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Introduction

Eukaryotic plankton plays crucial roles in ecosystem processes, impacting aquatic ecosystem stability. This study focuses on Danjiangkou Reservoir, a canyon lake in central China, that acts as the water source of the Mid-route of the South-to-North Water Diversion Project.





Methods

In this study, high-throughput 18S rDNA gene sequencing was employed to investigate eukaryotic plankton community at four water depths (0.5 m, 5 m, 10 m, and 20 m). The environmental factors including pH, water temperature (WT), nitrate nitrogen (NO3−-N), ammonia nitrogen (NH4+-N), total nitrogen (TN), conductivity (Cond), and dissolved oxygen (DO) in reservoir areas were measured, and their correlations with abundance and diversity of eukaryotic plankton were analyzed.





Results

The results showed the presence of 122 genera of eukaryotic plankton from 38 phyla. Eukaryotic plankton communities were mainly composed of Eurytemora, Thermocyclops, Sinocalanus, Mesocyclops, and Cryptomonas. In particular, significant differences in the diversity of eukaryotic plankton communities were found in vertical distribution. The diversity and abundance of eukaryotic plankton communities in 7 sampling sites decreased with the increase of depth from 0.5 to 10 m, while the diversity and abundance of plankton communities increased at 20 m. RDA analysis indicated that pH, depth, WT, NH4+-N, DO, Cond, and NO3−-N could influence the vertical distribution of the eukaryotic plankton community in the Danjiangkou Reservoir. Among these eukaryotic plankton, Eurytemora, Thermocyclops, and Volvox were negatively correlated with pH and WT and positively correlated with depth.





Discussion

This study revealed a novel perspective on the distribution of the eukaryotic plankton community in Danjiangkou Reservoir, particularly in terms of vertical variation, which will be helpful to comprehensively understand ecological processes and to further ensure the water quality safety in this canyon-style reservoir.
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1 Introduction

Eukaryotic plankton is important in aquatic communities and plays crucial roles in material cycling and energy flow in aquatic ecosystems (Zubkov and Tarran, 2008; Jiang et al., 2012; Filker et al., 2016). Based on niche theory, environmental variables such as resource availability and abiotic factors could determine species composition in eukaryotic plankton communities. Variations of the eukaryotic plankton community are related to the physicochemical characteristics and biological conditions of the water bodies at space and time scales (Ishida, 2008; MaChado et al., 2019). The study of eukaryotic plankton diversity and community characteristics can indirectly reflect the water quality of the ecological environment. Therefore, studying the distribution characteristics of eukaryotic plankton communities is vital for understanding the characteristics of water ecosystem processes, formulation of scientific and conservation management measures.

In the past decades, studies on the planktonic eukaryotes community mainly depended on microscopy observation. However, this method is not only influenced by sampling conditions and preservation techniques but also there is great variation and disagreement in the identification of these organisms. With the development of biotechniques (Marianne et al., 2015), the diversity of plankton can be assessed by high-throughput sequencing. For eukaryotic plankton high-throughput sequencing of specific PCR products (e.g., eukaryotic 18S rDNA genes) on such platforms can be used to obtain information on eukaryotic community structure, evolutionary relationships, and correlations between eukaryotic plankton and the environment (Sun et al., 2014; Gao et al., 2018; McInnes et al., 2019; Keck et al., 2020). Currently, high-throughput sequencing has been widely used to study plankton community structure in aquatic ecosystems (Zhao et al., 2019; Liu et al., 2020a; Zhong et al., 2021; Wu et al., 2022). Many studies have focused on the community, distribution, and function of phytoplankton, archaea, plant, bacteria, and animal taxa, and their relationship with water quality (Wurzbacher et al., 2010; Nagano and Nagahama, 2012; Sun et al., 2014; Piwosz et al., 2020). High-throughput sequencing technology provides efficient and rapid assessment with specific DNA fragments and provides a more comprehensive profiling of community composition than other methods (Dijk et al., 2014). Its application in water quality monitoring has attracted increasing attention (BoonFei et al., 2015).

