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Abstract: The resting stages of phytoplankton are usually regarded as the seed bank and source
of harmful algal blooms because of the recruitment of phytoplankton from sediment to the water
column under suitable environmental conditions. Information about resting stages of phytoplankton
is abundant in shallow lakes and littoral sea; yet, studies on river–reservoir systems are rare. The
river–reservoir continuum shows a unique structuring of longitudinal gradients of hydrological and
hydrodynamic conditions. We hypothesized that the seed bank and algal blooms in reservoirs are
influenced by the hydrodynamic conditions of each reservoir. We used Illumina Miseq sequencing to
examine the spatio-temporal variation in the phytoplankton community in the sediment as reservoir
drawdown and in surface water during algal blooms in Pengxi River, a tributary of China’s Three
Gorges Reservoir. The results show that the cyanobacteria community in sediment is significantly
influenced by temperature, total carbon, maximum flow velocity, and total phosphorous, the eu-
karyotic phytoplankton community in sediment is significantly influenced by total phosphorous,
temperature, total carbon, maximum flow velocity, and total nitrogen. Additionally, the dominant
species in sediment is significantly different from that in surface water during algal blooms. Our
results suggest that the dominant species in surface water during algal blooms is more influenced by
the environmental factors and hydrodynamic conditions in the water column than the seeds in the
sediment. These findings are fundamental for further research on the influence of hydrodynamic
conditions on algal blooms in artificially regulated river-reservoir systems.

Keywords: phytoplankton community; reservoir drawdown; algal blooms; seed bank; hydrodynamic
condition; Three Gorges Reservoir

1. Introduction

The increasingly frequent harmful algal blooms (HABs) are significantly degrading
the water quality in both inland and coastal water bodies around the world [1,2], threaten-
ing the aquatic environment, freshwater and marine ecosystems, and human health [3,4].
The resting stages of phytoplankton in sediment, which are regarded as the seed bank
and source of HABs, have been extensively studied over the past decades [5,6]. A resting
strategy in sediment is adapted by many phytoplankton species to survive under stressful
environmental conditions, such as cold temperatures, ice cover, and low irradiance [7–9]. It
is widely accepted that the resting stages of phytoplankton played an important role in ini-
tiating blooms of marine dinoflagellates [10–12], in blooms of cyanobacteria [9,13,14], and
dinoflagellates [13,15] in freshwater. Consequently, the temporal and spatial characteristics
of phytoplankton communities in sediment need to be studied.
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Phytoplankton in sediment plays an important role in the formation of algal blooms by
enhancing recruitment in the upper layer under certain environmental conditions [13,15–17].
Many studies have focused on the resting stages of phytoplankton and the factors influenc-
ing their recruitment and vertical migration [18–20]. Many factors have been found to affect
the recruitment of the resting stages of phytoplankton: nutrient level [21–23], meteorologi-
cal factors (temperature and radiation) [8,18,21,23–25], hydrological and hydrodynamic
conditions (depth of water, thermocline, the turbulence of sediment, etc.) [8,13,18,26], and
biological factors (size of colonies, synthesis of microcystin, and interaction with other
species) [22,23,26–29].

Reservoirs perform invaluable functions such as fresh water supply, flood control, and
hydropower generation. The number of reservoirs in the world is increasing, and most
large- and medium-sized rivers have become cascade reservoirs. Reservoirs are one of the
most important components of freshwater ecosystems; however, researches on the resting
stages of phytoplankton have been mainly conducted in shallow lakes and littoral sea area,
while studies on reservoirs are scarce [30,31].

Reservoirs exhibit a transition from lotic to lentic systems, so their physicochemical
and hydrodynamic conditions reveal a transition from riverine to lacustrine, not only along
the longitudinal axis, but also along the process of seasonal regulation [30,32–34]. Reservoir
riverine zones are characterized by shorter hydraulic retention times (HRTs), higher water
flow, and shallower depth of water column. However, these characters in a lacustrine zone
are the opposite. So, the reservoir provides an ideal opportunity to examine phytoplankton
community variation under spatial and temporal environmental conditions. During reser-
voir drawdown, the turbulence of sediment, flow velocity, thermal stratification, water
depth, and nutrient retention [21,35,36] change with the hydrodynamic conditions. How-
ever, it is unclear whether these factors influence the communities of resting stages of
phytoplankton in sediment [8,21], which ultimately influence their germination, vertical
migration, and recruitment, and thereby the formation of algal blooms.

