

[image: Insights into the effects of environmental factors on phytoplankton and microzooplankton at a basin scale: diversity, assembly mechanisms, and co-occurrence networks]
Insights into the effects of environmental factors on phytoplankton and microzooplankton at a basin scale: diversity, assembly mechanisms, and co-occurrence networks





ORIGINAL RESEARCH

published: 20 December 2024

doi: 10.3389/fmars.2024.1462432

[image: image2]


Insights into the effects of environmental factors on phytoplankton and microzooplankton at a basin scale: diversity, assembly mechanisms, and co-occurrence networks


Yanjun Shen 1,2*, Xinxin Zhou 1,2, Jiaming Zhang 1,2, Qinghua Li 1,2, Yufeng Zhang 1,2 and Qing Zuo 1,3*


1 Laboratory of Water Ecological Health and Environmental Safety, School of Life Sciences, Chongqing Normal University, Chongqing, China, 2 Chongqing Key Laboratory of Conservation and Utilization of Freshwater Fishes, Chongqing Normal University, Chongqing, China, 3 Key Laboratory of Eco-Environments in Three Gorges Reservoir Region (Ministry of Education), School of Life Sciences, Southwest University, Chongqing, China




Edited by: 

Jin Zhou, Tsinghua University, China

Reviewed by: 

Si Tang, Tsinghua University, China

Danilo Luis Calliari Cuadro, Universidad de la República, Uruguay

Qiusheng Yuan, Kunming University of Science and Technology, China

*Correspondence: 

Yanjun Shen
 shenyanjun@cqnu.edu.cn 

Qing Zuo
 zuoqing101@163.com


Received: 10 July 2024

Accepted: 29 November 2024

Published: 20 December 2024

Citation:
Shen Y, Zhou X, Zhang J, Li Q, Zhang Y and Zuo Q (2024) Insights into the effects of environmental factors on phytoplankton and microzooplankton at a basin scale: diversity, assembly mechanisms, and co-occurrence networks. Front. Mar. Sci. 11:1462432. doi: 10.3389/fmars.2024.1462432



Mastering the characteristics of planktonic microbial communities under the influence of basin-scale environmental factors can provide scientific basis to develop more targeted protection and restoration measures. Here, an environmental DNA metabarcoding technology was applied to investigate the phytoplankton and microzooplankton simultaneously along the whole basin of Jialing River, one of the most important rivers in Southwest China with large scale altitude gradient and water temperature discrepancy. Along the river-way from upper to lower reach, an upward trend in richness of both phytoplankton and microzooplankton was observed with significant positive and negative correlations to water temperature and altitude (Spearman correlation, p < 0.05), respectively. Significant variations in their compositions along the river were also uncovered with Chrysophyta and Foraminifera was potential keystones recognized by the co-occurrence network analysis. Additionally, exponential distance-decay of similarities were detected for both phytoplankton and microzooplankton, which were stronger for phytoplankton. Based on the results of variation partitioning analysis and null model, variations in phytoplankton communities were more governed by environmental selection than those in microzooplankton. Furthermore, the co-occurrence network showed a declining trend in the complexity and stability from the upper to lower reaches. These findings could serve to establish a basis for the investigation of phytoplankton and microzooplankton communities in rivers with multiple artificial modifications.
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1 Introduction

River ecosystem is a key factor in maintaining the ecological balance of a region and provide numerous ecological services to human beings, such as water supply, irrigation, climate regulation and water conservation (Sabater et al., 2023). The protection and restoration of river ecosystems is essential for sustainable development (Huang et al., 2022). The Jialing River is one of the most important rivers in Southwest China, which plays an important role in the water supply and water quality regulation of the Yangtze River. The river originates from the Qinling Moutains, specifically at an elevation of about 2,800 m, and flows approximately 1,120 km to join the Yangtze River at Chongqing, which only have an elevation of about 400 m. In recent years, in order to meet the economic development and energy demand, some water conservancy projects have been constructed in the Jialing River basin, such as the Ningxia Water Conservancy Hub Project and the Chaotian Water Conservancy Hub Project, based on the large scale altitude gradient (Guo et al., 2020). The altitude gradient can significantly influence river ecosystems, affecting biodiversity, water quality, and ecological dynamics (Huang et al., 2024). High-altitude reservoirs can create more stable flow conditions, which may enhance the habitat for various macroinvertebrate families (Petruzziello et al., 2021). In addition, studies show that while high-altitude reservoirs do not significantly alter the breakdown rates of coarse particulate organic matter, they increase its availability compared to pristine sites (García et al., 2023). Moreover, high-altitude reservoirs tend to mitigate atmospheric influences on water temperature, leading to more stable thermal conditions compared to stretches affected solely by meteorological factors (Körner, 2007). The altered thermal regimes could have significant implications for aquatic species by affecting their metabolism and reproductive cycles (Bonacina et al., 2023). Besides, higher altitudes may experience more pronounced biotic responses due to increased temperatures and altered precipitation patterns from climate change, which can lead to shifts in species distributions and community compositions within river ecosystems (Naud et al., 2019). In summary, investigating these dynamics is crucial for effective conservation and management strategies aimed at preserving biodiversity in highland and pre-highland environments.

