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Abstract: The Danjiangkou Reservoir supplies drinking water to most residents in northern China.
However, signs of eutrophication have been observed in the inlet tributaries of the reservoir, in-
cluding the Shending River backwater. This research used data from the Sentinel-2 Multispectral
instrument and findings from a 2021 aquatic ecological survey to analyze the spatial and temporal
characteristics of phytoplankton distribution in the Shending River backwater region. The average
chlorophyll a (Chl-a) concentrations by season, ranked from largest to smallest, are as follows: sum-
mer (63.96 µg/L) > autumn (41.26 µg/L) > spring (27.47 µg/L) > winter (16.21 µg/L); the upstream
of the backwater area and the near-shore tributary bay had relatively higher Chl-a concentration.
Bacillariophyceae (Cyclotella meneghiniana and Synedra sp.) and Cryptophyceae species (Chroomonas
acuta) were dominant in spring, whereas Chlorophyceae (Scenedesmus sp. and Chlorella vulgaris) and
Cyanophyceae (Dactylococcopsis acicularis, Microcystis aeruginosa and Oscillatoria tenuis) species were
dominant in summer. The seasonal succession characteristics of the phytoplankton community were
consistent with those of the Plankton Ecology Group model. The average phytoplankton cell density
was 4.80 × 107 cells/L, and the Shannon–Wiener average diversity index was 1.95, indicating that
the Shending River backwater area was moderately eutrophic. According to Pearson correlation
analysis and Mantel test, the main factors causing temporal and spatial differences in phytoplankton
production in the Shending River’s backwater were water level (WL), water temperature (WT),
ammonia nitrogen (NH3-N) and total nitrogen (TN). In particular, WL was significantly positively
correlated with Bacillariophyceae, Chlorophyceae and Cyanophyceae, whereas WT was significantly
correlated with Cryptophyceae and Chlorophyceae. NH3-N and TN were significantly correlated
with Cyanophyceae. Therefore, intensive nitrogen removal from the tailwater of sewage treatment
plants may be considered a feasible measure to prevent cyanobacterial bloom in the Shending River
backwater of the Danjiangkou Reservoir.

Keywords: phytoplankton community; environment factors; tributary backwater; Danjiangkou;
reservoir; remote sensing estimation; aquatic ecological survey; Mantel test

1. Introduction

Primary producers in aquatic environments, phytoplankton are sensitive to environ-
mental changes. The community structure varies according to changes in the physical and
chemical properties of the water, such as water temperature [1,2], nutrient content [3–5],
hydrological conditions [3,6,7], and nitrogen/phosphorus (N/P) ratios [8–10], which are
crucial factors affecting phytoplankton communities. Moreover, bacterial interactions also
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showed significant impact on phytoplankton community dynamics and this has been sup-
ported by many recent studies [11,12]. Thus, phytoplankton are widely used as an indicator
of water environment quality in aquatic ecosystems [3,13]. Overgrowth of phytoplankton
can lead to damage to the ecosystem and loss of biodiversity [14]. Cyanobacterial blooms,
especially, are a long-standing water hazard worldwide and are of widespread concern
due to their harmful effects on water quality, microbial diversity and ecosystems [15,16].
Cyanobacterial blooms typically occur during the summer or autumn seasons [17,18], with
the dominant algae being primarily Microcystis, Planktothrix, Limnothrix, Anabaena and
so on [19–21]. Cyanobacterial dominance and succession are influenced by various envi-
ronmental factors, both abiotic and biotic. Many studies have shown that cyanobacterial
blooms are directly triggered by high temperatures and nutrients [22,23]. Moreover, the
cyanobacterial dominance and succession are also inherently attributed to the distinctive
traits of cyanobacteria including colony formation [24], gas vesicles [25], toxin release [26]
and nitrogen fixation [27]. More driving factors of cyanobacterial blooms are being re-
searched and updated, including water temperature, chemical oxygen demand, pH, water
levels and transparency [28–32], to provide a foundation for developing more effective
strategies to prevent and control cyanobacterial blooms in various bodies of water.

In recent years, a large number of reservoirs and dams have been constructed to
satisfy the need of human society for an adequate water supply, flood control, efficient
shipping, agricultural irrigation and hydroelectric generation; eventually, water resource
utilization became more efficient, water allocation and shortage were addressed and huge
socioeconomic benefits were attained [33,34]. The environment of the water in a reservoir is
affected directly by the river that flows into it, which is one of the major pollutant inputs to
the reservoir. The backwater area of the inlet rivers in the confluence area is formed when
the water level of the reservoir area continually rises and inundates the interior of some of
the inlet rivers. Due to the decreased water flow, decreased water body diffusion capacity
and increased pollutant retention time as water levels rise, eutrophication and abnormal
phytoplankton proliferation are common in the backwaters of the inlet tributaries [35–37].
In-depth research on the occurrence of eutrophication in the backwaters of inlet tributaries
should be conducted to prevent the adverse effects of eutrophication on water reservoirs.
To elucidate the eutrophication mechanisms in the backwaters of inlet tributaries, recent
studies have examined the spatial and temporal distribution of phytoplankton in inlet
river backwaters and their relationship to environmental conditions. For 2 years, Xiao et al.
observed the tributary Pengxi River, which flows into the Three Gorges Reservoir, and
found that warmer water temperatures promoted the development of most cyanobacteria;
they also found that large-scale reservoir operations led to structural differences, which
were related to nutrient conditions, reservoir size and depth of the water, in the habitats of
the backwaters of the inlet rivers [38]. Zhu et al. conducted a study on the phytoplankton
in Daning River, another inflow river of the Three Gorges Reservoir, and reported that the
dynamic changes in Phytoplankton were mainly affected by the hydrological system [39].
However, there is a dearth of research on the phytoplankton population in tributary
backwaters and how its characteristics are related to environmental conditions.