The Three Gorges Reservoir (TGR), constructed by China’s Three Gorges project,
is operated by anti-season water level manipulation, and it maintains a water level of
175 m in winter and 145 m in summer [37,38]. As a consequence, the soil is submerged,
HRT increases, followed by the deposition of sediment and increase in light transmittance
throughout the water column. The risk of HABs in the backwater area of tributaries has
been increasing in spring, summer, and autumn after the impoundment of the TGR [39,40].
It reported that the main reasons for HABs in the TGR are thermal stratification, increased
euphotic depth [41–43], and the nutrients releasing after soil submergence. The period of
water discharge from the TGR between early spring and early summer is consistent with
the sensitive period for the recruitment of algal resting stages and the outbreak of HABs.
However, the relationship between the dynamic fluctuation in water and the outbreak of
algal blooms are unclear until now. The effects of the hydrodynamic conditions on the
phytoplankton community in surface water during algal blooms are previously unknown.

In this study, we investigated the spatio-temporal variations in the phytoplankton
community to examine the relationship between the resting stages of phytoplankton
in sediment and the dynamic conditions of the reservoir, and the relationship between
the phytoplankton community in surface water during algal blooms and the dynamic
conditions of the reservoir. For this purpose, Pengxi River, the largest tributary in the
middle reaches of the TGR, was selected. The communities of the cyanobacteria and
eukaryotic phytoplankton in sediment and water during algal blooms were analyzed
using 16S rRNA and 18S rRNA gene high-throughput sequencing. Moreover, we further
studied the variations in community composition across the sites and we examined the
effect of environmental parameters upon them. Our results provide valuable insights
into understanding the influence of the hydrodynamic conditions on HABs in artificially
river-reservoir systems.
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2. Materials and Methods
2.1. Study Area and Sample Collection

The TGR has a total storage capacity of 39 billion m3, a surface area of 1084 km2, and
a backwater area length of 663 km. Pengxi River is one of the largest tributaries located
at the middle reaches of the Yangtze River in the TGR, about 250 km upstream of the
Three Gorges Dam (TGD). The main stream length of the Pengxi River is about 182 km,
ranging from 31◦00′ N, 107◦56′ E to 31◦42′ N, 108◦54′ E. After the impoundment of the TGR,
algal blooms occurred every year in the backwater area of Pengxi River. From upstream
to downstream along the longitudinal axis of the Pengxi River, five sampling sites were
chosen: PX1 (31◦8′49′ ′ N, 108◦32′41′ ′ E), PX2 (31◦5′13′ ′ N, 108◦34′19′ ′ E), PX3 (31◦6′16′ ′ N,
108◦40′29′ ′ E), PX4 (31◦5′47′ ′ N, 108◦39′55′ ′ E), and PX5 (31◦3′35′ ′ N, 108◦41′30′ ′ E), located
48.74, 41.3, 23.9, 23.9, and 20.4 km from the confluence, respectively (Figure 1). Samples
of water and sediment were collected on 26 January, 19 March, and 5 May in 2016. The
sampling times corresponded to the initial, middle, and late discharge periods of the TGR,
respectively. The sampling points covered the period during which algal blooms occurred
in spring. Algal blooms occur frequently in Gaoyang Lake (Figure 1b). It has a water
surface area of 4–5 km2 and an average depth of less than 10 m, when the water level
of the TGR is of 145 m. PX3 is located in the bay of Gaoyang Lake, and PX4 is located
in the main river channel. Both sites are at the same longitudinal location. According
to our studies over the past fifteen years, the hydrodynamic parameters differ between
PX3 and PX4; however, the physicochemical parameters are similar. Thus, PX4 has the
same physicochemical characteristics as PX3, but has its own hydrodynamic characteristics.
Phytoplankton communities both in PX3 and PX4 were microscopically examined, and no
significant differences were found in composition and abundance.
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Figure 1. (a,b) The location of the sampling sites along Pengxi River, (c) the elevation of Pengxi River and the water level 
of the Three Gorges Reservoir (TGR) with sampling sites and sampling dates marked by grey lines. 
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ment was collected using a van Veen grab sampler, then each sample was thoroughly 
mixed, and a 10 g sediment sample was stored in alcohol-sterilized sterile plastic tubes at 
−86 °C. 
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measured by a Vario TOC Cube analyzer (Elemen-tar, Hanau, Germany). Total nitrogen 
(TN) and total phosphorous (TP) were analyzed following the National Standard method 
(HJ636-2012, GB11893-89) with a UV-2700 spectrophotometer (Shimadzu, Kyoto, Japan). 
Chlorophyll a (Chla) was extracted from a Whatman GF/C filter for 24 h with 90% acetone, 
centrifuged at 3000 rpm for 10 min, and then spectrophotometrically quantified. The wa-
ter flow velocity of the study area was calculated using a previously described model [44]. 
Phytoplankton cells in surface water were identified and counted under microscope at 
400× magnification (Olympus BX51, Tokyo, Japan) according to [45]. 
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Water samples were collected 0.5 m below the water surface and subsampled for
physiochemical analysis, phytoplankton identification, and DNA-based analysis. About
1 L of the water sample was subsequently filtered through a 0.22 µm filter membrane
(Millipore, Billerica, MA, USA) for DNA extraction, and the filters were stored at −86 ◦C
until DNA extraction. About 2 L of the water sample was immediately preserved using 1%
Lugol’s solution on site for microscopic identification of phytoplankton. Surface sediment
was collected using a van Veen grab sampler, then each sample was thoroughly mixed, and
a 10 g sediment sample was stored in alcohol-sterilized sterile plastic tubes at −86 ◦C.

