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As an important regulator of ecosystem functions in river systems, microeukaryotes
play an important role in energy and material conversion, yet little is known about the
shift along a lentic-lotic continuum. In this study, the 18S rRNA genes sequencing
was used to identify the microeukaryotic communities at 82 sites along a lentic-
lotic continuum with the aim of understanding the impact of upstream inlet river on
microeukaryotic communities in Baiyang Lake (BYD) and its downstream. Our results
showed that the upstream inlet river affected the diversity and community composition
of microeukaryotes in BYD and downstream rivers, and environmental variables greatly
affected the composition of microeukaryotic community. The community composition
in BYD had lower variabilities. Co-occurrence network analysis revealed that the
network was non-random and clearly parsed into three modules, and different modules
were relatively more abundant to a particular area. As keystone taxa, some nodes
of the upstream microeukaryotic network played an important role in structuring
network and maintaining the stability of the ecosystem. In BYD and downstream,
the microeukaryotic network was highly fragmented, and the loss of keystone taxa
would have an adverse impact on the integrity and function of the microeukaryotic
community. Microeukaryotes had strong tendencies to co-occur, which may contribute
to the stability and resilience of microeukaryotic communities. Overall, these findings
extend the current understanding of the diversity and community composition of
microeukaryotic along a lentic-lotic continuum.

Keywords: high-throughput sequencing, community composition, microeukaryotes, co-occurrence network,
phytoplankton

INTRODUCTION

As an important regulator of ecosystem functions in river systems, microeukaryotes play an
important role in energy and material conversion, and are used as biological indicators for water
quality assessment (Zancarini et al., 2017; Cai et al., 2020). Eukaryotic plankton can quickly
respond to the changes of water environment, because of its short life cycle and sensitive to
the physicochemical changes of water body. The abundance, biomass, species diversity, and
community composition of phytoplankton are severely affected by changes in water quality
(Jeppesen et al., 2005; Xu et al., 2010; Wu et al., 2021). Several studies have shown that the
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structure and function of phytoplankton communities are
directly affected by changes in water quality (Buchanan, 2020;
Amorim and Moura, 2021). A recent study showed that when
there is a significant environmental gradient in a polluted flowing
water ecosystem, the structure of the microenvironmental
phytoplankton community is largely determined by the species
classification caused by local pollution, and the difference in
community composition increases with the increase of the
Euclidean distance of environmental variables (Xu et al., 2020).
Eukaryotic plankton are key components in the trophic web
structure, and play a vital role in the energy flow and nutrient
cycle of the aquatic ecosystems (Boenigk and Arndt, 2002;
Zubkov and Tarran, 2008). The impact of external disturbances
(such as environmental factors, spatial processes and grazing
pressure) on the phytoplankton community has always been
of interest in ecological research (Guo et al., 2019, 2020;
Wijewardene et al., 2021; Wu et al., 2022). However, there are
few studies on how environmental conditions shape eukaryotic
plankton communities (Caron and Hutchins, 2013).

Previous studies on phytoplankton communities were
mostly based on morphological recognition, which were highly
dependent on the identification experience of researchers.
This method limits the research on phytoplankton diversity
to a certain extent. The emergence of high-throughput
sequencing makes it possible to quickly and accurately obtain
the composition of the microbial community in samples (Amao
et al., 2019). The high-throughput sequencing of environmental
samples has the potential to detect rare, small and fragile species,
and can be used to monitor and quantify biodiversity (Gao et al.,
2020). Recently, the use of diatom to detect water quality and
environmental changes in the freshwater system of the Han River
in South Korea has been reported. Researchers have used 18S
rRNA to analyze the molecular profiling of seasonal diatoms
(Muhammad et al., 2021). Through high-throughput sequencing
to explore the effects of nutrient and stoichiometry gradients on
the microbial communities of Erhai Lake and its input rivers, the
results showed that nutrients (phosphorus) were key drivers for
the community structure dominated by Cyanobacteria (Liu et al.,
2019). Overall, these studies provide a better understanding of
the diversity and composition of microeukaryotic communities.

