rubin & Leff, 2007).

With the above premise, when analysing a set of river metagenome, samples which have a spatiotemporal variation based on seasons, it could be hypothesized that we will observe some compositional changes in the riverine microbiome within the seasonal landscape. It can also be predicted that there could be some microbial taxa that increase or decrease in presence and abundance with respect to nutritional presence and absence. To examine these hypotheses, this study investigated the microbial community composition and diversity in riverine ecosystems, across spatial and temporal gradients, with focus on their relationship to environmental variables.

Samples from river in Prince Edward Island province of Canada were collected from four sites, between the years 2020 and 2022. They were analyzed utilizing taxonomic profiling methods, diversity indices and multivariate statistical methods to characterize patterns and correlations. The study investigated microbial community composition and diversity in riverine ecosystems, revealing dominance by certain microbial families like Comamonadaceae, Flavobacteriaceae. Seasonal variations were notable, with lower microbial diversity observed in summer. Despite weak correlations between nutrient concentrations and microbial genera, significant correlations were found in summer samples, suggesting possible anthropogenic influences. Genera such as Botrimarina, Nitrospira, Nibricoccus, Halioglobus etc., were significantly correlated with nitrate, chloride, and phosphate levels. However, these correlations were not conclusive due to the low abundance of these genera, suggesting that natural seasonal variations might have primarily driven the observed microbial diversity variations.

[bookmark: _Toc190952409]Methods

River water samples, from Prince Edward Island (eastern Canada's maritime province), were collected at monthly intervals, from four sites of rivers at locations Maple Plains (Site1), Webster (Site2), Johnston (Site3) and Breadalbane (Site4), between 2020 and 2022. Sample collection spanned from May to December in 2021 and 2022, while in 2020, sampling was conducted only until October. A total of 87 samples were collected and were subjected to filtration, DNA extraction, and whole-genome shotgun sequencing using Illumina short-read sequencing. Quality check and improvements were performed using ATRIA (Chuan et al., 2021). Taxonomic profiling with Kraken (v2.1.2) followed by re-profiling with Bracken (v2.7) (J. Lu et al., 2017, Wood et al., 2019) were performed, with default parameters, to characterize microbial community presence and estimate relative taxon abundances from the metagenomic data.

Alpha diversity analyses was conducted on all the samples, employing methods described in Walters & Martiny, 2020. Diversity was assessed in each sample from every river site by measuring observed richness (the number of taxa) and evenness (the distribution of relative abundances among taxa). Phyloseq (v1.48.0) (McMurdie & Holmes, 2013), Vegan (v2.6.6.1) (Dixon, 2003), and mixOmics (v6.28.0) (Rohart et al., 2017) packages in R were utilized for this purpose.

Also, we employed the Regularized Canonical Correlation Analysis (rCCA) method to examine the correlation between microbial abundance profiles and environmental factors (Legendre & Gauthier, 2014). This multivariate technique maximizes correlations between canonical variates while reducing dimensionality. rCCA analysis used microbial abundance profiles from 87 river metagenome samples, correlating them with nutrient concentrations across a spatiotemporal gradient. By focusing on two latent components, we investigated associations between nutrient variables (nitrate, chloride, phosphate, ammonium) and microbial genera in the river metagenome. We aimed to uncover patterns of co-variation, identify influential genera and environmental factors, and interpret nutrient dynamics' impact on microbial composition. Variables were plotted within a unit circle based on their correlation with the components.

[bookmark: _Toc190952410]Results & Discussion

The taxonomic profiles of the 87 river water samples revealed dominance of the phyla Psuedomonadota, with Comamonadaceae, Flavobacteriaceae, Pseudomonadaceae, and Burkholderiaceae being the most prominent families. While these taxa were dominant across locations, certain spatial gradients exhibited Site1 (Maple Plains) were enriched by exclusive presence of specific families, such as Phyllobacteriaceae and Roseobacteraceae. Among the genera, Flavobacterium was the most abundant across all samples, with F. ammonificans and F. ammonigenes identified as the predominant species.

The taxonomic profiling estimated an average of 5,435 species across all samples but ranged between 3220 to 7675 species across sites and seasons indicating the variable spatial and temporal nature of the dataset. Similar patters were observed with genera, with an average of 1,546 genera identified, ranging between 956 and 1968 distinct genera. These preliminary numbers indicated a broad range of diversity across samples, which were later corroborated by the diversity analysis. The Shannon diversity score, which considers both the richness and evenness of the microbial community, averaged at 5.14 across samples. However, certain samples collected in the months of summer [Site-1, 2020] exhibited significantly lower Shannon diversity score of 2.7.