Danjiangkou Reservoir, located in Danjiangkou City, Hubei Province and Xichuan County, Henan Province, is the water source of the Mid-route of the South-to-North Water Diversion Project in central China. Benefit from this project, more than 20 cities along the route are supplied with abundant water resources for agriculture, industry, and human consumption. It is important to ensure the safety of water quality in Danjiangkou Reservoir. According to the data provided by the Ecological Environment Department of Henan Province in 2018–2022, the water quality of Danjiangkou Reservoir has reached the standard of class I or II water. Danjiangkou Reservoir is a canyon-style reservoir with a maximum storage capacity of 29.05 billion m3 and a maximum depth of 80 m. As an important water source, many studies have investigated the eukaryotic plankton community structure in surface water and its influencing factors in Danjiangkou Reservoir at temporal and spatial scales (Shen et al., 2011; Tan et al., 2011; Wang et al., 2016; Zheng et al., 2018). Wang et al. (2016) detected a total of 66 phytoplankton species belonging to 7 phyla and 38 species in the reservoir area and found that diatoms were the dominant phyla in spring, autumn, and winter. Furthermore, the results of their study showed that dissolved oxygen, pH, and phosphorus concentration were the main environmental factors affecting the composition of phytoplankton communities. Through six continuous monitoring of periphytic algae in Danjiangkou Reservoir, Zheng et al. (2018) found the community was assigned to 6 phyla and 46 genera, and observed significant spatial and temporal differences of them. He et al. (2021) detected 6 phyla and 57 genera of phytoplankton from the samples collected at 1.5 m, 5 m and 10 m in the reservoir area, and diatoms and green algae were the dominant phyla. Recently, Cui et al. (2023) analyzed the spatial and temporal variations of physicochemical indicators and phytoplankton at seven different water depths in four seasons in Danjiangkou Reservoir to reveal the main factors affecting the vertical distribution of phytoplankton. Additionally, the characteristics of phytoplankton community change in Danjiangkou Reservoir in different seasons and spaces were analyzed, as well as the main environmental factors affecting the distribution of phytoplankton community structure (Zhang et al., 2022; Xiao et al., 2023). However, these studies mainly focused on the eukaryotic plankton community in shallow water column, and the patterns in deep water of this canyon-style reservoir are still limited.

In this study, high-throughput sequencing of 18S rDNA V4 regions was used to investigate eukaryotic plankton community structure in four layers (0.5 m, 5 m, 10 m, and 20 m) of water in Danjiangkou Reservoir. Especially, stratified sampling provided a more comprehensive understanding of eukaryotic plankton distribution in Danjiangkou Reservoir. Our main goals were to analyze the vertical structure of the eukaryotic plankton community in deep water at the Danjiangkou Reservoir, and to reveal the relationship between the eukaryotic plankton community and environmental factors.




2 Materials and methods



2.1 Samples collection and physicochemical factors determination

According to the overall structural characteristics of the reservoir area, and the basis of previous research methods (Wang et al., 2017; Ferrera et al., 2020; Lee et al., 2018; Song et al., 2019; Liu et al., 2020b), seven sampling sites including Songgang (SG), Tumen (TM), Heijizui (HJZ), Kuxin (KX), Dangzikou (DZK), Wulongquan (WLQ), and Qushou (QS) were set up in the Danjiangkou Reservoir (Figure 1). In June 2021, the samples at 0.5 m, 5 m, 10 m, and 20 m depth of each sampling site were collected respectively for investigating the vertical distribution patterns of the eukaryotic plankton community. A total of 18 L water samples were collected using a Plexiglas water collector, passed through a 0.22 μm filter membrane, and transferred to a 1.5 mL sterile centrifuge tube to be stored in liquid nitrogen for DNA extraction.




Figure 1 | Location map of sampling sites in Danjiangkou Reservoir.