A lentic-lotic continuum links hydrology and ecology,
and understanding the community shifts along a lentic-lotic
continuum is conducive to our further understanding of hydro-
ecological links to freshwater systems (Jones et al., 2017; Qu
et al., 2018). However, there are still few studies on the shift
of phytoplankton communities in the lentic-lotic continuum
system. Along the lentic-lotic continuum, the composition
and dissimilarities of phytoplankton are shaped more by local
hydrological and physicochemical variables than species dispersal
factors (Qu et al., 2018). But the study of shifts in the
microeukaryotic community along a lentic-lotic continuum is
still missing. The Baiyang Lake (BYD) is a flood slowing and
detention area in the middle reaches of the Daqing River system
in the Haihe River Basin, which is responsible for the flood
regulation and storage of nine rivers. BYD and its upstream
tributaries together constitute the southern branch of the Daqing
River system in the Haihe River Basin. BYD has vast waters and

rich resources of aquatic animals and plants. It is an important
freshwater breeding base in northern China. Understanding how
the upstream inlet river affects the microeukaryotic communities
in BYD and downstream of the water quality gradient is essential
for predicting the response of river ecosystems to global changes
and human activities.

In this study, we examined how do microeukaryotic
communities shift along the water quality gradient in a lentic-
lotic continuum catchment (i.e., the BYD Basin) (Figure 1). We
had three main research questions: (i) Does upstream inlet river
affect the diversity of microeukaryotes in BYD and downstream
rivers? (ii) Does upstream inlet river affect the community
composition of microeukaryotes in BYD and downstream
rivers? (iii) How does the upstream inlet river change the
microeukaryotic communities of BYD and the downstream river?
The change of environmental variables will directly affect the
community structure of microeukaryotes. Thus, we hypothesized
that: (H1) The alpha diversity in the upstream should be higher
than that in BYD and downstream rivers along the water quality
gradient; (H2) The upstream microeukaryotic community
network should be the most complex; and (H3) Upstream inlet
river could change the microeukaryotic communities of BYD and
downstream rivers by changing environmental variables. In order
to answer these questions and test these hypotheses, we analyzed
the microeukaryotic communities in BYD and its upstream and
downstream areas using high-throughput gene sequencing. By
understanding the composition and changes of microeukaryotic
communities in BYD and its upstream and downstream, this
study attempts to fill the gaps in microeukaryotes changes
along the water quality gradient in a lentic-lotic continuum
catchment, and provides insights for the BYD Basin’s water
environment management.

MATERIALS AND METHODS

Study Area
This research was carried out in the BYD Basin (Figure 1).
BYD (38◦44′–38◦59′ N, 115◦45′–116◦07′ E) is the largest lake in
Hebei Province. It belongs to the Haihe River Basin and is the
general term for the 143 interconnected large and small lakes
at the junction of Baoding and Cangzhou. BYD is located in a
warm temperate semi-humid continental monsoon climate zone.
The four seasons are distinct and the precipitation is mostly
concentrated in summer. The annual average temperature is
12.2◦C, and the annual average precipitation is 529.7 mm (Tong
et al., 2021). BYD has vast waters and rich resources of aquatic
animals and plants. It is an important freshwater aquaculture base
in northern China.

The main river entering BYD on the west side is the Fu
River, and its water quality is poor (Brauns et al., 2016), leading
to poor water quality on the west side and good water quality
on the east side of BYD. The Juma River, another upstream
river, is mainly distributed in mountainous areas, where the
pollution mainly comes from tourism, and the water quality is
relatively good. The Juma River with better water environment
was selected for the upstream sampling. The samples in BYD
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FIGURE 1 | The distributions of 82 sampling sites located in the BYD Basin, northern China. The different shapes and colors in the figure represent different
freshwater areas. Blue: upstream; green: BYD; red: downstream.

were set up according to the gradient of water quality from west
to east, covering the main lake of BYD. The Daqing River and
Duliujian River are located in the downstream, both of which pass
through urban areas. The physicochemical conditions of the river
ecosystems have undergone great changes, and the water bodies
have shown a certain degree of eutrophication and pollution
(Chen et al., 2021).