As the longest water transfer project in the world, the South-to-North Water Diversion
Project (SNWDP) has a 1264 km total route length and was created to ease severe water
shortages in northern China [40]. The Danjiangkou Reservoir has a storage capacity of
29.05 billion cubic meters of water and a typical storage level of 170 m; it is the main
water source in the SNWDP project [41]. The Danjiangkou Reservoir has been supplying
water to 19 cities along the SNWDP since the project began operating in 2014. Its water
quality directly affects how safe the drinking water is for locals in the receiving areas [42].
Recently, the Danjiangkou Reservoir has shown signs of eutrophication and water quality
deterioration [43,44]. Moreover, the Danjiangkou Reservoir tributary backwaters of the
Longhe, Jianhe, Shending and Si rivers have been spotted with phytoplankton blooms
each year, usually from April to October; however, the distribution characteristics of
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phytoplankton and its drivers in the backwaters of the Danjiangkou Reservoir tributary
have not yet been the subject of any published reports.

The backwater of the Shending River in the Danjiangkou Reservoir area was surveyed
in this research, and the properties of phytoplankton’s spatiotemporal distribution were
determined by using the Sentinel-2 Multispectral instrument (MSI) data and aquatic eco-
logical investigation methods. Pearson correlation method and Mantel test were employed
to examine the key environmental variables affecting phytoplankton growth. The key
factors driving the abnormal proliferation of phytoplankton, especially the Cyanophyceae,
were explored, and prevention and control strategies for cyanobacteria blooms were pro-
posed. The findings of this research provide a guide for the prediction and prevention of
algal blooms in the Danjiangkou Reservoir and for the elucidation of the eutrophication
mechanism in the backwaters of its inlet tributaries.

2. Materials and Methods
2.1. Study Area

The Shending River is an inlet river of the Danjiangkou Reservoir and is located
between 110◦39′34′′–110◦53′29′′ E and 32◦31′04′′–32◦32′10′′ N (Figure 1); it is 58.1 km in
length and produces 67 million m3 of water annually. The Shending River Basin is charac-
terized by a mild, north subtropical continental monsoon climate, with an average annual
temperature of 15.2 ◦C and an average annual precipitation of 846.8 mm. The Shending
River is a seasonal river in the hilly highlands, and the flood season typically runs from May
through October each year. The Shending River basin catchment encompasses 227 km2

and is situated in the central and western parts of Shiyan city. There are 63 communities in
the urban area of Shiyan, 40 of which are distributed along the Shending River watershed,
with a total population of approximately 775,300. The research subject was the Shending
River backwater area, located at the end of the Shending River. This area appears like a
lake owing to the intrusion of the Danjiangkou Reservoir backwater, which is significantly
larger in depth and width than that upstream of the Shending River.

2.2. Samples and Data

From the Sentinel Scientific Data Hub (https://scihub.copernicus.eu/), 12 cloudless
Sentinel 2 Level-1C (L1C) MSI images (1 February 2021, 14 February 2021, 21 February
2021, 8 March 2021, 30 April 2021, 30 May 2021, 4 June 2021, 14 July 2021, 29 August
2021, 12 September 2021, 15 October 2021, 26 November 2021) of the Shending River
backwaters were downloaded. The L1C data are the atmospheric apparent reflectance
products obtained after orthorectified and sub-image-level geometric corrections.

Two sites were selected in the Shending River backwater area: sampling site S1
(110◦51′2.6′′ E, 32◦46′10.9′′ N) was located upstream of the Shending River backwater area,
and sampling site S2 (110◦53′14.2′′ E, 32◦48′8.0′′ N) was located downstream (Figure 1).
From March to August 2021, the sampling sites yielded water samples at a depth of 0.5 m
four times a month (1st–3rd, 9th–11th, 19th–21st and the last three days of each month). The
water samples were stored in a container with ice or ice packs and transported to the labo-
ratory within 1–2 h. Afterward, they were kept in a refrigerator at 4 ◦C. A multiparameter
water quality tester (YSI 6600V2; YSI Incorporated, Yellow Springs, OH, USA) detected the
dissolved oxygen (DO) and water temperature (WT) at each sampling point. Quantitative
phytoplankton samples were promptly fixed with neutral Lugol’s solution and sedimented
for 48 h, while those for qualitative analyses of phytoplankton were gathered using the
64 µm phytoplankton mesh sieve [45–47]. The photosynthetically active radiation (PAR)
data of the backwater area were obtained from the Yunyang meteorological monitoring
station, and the water level (WL) data downstream of the backwater area were acquired
from the Chenjiapo monitoring station.

https://scihub.copernicus.eu/
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Figure 1. Overview of China’s Danjiangkou Reservoir and the research area in the Shending
River’s backwaters.