The water temperature (WT), pH, dissolved oxygen (DO), and conductivity (Cond) were measured on-site using a portable multifunctional water quality parameter meter. 0.5 L of water samples were taken from each layer and put into polyethylene bottles to be brought back to the laboratory. The physicochemical properties of total nitrogen (TN), ammonia nitrogen (NH4+-N), and nitrate nitrogen (NO3−-N) in the water were determined according to previously described methods (Jin, 1990).




2.2 DNA extraction, PCR amplification and sequencing

DNA was extracted from the samples using the DNeasy Power Water Kit (Mo Bio/QIAGEN) according to the manufacturer’s instructions. The extracted DNA was analyzed with a fluorescence spectrophotometer (QuantifluorST fluorometer, Promega, E6090; QuantiT PicoGreen dsDNA Assay Kit, Invitrogen, P7589) and 1% agarose gel electrophoresis to determine concentration and purity. V4 hypervariable region of 18S rDNA was amplified using the specific primers, namely 547F (FCCAGCASCYGCGGTAATTCC) and V4R (ACTTTCGTTCTTGATYRA) (Salmaso et al., 2020). Amplification was carried out in 20 μL reactions with 5×reaction buffer 5 μL, 5×GC buffer 5 μL, dNTP (2.5mM) 2 μL, forward primer (10μM) 1 μL, reverse primer (10uM) 1 μL, DNA Template 2 μL, ddH2O 8.75 μL, Q5 DNA Polymerase 0.25 μL as the template. Thermal cycling consisted of an initial of 98°C pre-denaturation for 2 min, 30 cycles (denaturation at 98°C for 15 s, annealing at 55°C for 30 s, extension at 72°C for 30 s), and a final extension at 72°C for 10 min. (PCR instrument: ABI Model 2720) The PCR products were isolated and purified using AxyPrep DNA Gel Extraction Kit, Axygen, AP-GX-500. Paired-end sequencing of the amplicon was performed with the Illumina Novaseq platform. The raw sequences were deposited in NCBI under the Bio Project PRJNA (No.782248).




2.3 High-throughput data analysis

After quality control, denoising, splicing, and chimera removal with QIIME2 (Quantitative Insights Into Microbial Ecology) software, the best taxonomic unit (Operational Taxonomic Unit) was classified for high-quality sequences at a classification criterion of ≥97% similarity (default is a species-level similarity). The sequenced OTUs results were compared with the Silva 132 rRNA database using the Classify sklearn algorithm of QIIME2 (Chao, 1984; Bokulich et al., 2013) (https://github.com/QIIME2/q2-feature-classifier) for OTUs representative sequence in the QIIME2 software with default parameters, using a pre-trained Naive Bayes classifier for species annotation.




2.4 Diversity analysis and environmental data analysis

Alpha diversity analysis was performed using QIIME2 software to construct rarefaction curves, the Chao index, Shannon’s index and so on. The Chao (Chao, 1984) and Observed-Species indices were used to characterize richness, the Shannon-Winer (Shannon, 1948) and Simpson (Simpson, 1997) indices to characterize diversity, the Pielou-evenness (Pielou, 1966) index for evenness, and Good’s coverage (Good, 2010) index for cover. Beta diversity was calculated using BrayCurtis and unweighted UniFrac distance matrices. PCoA was used to analyze the similarity at the taxonomic level of the eukaryotic plankton phylum in the vertical direction at each sampling. The relevant data were plotted in Excel and Origin 9.0. Redundancy analysis (RDA) and correlation analysis of the main eukaryotic plankton with environmental factors were performed using genescloud. (https://www.genescloud.cn).





3 Results



3.1 Sequencing data of 18S rDNA

A total of 1,972,914 original sequences were obtained, with an average length of 420 bp. After removal of nontargets and the singletons, a total of 1,645,985 high-quality sequences were obtained in all samples, accounting for 83.4% of original sequences. The rarefaction curve gradually became stable when the sequencing reads reached 25000, which indicated that the number of sequencings was sufficient, and the taxon richness was high enough to cover all taxa for further analysis (Figure 2). All sequences were clustered at the 97% similarity level and 2392 OTUs were obtained from all the samples.