2.2. Analysis of Physicochemical Factors

The water level of the TGR at the dam site was obtained from the website of the China
Three Gorges Corporation (http://www.ctgpc.com.cn/). Temperature (T), conductivity,
pH, and dissolved oxygen (DO) were measured in situ using a YSI Pro2030 (YSI Incorpo-
rated, Yellow Springs, OH, USA). Total carbon (TC) and total organic carbon (TOC) were
measured by a Vario TOC Cube analyzer (Elemen-tar, Hanau, Germany). Total nitrogen
(TN) and total phosphorous (TP) were analyzed following the National Standard method
(HJ636-2012, GB11893-89) with a UV-2700 spectrophotometer (Shimadzu, Kyoto, Japan).
Chlorophyll a (Chla) was extracted from a Whatman GF/C filter for 24 h with 90% acetone,
centrifuged at 3000 rpm for 10 min, and then spectrophotometrically quantified. The water
flow velocity of the study area was calculated using a previously described model [44].
Phytoplankton cells in surface water were identified and counted under microscope at
400×magnification (Olympus BX51, Tokyo, Japan) according to [45].

2.3. DNA Extraction and Polymerase Chain Reaction (PCR)

Total DNA was extracted from the 0.22 µm filters and sediment using the FastDNA
SPIN Kit for Soil (MP Biomedicals™, Santa Ana, CA, USA), according to the manufacturer’s
instructions. The V3–V4 region of the bacterial 16S rRNA gene was amplified using the
338F/806R primer set. All PCR amplifications were conducted in triplicate for each sample
using the following program: 3 min of denaturation at 95 ◦C, 27 cycles of 30 s at 95 ◦C,
30 s for annealing at 55 ◦C, and 45 s for elongation at 72 ◦C, and a final extension at 72 ◦C
for 10 min. A 20 µL reaction mixture for PCR amplification is: 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. The resulting PCR products were extracted from a 2% agarose
gel and further purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) and quantified using QuantiFluor™-ST (Promega, Madison, WI,
USA) according to the manufacturer’s protocol.

The V4 region of the eukaryotic 18S rRNA gene was amplified using the 3NDF/V4-
euk-R2 primer (5′-GGCAAGTCTGGTGCCAG-3′/5′-ACGGTATCTRATCRTCTTCG-3′) [46].
All PCR reactions were conducted with the same programs and conditions as for 16S rRNA
except that the 27 cycles were replaced by 37 cycles.

2.4. Illumina MiSeq Sequencing and Analysis

Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300)
on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) according to the standard
protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw reads
were deposited into the National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) database (accession number: SRP229160).

Raw fastq files were demultiplexed, quality-filtered by Trimmomatic, and merged by
FLASH with the following criteria: (i) the reads were truncated at any site receiving an
average quality score <20 over a 50 bp sliding window; (ii) primers were exactly matched
allowing 2 nucleotide mismatching and reads containing ambiguous bases were removed;
(iii) sequences whose overlap was longer than 10 bp were merged according to their
overlap sequence.

http://www.ctgpc.com.cn/
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Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using
UPARSE (version 7.1 http://drive5.com/uparse/), and chimeric sequences were iden-
tified and removed using UCHIME. The taxonomy of each 16S rRNA gene sequence
was analyzed using the RDP Classifier algorithm (http://rdp.cme.msu.edu/) against the
Silva (SSU128) 16S rRNA using confidence threshold of 70%. The taxonomy of each 18S
rRNA gene sequence was analyzed following the same as for the Silva (SSU128) 18S
rRNA database.

2.5. Statistics Analysis

The OTU distribution of cyanobacteria and eukaryotic phytoplankton community
composition in sediment was statically analyzed by principal components analysis (PCA)
and detrended correspondence analysis (DCA). To further determine the environmental
variables associated with changes in phytoplankton community structure, redundancy
analysis (RDA) was performed with contextual parameters that significantly explained
variations in phytoplankton fingerprints. PCA, DCA, and RDA were implemented in
Canoco for Windows 5.0 software (Microcomputer Power Co., Ithaca, NY, USA). The
Student’s t-test and the hierarchical clustering were analyzed on the free online Majorbio
Cloud Platform (www.majorbio.com).