2.3. Sample Analysis

In accordance with China’s “Environmental Quality Standard for Surface Water
(GB3838-2002)” [48], the water samples were examined for their permanganate index
(CODMn), ammonia nitrogen (NH3-N), total nitrogen (TN) and total phosphorus (TP) con-
tents. In the plankton-counting chamber, the number of phytoplankton in concentrated
samples was tallied at a 400× magnification using a biomicroscope (Olympus CX41; Olym-
pus Corporation, Tokyo, Japan). Additionally, the cell counts of distinct phytoplankton
species were computed in 100 fields that were chosen at random, and the morphology of
the phytoplankton species was utilized in the identification process [49] The identified
algae were further categorized into taxa using the modern systematics known as Catalogue
of Life (CoL) [50], followed by taxonomic statistics.

2.4. Remote Sensing Estimation of Chlorophyll-a (Chl-a) Concentration

Chl-a concentration is a frequently used indication that is utilized in the process of
assessing the phytoplankton biomass [51] and the level of eutrophication [52] in water; due
to its wide monitoring range, relatively low expenditures and ease of long-term real-time
monitoring, satellite remote sensing technology has been frequently used to monitor Chl-a
concentrations in water bodies. The apparent absorption and scattering properties of Chl-a
enable the estimation of its concentration [53–55]. The 2015-launched Sentinel-2 satellite
consists of two identical satellites, each of which has an MSI device that can take images in
13 bands covering the short-wave, near-infrared and visible spectrum with a 5-day revisit
cycle, up to 10 m of spatial resolution. Sentinel-2 is more advantageous than other remote
sensing satellites because it has rich spectral bands, high spatial resolution and a short
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revisit period; it can be potentially used for the remote sensing monitoring of freshwater
lakes [56–58].

In this study, the remote sensing spectral images from the Sentinel-2 satellite were used
to estimate the spatiotemporal dynamics of Chl-a in the Shending River backwater area.
First, the Sen2Cor tool (v2.11, http://step.esa.int/main/snap-supported-plugins/sen2cor)
provided by the European Space Agency (ESA) was used to process the L1C-level data for
atmospheric correction, cloud and snow detection and terrain correction. The L2A-level
products were obtained. Due to the difference in the spatial resolution of the different bands
of L2A-level products, all remote sensing images were resampled in the same way using
the SNAP 9.0 software of ESA (http://step.esa.int/main/download/snap-download/) to
facilitate the extraction of the reflectance of water quality monitoring points. The resampling
bands were B2, B3, B4, B5, B6, B7, B8, B8a, the spatial resolution of resampling was 10 m
and the reflectance of water bodies in the resampled images was extracted separately.

To estimate the Chl-a concentration in the Shending River backwater area via re-
flectance data in various bands from Sentinel 2 MSI images, we developed a Chl-a estima-
tion model in our earlier research. The model is a semi-empirical linear regression model.
During the construction of our model, we consulted numerous studies proposing various
bands or band combinations that have a strong correlation to Chl-a concentration [59–61].
Following this, we extracted the reflectance data of these bands/band combinations from
legitimate remote sensing images of the Shending River backwater area in 2021. Pearson
correlation analyses were performed between these data and actual Chl-a measurement
data, with results displayed in Table 1. The (1/B4 − 1/B5) × B8 band combination, which
exhibited the highest correlation coefficient with Chl-a concentration, was utilized as a
distinctive parameter to create the Chl-a inversion model (Equations (1) and (2)). To eval-
uate the accuracy of the chlorophyll a concentration inversion model, we computed the
concentration of chlorophyll a utilizing remote sensing image reflectance data (five entries
in total) obtained from the Shending River backwater area between 1 January and 16 March,
2022. Subsequently, the computed data using the three indicators Chl-a inversion model
were compared to the chlorophyll a concentration measured according to the Chinese
national standard three-color spectrophotometry (SL88-1994) [53,62]: the coefficient of
determination R2, the mean absolute error (MAE) and the root mean square error (RMSE).
The model demonstrated a basic ability to reflect the correlation between remote sensing
images and chlorophyll a concentration in the backwater region of the Shending River, as
evidenced by the R2 value of 0.687, MAE of 1.006 and RMSE of 1.219. Thus, we employed
the model in this study for estimation and inversion of chlorophyll a concentration in the
backwater area of the Shending River.

Table 1. Correlation between band/band combination reflectance and chlorophyll a concentration.