To elaborate, the alpha diversity analysis revealed notable seasonal variations in Shannon Diversity Index, particularly during the summer season (June, July, August, and, in some cases, September) compared to other seasons. Specifically, the summer months exhibited lower microbial diversity, which accounts for both richness and evenness of the microbial communities. Closer examination of these summer samples indicated that the lowest diversity was predominantly observed in 2020 and was associated with Site1 (Fig.1). While samples from other years and sites during the summer months also showed reduced diversity compared to other seasons, the effect was most pronounced in the 2020 Site1 samples.
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Fig.1. Alpha Diversity by Season and Year: Shannon Diversity Index across the 3-Year Period, Highlighting Variance during the Summer Season

These early estimates of species richness and diversity indicated seasonal influences on the distribution of microbial communities in the riverine ecosystem. Considering the influence of seasonal rainfall patterns, nutrient inputs, natural factors such as temperature and water flow, which are the key drivers of microbial community dynamics, the observed variation in microbial diversity was plausible.

However, as previously mentioned, anthropogenic activities can have a pronounced impact on microbial diversity and ecosystem dynamics, by alterations of nutrient levels and hydrological conditions (Qiu et al., 2020). To determine whether the observed variations in diversity were attributable to natural seasonal fluctuations or anthropogenic influences, or a combination of both, we conducted a correlation analysis between the abundance of microbial genera and nutrient concentrations.

Approximately 55% of Prince Edward Island's population is classified as rural and 619,885 acres or 44% of the total land area is farmed. Prince Edward Island's food manufacturers process fruit and vegetables, dairy, red meat and poultry products, seafood, and confectionary (Canada at a Glance Population, 2013). Given this, a significant number of anthropogenic activities, involving agricultural runoff and wastewater discharges, is expected. This in turn is known to impact riverine microbial communities and overall ecosystem health. Hence, we intended to establish any probable correlations between the microbial abundance and observed variation in diversity with the nutrient concentrations of nitrate, chloride, phosphate, and ammonium, which are most common ingredients of agricultural runoffs.

rCCA analysis was used to establish the correlation of each variable with two selected latent components. The resulting circular correlation plot visualizes the relationships between environmental nutrient variables (orange text) and microbial genera (blue text) based on their projections onto the two canonical components (Component 1 and Component 2). The coordinates of each variable were determined by their correlation with these components, and all variable vectors are plotted within a circle. The length of the vector indicates the strength of its association, with longer vectors signifying stronger correlations. The proximity of vectors reflects the degree of correlation between variables. The plot shows the position of each variable vector relative to the origin, with stronger correlations represented by vectors that are further away from the origin.

Given this background, Within the circular correlation plot [Fig.2], all microbial genera were clustered near the center of the unit circle, indicating weak or insignificant correlations with nutrient concentrations (nitrate, chloride, phosphate, and ammonium).
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Fig.2.: A circular correlation plot illustrating the regularized canonical components, where correlations between microbial taxa across all 87 samples are shown in relation to environmental variables including nitrate, chloride, phosphate, and ammonium.

These weak or insignificant correlations with nitrate, chloride, phosphate, and ammonium concentrations suggest that the observed variations in species richness and diversity are most likely due to natural seasonal changes. Consequently, these variations are unlikely to be significantly influenced by human activities in the area. Additionally, these fluctuations could be random or result from other variables not accounted for in the data collection process.
However, because the most variation in the microbial community was observed within the summer samples, as estimated by the Shannon Diversity Index [Fig.1], we hypothesized that an rCCA analysis focusing exclusively on these samples, might establish some correlation between the anthropogenic activities and the nutrient concentrations. Fig.3. presents the rCCA circular correlation plot, illustrating the relationship between nutrient factors and microbial genus profiles during the summer months, across four river sites over three years. The plot highlights significant number of genera showing direct correlations with nitrate, chloride, and phosphate concentrations.