Figure 2 | Rarefaction curve.






3.2 Eukaryotic plankton community composition and relative abundance in Danjiangkou Reservoir

A total of 38 phyla of eukaryotic plankton were identified. The main eukaryotic plankton taxa at the level of phylum in the seven sites were Arthropoda (85.3%), Chordata (4.0%), Chlorophyta (1.6%), while other plankton such as Haptophyceae, Rotifera and Dinophyceae were less than 1% (Figure 3). Obviously, Arthropoda is the dominant species in the reservoir area.




Figure 3 | Relative abundance of eukaryotic plankton at different depths at the level of phylum.



A total of 122 genera of eukaryotic plankton were detected in the 28 samples, all of which contained taxa that could not be identified at the genus level. The eukaryotic plankton community at different depths (0.5 m, 5 m, 10 m, 20 m) comprised 10 higher-level taxon groups (Figure 4). Notably, the relative abundance of major taxa exhibited significant variation across these depth levels. Eurytemora dominated at depths from 0.5 to 10 m, while Thermocyclops was the dominant species at 20 m. Interestingly, the abundance and species richness of eukaryotic plankton were higher at the 20 m depth, while the other depths showed lower abundance and species richness of eukaryotic plankton. Overall, there were distinct differences in the relative abundance and diversity of eukaryotic plankton at various depths.




Figure 4 | Classification of main groups of eukaryotic plankton at the genus level.






3.3 Structural characteristics on vertical distribution of eukaryotic plankton community

There was over 99% coverage of sequences at each sample site, fully reflecting the species and structure of the eukaryotic plankton community in the reservoir region. The average number of OTUs (393) at the 20 m depth water was the largest, and the average number of OTUs (265) at the 5 m depth water was the smallest. The eukaryotic plankton α-diversity of the sampling sites with different depths varied greatly (Table 1). The Observed-Species index and Chao index ranged from 86 to 673 and 89 to 708, respectively, the QS4 (Observed-Species 676 and Chao 713) had the highest richness indices, which were much higher compared to other samples. The Simpson index and Shannon-Wiener index have maximum values in SG1, which had the greatest species diversity, and the minimum values of the Simpson index and Shannon-Wiener index were at HJZ2. Pielou-evenness in this study was 0.07–0.68, indicating that the distribution of the number of OUTs varied widely among the samples.


Table 1 | Diversity indices of eukaryotic plankton in different sampling sites.






3.4 Changes in richness and diversity on vertical distribution of the eukaryotic plankton

β-diversity analysis showed that different eukaryotic plankton species have unique vertical distribution patterns in Danjiangkou Reservoir (Figure 5). The result showed that the community composition of KX, WLQ and QS at 0.5 m depth water was relatively consistent, and SG, TM, HJZ, DZK each formed a group. At 5 m depth water, HJZ, KX and DZK formed a group with higher similarity, and the remaining four sampling sites each formed a group. At 10 m depth water, KX, DZK and HJZ were more similar as a group, TM and WLQ formed a group, and SG had the same eukaryotic plankton community structure as QS. At 20 m depth water, KX, WLQ, TM and QS formed a group, DZK and HJZ were more similar as a group, and SG formed its own group. The results indicated that the community composition of all sampling sites varied greatly at 0.5–20 m depth water.




Figure 5 | PCoA analysis of eukaryotic plankton community diversity. The percentage in the horizontal and vertical coordinate brackets indicates the proportion of sample difference data that can be explained by the corresponding coordinate axis. The closer the two points are on the coordinate axis, the more similar the community composition of the two samples is.