3. Results
3.1. Environmental Parameters

During the entire TGR drawdown period, the water level (Figure 1c) ranged from
174.17 to 146.28 m, and the water depth decreased from 34.17 to 6.28 m in PX1, from 35.57
to 7.68 m in PX2, from 37.17 to 9.28 m in PX3, from 43.27 to 15.38 m in PX4, and from 50.77
to 22.88 m in PX5. Figure 2a shows the temperature variation, the low water temperature,
and the little vertical stratification at all five sites during the initial period of TGR discharge.
The maximum water temperature difference between the surface and bottom layers was
only 0.4 ◦C. In the middle period, a weak stratification due to water temperature appeared
in PX1, PX2, and PX3. In the late period, stable vertical stratification of water temperature
was observed at most sampling sites (Figure 2a). The water was static in January and
March, with an average flow velocity of 0.01–0.02 m/s. The flow velocity increased from
March to May and, particularly, from downstream to upstream in May. The maximum flow
velocity was 0.28 and 0.17 m/s in PX1 and PX2, respectively, and remained about 0.02 m/s
at the other sites downstream (Figure 2c). According to the hydrodynamic conditions, the
reservoir was characterized by three longitudinal zonations: riverine, transitional, and
lacustrine. In January and March, all sites were lacustrine, then PX1 changed to transitional
and riverine in May, and the others remained the lacustrine zone.

The TOC, TC, TN, and Chla concentrations increased from January to May at almost
all sampling sites, except for TC in PX1 (Table 1, Figure 2d,e). The concentration of Chla
exceeded 10 µg/L in March and May at most sampling sites, and the Chla concentration
at PX3 in May was the highest during the reservoir drawdown period. The concentration
of Chla increased during the TGR drawdown, and with increasing water depth along
the longitudinal axis of the backwater, the concentration of Chla first increased and then
decreased (Figure 2e). In terms of cell density, Microcystis sp. was microscopically detected
as the dominant species in surface water in PX1, PX2, and PX3.

http://drive5.com/uparse/
http://rdp.cme.msu.edu/
www.majorbio.com


Water 2021, 13, 340 6 of 15

Water 2021, 13, 340  6  of  17 
 

 

to 22.88 m in PX5. Figure 2a shows the temperature variation, the low water temperature, 

and  the  little vertical stratification at all  five sites during  the  initial period of TGR dis‐

charge. The maximum water temperature difference between the surface and bottom lay‐

ers was only 0.4 °C. In the middle period, a weak stratification due to water temperature 

appeared in PX1, PX2, and PX3. In the late period, stable vertical stratification of water 

temperature was observed at most sampling sites (Figure 2a). The water was static in Jan‐

uary and March, with an average  flow velocity of 0.01–0.02 m/s. The  flow velocity  in‐

creased from March to May and, particularly, from downstream to upstream in May. The 

maximum flow velocity was 0.28 and 0.17 m/s in PX1 and PX2, respectively, and remained 

about 0.02 m/s at the other sites downstream (Figure 2c). According to the hydrodynamic 

conditions, the reservoir was characterized by three longitudinal zonations: riverine, tran‐

sitional, and lacustrine. In January and March, all sites were lacustrine, then PX1 changed 

to transitional and riverine in May, and the others remained the lacustrine zone. 

 

Figure 2. (a) The water temperature at different depths, (b) water depth, (c) maximum velocity of 

flow, (d) concentration of TN, and (e) concentration of Chla at different sampling sites and water 

levels. 

The TOC, TC, TN, and Chla concentrations increased from January to May at almost 

all sampling sites, except for TC in PX1 (Table 1, Figure 2d,e). The concentration of Chla 

exceeded 10 μg/L in March and May at most sampling sites, and the Chla concentration 

at PX3 in May was the highest during the reservoir drawdown period. The concentration 

of Chla increased during the TGR drawdown, and with increasing water depth along the 

longitudinal axis of the backwater, the concentration of Chla first increased and then de‐

creased (Figure 2e). In terms of cell density, Microcystis sp. was microscopically detected 

as the dominant species in surface water in PX1, PX2, and PX3. 

   

Figure 2. (a) The water temperature at different depths, (b) water depth, (c) maximum velocity of flow,
(d) concentration of TN, and (e) concentration of Chla at different sampling sites and water levels.

Table 1. Summary of the physicochemical characteristics for each of the sample sites in January and May 2016. T,
temperature; DO, dissolved oxygen; TC, total carbon; TOC, total organic carbon; IC, inorganic carbon; TN, total nitrogen;
TP, total phosphorus; Chla, chlorophyll a.