In contrast to the significant impacts of altitude gradients on large organisms, such as fishes and macroinvertebrates (Askeyev et al., 2017; Bruno et al., 2019), knowledge of its influences on planktonic microbial communities are still relatively shallow. Phytoplankton and microzooplankton are the basis of aquatic ecosystems and are primary producers and consumers in the food chain, respectively (Gusha et al., 2019). They perform key functions in the water column such as photosynthesis, provision of dissolved oxygen and participation in the material cycle (Lobus and Kulikovskiy, 2023). They also have sensitive responses to water quality and nutrient status of water bodies, inducing them as indicator organisms of a good water environment (Singh et al., 2013; Costa et al., 2016). Understanding the ecological impacts of altitude gradients on planktonic microbes is crucial for developing strategies to maintain healthy, functioning river ecosystems.

Planktonic microorganisms play a crucial role in the aquatic food chain, participating in the cycling of nutrients in water bodies (Yang et al., 2021). They can quickly respond to environmental changes, basin scale studies can reveal the dynamics of planktonic microbial communities among different regions, which helps predict the response of aquatic ecosystems to climate change and human activities (Isabwe et al., 2018). Previous studies have reported the variations in the phytoplankton and microzooplankton communities in the Jialing River for assessing the water quality. One such study highlighted the changes in the phytoplankton community after the impoundment of the Caojie Reservoir in the Jialing River, which suggested a state of medium eutrophication and light to moderate pollution levels (Yang et al., 2015). Another study investigated the seasonal variations in microzooplankton communities of Jialing River in Nanchong, and determined a moderate pollution (Ren et al., 2011). These findings are crucial as they provide insights into how human activities and environmental management practices, like reservoir impoundment, can influence aquatic ecosystems in significant ways, impacting biodiversity and water quality in river systems such as the Jialing River. However, these studies only focus on a certain section of the Jialing River, and to the best of knowledge, the present study is the first research to investigate the phytoplankton and microzooplankton communities in the Jialing River at the basin scale.

Here, water samples covering the whole Jialing River were obtained and the planktonic microbial communities were investigated by an environmental DNA (eDNA) metabarcoding sequencing technology. Through the deep analysis of the obtained data, including diversity, composition, assembly mechanisms, and co-occurrence network, the planktonic microbial communities on this important river were more fully described. Meanwhile, variations of these characteristics of planktonic microbial communities among different reaches along the Jialing River were explored. The findings of this study provide a richer context on planktonic microbes and the effects of altitude gradient on them in the Jialing River basin, which could give a solid foundation for further research.




2 Materials and methods



2.1 Study area and sample collection

As the largest tributary in the upper reach of the Yangtze River, The Jialing River originates from the Minshan Mountain Range at the easternmost tip of the Tibetan Plateau with a drainage area of approximately 160,000 km2. The regional climate of Jialing River is complex and diverse with both climatic characteristics of temperate, subtropical and tropical zones (Wang et al., 2023). It is rich in water resources, mineral resources and biological resources, and is an important agricultural, industrial and energy base in China (Shao et al., 2021). In addition, the Jialing River basin is home to many rare and endangered species under national protection, and is an important biodiversity reserve in the southwestern part of China (Qin et al., 2023). The Jialing River has a total length of 1,120 km, which has been divided into three reaches based on the geomorphological characteristics (Figure 1A). The upper reach covers an area of 60,000 km2 and is approximately 357 km long with a natural gradient of 3.8‰. The middle reach is approximately 633 km long and covers an area of approximately 105,000 km2 with only 0.3‰ gradient. The lower reach only covers an area of about 3,600 km2 with 96 km long. Since 1970, multiple dams have been established on the Jialing River, causing significant changes to the original aquatic ecological conditions of the Jialing River (Qin et al., 2023).




Figure 1 | (A) Map of sample collection. Each sampling station is marked as a black point. (B) Variations in the environmental variables among different reaches of the Jialing River. Different lowercase letters above each box in the same sub-figure represent significant differences among samples from different reaches (Tukey’s HSD test, p < 0.05). [ASL, above sea level (m); WT, water temperature (°C); DO, dissolved oxygen (mg/L); EC, electrical conductivity (μs/cm); FV, flow velocity (m/s); SD, secchi depth (m); TDS, total dissolved solids (ppm); Chl_a, chlorophyll a (μg/L); TOC, total organic carbon (mg/L); COD, chemical oxygen demand (mg/L); TN, total nitrogen (mg/L); TP, total phosphorus (mg/L)] (C) Phylogenetic tree of top 100 abundant ASVs for phytoplankton (left) and microzooplankton (right), respectively.