Field Sampling and Chemical Analyses
The sample points covered the upstream, BYD, and downstream
to reflect the differences in the characteristics of the overall
microeukaryotes in the basin. A total of 82 sampling points
were set up in the BYD Basin, including 30 samples in the
upstream Juma River, 36 samples in BYD, and 16 samples in
the downstream Daqing River and Duliujian River (Figure 1).
At each sampling point, a YSI handheld meter (model 80; YSI,
Yellow Springs, OH, United States) was used to measure water
temperature (Temp), pH and conductivity (Cond). Latitude
and longitude were measured using a Global Positioning
System (GPS) unit (Triton 500, Magellan, Santa Clara, CA,
United States). A total of 500 ml water, which was pre-filtered
through a plankton net to remove larger multicellular organisms,
was filtered with Whatman GFF filters using a vacuum pump.
These filters were then wrapped in tin foil and stored at –
80◦C until DNA extraction and subsequent analyses. Water

samples were acid-fixed and transported to the laboratory at
4◦C for chemical analyses. Total nitrogen (TN) was analyzed
using ion chromatography after persulfate oxidation. Total
phosphorus (TP) was quantified using the ammonium molybdate
method. Turbidity was measured using a portable turbidity
meter HACH2100Q (HACH, Loveland, CO, United States).
Chemical Oxygen Demand (COD) was determined using the
rapid digestion spectrophotometry (HJ/T 399-2007).

DNA Extraction, PCR, Sequencing, and
Sequence Processing
DNA was extracted using the E.Z.N.A. R© Soil DNA Kit according
to the manufacturer’s instructions, and was quantified using
QuantiFluorTM-ST (Promega, Madison, WI, United States).
The highly variable V4 region of the 18S rRNA were
amplified using the forward primer containing sequence
“GGCAAGTCTGGTGCCAG” and the reverse primer containing
sequence “ACGGTATCTRATCRTCTTCG.” PCR reactions were
performed in triplicate 20 µL mixture containing 4 µL of
5 × FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of
each primer (5 µM), 0.4 µL of FastPfu Polymerase, and
10 ng of template DNA. DNA libraries were validated by
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, United States), and quantified by using QuantiFluorTM-
ST (Promega, Madison, WI, United States). DNA libraries
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were multiplexed and loaded on an Illumina MiSeq instrument
according to manufacturer’s instructions (Illumina, San Diego,
CA, United States). Sequencing was performed using a 2 × 300
paired-end configuration; image analysis and base calling were
conducted by the MiSeq Control Software embedded in the
MiSeq instrument.

Raw sequences were demultiplexed and quality-filtered using
QIIME (version 1.17). The operational taxonomic units (OTUs)
were clustered with 97% similarity cutoff using UPARSE (version
7.1) and chimeric sequences were identified and removed using
UCHIME. The taxonomy of each 18S rRNA gene sequence was
analyzed by RDP Classifier against the silva database 138.

Data Analyses
Alpha diversity indexes, including Chao1, Observed OTUs,
Shannon, and Phylogenetic Diversity, were calculated using
QIIME (Caporaso et al., 2010). Beta diversity was calculated
using Bray–Curtis distance and visualized by principal coordinate
analysis (PCoA). The chord diagram was used to show the
sum of relative abundances of dominant lineages (the lineages
with a relative abundance >1%) of three freshwater areas.
Three non-parametric statistical methods based on Adonis
(Hartman et al., 2018), ANOSIM (Gao et al., 2019), and
MRPP (Gao et al., 2019) were used to analyze the differences
in the composition of microeukaryotic communities in the
upstream, BYD and downstream using the vegan package
(Oksanen et al., 2007). Distance-based redundancy analysis
(db-RDA) was conducted using R package vegan 2.5-5 to
assess the relationships between environmental variables and
microeukaryotic community structure. The R package igraph was
used to evaluate and visualize the co-occurrence interactions
between OTUs (OTUs with an average relative abundance
higher than 0.01% and exist in more than half of the samples)
to reveal the complexity of microeukaryotic communities
and the potential interrelationships between members of
microeukaryotic communities. For the construction of co-
occurrence networks, the Spearman correlations between all
OTU pairs was calculated, and the P-values were adjusted for
false discovery using FDR adjustment (Benjamini and Hochberg,
1995). We only considered strong (Spearman’s correlation
coefficient r > 0.80 or r < −0.80) and significant (P < 0.05)
correlations. Topological properties of the networks were
calculated. The module structure of the networks was analyzed
and the topological roles of the OTUs were assessed by calculating
the connectivity of each OTU in the network, including within-
module connectivity (Zi: within-module degree Z-score of node
i) and among-module connectivity (Pi: participation coefficient
of node i). The nodes with Zi ≥ 2.5 and/or Pi ≥ 0.62 were
identified as keystone taxa (Deng et al., 2012).