Sampling
Time

Sampling
Site T (◦C) Conductivity (µS/cm) pH DO

(mg/L)
TC

(mg/L)
TOC

(mg/L)
IC

(mg/L)
TN

(mg/L)
TP

(mg/L)
Chla

(µg/L)
Average Flow
Velocity (m/s)

January

PX1 15.4 388.6 7.87 7.89 37.98 1.31 36.68 0.745 0.024 1.78 0.02
PX2 14.2 473.0 8.36 7.71 32.09 3.17 28.92 0.752 0.029 2.63 0.02
PX3 16.0 365.7 7.80 6.46 30.87 3.40 27.47 0.949 0.041 0.93 0.02
PX4 16.0 365.7 7.80 6.46 30.87 3.40 27.47 0.949 0.041 0.93 0.02
PX5 15.1 359.6 8.38 7.90 30.14 2.51 27.63 1.413 0.045 0.70 0.02

March

PX1 14.2 448.5 8.57 9.95 33.79 5.31 28.49 1.100 0.036 9.94 0.02
PX2 16.0 437.1 7.69 15.56 33.31 7.49 25.53 1.224 0.032 36.62 0.02
PX3 14.3 382.3 8.18 10.96 32.55 6.58 25.97 1.244 0.047 27.69 0.02
PX4 14.3 382.3 8.18 10.96 32.55 6.58 25.97 1.244 0.047 27.69 0.02
PX5 14.3 379.1 8.15 9.26 31.29 3.66 27.63 1.484 0.048 2.82 0.01

May

PX1 23.6 471.0 7.68 10.08 68.39 8.07 60.33 1.451 0.127 66.66 0.07
PX2 24.1 410.7 8.28 12.41 79.54 9.01 70.54 1.284 0.087 57.59 0.05
PX3 23.5 395.5 9.69 15.80 61.15 15.17 45.97 1.627 0.142 172.86 0.01
PX4 23.5 395.5 9.69 15.80 61.15 15.17 45.97 1.627 0.142 172.86 0.02
PX5 22.5 372.5 7.73 7.29 66.79 6.46 60.34 1.582 0.085 22.72 0.01

3.2. Phytoplankton Communities in Sediment

Because of the DNA sequencing method, both the benthic microalgae and phyto-
plankton in sediment were included in our result. For example, Symbiodinium sp. (4 OTUs
detected) is a genus of Dinoflagellate symbiont; Cymatopleura sp. (1 OUT detected) is a
genus of benthic Bacillariophyta; and Leptolyngbya sp. (19 OTUs detected) is a genus of
benthic cyanobacteria. However, we focus on the community variations of phytoplankton
resting stages in sediment and phytoplankton in surface water.

A total of 144 OTUs, 30 genera, 10 families, 10 orders, and 1 class were identified
and assigned to Cyanobacteria. A total of 310 OTUs, 119 genera, 52 families, 46 orders,
20 classes, and 5 phyla were identified and assigned to eukaryotic microalgae. They
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included Chlorophyta, Dinophyta, Cryptophyta, Glucophyta, and Ochrophyta, which were
further divided into Bacillariophyta, Chrysophyta, and Xanthophyta. The descriptions of
total prokaryotic and eukaryotic OTUs are provided in the Supplementary Information.

The analysis of the OTUs showed that in the initial and in the middle periods of TGR
discharge, the relative abundance of cyanobacteria in sediment (RAC) was the highest in
PX1. The relative abundance of eukaryotic phytoplankton in sediment (RAEP) was higher
at PX2, PX3, and PX5 than at the other sites (Table 2). The composition of phytoplankton
community among the study sites appeared different in the same period of TGR discharge.
For example, the proportion of Synechococcus sp., Planktothrix sp. in Cyanobacteria, and the
proportions of Chlorophyta, Bacillariophyta, and Dinophyta in eukaryotic phytoplankton
changed in the different sites (Figures S1 and S2; Figures 3 and 4). This suggested the
variability of phytoplankton along the longitudinal axis with water level changes within
the TGR. The PCA plots (Figure 5; Table S3) show that the difference of phytoplankton
communities at different sites were obvious (e.g., PX1 and PX2 in January), especially
in the initial and middle periods of TGR discharge. The spatial heterogeneity along
the longitudinal axis of the tributary was not significant except in PX1 during the late
discharge period.

Table 2. The relative abundance of cyanobacteria and the eukaryotic phytoplankton.

Cyanobacteria Eukaryotic Phytoplankton
Sediment Water Sediment Water

Sampling site January March May May January March May May
PX1 11.91% 6.06% 0.18% 9.18% 20.57% 10.22% 2.62% 41.30%
PX2 1.37% 4.68% 2.17% 7.93% 34.57% 33.97% 6.20% 9.14%
PX3 3.23% 2.41% 2.44% 56.93% 32.38% 43.45% 16.29% 45.99%
PX4 0.67% 1.80% 0.36% - 1 21.42% 13.06% 11.33% - 1

PX5 2.22% 1.26% 2.46% - 1 26.91% 32.78% 13.31% - 1

1 The target band of the Polymerase Chain Reaction (PCR) product was too weak or not detected, and subsequent experiments could not
be performed.
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the January, March, and May sampling times, respectively; 1 to 5 represent sampling sites PX1 to
PX5, respectively; the labels have the same meaning in Figures 4–6.
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Figure 4. The relative percentage contribution (a) of different eukaryotic microalgae and (b–e) of the
different genera in the corresponding eukaryotic microalgae: (b) Chlorophyta, (c) Bacillariophyta, (d)
Dinophyta, and (e) Cryptophyta. The phyla of Chrysophyta and Xanthophyta were omitted because
of low abundance.
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Figure 5. (a) Detrended correspondence analysis (DCA) of cyanobacteria community; (b) principal
component analysis (PCA) of eukaryotic phytoplankton community.