To further compare differences in species composition between samples, and to achieve a demonstration of trends in species abundance distribution across samples, species composition analysis of all sites could be performed using a heat map (Figure 6). The cross-sectional comparison showed the differences between samples, taking Eurytemora as an example, at the 0.5 m depth water, Eurytemora was the most abundant in DZK, at the 5 m depth water, Eurytemora was the most abundant in QS, at the 10 m depth water, Eurytemora was the most abundant in WLQ, followed by QS and TM, at the 20 m depth water, Eurytemora was the most abundant in SG, followed by QS and TM. The vertical comparison showed the distribution of species within the same sample and the degree of similarity between samples, for example, SG species diversity was the most abundant at 0.5 m depth water, containing Phacotus, Chlamydomonas, Rimostrombidium, Dinobryon, etc.




Figure 6 | Heatmap of eukaryotic plankton. The figure represents a heatmap of eukaryotic plankton at 0.5 m, 5 m, 10 m, and 20 m depth water. The high and low-abundance species were clustered in blocks, and the color gradient was used to reflect similarities and differences in community composition among the 28 samples at the genus levels. The length of the gray bar indicates the importance of the species to the sample, decreasing from top to bottom.






3.5 Environmental factor data analysis

TN, NH4+-N, DO and pH were measured at the seven sampling sites of Danjiangkou Reservoir (Table 2). The result showed that all sites met the requirement of class I water standards, except for TN (0.68~1.15 mg·L−1). NH4+-N (0.08~0.15 mg·L−1), DO (7.19~8.57 mg·L−1), pH (8.66~8.96) and Cond (274~308 μs·cm−1) had no significant change at all sampling sites. WT at QS (mean value 24.5°C) was higher than other sites (mean value 22.3~24°C). And it was obvious that WT decreased with increasing depth. Remarkably, NO3−-N concentration at depth water was conspicuously higher than those at the surface sample sites. For example, NO3−-N concentration was 0.53 mg·L−1 at SG1, 0.79 mg·L−1 at SG2, 0.93 mg·L−1 at SG3 and 0.98 mg·L−1 at SG4. NO3−-N concentration at TM increased from 0.41 mg·L−1 (0.5 m) to 0.98 mg·L−1 (20 m). Overall, NO3−-N concentration increased with depth at all sampling sites.


Table 2 | Physical and chemical properties in different sampling sites.






3.6 Relationships between spatial eukaryotic plankton community and environmental factors

The effects of environmental factors in different samples on the eukaryotic plankton communities were analyzed by RDA (Figure 7). The results showed that the percentage of variance explained by the first and second axes were 25.84% and 7.16%, respectively. According to P-values, pH (0.035) was the most important environmental variation factor for the eukaryotic plankton community, followed by depth (0.064), WT (0.097), NH4+-N (0.163), DO (0.195), Cond (0.231), NO3−-N (0.283). Eurytemora, Thermocyclops, and Volvox were negatively correlated with pH and WT and positively correlated with depth.




Figure 7 | RDA ordination biplot of planktonic taxa and environmental factors.







4 Discussions

Microeukaryotes play many roles as primary producers, secondary producers, and decomposers in aquatic ecosystems, affecting the structure of aquatic food webs in terms of taxonomic composition, abundance, biomass, and biodiversity (Tan et al., 2010). However, there are relatively few studies on the composition, distribution characteristics, functions of eukaryotic plankton and their relationship with water quality (Voronin, 2010; Nagano and Nagahama, 2012; Taylor and Cunliffe, 2016). In this study, we used high-throughput sequencing technology to amplify the 18S rDNA V4 region DNA to investigate the community structure of plankton in Danjiangkou Reservoir. As a result, a total of 2392 OTUs belong to 38 phyla and 122 genera of eukaryotic plankton were identified. Based on sequence data, many differences in the diversity of eukaryotic plankton communities were found at a spatial scale, and the environmental factors including pH, depth and WT could influence the vertical distribution of eukaryotic plankton communities. This study would provide a better understanding dynamics of eukaryotic plankton communities in this important water source.