RESULTS

Physicochemical variables varied widely across the three areas
(upstream, BYD and downstream) (Supplementary Table 1).
For example, the turbidity ranged from 0.72 to 63 NTU at
the time of sampling, the conductivity ranged from 264 to

10710 µs/cm, TN ranged from 0.63 to 5 mg/L, TP ranged
from 0.01 to 0.75 mg/L, and COD ranged from 0.32 to
71.10 mg/L. The upstream had the lowest average turbidity (4.74
NTU), conductivity (517.32 µs/cm), and COD (14.63 mg/L)
than BYD and downstream areas. The average pH (6.48), TN
(0.37 mg/L), and TP (0.03 mg/L) of BYD were the lowest among
the 3 areas. The average turbidity (19.68 NTU), conductivity
(4014.69 µs/cm), TP (0.12 mg/L), COD (43.20 mg/L) were the
highest in downstream than in other areas.

Alpha Diversity
Overall, 1,140,450 high-quality sequences were yielded through
the sequencing of 18S rRNA genes and 1904 OTUs were
detected at the 97% similarity level. Venn diagram showed
that 451 OTUs were shared among the upstream, BYD,
and downstream (Figure 2A). Downstream had the lowest
alpha diversity indexes while the upstream had the highest
value of Chao1 and Observed OTUs (Figure 2B). The
results answered our first question (question i). Correlation
analysis showed that alpha diversity indexes were negatively
correlated with turbidity, temperature, conductivity, pH, COD,
TP, TN, and positively correlated with the TN:TP ratio
(Supplementary Figure 1).

Community Composition and Its
Association to Environmental Factors
The results showed that the community composition of
microeukaryotes in upstream, BYD, and downstream were
differed significantly with each other (Figures 2C,D), which
was further supported by the results of three non-parametric
statistical approaches of Adonis, ANOSIM, and MRPP (Table 1).
There were 14 lineages which had an average relative abundance
above 1% in at least one area (Figure 2D). Ten of the
lineages were significantly different among the three areas.
Chlorophyta, Cryptomonas, and Metazoa were dominant (with
an average relative richness > 5%) in all three areas. As
shown by the mean Bray–Curtis distance between all pairs of
samples, microeukaryotic communities in BYD had a significant
lower mean Bray-Curtis distance value than that in upstream
and downstream (Supplementary Figure 2), suggesting lower
variabilities of the community composition (Figure 2C).

Results of db-RDA showed that the shift of microeukaryotic
communities in this Basin was significantly (P < 0.05) associated
with all of the tested environmental factors (Figure 3A).
Specifically, community shift in upstream was significantly
(P < 0.05) associated to turbidity, temperature, conductivity, pH,
COD, and the TN:TP ratio (Figure 3B). Community shift in BYD
was significantly (P < 0.05) associated to conductivity, COD, TN,
and TP (Figure 3C). Community shift in downstream area was
significantly (P < 0.05) associated to conductivity and the TN:TP
ratio (Figure 3D).

Co-occurrence Networks
For the microeukaryotic communities in the whole study area,
the resulting network consisted of 442 nodes (OTUs) linked
by 3591 edges (significant correlation relationships), with more

Frontiers in Ecology and Evolution | www.frontiersin.org 4 May 2022 | Volume 10 | Article 887787

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-887787 April 26, 2022 Time: 11:57 # 5

Wang et al. Microeukaryotic Community Shifting

FIGURE 2 | Basic differences of microeukaryotic communities along the lentic-lotic continuum in all three areas, including upstream, BYD, and downstream.
(A) Venn diagram showing the unique and shared OTUs within and between three study areas. (B) Alpha diversity differences among three study areas. Different
letters indicate the significant level at P < 0.05 determined by ANOVA. (C) Principal coordinates analysis (PCoA) based on Bray–Curtis distance in terms of the
relative abundance of OTUs. (D) Chord diagram showing taxonomic composition and its differences of the microeukaryotic communities in three study areas. Only
the lineages with an average relative abundance > 1% are shown. The significant differences were shown in “*” (p < 0.05) and “**” (p < 0.01).