According to the geomorphological characteristics and dams, the Jialing River can be separated into 20 sections, including 4 sections in the upper reach, 14 sections in the middle reach, and 2 sections in the lower reach. Three surface water samples were collected from each section, with one sample each from the upper, middle, and lower locations of the section (Figure 1). A total of 12, 42, and 6 sites were determined in the upper, middle, and lower reaches of the Jialing River, respectively, for sampling. Due to the large geographical area, all samples for this study were collected from August 1, 2023, to August 6, 2023. The summer temperatures were high, and there was no rainfall during the six days of collection; however, there was substantial rainfall in July, resulting in higher river flow. About 2 L of surface water was sampling from each site with a specialized water sampler, and then divided it equally in two parts. The water samples were placed in disinfected polyethylene bottles. One of them was stored at 4°C for measurements of environmental variables. Another part water samples were immediately filtered through a 0.22 μm pore size polycarbonate membranes (142 mm diameter, Millipore, USA) with a peristaltic pump. The filters were immediately preserved in liquid nitrogen, transported to our lab, and stored at -80°C until DNA extraction.




2.2 Measurements of environmental variables

During the sampling, we simultaneously measured a series of environmental indicators. The longitude, latitude, and altitude of sampling sites were observed using a GPS device. The water temperature (WT), dissolved oxygen (DO), pH, and electrical conductivity (EC), total dissolved solids (TDS), chemical oxygen demand (COD), and total organic carbon (TOC) of water samples were monitored by LS310 multi-parameters water quality analyzer (Shenzhen Linshang Technology Co.,Ltd., Shenzhen, China) (Hou et al., 2013). In addition, the Secchi depth (SD) and flow velocity (FV) were measured by Setter disk (JCT-8S, Juchuang Group Co., Ltd., Qingdao, China) and DJS flow meter (CSDIHO, Shanghai, China), respectively. Total nitrogen (TN) and total phosphorus (TP) were determined using Cleverchem 380 fully automatic intermittent chemical analyzer (DeChem Tech. GmbH, Hamburg, Germany) (Hou et al., 2013). The concentration of chlorophyll a (Chl_a) and ammonia-nitrogen was measured using TE-700PLUS multi-parameters water quality analyzer (TIANER, Tianjin, China) (Yang et al., 2011). All instruments used to record environmental variables are calibrated and verified before use.




2.3 DNA extraction, high-throughput sequencing, and data processing

Total DNA for each water sample was extracted from the filters using a PowerWater DNA isolation kit (QIAGEN, CA, USA) according to the manufacturer’s instructions. After the quality measurements by agarose gel electrophoresis (1% concentration) and NanoDrop ND-1000 Spectrophotometer (NanoDrop, USA), the qualified DNA were amplified by the primers 1389F (TCCCTGCCHTTTGTACACAC) and 1510R (CCTTCYGCAGGTTCACCTAC) to obtain the eukaryotic 18S rRNA V9 region (Amaral-Zettler et al., 2009). The detailed processes of PCR amplified and library construction complied and implemented by a previous study (Zhao et al., 2022a). Subsequently, the libraries of all samples were sequenced using an Illumina NovaSeq 6000 platform at Shanghai BIOZERON Co., Ltd (Shanghai, China).

The raw sequences were firstly performed the quality control process to obtain clean reads, including removed reads with an average Q score < 20 and deleted reads containing ambiguous bases or mismatches in primers (Bokulich et al., 2013). Then, remaining high-quality reads were clustered into amplicon sequence variants (ASVs) using the DADA2 algorithm in QIIME2 software (Bokulich et al., 2018). To eliminate the effects of differences in sequencing depth, the read size of all samples was rarefied to 500,000 reads. SILVA 138 release (Yilmaz et al., 2014) was used as the reference database for taxonomic annotation of each ASVs. Following the analysis strategy outlined by Shen et al. (2024), all ASVs classified as fungi and metazoans were removed based on their taxonomy before identifying phytoplankton and microzooplankton. ASVs belonging to phytoplankton and microzooplankton were then assigned using a self-written R script according to the method described by Sun et al. (2023). Some categories here identified as phytoplankton include autotrophic, mixotrophic, and heterotrophic species (e.g., Pyrrophyta). However, due to the enormous diversity of data that are obtained through eDNA sequencing and the lack of comprehensive information on the nutritive metabolism of each species, most current studies are unable to discriminate such traits at the species level. Therefore, in the present context we followed a pragmatic approach we use the term phytoplankton to encompass eight categories traditionally regarded as part of this assemblage, which include Cryptophyta, Chlorophyta, Chrysophyta, Bacillariophyta, Pyrrophyta, Euglenophyta, Rhodophyta, and Xanthophyta. The remaining ASVs not assigned to phytoplankton were considered as microzooplankton. Finally, to reduce the potential sequencing error, ASVs that only detected in one sample and the read number lower than 10 were removed before further analyses.