Higher relative abundance of phytoplankton in sediment was found in the initial and
middle periods than in the late period of TGR discharge. With the discharging of the TGR,
the RAC and RAEP in sediment decreased at some sites, such as PX1. The RAC and RAEP
in sediment increased first and then decreased at the others site, such as PX2. Community
variation was found in sediment in the process of TGR discharge (Figures 3 and 4), for
example, the increases in Synechococcus sp. and Microcystis sp., and decreases in Planktothrix
sp. and Bacillariophyta. The PCA (Figure 5, Table S3) plots show that communities in
sediment in May were significantly different from those of other periods (January and
March), for both cyanobacteria and eukaryotic phytoplankton. We found a wide temporal
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variation between the late period and the other periods of TGR discharge. Briefly, we
observed spatial heterogeneity along the longitudinal axis of the tributary during the initial
and middle periods, and temporal heterogeneity between the late period and other periods
of TGR drawdown.

Of all the environmental factors, T, TC, the maximum flow velocity (Vel-max), and
TP significantly influenced (p < 0.05) cyanobacteria community assemblages (Figure 6a;
Table S4). A similar result was found in the analysis of eukaryotic community assemblages:
TP, T, TC, Vel-max, and TN had significant influences (p < 0.01) (Figure 6b; Table S4).
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Figure 6. Redundancy analyses of phytoplankton community composition and environmental
variables: (a) cyanobacteria; (b) eukaryotic phytoplankton.

3.3. The Dominant Species of Phytoplankton in Sediment and Surface Water during Algal
Blooms Period

The OTU analysis of water samples in PX1, PX2, and PX3 showed that RAC were
9.18%, 7.93%, and 56.93% (Table 2), respectively. The most abundant taxon was Microcystis
sp., accounting for 47.06%, 84.42%, and 68.97% of cyanobacteria, respectively (Figure 3).
The RAEP were 41.30%, 9.14%, and 45.99%, respectively. The most abundant taxon in
Cryptophyta was Cryptomonas sp., which accounted for 84.18%; the most abundant taxon
in Chlorophyta was Chlamydomonas sp., accounting for 48.09%; and the most abundant
taxon in Cryptophyta was Cryptomonas sp., which accounted for 91.75% (Figure 4b–e). As
concerned the most abundant taxa in the sediment, Planktothrix sp. and Synechococcus
sp. dominated in Cyanobacteria. Bacillariophyta, Dinophyta, and Chlorophyta were the
main taxa of eukaryotic phytoplankton, especially during the initial and middle periods of
TGR discharge (Figures 3 and 4). The microscopic examination of the May water samples
showed that Cyanobacteria had the highest cell density, followed by Cryptophyta and
Chlorophyta. Bacillariophyta and Dinophyta had the lowest cell density. In the PX3 water
sample in May, the cell density of Microcystis sp. reached 7.8 × 106 cells/L.

According to Student’s t-test, significant differences were found in the phytoplankton
communities between sediment and water (Figure 7, Figures S4 and S5). Differences were
found in Cyanobacteria (p < 0.01) and Cryptophyta (p < 0.01) at the phylum level (Figure S4);
differences was found in Microcystis sp. (p < 0.01), Synechococcus sp. (p < 0.05), Cryptomonas
sp. (p < 0.01), Rhodomonas sp. (p < 0.01), Teleaulax sp. (p < 0.01), Phacotus sp. (p < 0.01), and
Chlamydomonas sp. (p < 0.01) at the genus level, of which the first two, middle three, and
latter two genera belong to Cyanobacteria, Cryptophyta, and Chlorophyta, respectively
(Figure 7).
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Compared to the initial and middle periods of TGR discharge, the relative abundance
of Planktothrix sp. (Cyanobacteria) in sediment in the late period decreased, whereas that
of Synechococcus sp. and Microcystis sp. increased. Microcystis sp. was the dominant species
in surface water during algal blooms, indicating that the populations of cyanobacteria
in the sediment underwent a change during TGR discharge. The hierarchical clustering
analysis based on the distance matrix of beta diversity also showed that the distance of
sample branches between the sediment in May and the surface water was shorter than that
between the sediment in January and the surface water (Figure S3). Considering this, it was
obvious that the difference between sediment and water column communities decreased
with TGR drawdown.