[image: A diagram of a circle

Description automatically generated]
Fig.3.: A circular correlation plot illustrating the regularized canonical components, depicting correlations between microbial taxa from summer season samples and environmental variables, including nitrate, chloride, phosphate, and ammonium.
To elaborate, the rCCA analysis identified 20 microbial genera with regularized correlation values ranging from 0.37 (Ferruginibacter) to 0.59 (Botrimarina*), suggesting their potential associations with environmental nutrient levels. Genus Botrimarina, known for its preference for environments with high nitrate concentrations (Mattoo & Suman, 2023), emerged as a shared correlate with both nitrate and chloride levels. Additionally, Nitrospira, Nibricoccus, Lacipirellula, Kineobactrum, and Halioglobus were identified as the genera most strongly correlated with these nutrient factors. Genera such as Botrimarina are closely correlated with chloride, suggesting a strong positive correlation with this nutrient. Genera near the center of the plot exhibit weak correlations with the canonical components, indicating that their variation is not significantly explained by the nutrient variables analyzed. In Fig. 2, genera positioned along the vector coordinates 0.5 to 1.0 and -0.5 to -1.0 are most significantly correlated with nitrate and other variables. This plot highlights that chloride and nitrate are the primary environmental drivers shaping microbial community composition in this dataset, with distinct contributions along different canonical components.

These correlations relate well with the nutrient concentrations when we delve deeper into its established functions of these genus. Nibricoccus species, typically coccus-shaped, are integral to diverse microbial communities in river systems and are predominantly studied in freshwater environments (Baek et al., 2019). Nitrospira is a pivotal genus in the nitrogen cycle, specializing in the oxidation of nitrite to nitrate, a key step in nitrification (Vilardi et al., 2022). Kineobactrum, a genus within the Gammaproteobacteria class of the Psuedomonadota phylum, is often isolated from marine sediments and is capable of utilizing a variety of carbon sources, such as sugars and alcohols, for growth (Chang et al., 2019).Click or tap here to enter text.

These correlations suggest that anthropogenic activities may have influenced the observed variations in microbial diversity. However, they do not conclusively prove a definite correlation. This is largely because the genera that showed significant correlation with the nutrients, particularly nitrate, are rare. It is important to note that any microbial ecosystem comprises both abundant and rare bacterial taxa (Dueholm et al., 2024; Shade et al., 2014; Shi et al., 2023). When we looked at the relative abundances of these significantly correlated genera, within the summer samples, they were all < 0.1%. Consequently, they are unlikely to have a significant quantitative impact on overall ecosystem performance. Therefore, despite the strength of their associations, these rare taxa may not be ecologically important.

[bookmark: _Toc190952411]Conclusion

The study investigated microbial community composition and diversity in riverine ecosystems across spatial and temporal gradients, focusing on their relationship to environmental variables. The species richness and diversity analysis of river samples from Prince Edward Island, a province of Canada, indicated seasonal influences on the distribution of microbial communities in the riverine ecosystem. This finding corroborates several other studies on riverine microbiomes, particularly concerning the influence of seasonal rainfall patterns, nutrient inputs, and natural factors such as temperature and water flow.

The study was further extended to determine whether the observed variations in diversity were attributable to anthropogenic influences, natural influences, or a combination of both. While the analysis identified strong correlations between several microbial genera and concentrations of nitrate, chloride, and phosphorus, it did not conclusively prove the influence of anthropogenic activities. This was largely due to the fact that these correlations were established only with the summer samples, which exhibited lower microbial diversity during the months of June, July, and August, specifically for the year 2020. Additionally, Site 1 consistently displayed lower diversity compared to other river sites, potentially indicating the influence of human activity. Despite its proximity to forest land and minimal anthropogenic interference, Site 1 demonstrated lower diversity than sites adjacent to agricultural land, highlighting the potential impact of land-use differences on microbial diversity. Although it is possible that the observed correlations with nutrients such as nitrate and phosphorus may be attributed to agricultural runoff, the relative abundances of the enriched species were not sufficiently high to definitively confirm this correlation. On the other hand, reduced rainfall during this period could be the most probable contributing factor for the estimated variations in species richness and diversity. Furthermore, the functional significance of these rare taxa within the overall ecosystem, during these seasonal transitions, with or without anthropogenic interference, requires deeper exploration. This study warrants further investigation through functional profiling analysis of these river metagenomic samples to strengthen the association between the aforementioned taxa and the nutrients.

Overall, this study corroborates the impact of seasonal changes on riverine microbiomes, while providing mild support for the prevailing theory that human impact on river microbial diversity remains plausible. This collectively underscores the interplay between nutrient dynamics and microbial diversity, reflecting their ecological roles in nutrient cycling and adaptation to specific environmental niches.
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