than 98% of the edges were positive (Figure 4A). The average
path length, clustering coefficient, centralization betweenness,
and modularity were all greater than those of the respective
random network (Supplementary Table 2), suggesting that the
network was non-random and had “small-world” properties and
a significant modular structure. The entire network was clearly
parsed into three modules (Figure 4B). Module-A, -B, and
-C accounted for the majority in upstream, BYD, downstream
sites, respectively (Figure 5A). Ternary plot showed that most
of the OTUs from the module-A, -B, and -C had higher
relative abundances in upstream, BYD, and downstream sites,
respectively, indicating that different modules were specific
(relatively more abundant) to a particular area. Moreover, these
three modules composed of OTUs which were primarily occupied
by Metazoa in module-A, by Cryptomonas and Chlorophyta
in module-B, and by Cercozoa and Ochrophyta in module-C
(Figures 5B–D), suggesting that taxonomic relatedness played

a key role in determining the modular structure. Based on the
connectivity (within-module connectivity and between module
connectivity), the co-occurrence network of microeukaryotic
communities in the whole study area had three connectors and
nine module hubs (Supplementary Figure 3). The connectors
belonged to other modules, and the modules hubs came from
module-A, -B, and -C.

For each area specifically, the co-occurrence network of
microeukaryotic communities consisted of 374 nodes and 4837
edges in upstream, 215 nodes and 558 edges in BYD, and 158
nodes and 290 edges in downstream, respectively (Figure 6).
The microeukaryotic network in upstream had the highest
average degree and clustering coefficient, and the lowest average
pathlength and centralization betweenness, suggesting that
microeukaryotic communities in upstream had the most complex
network (Supplementary Table 2). This answered our second
question (question ii). Moreover, according to the modularity,
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FIGURE 3 | Distance-based redundancy analyses (db-RDA) reveal the relationships between environmental variables (arrows) and microeukaryotic communities
(points) in (A) the all three areas, (B) upstream, (C) BYD, and (D) downstream. Significant variables (P < 0.05 by envfit function) are shown in red.

the network of upstream microeukaryotic communities had
many keystone taxa playing as network hubs, module hubs,
and connectors but do not have a well modular structure
(Supplementary Table 2 and Figure 6A). On the contrary, the

TABLE 1 | Results of significant differences of microeukaryotic communities
between the sample areas with three non-parametric statistical approaches.

Adonis ANOSIM MRPP

R2 P R P Delta P

Upstream vs. BYD 0.177 0.001 0.604 0.001 0.741 0.001

BYD vs. Downstream 0.204 0.001 0.785 0.001 0.682 0.001

Upstream vs. Downstream 0.131 0.001 0.414 0.001 0.853 0.001

networks of BYD and downstream microeukaryotic communities
had a highly modular structure with a few modular hubs and
connectors (Supplementary Table 2 and Figures 6B,C).

DISCUSSION

Changes in Microeukaryotic Biodiversity
As hypothesized (H1), the downstream alpha diversity was
significantly lower than that of the upstream, indicating that
the diversity of microeukaryotes decreased significantly with the
severity of water quality damage in the lentic-lotic continuum
catchment. The decrease of downstream diversity may be
due to the excessive interference of urban and agricultural
activities on the water environment (higher TN and TP)
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FIGURE 4 | Co-occurrence network of microeukaryotic communities in the whole area colored by (A) major lineages and (B) major modules (modules have more
than 50 nodes). Circle nodes represent OTUs. Edges represent Spearman correlations (only strong and significant relationships with Spearman’s r > 0.8 or r < –0.8
and P < 0.05 are shown). The gray and red lines indicate positive and negative correlations, respectively.