4. Discussion
4.1. Variations in Phytoplankton Communities in Sediment

Previous studies showed that the area from Gaoyang Lake (PX3) to confluence is the
area at high risk of algal blooms, but our result showed that the most abundant cyanobac-
teria in sediment were located in PX1 in the initial period of reservoir drawdown [47]. We
suppose that the cyanobacteria in downstream surface water (PX3) could flow upstream
(PX1) and deposit in the sediment during the process of water impoundment in the previ-
ous September and October, because the area from site PX1 to PX5 is within the backwater
area of Pengxi River [43,48].

Spatial and temporal variations were found in the relative abundance of cyanobacteria
and eukaryotic phytoplankton. The relative abundance of cyanobacteria and eukaryotic
phytoplankton in PX1 decreased in the middle compared to the initial period. This was
mainly attributed to the scouring of sediment. Scouring, suspension, and re-sedimentation
of sediment are caused by reservoir drawdown; consequently, phytoplankton in sediment
transfers upstream to downstream but remains in sediment. This transition was proven
by the increasing relative abundance in PX2. In almost all sites, the relative abundance of
phytoplankton in the late period was lower than in the middle period. The dominant factor
is most likely germination and vertical migration into the water column given the more
suitable temperature and radiation [20]. Furthermore, rainfall increases during late spring
and early summer; the nutrition brought in by runoff stimulates the algal recruitment,
growth, and even the blooms [49].
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The communities of phytoplankton in sediment exhibited a spatial heterogeneity in
our research. The distance from the sample sites to the confluence ranged from about
20 to 50 km, the elevation ranged from about 123 to 140 m, and the water depth in
January ranged from 32.13 to 48.73 m. The meteorological conditions, physiochemical
conditions, the TN and TP levels, hydrologic conditions, and hydrodynamic conditions
were significantly different in different sites [43,48,50–52]. Furthermore, the different photo-
thermal environment, water pressure, and oxygen and speciation of nutrients in water
column led to the community variation in sediment along the longitudinal axis.

The phytoplankton communities in sediment exhibited temporal heterogeneity, with
a clear distinction between May samples and both other sampling periods (Figure 5b;
Table S3). This is attributed to the large change in meteorological, hydrologic, and hydro-
dynamic factors from the middle to late period of reservoir drawdown. From the initial
to the middle period, the water temperature and flow velocity remained about 15 ◦C and
0.02 m/s, respectively, and the water level reduced by 5 m. However, the meteorological,
hydrologic, and hydrodynamic factors were significantly different during the late period:
the water temperature was about 24 ◦C, the maximum flow velocity was 0.28 m/s, and
the water level reduced by nearly 10 m. This finding was supported by RDA analysis:
water temperature and flow velocity significantly affected the phytoplankton community
composition. Previous studies showed that the different locations of the backwater of the
TGR successively change from lacustrine (flow velocity lower than 0.02 m/s) water body
to intermediate and riverine (flow velocity above 0.05 m/s) during the discharge of the
TGR [44]. The upper river (PX1) was riverine in the late period with the maximum velocity,
the shallowest water depth, and the shortest HRT, but the other sites were intermediate or
lacustrine. Therefore, the different hydrodynamic conditions probably be the main reason
why the phytoplankton community in PX1 was significantly different from those at the
other locations.

4.2. The Factor Influencing Species in Surface Water during Algal Blooms

After impoundment of the TGR, HABs break out almost every year in tributaries of
the Yangtze River, with a higher frequency of HABs than in the main stream. Previous
studies showed that the factors determining HABs are hydrodynamic conditions rather
than nutritional conditions [53]. The impoundment of the TGR did not increase the nutrient
level, but caused weaker turbulence intensity, clearer water, increased light transmittance,
and longer HRT. HABs were less frequent in main stream due to higher flow velocity,
stronger vertical turbulence, higher water turbidity, and lower light transmittance.

Previous studies (Table 3) in shallow lakes and epicontinental seas showed that
increasing temperature and light, shallow water depth, and turbulence positively affect the
germination and recruitment of cyanobacteria and eukaryotic phytoplankton in sediment.
In our study, the discharging of the reservoir lead to the decrease in water depth and
increases in flow velocity and sediment turbulence, so resting cells in sediment enter the
water column. Furthermore, the photo-thermal conditions from winter to spring benefit
the germination and recruitment of resting cells, which was confirmed by the high level of
Chla and the relative abundance of phytoplankton in surface water. The concentration of
Chla exceeded the threshold of 10 µg/L [54] for bloom formation at almost all the sampling
sites in March and May. Previous studies [47,55] also showed that HABs outbreaks occur
every spring, summer, and autumn in the Pengxi River. In the late TGR drawdown period,
the flow velocity in PX1 and PX2 was too high for phytoplankton survival, and the water
depth of PX4 and PX5 was too deep for resting cells to receive light, so the cyanobacteria
bloom broke out in PX3.
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Table 3. The effect of environmental conditions on the recruitment of phytoplankton.