Band/Band Combination Correlation Coefficient Band/Band Combination Correlation Coefficient

B2 −0.059 B8/B6 −0.131
B3 −0.090 B8/B7 −0.268
B4 −0.0723 B7/B6 0.274
B5 0.010 B7/B5 0.175
B6 0.018 B6/B5 0.095
B7 0.036 B8a/B5 0.162
B8 0.032 B8a/B6 0.279

B8a 0.041 B8a/B7 0.161
2.5 × (B8 − B4)/(B8 + 6 × B4 − 7.5

× B2 + 1) 0.312 B8a/B8 0.386

(B8 − B4)/(B8 + B4) 0.271 (1/B4 − 1/B5) × B6 0.598
B8 − B4 0.319 (1/B4 − 1/B5) × B7 0.539
B8/B4 0.252 (1/B4 − 1/B5) × B8 0.718
B8/B5 0.030 (1/B4 − 1/B5) × B8a 0.502

http://step.esa.int/main/snap-supported-plugins/sen2cor
http://step.esa.int/main/download/snap-download/


Water 2024, 16, 326 6 of 21

A total of 27,324 pixel points were set up in the study area. These pixel points’ Chl-a
concentration underwent descriptive statistical analysis.

Cchl−a = 260.036x2 + 150.927x + 16.380 (1)

x = (1/B4 − 1/B5)× B8 (2)

2.5. Characterization of Phytoplankton Community Structure

The dominating species were determined using the dominance values (Y) of each
species [63]. A larger Y value indicates a more uneven distribution of species, and a more
prominent presence of dominant species. The phytoplankton diversity was measured using
the Shannon–Wiener index (H) [64]. Higher values of H indicate greater species diversity
and stability.

Y =
ni
N

× f i (3)

H = −∑S
i=1

ni
N

ln
(

ni
N

)
(4)

where N represents the total number of individuals across all species in the research region,
and ni the number of individuals that belong to species i; fi is the frequency with which
species i occurs, ni/N is the relative proportion of species i and S denotes the sum of all
species. If the Y for a species is more than 0.02 during the sample times, then that species
can be considered dominant [65].

2.6. Statistical Analysis

The analysis of variance (one-way ANOVA with least significant difference) and the
Pearson correlation analysis were carried out in SPSS 18.0. Differences and correlations
were considered significant when the p-value was less than 0.05.

Furthermore, the Mantel test was applied in order to investigate the relationship be-
tween environmental variables and phytoplankton communities [66–69]. The Mantel statis-
tic is calculated between the values in matrices but follows the same equation as Pearson’s
correlation. Based on data on the relative abundance of phytoplankton, the Bray–Curtis
similarity index was used to generate a biological matrix, and Euclidean distances were
used to calculate distance matrices for environmental data. The Monte Carlo method
was applied to determine each correlation’s r values for significance using 10,000 random
permutations. The Vegan package of R software (version 4.2.2, R Development Core Team,
2022) was used to conduct the Mantel test in this study.

3. Results
3.1. Remote Sensing Estimation Results

Chlorophyll-a concentrations were estimated at 27,324 pixel points in the Shending
River backwater area using Level-1C (L1C) MSI images from Sentinel 2 and the Chl-a esti-
mation model. Table 2 displays the average Chl-a concentrations during different seasons
in 2021. Upon the removal of abnormal values according to the 95% confidence interval,
the Chl-a concentration in summer (75.26 ± 69.23 µg/L) was the highest, followed by that
in autumn (48.61 ± 46.70 µg/L). Chl-a concentrations in both seasons showed substan-
tial variation, as demonstrated by the large values of standard deviation. In summary,
the abnormal proliferation of phytoplankton in the Shending River backwaters occurred
mainly in the summer and autumn in 2021. Figure 2 shows the average chlorophyll a
concentration at various pixel points in the Shending River backwater area during different
seasons. The results show that the abnormal phytoplankton proliferation in the Shending
River backwater area was mainly concentrated in the upstream and near-shore tributary
bay areas.
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Table 2. Estimating Chl-a concentration in the backwater of the Shending River in 2021: statistical features.

Season Mean
(µg/L)

5% Trimmed Mean
(µg/L)

Min
(µg/L)

Max
(µg/L)

STD
(µg/L)

Spring (From March to May) 28.77 27.47 14.67 121.14 9.63
Summer (From June to August) 75.26 63.96 1.21 499.57 69.23

Autumn (From September to November) 48.61 41.26 13.84 496.67 46.70
Winter (From December to February) 16.93 16.21 10.81 135.35 5.57
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3.2. Phytoplankton Community

The list of phytoplankton species at sampling site 1&2 in the Shending River Back-
water are shown in Table S1. Fifty phytoplankton species belonging to six classes were
identified at S1 (Figure 3). The species belonging to Chlorophyceae, Bacillariophyceae
and Cyanophyceae accounted for 36% (n = 18), 28% (n = 14) and 26% (n = 13) of the
identified phytoplankton species in S1, respectively. Moreover, the species belonging to
Euglenophyceae, Dinophyceae and Phaeophyceae accounted for 4% (n = 2), 4% (n = 2)
and 2% (n = 1) of the phytoplankton species in S1, respectively. Meanwhile, 49 species
belonging to seven classes were detected at S2. The species belonging to Chlorophyceae
represented approximately 32.65% (n = 16) of the total species; Bacillariophyceae and
Cyanophyceae had 12 species each. The three dominant classes at each sampling site
were Chlorophyceae, Bacillariophyceae and Cyanophyceae, which together accounted for
81.63–90% of all phytoplankton species; the other four groupings of taxa only contributed
10–18.37%.
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Table 3 lists the dominant species at each sampling point along with the dominance
values (Y > 0.02) for each species. Nine dominant species were found in this study, ac-
cording to the dominance values: Cyclotella meneghiniana and Synedra sp. were two of the
Bacillariophyceae species, Scenedesmus sp., and Chlorella vulgaris were two of the Chloro-
phyceae species, Dactylococcopsis acicularis, Microcystis aeruginosa and Oscillatoria tenuis were
three of the Cyanophyceae species. Dinophyceae (Peridinium bipes) and Cryptophyceae
(Chroomonas acuta) had one dominant species. The most dominant species at S1 and S2 were
Dactylococcopsis acicularis (Y = 0.137) and Microcystis aeruginosa (Y = 0.175), respectively.