(Teng et al., 2011; Hao et al., 2012; Hosen et al., 2017;
Santos et al., 2017; Lopes et al., 2021). The variabilities of the
community composition in BYD were significantly lower than
that of upstream and downstream communities, reflecting
significant changes in relative abundances of various taxa
in upstream and downstream. Community composition is
determined by environmental factors and spatial (distance)
factors (Moran-Ordonez et al., 2015; Ptatscheck et al., 2020;
Uritskiy et al., 2020). The upstream Juma River has pollution
from tourism, while the downstream Daqing River has pollution
influx along the way causing water quality degradation, which
may affect the diversity of microeukaryotic communities in the
lentic-lotic continuum catchment, resulting in high variations of
alpha diversity in upstream and downstream samples. Because
BYD is rich in fishery resources and human-made disturbances
are serious, it may cause homogeneity between habitats, resulting
in high similarity of microeukaryotic communities among
samples in similar environments (Vilar et al., 2014; Parreira
de Castro et al., 2018). In addition, the relative abundance
of microeukaryotic communities in each sample site was not
the same, which in turn reflected the high heterogeneity
between different points in the lentic-lotic continuum catchment,
indicating that the community composition of each sample
site is unique to the ecosystem (Burgos-Caraballo et al.,
2014). Environmental factors have a significant impact on the
microeukaryotic community (Yuksek et al., 2006; Dunstan et al.,
2012; Logares et al., 2020). Local environmental constraints such
as environmental pollution caused by human activities can shape

the local community structure of eukaryotes, which supports
the species ordering hypothesis in river ecosystems (Lake, 2000;
Huber et al., 2002). Since phytoplankton respond quickly and
strongly to environmental disturbances, they have been used as
an indicator of environmental changes and ecosystem status in
freshwater ecosystems (Bianchi et al., 2003; Lepisto et al., 2004;
Moustaka-Gouni et al., 2006; Li et al., 2015; Liu et al., 2015). Our
results consistent with this view.

Changes in the Network Structure of
Microeukaryotes
The co-occurrence network showed that the microeukaryotic
community in the entire study area was non-random, with
“small world” characteristics and a significant modular structure.
The entire network was clearly parsed into three modules,
which had different taxonomic composition. Several parameters
representing the network topology were calculated. Compared
with BYD and downstream, the upstream network had higher
average degree and clustering coefficient in the lentic-lotic
continuum catchment, while modularity and average path
length showed the opposite trend (Supplementary Table 2).
As hypothesized (H2), the upstream network showed higher
transitivity than BYD and downstream networks (a measure
of connectivity within a cluster). When the environment is
disturbed by the outside world, it will quickly affect the
entire network, causing the upstream network structure to
be unstable, indicating that the network has a low ability to
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FIGURE 5 | (A) Ternary plot of the OTUs in major modules of the co-occurrence network for the whole microeukaryotic communities of three area. Chord diagrams
showing the taxonomic composition of (B) module-A, (C) module-B, and (D) module-C.

FIGURE 6 | Co-occurrence network of microeukaryotic communities at (A) upstream, (B) BYD, and (C) downstream. Circle nodes represent OTUs. Edges represent
Spearman correlations (only strong and significant relationships with Spearman’s r > 0.8 or r < –0.8 and P < 0.05 are shown). The gray and red lines indicate
positive and negative correlations, respectively.
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buffer environmental changes (Chen et al., 2021). These results
indicated that the microeukaryotic OTUs were more connected
upstream than BYD and downstream.

Compared with upstream networks, BYD and downstream
networks had fewer OTUs. The inflow of microeukaryotes from
the upstream can affect the structure of the microeukaryotic
communities in BYD and downstream (Zhulidov et al.,
2011). These inputs, to some extent, explained the overlap
of the identified OTUs between the upstream, BYD and
downstream (Figure 2A). Some of the microeukaryotes in BYD
and the lower reaches may come from the upper reaches.
However, the taxonomic composition of these communities
was subsequently modified by local environments. In the
lentic-lotic continuum catchment, microeukaryotes had strong
tendencies to co-occur (93% positive edges in upstream,
92% positive edges in BYD, and 94% positive edges in
downstream, Supplementary Table 2). The relatively high
proportion of positive correlations in microeukaryotic networks
indicated that in a given environment, these taxa were
interdependent or complementary, and cooperative relationships
are strong (Fernandez et al., 2015). Under the gradient of
water quality changes along the lentic-lotic continuum, from
upstream to BYD and downstream, the network gradually
became smaller and there were fewer connections. This
may be due to the greater amplitude or frequency of
disturbance events in the middle and lower reaches. In
BYD and downstream, environmental variables (such as
temperature, hydrology) may be more variable and extreme
than upstream. The microeukaryotic co-occurrence network
structure responded to environmental disturbances, which may
explain the difference in scale and structure of upstream, BYD
and downstream networks along the lentic-lotic continuum
(Yang et al., 2022). The composition and dissimilarities of
phytoplankton were more affected by local hydrological and
physicochemical variables along the lentic-lotic continuum
(Qu et al., 2018).