Algae Species Temperature Light Depth of Water Disturbance of
Sediment Biological Factors Other

Condition Reference

Microcystis higher than 20 ◦C 2000 lx positive effect [31]
Oscillatoria higher than 20 ◦C positive effect

Chlorophytes
and Diatoms higher than 9 ◦C [24]

Cyanobacteria higher than 12.5 ◦C

Microcystis and
Aphanizomenon gracile 16–25 ◦C between 50 and

100 µmol m−2 s−1

allopathic
interactions,
ammonium

[23]

Dolichospermum;
Aphanizomenon; and
Cylindrospermopsis

raciborskii

8–12 ◦C >0.1 mol m−2 d−1 <12 m oxic
conditions [21]

Microcystis aeruginosa,
Viridis, Wesenbergii,

Aphanizomenon
flos-aquae,

Anabaena Circinalis

1–2 m was better
than 6–7 m [16,17]

Microcystis positive effect

photosynthetic
activity, colony size,

and intracellular
microcystin content

[27]

The differences in the communities and dominant species of phytoplankton in sedi-
ment and surface water are logical. The germination and migration of resting cells from
sediment to the water column requires not only biomass in sediment but also suitable
environmental conditions in the water column. Rolland and Vincent found that species
that were not dominant in sediment could develop into dominant species in water blooms
as well [50]. The community in seed bank changes due to the impact of influent and
effluent water during reservoir discharge. The seed bank in sediment is relatively open,
and resting cells in sediment could be brought from the upper to the lower reaches, and
even to the main stream. However, the seed bank in lakes cannot be brought in or out. In
addition, the hydrological and hydrodynamic conditions of a reservoir significantly affect
their germination, vertical migration, recruitment, and the forming of algal blooms [18,31].

As the water temperature increases during reservoir drawdown, the vertical stratifica-
tion of temperature occurs in the tributaries [48]. Thermal stratification leads to hypoxia
in sediment, release of N and P nutrients from the sediment to the water column, and
the depth of euphotic layer is larger than that of the mixed layer, and sufficient light
could be obtained by phytoplankton [51,53]. However, Bacillariophyta and Chlorophyta
cannot vertically migrate and prefer moderate flow velocity and turbulence [52], so they
could not become the dominant species in surface water under stable thermal stratifica-
tion conditions. Dinoflagellate prefers to grow at 10–20 ◦C [49], so dinoflagellate blooms
occur more frequently below 20 ◦C. However, the cyanobacteria Microcystis sp. likes the
temperature to be between 20 and 35 ◦C and prefers a low concentration ratio of nitrogen
and phosphorus of about 10 [56]. Moreover, Microcystis sp. can use pseudo-cavities to
float up to surface water to obtain more light [57]. Low flow velocity is also suitable for
Microcystis sp. colony formation. The hydrological and hydrodynamic conditions in PX3 in
May were favorable to the physiological adaptability of Microcystis sp. but unfavorable to
Bacillariophyta, Chlorophyta, and Dinoflagellate. Microcystis sp. has an absolute advantage
due to the carbon dioxide concentration mechanism and microcystin production. As a
result, Microcystis sp. succeeded in the community succession of phytoplankton in the
water column and eventually became the dominant bloom species in Pengxi River, the
tributaries of the TGR. Other researches have reported the dominant species of HABs in
the TGR, which evolved from dinoflagellate and diatom (the typical species in rivers) to
cyanobacteria (the typical species in lakes) after impoundment [45,58]. So, the factors more
influencing the dominant species in surface water during algal blooms were the hydrologic
and hydrodynamic conditions rather than the seed bank in sediment.
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5. Conclusions

Our study demonstrated that the artificial regulation of reservoirs played an important
role in the community structure of cyanobacteria and eukaryotic phytoplankton in the
seed bank of the sediment and surface water during algal blooms. The different hydro-
logical and hydrodynamic conditions led to the temporal and spatial heterogeneity of the
phytoplankton community in sediment. The significant influencing factors were T, TP,
TC, Vel-max for cyanobacteria (p < 0.05) and T, TP, TC, Vel-max, and TN for eukaryotic
phytoplankton (p < 0.05). The dominant species in surface water during algal blooms
was significantly different from that in the sediment, and was mainly influenced by the
environmental factors in the water column rather than the seeds in the sediment.
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Table S3: The detrended correspondence analysis (DCA) results of the cyanobacteria community and
the principal component analysis (PCA) result of eukaryotic phytoplankton community. Table S4: The
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