In this study, we found that several taxa including Eurytemora, Thermocyclops, Sinocalanus, Mesocyclops, Cryptomonas, Volvox, Chrysochromulina play an important role in the genus level of eukaryotic plankton in Danjiangkou Reservoir (Figure 4). Among them, Eurytemora, Thermocyclops, Sinocalanus, and Mesocyclops were reported as common species in still-water bodies (Hu et al., 2021). Water quality, water temperature, and hydrological factors affected the phytoplankton community structure (Yan et al., 2021). Some studies have pointed out that Chrysophyta was more suitable for growing in oligotrophic water bodies. Cryptophyta were the dominant species in mesotrophic water bodies, while Cholorophyta were the dominant species in eutrophic water bodies (Jia et al., 2019). In this study, the relative abundance of Cryptomonas, Volvox, Chrysochromulina, and Plagioselmis was ranked in decreasing order. It can be inferred that the degree of eutrophication in the reservoir area was between mesotrophic and oligotrophic water bodies, which was similar to the research conclusions of previous studies on Danjiangkou Reservoir (Wang et al., 2012; Jia et al., 2019). The excellent water quality in the reservoir area allowed Cryptomonas to be one of the dominant species. As an important environmental factor, water temperature could affect the composition of plankton community structure in most water bodies (Yang et al., 2014; Zhang et al., 2019; Wang et al., 2020). For example, Trombetta et al. (2019) reported that the growth temperature of Cholorophyta is higher than that of Cryptophyta. In this study, our results indicated that the reservoir water temperature (Table 2) was favorable for the growth and reproduction of Cryptophyta, which was consistent with the previous study. In addition, Cryptophyta were positively correlated with flow, and Cholorophyta were not significantly correlated with hydrological factors. During the investigation, the water level, flow rate, and flow velocity in the reservoir area were low. The excellent water quality, suitable water temperature, and suitable hydrological conditions probably resulted in a planktonic community composition dominated by Eurytemora, Thermocyclops, Sinocalanus Mesocyclops Cryptomonas Volvox, etc in the reservoir area.

The clustering results of the plankton community structure in each layer of each sampling site in the reservoir area were different (Figure 5). It was found that ecological factors such as season, environmental factors, and sampling sites in the Danjiangkou Reservoir area together explained 39% of the variation in phytoplankton structure, with geographical location accounting for 12% (Yan et al., 2021). Different geographical conditions cause changes in the characteristics of the aquatic environment, leading to spatial differences in the major taxa of plankton. Similar to our results, previous studies reported differences in eukaryotic microbial community structure among sampling sites in Xiamen, Qingdao (Zhang et al., 2018), and Yellowstone Park in the United States (Meadow and Zabinski, 2012). Moreover, there are also quite differences in the diversity of planktonic eukaryotes at different temporal and spatial scales in Danjiangkou Reservoir. KX is located in the center of the Reservoir, with fewer human interference factors and closer to the natural state. QS, KX and WLQ are located near the hilly area in the south of the reservoir, which is upstream of the reservoir area. HJZ is near the downstream tributary. TM is close to the northern dry land. DZK is near the Hanjiang River outlet. SG is closer to the paddy fields and human activities are more frequent. The differences in environmental factors and hydrological conditions were responsible for the differences in eukaryotic plankton community composition among the sampling sites in the reservoir area.