2.4 Statistics analysis

All data analyses were performed by R v4.2.2 and the results were visualized by the “ggplot2” package. Four alpha-diversity indices, Chao1 (richness), Pd_faith (evolution), Shannon (diversity), and Pielou_J (evenness), of phytoplankton and microzooplankton communities were respectively calculated using the “vegan” package. Differences in the alpha diversity between phytoplankton and microzooplankton were assessed by the wilcox rank-sum test. In addition, variations in the environmental variables of water samples and alpha-diversity indices of phytoplankton or microzooplankton communities among different reaches were determined by the Tukey’s HSD test (“multcomp” package). Variations in the relative abundances of phytoplankton and microzooplankton phyla among different reaches were also tested by the Tukey’s HSD test. The Bray-Curtis distance for phytoplankton or microzooplankton between each of two samples were respectively estimated based on the “vegan” package. Then, variations in phytoplankton and microzooplankton community structures among different reaches were evaluated by principal coordinate analysis (PCoA) and adonis test by the “ape” and “vegan” packages. Moreover, random forest (RF) models were constructed based on the relative abundances of phytoplankton or microzooplankton phyla to distinguish the sample sources and identify the keytaxa for reach distinguishing by the “RandomForest” package. Subsequently, spearman correlation was used to explore the correlations between environmental variables with alpha diversity indices and keytaxa of phytoplankton and microzooplankton.

The environmental similarities based on the Euclidean distance and geographic distances (linear distance on a flat projection) between each of two sampling sites were calculated firstly using the “vegan” and “geosphere” packages, respectively. Then, partial least squares regression was applied to evaluate the distance-decay of community similarity (DDCS) between phytoplankton or microzooplankton (1 - Bray-Cutis distance) with environmental similarities and geographic distance, respectively. In addition, variation partitioning analysis (VPA) was completed to determine the relative importance of environmental and spatial factors in shaping phytoplankton and microzooplankton communities. The pure environmental variation without a spatial component represents the strength of species sorting; the pure spatial variation without an environmental component is interpreted as dispersal limitation. Moreover, a null model method reported by Stegen et al. (2012) was used to investigate the assembly processes of abundant and rare sub-communities. Based on the value of beta nearest taxon index (betaNTI) and Bray-Curtis-based Raup-Crick metric obtained from the null model, the relative importance of ecological processes for community assembly were estimated (Zhou and Ning, 2017).

The co-occurrence network of phytoplankton and microzooplankton in the upper, middle, and lower reaches were constructed respectively based on the Spearman rank correlations between the relative abundance of each ASV. Only ASVs that detected in more than 60% of samples within the same substance and the average relative abundance higher than 0.05% were remained to perform correlation analysis (“psych” package). Co-occurrence events were identified with statistically robust correlations (|correlation coefficient| > 0.6 with Benjamini-Hochberg adjusted p-value < 0.05) (Steinhauser et al., 2008). Network graphs were visualized using the Gephi interactive platform (Bastian et al., 2009). The topological roles of individual nodes in networks were evaluated by the threshold values of Pi (measuring how well a node was connected to nodes in different modules) and Zi (measuring how well a node was connected to other nodes in its own module) (Zhao et al., 2022b). Based on the Pi and Zi scores, nodes can be defined as network hubs (Zi > 2.5; Pi > 0.6), module hubs (Zi > 2.5; Pi < 0.6), connectors (Zi < 2.5; Pi > 0.6) and peripherals (Zi < 2.5; Pi < 0.6) (Poudel et al., 2016). In addition, robustness and vulnerability for co-occurrence networks were calculated to evaluate the network stability according to a previous study (Yuan et al., 2021). Changes in the robustness of co-occurrence networks between different reaches were also analyzed by the Tukey’s HSD test.





3 Results



3.1 Variations in environmental variables along the Jialing River

A total of 14 environmental variables of the water samples were measured and their differences among different reaches were compared (Figure 1B). Based on the comparison results, the above sea level (ASL) for the upper reach of the Jialing River was significantly higher than that for the middle and lower reaches (Tukey’s HSD test, p < 0.05), while the WT, EC and TDS were significantly increased in the middle and lower reaches (Tukey’s HSD test, p < 0.05). In addition, The SD content in the middle reach was significantly higher than that in upper and lower reaches (Tukey’s HSD test, p < 0.05), while the concentrations of TOC, COD, and TN were significantly reduced in the middle reach (Tukey’s HSD test, p < 0.05). Moreover, the FV was also found to be highest in the upper reach, followed by the lower reach, and lowest in the middle reach. Besides, the water pH and contents of Chl-a, ammonia and TP were not significantly varied among different reaches (Tukey’s HSD test, p > 0.05).




3.2 Basic information for phytoplankton and microzooplankton

A total of 37,493,751 high quality sequences for 18S rRNA V9 region were obtained from 60 water samples, ranging from 557,053 to 698,869 sequences per sample (Supplementary Table S1). Among them, average 250,664 and 74,029 sequences were assigned to phytoplankton and microzooplankton, respectively (Supplementary Table S1), which were respectively clustered into 14,492 and 5,264 ASVs (Supplementary Table S2). For phytoplankton, 199 genera were uncovered with 78.46% ASV annotation rate, which belonged to 70 families and 8 phyla (Supplementary Table S2). On the other hand, the ASV annotation rate for microzooplankton was 59.06%, which obtained 162 genera belonged to 69 families and 16 phyla (Supplementary Table S2). The rarefaction and species accumulation curves for both phytoplankton and microzooplankton showed sufficient sequencing depth and sample size to capture the complete communities (Supplementary Figure S1). The top 100 abundant phytoplankton ASVs belonged to several phyla, including Bacillariophyta, Chlorophyta, Chrysophyta, Crytophyta, and Pyrrophyta, in contrast, the dominated microzooplankton ASVs mainly belonged to Ciliophora and Stramenopiles (Figure 1C).