Table 3. Phytoplankton species that predominate and their dominance values (Y) at sites S1 and S2.

Class Dominant Species Dominance Values (Y)
S1 S2

Bacillariophyceae Cyclotella meneghiniana 0.039 0.033
Synedra sp. 0.024 -

Cyanophyceae
Dactylococcopsis acicularis 0.137 -

Microcystis aeruginosa - 0.175
Oscillatoria tenuis - 0.116

Chlorophyceae Scenedesmus sp. 0.023 0.049
Chlorella vulgaris 0.038 -

Dinophyceae Peridinium bipes 0.033
Cryptophyceae Chroomonas acuta - 0.082

Figure 4 illustrates the variation in phytoplankton density over time. The total phyto-
plankton density at S1 and S2 in the Shending River backwater area continuously increased
from March to August 2021; it reached its highest value in August (summer). This re-
sult is consistent with the changes in Chl-a concentration estimated by remote sensing
in Section 3.1. The mean phytoplankton density at locations S1 and S2 was 55.83 and
40.11 cells/L from March to August. The growth rate of phytoplankton density at S1 and S2
was fastest in August; it increased 46.86 and 42.81 times at S1 and S2, respectively, compared
with that in July.

Bacillariophyceae had the highest relative abundance (54.94–88.84%) of phytoplankton
at S1 from March to June; however, its relative abundance gradually decreased over time
(Figure 5). The relative abundance of Chlorophyceae drastically increased from May to June,
becoming the second-most dominant alga after diatoms. From July to August, the relative
abundance of Chlorophyceae drastically decreased, while Cyanophyceae dominated during
these months. Figure 6 shows that Cryptophyceae was the most abundant class at S2 from
March to April; however, its abundance gradually decreased in May onwards. The relative
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abundance of Chlorophyceae gradually increased from April to June, reaching its highest
value in May and June, while that of Cyanophyceae increased sharply in July and August.
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For the purpose of estimating phytoplankton diversity, the Shannon–Wiener index
was utilized (Figure 7). An average of 2.31 was found for the phytoplankton diversity
indices at S1, which fluctuated between 0.63 and 3.12. The phytoplankton diversity indices
at S2 averaged 1.60 on a scale from 0.18 to 2.55. The Shannon–Wiener index was higher at
S1 compared to that at S2, but the difference was not significant.
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3.3. Environmental Factors

Figure 8a,b shows the key physical parameters at each sampling site over time. Overall,
the average WT at both sites gradually increased during the study period, while the average
DO gradually decreased. The WT of the Shending River backwater during spring ranges
from 12.57 ◦C to 21.57 ◦C (average 17.15 ◦C), while that in summer ranges from 24.68 ◦C
to 27.90 ◦C (average 25.88 ◦C). Summer has a significantly higher WT than spring in the
Shending River backwater region (p < 0.05).

Figure 8c–g displays the changes in the values of CODMn, NH3-N, TN, TN and N/P at
S1 and S2 over the course of the study. From March to August, the mean concentrations of
CODMn, NH3-N, TN and TP at S1 were 5.41 mg/L, 0.73 mg/L, 9.67 mg/L and 0.25 mg/L,
respectively; meanwhile the mean values of CODMn, NH3-N, TN and TP at S2 were
1.96 mg/L, 0.21 mg/L, 1.30 mg/L and 0.04 mg/L, respectively. The chemical parameters
(CODMn, NH3-N, TN, and TP) of S1, located upstream, were significantly higher than those
of S2, located downstream (p < 0.05).

Figure 8h shows that the mean PAR significantly and rapidly increased in spring
(March to May), reaching its highest value in May (18.56–29.86 W/m2); a high mean PAR
was maintained during summer (June to August). Meanwhile, the mean WL continuously
increased from March to August; however, it significantly decreased to 159.94 m in June,
continued to increase in July and significantly increased to 162.57 m in August (p < 0.05).

3.4. Results of the Pearson Correlation Analysis

The outcomes of the Pearson correlation analysis between environmental factors and
phytoplankton abundance at S1 are displayed in Figure 9 and Table S2. There was a positive
relationship between WL and the abundance of Bacillariophyceae, Chlorophyceae and
Cyanophyceae (p < 0.05, r > 0.86).