The diversity and abundance of eukaryotic plankton communities in 7 sampling sites decreased with the increase of depth ranging from 0.5 to 10 m, while the diversity and abundance of plankton communities increased at 20 m (Table 1). Notably, our results showed that NO3−-N concentration was positively correlated with the depth of water. As a main nitrogen resource in ecosystems, NO3−-N had a strong effect on the abundance of eukaryotic plankton was reported by investigating eukaryotic plankton communities in the South Yellow Sea (Sun et al., 2021). Relevant studies have found that the nitrate concentration increases with depth due to the sinking of nutrient substances (De Queiroz et al., 2015). Furthermore, the nitrate was absorbed and utilized by primary producers in the surface water (Wei et al., 2018), leading to the low NO3−-N concentration in the surface layer and the high NO3−-N concentration in the deep layer. In deep water, nutrient concentrations change with depth, resulting in a corresponding change in phytoplankton community structure (Tavernini et al., 2005). In this study, the abundance and diversity of eukaryotic plankton communities at 20 m (mean value of OTUs is 393) are higher than those at 0.5–10 m (mean value of OTUs is 265–374) (Table 1). As nitrate increased with depth, the maximum biomass of eukaryotic plankton in deep water was expected (Leal et al., 2009).In deep water bodies, with the gradient of environmental factors such as light, temperature, and nutrient salinity, the peak biomass of the phytoplankton community appeared at different depths (Huovinen, 1999; Ptacnik et al., 2003). In August 2008, it was found that the abundance of phytoplankton in most stations of Danjiangkou Reservoir decreased with the increase of depth, but there was no obvious regularity in other sampling months (Yin et al., 2011). There is no obvious distribution trend of phytoplankton richness and diversity in the range of 0–50 m in the Three Gorges Reservoir. It has been reported that environmental variability explained only 30% of the seasonal succession of microbiota in the eastern English Channel (Logares et al., 2014). The differences in plankton communities at different depths were attributed to the synergistic effects of different environmental factors (Nabout et al., 2009; Zheng et al., 2020). Because of the stratification phenomenon, the upper layers of water had the advantage of nutrient concentrations and temperature. In contrast, the deeper layer of water had extreme environmental conditions such as higher nutrient concentrations, low light, and low temperature, resulting in significant differences in species diversity (Sun et al., 2021). Based on the variation of Chao, Pielou-evenness, Shannon-Wiener, and Simpson index at all sampling sites (Table 1), changes in eukaryotic plankton abundance and diversity in different water samples (Figure 6) indicated that there were large differences in the vertical distribution of eukaryotic plankton communities in Danjiangkou Reservoir. Previous studies have found that there is no significant difference in the abundance of phytoplankton communities in the vertical direction of Danjiangkou Reservoir (Yin et al., 2011). The results of this study are different from the results of previous studies. The first reason is the expansion of the reservoir area. The previous studies were performed time was from 2007 to 2008, and the reservoir area was expanded in 2012. The hydrological conditions and physical and chemical parameters of the reservoir area changed after the expansion, resulting in a corresponding change in the composition of the plankton community in the reservoir area (Hoyer et al., 2009). The second reason is the identification method. The results of plankton characteristics obtained by high-throughput sequencing technology are more comprehensive than those derived from microscopic observations in previous studies (Dijk et al., 2014; Wang et al., 2017).

There is a certain spatial heterogeneity in the ecological environment of the Danjiangkou Reservoir. It is widely accepted that there is a close relationship between plankton composition and environmental factors (Chalar, 2009; Cudowski et al., 2015; Reich et al., 2017). In this study, the RDA showed that pH was the most important environmental factor affecting the community distribution of eukaryotic plankton in the Danjiangkou Reservoir, followed by depth, WT, NH4+-N, DO, Cond and NO3−-N (Figure 7). It can be indicated from RDA that most of the eukaryotic plankton were negatively correlated with pH, which may result from rotifer species increased and decreased in acidic water bodies, in contrast, the opposite situations occurred in alkaline water bodies. Acidic, neutral, and weakly alkaline water bodies are suitable for the survival of Cladocera, and alkaline water bodies are favorable for the survival of Copepods (He et al., 2022). In the water with low pH, the growth of phytoplankton will be limited, and the number of individuals will decrease. The alkaline water with high pH is more conducive to the photosynthesis of phytoplankton to form organic matter, and the number of phytoplankton reproduction will increase (Liu et al., 2010). If the pH value is in the range of 7.5 to 9.0, it is more favorable for the growth of diatoms and cyanobacteria. When the temperature is higher in summer, the suitable pH range is most conducive to the reproduction of algae and the formation of large-scale blooms (Lu, 1987). On the other hand, phytoplankton photosynthesis absorbs carbon dioxide in the water body, changes the pH value of the water body, and the activities of algae themselves will also change the pH value of the water body, thus affecting the pH value of the water environment (Xu et al., 2009). Overall, pH is the main factor affecting the spatial and temporal variation pattern of phytoplankton, and the interaction between water body pH and phytoplankton is bidirectional (Wang et al., 2016).