3.3 Variations in diversity of phytoplankton and microzooplankton

Differences in the alpha diversity between phytoplankton and microzooplankton in the Jialing River were first explored, and the results showed significantly higher Chao1, Pd_faith, and Shannon indices of phytoplankton than those of microzooplankton (Wilcox rank-sum test, p < 0.05, Figure 2A). Furthermore, variations in the alpha diversity of phytoplankton and microzooplankton among different reaches of the Jialing River were investigated, respectively (Figure 2B). The Chao1 index of both phytoplankton and microzooplankton were showed to be significantly lower in upper reach than those in middle and lower reaches (Tukey’s HSD test, p < 0.05). The Pd_faith index of phytoplankton was also significantly lower in upper reach (Tukey’s HSD test, p < 0.05), while it was no obviously variations for microzooplankton. In addition, an increased trend was observed for the Shannon index of phytoplankton along the Jialing River from upper to lower reaches (Tukey’s HSD test, p < 0.05). In contrast, the trend for Shannon and Pielou_J indices of microzooplankton from the upper to lower reaches of Jialing River was declining (Tukey’s HSD test, p < 0.05). Moreover, PCoA plots based on the Bray-Curtis distance showed obviously separated clusters of both phytoplankton and microzooplankton among different reaches, especially between the upper reach to others (Figure 2C). Adonis test further indicated significant effects of reach division on the structure of phytoplankton and microzooplankton communities (p < 0.05).




Figure 2 | (A) Differences in the alpha diversity between phytoplankton and microzooplankton. Different lowercase letters above each box in the same sub- figure. represent significant difference (Wilcox rank-sum test, p < 0.05). (B) Variations in the alpha diversity of phytoplankton and microzooplankton among different reaches from the Jialing River, respectively. Different lowercase letters above each box in the same sub- figure represent significant differences among samples from different reaches (Tukey’s HSD test, p < 0.05). (C) Principal coordinate analysis (PCoA) and adonis test of phytoplankton and microzooplankton communities based on the Bray-Curtis distance, respectively. The arrow path points the samples from upper to lower reaches.






3.4 Variations in phytoplankton and microzooplankton compositions

In the Jialing River, Crytophyta, Chlorophyta, Chrysophyta, Bacillariophyta, and Pyrrophyta occupied the most of the phytoplankton communities (Figure 3A). The relative abundance of Crytophyta showed an increase first and then decrease trend along the Jialing River, which was significantly higher in the middle reach compared to the upper reach (Tukey’s HSD test, p < 0.05, Supplementary Figure S2A). Chrysophyta was more abundant in the upper reach, while Bacillariophyta and Pyrrophyta were enriched in the lower reach (Tukey’s HSD test, p < 0.05, Supplementary Figure S2A). The relative abundance of Chlorophyta showed an obvious fluctuation along the Jialing River, but it was no significant variation among different reaches (Tukey’s HSD test, p > 0.05, Supplementary Figure S2A). A RF model based on the relative abundance of the phytoplanktonic phyla showed a 98.33% accuracy for distinguishing the water from different reaches (Figure 3C). Chrysophyta and Euglenophyta were recognized based on the RF model as the keytaxa for reach differentiation (Figure 3D).




Figure 3 | Relative abundance (%) of top 10 abundant phyla for phytoplankton (A) and microzooplankton (B), respectively, along the Jialing River. Accuracy of the random model (C) based on the relative abundances of phytoplanktonic phyla for reach differentiation of water samples and their keytaxa (D). Accuracy of the random model (E) based on the relative abundances of phytoplanktonic phyla for reach differentiation of water samples and their keytaxa (F).



Although the top abundant microzooplanktonic ASVs were belonged to Ciliophora and Stramenopiles (Figure 1C), the most abundant microzooplanktonic phylum was Intramacronucleata (Figure 3B). The relative abundance of Intramacronucleata in the upper reach was significantly lower than that in the middle and lower reaches, while Stramenopiles and Cercozoa were more abundant in the upper reach (Tukey’s HSD test, p < 0.05, Supplementary Figure S2B). The RF model based on the relative abundance of the microzooplanktonic phyla obtained 95% accuracy (Figure 3E), with four phyla (Foraminifera, Intramacronucleata, Kinetoplastea, and Thecofilosea) as the bioindicators (Figure 3F).