Module structures can reveal more ecological properties of
complex communities and shed light on the different groups
of nodes performing different functions (Xiong et al., 2018).
The way in which water quality affected the river’s eukaryote
community not only represents the local environmental impact,
but also represents the regional process. For instance, module-
A was dominated by Metazona, which has a certain role in
in promoting water purification. Module-B was dominated
by Cryptomonas and Chlorophyta. Studies have shown that
Chlorophyta can absorb nitrogen and phosphorus sources in
the water body (Carrick and Lowe, 1989). Cryptomonas were
also found to be favored by reductions of nutrient loading
in shallow lakes (Jeppesen et al., 2007). This was consistent
with the nutritional status of BYD. According to module
structure, some nodes of the upstream microeukaryotic network
were identified as keystone taxa indicating their important
roles in structuring network and maintaining the stability
of the ecosystem (Banerjee et al., 2018). There were only a
few modular hubs and connectors in BYD and downstream
(Supplementary Figure 3), indicating the high fragmentation
of the network and the strong independence of modules. The

loss of these keystone taxa will increase the fragmentation of
the network, and adversely affect the integrity and function
of the microeukaryotic community (Widder et al., 2014;
Banerjee et al., 2018).

Environmental Factors Driving the
Variation of Microeukaryotic
Communities
Revealing the spatial distribution characteristics of
microeukaryotic communities and their environmental driving
factors is crucial to clarify the stability and function of the
ecosystem (Ren et al., 2020). In the upstream, water from
the Juma River, the Fu River and the South-to-North Water
Diversion Project are collected. In addition to the Duliujian
River, there are other rivers flowing downstream. The overlap
ratio of the three freshwater areas is not high. This may
explain the low similarity of microeukaryotic communities in
the three freshwater areas. Our results also showed the main
changes of microeukaryotic community composition along the
lentic-lotic continuum. The upstream water body is flowing,
BYD is a shallow lake, and the downstream is intercepted by
dams. In the lentic-lotic continuum catchment, the fluidity
of water body is not strong. Moreover, the downstream area
has a high salinity because it is close to the estuary to the
sea. There were many species found only downstream. In the
lentic-lotic continuum, different water body states may have an
impact on the microeukaryotic community (Fraisse et al., 2013;
Dzhayani, 2020). As expected in H3, these changes in community
composition can be attributed to changes in local environments
(Hooper et al., 2005; Yuksek et al., 2006; Dunstan et al., 2012;
Logares et al., 2020). The diversity of phytoplankton is mainly
directly affected by river physicochemical and hydrodynamic
variables (Padisak et al., 2006; Isabwe et al., 2018).