Water temperature is considered to be an important factor affecting the growth, development, and species composition of plankton, and it is also the main driving factor affecting the seasonal succession of the plankton community (Marques et al., 2006; Chen et al., 2021). Temperature directly affects the growth state of phytoplankton by controlling the intensity of enzymatic reaction during phytoplankton respiration and photoreaction (Blinn, 1993) and is closely related to the relative abundance of phytoplankton (Lu et al., 2013). WT is one of the main environmental factors affecting the distribution of the eukaryotic plankton community in the reservoir area. WT at 0.5m is significantly higher than that at 20 m at each sampling site. Given that positive correlation with WT, Mesocyclops and Cryptomonas were dominant in the surface layer. Correspondingly, Eurytemora and Thermocyclops were negatively correlated with WT, and they were abundant in the deep layer. This study suggested that the change of WT is an important factor leading to the difference in the relative abundance of plankton from 0.5 to 20 m depth in Danjiangkou Reservoir.

The rapid increase in the levels of organic pollutants, suspended solids, and other related oxygen-consuming factors in the water could lead to an imbalance in the production of DO in its water column, which has an impact on zooplankton (He et al., 2022). In addition, oxygen production by phytoplankton photosynthesis is the main source of DO, and phytoplankton respiration and mortality are the largest pathways of DO consumption (Ouyang et al., 2013). It should be noted that the interaction between phytoplankton biomass and the physicochemical indicators of the water column is reciprocal, and changes in phytoplankton biomass can also cause changes in DO concentration, pH, and other indicators in the water column (Wang et al., 2016). As an important index for measuring water quality, DO concentration can reflect the concentration can reflect the degree of water pollution, and the pollution is related to the content of organic compounds (Diaz and Rosenberg, 2008). In this study, Mesocyclops, Cryptomonas, Plagiosemis, and Neodiaptomus are positively correlated with DO, so these taxa can be used as potential biological reference indicators to monitor the water quality in the Danjiangkou Reservoir in the future.

Due to the limited sampling in this study, additional samples from different seasons are needed to provide comprehensive insights into the eukaryotic plankton communities in Danjiangkou Reservoir. It’s worth noting that ArcMap, DEM, and SAR have already found extensive application in ecological environment research (Liu et al., 2022; Qiu et al., 2022; Wang et al., 2022; Ma et al., 2023; Pei et al., 2023). In the future, the integration of sequencing data with ArcMap, DEM, and SAR holds immense promise for portraying the spatial and temporal distribution of eukaryotic plankton within the reservoir area.




5 Conclusions

Our results provide a novel perspective on the distribution of the eukaryotic plankton community in Danjiangkou Reservoir, particularly in terms of vertical variation. This insight holds significant potential for understanding ecological processes and ensuring the water quality safety of this canyon-style reservoir.

	(1) A total of 38 phyla and 122 genera of eukaryotic plankton were identified in Danjiangkou Reservoir. Notably, we observed substantial variations in both the diversity and abundance of the eukaryotic plankton community across different depths. Specifically, diversity and abundance exhibited a decreasing trend from depths of 0.5 to 10 m, while an increase was noted at a depth of 20m.

	(2) Environmental factors, including pH, depth, WT, NH4+-N, DO, Cond, and NO3−-N, play crucial roles in influencing the vertical distribution of eukaryotic plankton within the reservoir. It’s important to note that these environmental factors have distinct effects on the eukaryotic plankton community. For instance, Eurytemora, Thermocyclops, and Volvox were found to be negatively correlated with pH and WT, while they showed a positive correlation with depth.
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