3.5 Effects of environmental and spatial factors on phytoplankton and microzooplankton

Several significant correlations were found between the alpha diversity of phytoplankton with environmental variables (Figure 4A). Particularly, the Chao1 and Pd_faith indices of phytoplankton were negatively correlated to ASL and TN, but positively correlated to WT, EC, and TDS (Spearman correlation, p < 0.05). In addition, negatively correlations were observed between the ASL with Shannon and Pielou_J indices of phytoplankton, while they were positively correlated to EC (Spearman correlation, p < 0.05). For keytaxa of phytoplankton, Chrysophyta was positively correlated to ASL, but negatively correlated to WT, EC, and TDS (Spearman correlation, p < 0.05). In contrast, Euglenophyta was positively correlated to TOC, COD, and TN, but negatively correlated to WT (Spearman correlation, p < 0.05). For microzooplankton, the Chao1 index was found to be positively correlated to WT but negatively correlated to TOC and COD (Spearman correlation, p < 0.05). In addition, significantly positive correlations between the Pielou_J index of microzooplankton with ASL and COD were observed (Spearman correlation, p < 0.05). Moreover, the relative abundances of microzooplankton (Foraminifera and Kinetoplastea) were negatively correlated to WT and SD, but positively correlated to TOC and COD (Spearman correlation, p < 0.05).




Figure 4 | (A) Spearman correlations between environmental variables with alpha diversity indices and keytaxa of phytoplankton and microzooplankton. The color of block represents the correlation coefficient. “++” and “+” represent the p-value lower than 0.01 and 0.05, respectively. Distance-decay of similarities between the community similarity of phytoplankton and microzooplankton with environmental similarity (B) or geographic distance (C) between each of two sampling sites. (D) Variation partitioning analysis (VPA) quantitates the contributions of environmental and spatial factors to variations of phytoplankton and microzooplankton, respectively.



Unlike the commonly found linear DDCS, the DDCSs of the phytoplankton and microzooplankton in this study were exponentially correlated with environmental and geographical distances (Figures 4B, C). In addition, the strength of DDCSs to both environmental and geographical distances were slightly higher for phytoplankton than those for microzooplankton (Figures 4B, C). The VPA indicated that spatial effect was stronger than environmental effect on both phytoplankton and microzooplankton (Figure 4D). Moreover, variation of phytoplankton was mainly driven by the interaction of environmental and spatial factors, rather than pure effects of environmental and spatial factors for microzooplankton (Figure 4D).

The DDCS of phytoplankton and microzooplankton in different reaches were further investigated (Supplementary Figure S3). The strength of DDCS between both of phytoplankton and microzooplankton with environmental similarity gradually increased from the upper to lower reaches, while no obvious variations in the strength of DDCS between them with geographic distance (Supplementary Figure S3). These results reflected that the exponential DDCS of environmental similarity along the overall river could be a combination of linear dependency relationships of different reaches, while the exponential DDCS of geographic distance could be its inherent characteristic. In addition, the correlation coefficient of the DDCS between phytoplankton with environmental similarity in the middle reach was weakest, but was highest for DDCS of geographic distance (Supplementary Figure S3A). For microzooplankton, the correlation coefficient in DDCS of environmental similarity and geographic distance were both showed a decreased trend from the upper to lower reaches (Supplementary Figure S3B).




3.6 Assembly mechanism of phytoplankton and microzooplankton

The values of betaNTI indicated that deterministic processes controlled the assembly of phytoplankton and microzooplankton in the Jialing River, and it was stronger for phytoplankton and microzooplankton (Supplementary Figure S4A). Furthermore, heterogeneous selection governed the assembly of phytoplankton (64.58%) and homogenizing dispersal was the most dominant stochastic process (18.59%) (Supplementary Figure S4B). In contrast, heterogeneous selection (35.82%), homogenizing dispersal (32.32%), and drift (30.56%) contributed similar to the assembly of microzooplankton (Supplementary Figure S4B). Based on these results, the contribution of environmental filtering for assembly of phytoplankton and microzooplankton was stronger than that of dispersal, which was also confirmed by the VPA (Figure 5A) and null model (Figure 5B).




Figure 5 | (A) Ratio of the pure effects of environmental and spatial factors for variations of phytoplankton and microzooplankton. The pure environmental variation without a spatial component represents the strength of species sorting; the pure spatial variation without an environmental component is interpreted as dispersal limitation. The values for calculation were obtained from the Figure 4D. (B) Ratio of the contributions of deterministic and stochastic processes for assembly of phytoplankton and microzooplankton. (C) Differences in the betaNTI of phytoplankton and microzooplankton among different reaches. (D) Contributions of different ecological processes for assembly of phytoplankton and microzooplankton in different reaches.



The assembly mechanisms of phytoplankton and microzooplankton among different reaches were further explored (Figures 5C, D). In the upper reach, the assembly of phytoplankton and microzooplankton were respectively governed by deterministic (heterogeneous selection) and stochastic (drift) processes. The assembly of both phytoplankton and microzooplankton in the middle reach turned to stochastic-dominated with homogenizing dispersal and drift as the main processes. In the lower reach, the assembly of phytoplankton and microzooplankton further turned to stochastic- (drift) and deterministic- (heterogeneous selection) dominated, respectively.