The changes of nutrient concentrations such as TN and
TP are the main reasons driving the spatial changes of
phytoplankton community structure (Parkes and Duggan, 2012;
Wang et al., 2015; Xiong et al., 2016). The microtrophic
community is mainly determined by the level of nutrients,
and the increase of nutrients will change the community
composition of phytoplankton, macroinvertebrates and fish in
the water body (Chessman et al., 1999; Weijters et al., 2009;
Zhang et al., 2021). The microeukaryotic community was mainly
composed of Chlorophyta, Cryptomonas and Metazoa (with a
relative richness >5%) in our study areas. The higher relative
abundance of Chlorophyta may be partly due to the higher
nitrogen and phosphorus values downstream. Studies have
shown that within a certain range of nutrient salt concentration,
filamentous Chlorophyta can absorb 90% of the available
nitrogen sources and more than 80% of the phosphorus sources
in the water body (Carrick and Lowe, 1989). This has a
certain contribution to reduce the level of lake eutrophication,
improving the self-purification capacity and transparency and
restoring high aquatic vegetation communities. The water body
at the downstream sampling point showed a certain degree
of eutrophication, and the high abundance of Chlorophyta
might have a beneficial effect on mitigating eutrophication
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in this area. Some studies have found that the existence of
Cryptomonas are beneficial to the reduction of nutrient loading
in shallow lakes (Jeppesen et al., 2007). Therefore, the presence of
Chlorophyta and Cryptomonas suggested that the composition
of microeukaryotic communities might be a response to the
increased nutrient content in these rivers. Such species have
ecological significance in the environment of eukaryotes. The
change of temperature will indirectly affect the community
composition of eukaryotes by affecting the physicochemical
properties of the water body. The zooplankton microfauna are
all chemoheterotrophic microorganisms, so the decrease in DO
caused by warming can inhibit their diversity (Fortney et al.,
2018). In BYD and downstream, the higher temperature may
lead to the lower relative abundance of the Metazoa. At the same
time, higher temperature will promote the increase of nitrate
nitrogen, provide nitrogen source for phytoplankton, and may
promote the increase of the abundance of Chlorophyta and
Cryptomonas, thereby changing the community composition
of eukaryotes. The increase in turbidity will affect the light
penetration, resulting in the light tilt of phytoplankton growth
(Shi et al., 2017). The lower abundance of Cryptomonas in the
downstream may be due to the higher turbidity, TN and TP
because, low light and high salinity conditions are harmful to
the growth of these pigmented phyla in freshwater (Domingues
et al., 2011). DO is the main driving force of nutrient and energy
flow patterns in aquatic ecosystems (Diaz and Rosenberg, 2008).
The DO of upstream and BYD was significantly higher than
that of downstream, indicating that the water self-purification
ability of upstream and BYD is better. There are many functional
protozoa and micrometazoa in BYD and downstream, indicating
that the water body has a high degree of self-purification (Li
et al., 2019). The changes in the abundance of Metazoa may
be a response to the degree of water quality degradation, which
is consistent with the water quality in all three areas. COD
marks the content of organic pollutants in the water (Margot
et al., 2013). In short, the downstream water quality was worse,
the water body eutrophication and organic pollution were more
serious, which may have an impact on the microeukaryotic
community composition of the downstream samples (Duan et al.,
2009; Wang et al., 2011; Yang et al., 2012; Buchanan, 2020;
Amorim and Moura, 2021).

Water diversion projects are playing an increasingly important
role in improving the water quality of rivers. However, water
transfers will also affect the concentration of nutrients and other
physicochemical variables, which will have a certain impact
on the water environment, thereby affecting the diversity and
community composition of phytoplankton (Yin et al., 2011;
Dai et al., 2020; Xu et al., 2021; Yang et al., 2021). At the
same time, the short-period hydrological conditions brought by
the water diversion project have also shaped the community
composition of biofilms to a certain extent (Guo et al., 2020). In
summary, the relative abundance of certain phyla, Chlorophyta
and Cryptomonas were significantly different between upstream,
BYD and downstream sample points, indicating that the
variabilities of microeukaryotic communities are related to
environmental factors. At present, there are many large-scale
water diversion projects, especially in China, such as the

South-to-North Water Diversion Project, BYD is also its water
receiving lake. Large-scale water diversion projects are needed
not only for meeting human demand for water, but also for
maintaining the healthy development of the ecosystem. However,
the construction of large-scale water diversion projects will
undermine the concept of natural cascading reservoir continuum
and increase the degree of homogeneity among water bodies
(Barbosa et al., 1999; Nekola and White, 1999). From our results,
the water quality and phytoplankton community of BYD in the
lentic-lotic continuum system were all affected by the incoming
water, so we suggest that river managers take some measures to
reduce the impact of water diversion projects on water quality,
such as dredging sediment, increasing water flow, and controlling
sources of pollution.

CONCLUSION

Our results clearly demonstrated that the upstream incoming
water had a certain impact on the diversity and community
composition of microeukaryotes in BYD and downstream rivers
by influencing the water environment. The lower variabilities of
BYD’s community composition might be due to the homogeneity
among habitats. Co-occurrence network analysis further revealed
that microeukaryotes had a strong tendency to co-occur,
which may help maintain community stability and ecological
function. In addition, microeukaryotic networks was non-
random and had “small-world” properties and a significant
modular structure. Some nodes of the upstream microeukaryotic
network, as keystone taxa, played an important role in structuring
network and maintaining the stability of the ecosystem. In
BYD and downstream, the microeukaryotic network was highly
fragmented, and the loss of keystone taxa would be detrimental
to the integrity and function of the microeukaryotic community.
In summary, our results can provide a better understanding of
the composition and diversity of microeukaryotes communities
in the lentic-lotic continuum system, and provides insights
for BYD’s water environment management. In addition, the
study has a potential guiding significance for large-scale water
conservancy diversion.
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