Pearson correlation analysis at S2 is shown in Figure 10 and Table S3. Significant
negative correlations (p < 0.05) were noticed between WT (r = −0.99) and TN (r = −0.90) and
the abundance of Cryptophyceae. DO and Chlorophyceae abundance showed a significant
negative correlation (p < 0.05, r = −0.83). Furthermore, the abundance of Cyanophyceae
was significantly (p < 0.05) positively correlated with WL (r = 0.88) and NH3-N (r = 0.94);
however, it had a highly negative correlation with DO (p < 0.05, r = −0.92).
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3.5. Results of the Mantel Test

Figure 11 and Table S4 shows the Mantel test results comparison between the phy-
toplankton community and environmental data at S1. WT (Mantel’s r = 0.57, Mantel’s
p < 0.05) was significantly correlated with Chlorophyceae, while TN (Mantel’s r = 0.54, Man-
tel’s p < 0.05) was significantly correlated with Cyanophyceae. Moreover, PAR (Mantel’s r
= 0.37, Mantel’s p = 0.07) and WL (Mantel’s r = 0.40, Mantel’s p = 0.06) were correlated with
Chlorophyceae separately, but not significantly; WL (Mantel’s r = 0.45, Mantel’s p = 0.09),
CODMn (Mantel’s r = 0.40, Mantel’s p = 0.08) and NH3-N (Mantel’s r = −0.45, Mantel’s
p = 0.10) were correlated with Cyanophyceae separately, but not significantly; WL (Mantel’s
r = 0.84, Mantel’s p = 0.09), TN (Mantel’s r = 0.53, Mantel’s p = 0.15) was strongly correlated
with Bacillariophyceae separately, but also not significantly.
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Figure 11. Mantel test result at S1. * and ** represent p < 0.05 and p < 0.01, respectively.

Figure 12 and Table S5 shows the Mantel test results comparison between the phyto-
plankton community and environmental data for S2. Significant positive correlations were
found between WT and Cryptophyceae (Mantel’s r = 0.56, Mantel’s p < 0.05) and between
NH3-N and Cyanophyceae (Mantel’s r = 0.56, Mantel’s p < 0.05). Moreover, the Mantel’s r
value between Chlorophyceae and TN, and the Mantel’s r value between Cyanophyceae
and DO, WL, CODMn was greater than 0.30 separately, but not significantly.
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4. Discussion
4.1. Overall Spatiotemporal Distribution Characteristics in the Shending River Backwater Area

According to the Chl-a concentration estimation of remote sensing result, the phyto-
plankton in the Shending River backwater area seemed to proliferate in spring and peak
in summer; however, their abundance gradually decreased after autumn and remained
relatively low in winter. The Chl-a concentration in spring and winter was relatively low
(especially in winter, the Chl-a concentration remained below 20 µg/L), and there was
no significant spatial distribution change. The Chl-a concentration in summer was the
highest among the four seasons; it also had the greatest variation (an increase of 36.49 µg/L
compared with that in spring), and the spatial distribution difference in summer was
also the most significant. The Chl-a concentration was significantly higher upstream of
the Shending River backwater area (approximately 100 µg/L) than it was downstream
(approximately 40 µg/L) in the summer, using S1 and S2 sampling sites as examples.
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The Chl-a concentration gradually decreased in autumn; however, there were still signif-
icantly high-value areas in some nearshore reservoir areas (approximately 50 µg/L). In
line with the Organization for Economic Cooperation and Development, eutrophication
single factor Chl-a evaluation standard (ρ(Chl-a) < 3 mg/L is considered oligotrophic;
3 mg/L ≤ ρ(Chl-a) < 11 mg/L is considered mesotrophic; 11 mg/L ≤ ρ(Chl-a) <78 mg/L
is considered eutrophic; and ρ(Chl-a) ≥ 78 mg/L is considered severely eutrophic) [70], the
Shending River backwater area was generally in a eutrophic state as of 2021. Meanwhile,
some areas upstream of the Shending River backwater area in summer were considered
severely eutrophic.

Overall, the phytoplankton in the Shending River backwater area were most abundant
in summer and autumn; they were also most abundant in the upstream of the backwater
area and the near-shore tributary bay. Previous research on the spatiotemporal dynamic
changes in phytoplankton abundance in the Danjiangkou Reservoir also showed that
the phytoplankton density reached its highest value in summer (August) [71], according
to this study’s findings. Moreover, prior studies on Danjiangkou Reservoir Bay Chl-a
concentration demonstrated that the reservoir bay is more vulnerable to eutrophication
and algal blooms as a result of factors like the local watershed landscape and water
environment [72]. The spatiotemporal characteristics of phytoplankton in the Shending
River backwater area may have resulted from water bloom outbreaks. Further dynamic
analyses based on specific hydrological and meteorological data and physical and chemical
parameters of water are required to analyze the causes of water bloom.