3.7 Co-occurrence network of phytoplankton and microzooplankton

The complex of co-occurrence network of phytoplankton and microzooplankton gradually decreased from the upper to lower reaches, especially for network in the lower reach, which only contained very few taxa (Figure 6A). The number of phytoplankton nodes in the upper and middle reaches was higher than microzooplankton nodes, but it was lower in the lower reach (Figure 6B). In upper reach, the edge between phytoplankton was the most, followed by interaction between phytoplankton and microzooplankton, and lowest from microzooplankton edges (Figure 6C). In contrast, the most dominated edge was the interaction between phytoplankton and microzooplankton (Figure 6C). Moreover, three connectors (one Bacillariophyta, and two Intramacroucleata) were recognized from the network of the upper and middle reaches (Figure 6D) based on the zi-pi analysis. In contrast, no keystone was observed in the network of the lower reach due to the its limited complexity (Supplementary Figure S5). Finally, the stability of co-occurrence network exhibited a decreased trend from the upper to lower reaches based on the robustness and vulnerability (Figure 6E).




Figure 6 | (A) Co-occurrence network of phytoplankton and microzooplankton in different reaches. Statistics of nodes (B) and edges (C) of the co-occurrence networks in different reaches. Green and blue in sub-figure b represent nodes of phytoplankton and microzooplankton, respectively. Green, blue, and orange in sub-figure c represent the edges between two phytoplankton, two microzooplankton, and one phytoplankton and one microzooplankton, respectively. (D) The Zi-Pi plot for co-occurrence networks in the upper and middle reaches. The threshold values of Zi and Pi used for categorizing were 2.5 and 0.62, respectively. (E) Differences in the robustness and vulnerability of co-occurrence networks among different reaches. Different lowercase letters above each box in the same sub- figure. represent significant differences among co-occurrence networks from different reaches (Tukey’s HSD test, p < 0.05).







4 Discussion



4.1 Environmental factors influence the community diversity of phytoplankton and microzooplankton

The variations in the diversity of planktonic microbial communities along a river are influenced by a complex interplay of environmental factors. Among them, climate is one of the key factors influencing phytoplankton diversity in rivers (Rusanov et al., 2022). Temperature have been found to contribute significantly to phytoplankton community changes, with greater temperatures often leading to increased richness and abundance of phytoplankton (Ge et al., 2022). The geographical characteristics of the Jialing River result in an altitude difference of over a kilometer between its downstream and upstream, leading to significant temperature variations. The positive correlations between the alpha diversity of phytoplankton and WT observed in this study (Figure 4A) further supported the important roles of climate on the phytoplankton communities. In addition, the geographical- and climate-driven changes in river flow and nutrient availability can also impact phytoplankton diversity (Gao et al., 2024). Contradicting to the negative relationships between TDS and EC with phytoplankton diversity in rivers (Inyang and Wang, 2020; Khatun and Rashidul Alam, 2020; Mohammed and Mahran, 2022), results of the present study revealed significant positive relationships (Figure 4A). This unique correlation may be influenced by specific human activities in the watershed, warranting further in-depth research to explore its underlying causes. In contrast to the same trend of phytoplankton diversity, the increased richness but decreased evenness of microzooplankton was observed in the lower reach of Jialing River (Figure 2B), indicating few species occupied the most of community. The higher temperature in the lower reach could also be the driver for the increased microzooplankton richness (Figure 4A), while the higher organic carbon concentrations (TOC and DOC) could selectively enrich specific microzooplankton species, such as Foraminifera and Kinetoplastea (Figure 4A). Although there are currently differences in the classification information of some taxa here collectively termed phytoplankton in terms of nutritional types (autotrophic, mixotrophic and heterotrophic), we believe the trend of spatial richness differences between phytoplankton and microplankton species discussed below is still credible, but should be revisited in the future when more information is available. In summary, the variations in phytoplankton and microzooplankton diversity along a river are influenced by a complex interplay of environmental factors. Understanding these factors and their interactions is crucial for effective biological assessments and the management of riverine aquatic ecosystems. Therefore, further in-depth research is needed to explore the processes and mechanisms through which key environmental factors impact the diversity of phytoplankton and microzooplankton at the watershed level.




4.2 Potential keytaxa and spatial patterns of planktonic communities at the watershed scale

Typically, planktonic communities can serve as indicators of broader biogeographic patterns and dispersal mechanisms for aquatic organisms (Zhang et al., 2023a). In this study, we have recognized some potential keytaxa that can distinguish the water sourced from different regions of the Jialing River (Figure 3). Especially, two representative phytoplankton phyla, Chrysophyta and Euglenophyta, were found more abundant in the upper reach. Both Chrysophyta and Euglenotohyta play a role in aquatic ecosystems as primary producers through photosynthesis, forming a crucial part of the food web (Modigh and Franzè, 2009). However, they are characterized by the ability to perform both photosynthesis and heterotrophy, resulting they thrive in nutrient-rich freshwater habitats by absorbing organic compounds form their surroundings (Bock et al., 2022; Prokopchuk et al., 2022). These results were further supported by the higher concentration of COD, TOC and TN at the upper reach (Figure 1B) as well as positive correlations between them with Euglenophyta (Figure 4A). On the other hand, microzooplankton are heterotrophic organisms, meaning they consume other organisms for their nutrition (Safi et al., 2023). The dominant keytaxa of microzooplankton, Intramacronucleata, has been reported to be sensitive to changes in their environment, including fluctuations in organic matter levels (Naumova et al., 2023). Specific Intramacronucleata are associated with varying levels of organic pollution, categorized into zones like polysaprobity (very polluted) and oligosaprobity (clean) (Dias et al., 2008). In summary, these findings supported the ecological roles of keytaxa recognized here and their utility as bioindicators in the Jialing River.