4.2. Phytoplankton Community in the Backwater of the Shending River in Spring and Summer

In spring, the upstream region of the Shending River backwater was mainly dominated
by Bacillariophyceae (the dominant species were Cyclotella meneghiniana and Synedra sp.),
whereas the downstream region was dominated by Cryptophyceae (the dominant species was
Chroomonas acuta). In summer, Chlorophyceae (the dominant species were Scenedesmus sp.
and Chlorella vulgaris) and Cyanophyceae (the dominant species were Dactylococcopsis
acicularis, Oscillatoria tenuis and Microcystis aeruginosa) became dominant; the occurrence of
Cyanophyceae increased dramatically at the conclusion of summer. The Shending River
backwater area is located in a subtropical humid area, which belongs to the transitional
zone between tropical and temperate zones. The phytoplankton communities in the
Shending River’s backwater have seasonal successional traits that are consistent with
the Plankton Ecology Group (PEG) model, which was summarized by analyzing the
plankton and physical and chemical factors of many temperate nutrient lakes [73]. The
phytoplankton community succession process in the PEG model over the seasons can be
generally described as follows: Cryptophyceae and Bacillariophyceae dominate winter and
spring, Chlorophyceae in summer and Cyanophyceae in late summer and early fall.

When compared to the Danjiangkou Reservoir (approximately 106 cells/L in spring
and summer), the Shending River backwater region (107–108 cells/L in spring and summer,
except in August, when the density exceeded 108 cells/L) had a greater phytoplankton den-
sity [71]. A water body’s trophic state can be determined by the phytoplankton density [74].
Thus, the Shending River backwater area is mostly in a moderately eutrophic state during
spring and summer, based on the average algal cell density (4.80 × 107 cells/L) of this water
body. Water quality is also indicated by the Shannon–Wiener index of phytoplankton diver-
sity [75–77]; an ecosystem with a high diversity index is considered to be healthy, while one
with a low value is thought to be less so. According to this study’s average phytoplankton
diversity index (1.95) for the Shending River backwater area, it was moderately polluted
and had a less healthy ecosystem, which was consistent with the findings of the evaluation
of algae density. Furthermore, the Shending River backwater area’s phytoplankton density
was greater in summer than spring and upstream than downstream, which is consistent
with the results of remote sensing.

Based on the previous results, it was found that the Shannon–Wiener index decreased
significantly in the Shending River backwater, despite a rapid increase in algal density
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during summer. Summer outbreaks of harmful cyanobacterial blooms in the Shending
River backwater may be related to this phenomenon. The Shending River backwater area
experienced rapid growth of cyanobacteria due to high summer temperatures and sufficient
N,P nutrients [22,23]. Some cyanobacteria, such as Microcystis aeruginosa and Oscillatoria
tenuis, have unique biological characteristics that contribute to their rapid growth, includ-
ing: (1) Microcystis aeruginosa can maintain a colonial form [24], which makes them less
susceptible to predation [78], increases their buoyancy [79] and provides a protective effect
through the surrounding extracellular polysaccharides [80], thus enhancing their competi-
tiveness. (2) Microcystis aeruginosa and Oscillatoria tenuis can produce cyanotoxins to protect
themselves from grazing by zooplankton [80] and to inhibit the growth of phytoplankton
competitors [81,82]. (3) Microcystis aeruginosa and Oscillatoria tenuis have gas vesicles that
enable them to adjust their buoyancy, allowing them to acquire light at the water surface
and nutrients in deeper waters [83,84]. Due to the competitive advantage of Microcystis
aeruginosa and Oscillatoria tenuis, other phytoplankton growth is inhibited, resulting in a
decline in phytoplankton diversity and the health of the aquatic ecosystem.

4.3. Environmental Variables Impacting the Proliferation of Phytoplankton in the Shending River
Backwater Area

According to the findings of the Pearson correlation study, WL exhibited a signif-
icant positive relationship with each of the phytoplankton classes at S1 and S2, except
Cryptophyceae and Chlorophyceae. Compared with other water bodies, the abnormal
proliferation of phytoplankton caused by rising water levels is a unique phenomenon in
backwaters. However, the impact of WL on phytoplankton is universal compared with that
in different backwater areas. In this study, owing to long-term rainfall and the Danjiangkou
Reservoir storage operations, the WL and phytoplankton density in the Shending River
backwater area increased continuously from spring to summer. It is generally believed
that, as WL increases, water flow slows down, the water body diffusion capacity decreases
and the retention time of pollutants is prolonged, leading to frequent eutrophication and
abnormal phytoplankton proliferation in the backwaters of inlet tributaries [36,37]. Overall,
rising water levels can lead to the abnormal proliferation of phytoplankton, and this impact
is widespread and does not specifically affect individual phytoplankton species.

WT may be a key environmental element influencing phytoplankton growth and
abundance [35,85,86]. Previous research has revealed that low temperature conditions
are generally not conducive to the survival of algae, and most algae exist in the form of
spores [87]. When WT gradually increases, especially more than 18 ◦C, the growth rate
of various algae also increases to a different extent [88]. According to this study’s Pear-
son correlation analysis, all dominant phytoplankton classes, such as Bacillariophyceae,
Chlorophyceae and Cryptophyceae, were positively correlated with WT. Therefore, sum-
mer phytoplankton density was thus considerably greater than spring phytoplankton
density because summer WT was substantially greater than spring WT. Simultaneously, dif-
ferent phytoplankton species have different preferences and adaptabilities to temperature,
which may explain the different phytoplankton community structures under different WT
conditions. Previous studies have shown that Bacillariophyceae and Cryptophyceae can
adapt to lower water temperatures [89], whereas Chlorophyceae and Cyanophyceae prefer
higher water temperatures [22,85]. Such previous findings explain why Bacillariophyceae
and Cryptophyceae were dominant in the Shending River backwater area in spring, while
Chlorophyceae and Cyanophyceae were dominant in summer. The Pearson correlation
analysis and Mantel test revealed that Chlorophyceae and Cryptophyceae were significantly
correlated with WT, possibly because these classes are more sensitive to WT [90].

According to earlier research, when the N/P ratio is below 16, nitrogen is the limiting
nutrient, whereas beyond 16, phosphorous is [51]. In the Shending River backwater area, the
average N/P ratio (41.36) was higher than the cutoff point of 16, indicating that phosphorus
is a nutrient that limits growth. However, this study found no significant correlation
between phosphorus and phytoplankton abundance, and its findings were consistent with
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those of [2]. Due to the possibility that high amounts of nutrients in eutrophic water may
go past phytoplankton’s capacity to absorb them for assimilation, Paerl et al. proposed
that the N/P ratio theory is more applicable for water bodies with low nutrient levels [91].
Phosphorus also plays a crucial role in the initial phases of algal bloom outbreaks and is
likely to stop being a limiting nutrient as soon as it accumulates in sediments [92]. As
determined by the Mantel test, species of Cyanophyceae were found in the upper Shending
River backwater area had a significant positive correlation with TN, whereas those in the
lower reaches had a significant positive correlation with NH3-N. Thus, nitrogen affects
phytoplankton communities more than phosphorus, and watershed management should
limit nitrogen input to prevent eutrophication. The study on the driving factors of algal
blooms in the backwater area of the Xiangxi River, a tributary of the Three Gorges Reservoir,
also found that nitrogen has a stronger impact on algal blooms than phosphorus [1].

The phytoplankton density in the upper reaches of the Shending River backwater area
was significantly higher than that in the lower reaches due to the higher concentration of
nutrients (CODMn, NH3-H, TN, and TP) in the upper reaches. Furthermore, the relatively
high phytoplankton density in bays near the shore in the backwater area is speculated to
be due to the proximity of these areas to the shore, which led to slower water flow, weaker
hydraulic exchange and longer residence time of the pollutants.

4.4. Suggestions on Water Bloom Control in the Shending River Backwater Area

In summer, especially August, cyanobacteria drastically increased in the Shending
River backwater area. The dominant species, Microcystis aeruginosa, is a common cyanobac-
terial bloom that produces microcystins, which cause liver tissue damage in humans [93].
Therefore, we believe that bloom control should focus on controlling cyanobacterial blooms
in the backwater of the Shending River. The Pearson correlation analysis and Mantel test
revealed that WL and nitrogen were significantly correlated with cyanobacteria abundance.
Frequent opening of the sluice to reduce the water level may affect the normal process of
water storage and power generation in the Danjiangkou Reservoir area; therefore, it may
not be practical. Controlling the input of nitrogen pollutants into the backwater of the
Shending River may be a method that can be implemented at present. The four wastewater
treatment plants in the Shending River Basin may be the main sources of nitrogen pollu-
tants. The effluent from these projects is discharged directly into the Shending River, and
the required TN concentration is less than 15 mg/L. Therefore, we suggest that TN removal
should be further strengthened in the sewage treatment plants in the Shending River Basin.
To better guide the formulation of deep nitrogen removal targets for the tailwater of sewage
treatment plants in the Shending River Basin and predict bloom outbreaks, we suggest that
further research and application of water quality models in the Danjiangkou Reservoir and
the Shending River should be conducted in the future.

5. Conclusions

The Shending River backwater area was moderately polluted and had an unhealthy
ecosystem in 2021. Especially the summer, the Shending River backwater area experienced
a significant increase in algal density, with an average of 4.80 × 107 cells/L (reaching
as high as 3.16 × 108 cells/L in August), and an average chlorophyll-a concentration of
41.26 µg/L. Spatially, the upper reaches and near-shore embayments exhibited higher
chlorophyll-a concentrations compared to the rest of the area. These areas were prone to
algae enrichment.

The Shending River’s backwater phytoplankton communities follow the PEG model
for seasonal succession: In spring, the upstream region of the Shending River backwater
was dominated by Bacillariophyceae, whereas the downstream region was dominated
by Cryptophyceae. In the summer, Chlorophyceae and Cyanophyceae emerged as the
dominant phytoplankton groups, whereas Cyanophyceae became dominant at the end
of summer.



Water 2024, 16, 326 17 of 21

The Pearson correlation analysis and Mantel test indicate that WL, WT, NH3-N and
TN are the main factors causing the spatiotemporal distribution of phytoplankton in the
Shending River backwater area.

Intensive nitrogen removal from the tailwater of sewage treatment plants may be
considered a feasible measure to prevent cyanobacterial bloom in the Shending River
backwater of the Danjiangkou Reservoir.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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site 2.
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