Moreover, understanding the spatial patterns and connectivity of planktonic communities can guide the design of conservation efforts aimed at preserving the health and resilience of aquatic ecosystems (Dias et al., 2021). Studies have shown that phytoplankton exhibit a stronger DDCS compared to microzooplankton (Jin et al., 2022; Sun et al., 2023), indicating that environmental factors play a more significant role in shaping phytoplankton communities (Zhang et al., 2023b). In contrast, microzooplankton are generally more resilient to environmental changes and exhibit a lesser DDCS compared to phytoplankton (Anderson and Harvey, 2019). This is because microzooplankton are able to adapt to changing environmental conditions through their ability to migrate and adjust their grazing rates (López-Abbate, 2021). Additionally, microzooplankton are more diverse and can occupy a wider range of ecological niches, making them more resistant to environmental changes (Novotny et al., 2021). The results of this study also obtained similar results with relatively stronger DDCS for phytoplankton compared to microzooplankton in the Jialing River (Figures 4B, C) with more deterministic assembly by heterogeneous selection (Figure 5). In addition, it is necessary to distinguish the relative importance of environmental and spatial factors and their potential interplay in shaping plankton community composition (Zeng et al., 2024). The results showed a more spatial effects on both phytoplankton and microzooplankton in the Jialing River (Figure 4D), which could be associated to the physically block during the river due to the cascade dams (Lehner et al., 2024; Shen et al., 2022; Watters, 1996). In contrast, the obvious higher contribution of the interaction of environmental and spatial factors for phytoplankton assembly (Figure 4D) further indicated that the phytoplankton could more influenced by environmental factors (Ding et al., 2021).




4.3 Spatial variation in the co-occurrence network of phytoplankton and microzooplankton at the watershed scale

The co-occurrence network of phytoplankton and microzooplankton in rivers is a complex system where the interactions between these two groups of organisms play a crucial role in shaping the dynamics of aquatic ecosystems (Hou et al., 2020). In the Jialing River, the complex and stability of co-occurrence network of phytoplankton and microzooplankton continued to reduce (Figure 6). Especially for the upper and middle reaches, they had similar nodes but obviously lower edges in the middle reach (Figures 6B, C), which turned the network from a phytoplankton-centered to a relatively loose pattern connected by some phytoplankton and microzooplankton (Figure 6D). Phytoplankton, as primary producers, form the base of the aquatic food web, while microzooplankton, as herbivores, feed on phytoplankton and are an essential link between primary production and higher trophic levels (Ger et al., 2019). Thus, microzooplankton play a crucial role in the aquatic food web as both grazers and predators (Zhao et al., 2020). Changes in microzooplankton trophic activities, such as shifts in their grazing preferences or predator-prey interactions, can have significant impacts on the co-occurrence network of phytoplankton and microzooplankton (Xue et al., 2018). Therefore, the top-down control microzooplankton in the co-occurrence network of the middle reach of Jialing River recognized in this study should receive more attention. Future research should focus on developing more comprehensive models that incorporate the complex interactions between phytoplankton, microzooplankton, and other components of the aquatic food web (Osakpolor et al., 2021). Additionally, development of tools to allow for a more detailed classification of nutritional types, and comparative analysis research may also be very important research directions. Such knowledge is essential for predicting how changes in environmental factors might impact the aquatic food web and the overall health of the ecosystem (Giraldo et al., 2024).





5 Conclusions

Along the whole Jialing River, significant variations in the diversity, compositions, assembly processes, and co-occurrence patterns of plankton microbial communities were observed from the upper to lower reaches. Water temperature was recognized as the main driver for richness of both phytoplankton and microzooplankton. Meanwhile, some reach-related indicator species have been identified and a more stochastic assembly of plankton microbial communities was found in the middle reach. Importantly, the complex and stability of co-occurrence network continued decrease along the Jialing River. The network of phytoplankton and microzooplankton turned to a multi-module pattern in the middle reach from a core-centered pattern in the upper reach, and then highly broken in the lower reach. Furthermore, the distinct assembly mechanisms between phytoplankton and microzooplankton were uncovered with stronger environmental filtering for phytoplankton. However, the deeper drivers of the phytoplankton assembly mechanism may need to be incorporated into more environmental factors, such as land use types, pollutant discharges, etc., to be further explored in depth in the future. In conclusions, these findings help to comprehensively evaluate the health status of the Jialing River and provide important basis for water environmental management and protection.
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