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Abstract: Freshwater phytoplankton communities can be classified into a variety of functional groups
that are based on physiological, morphological, and ecological characteristics. This classification
method was used to study the temporal and spatial changes in the phytoplankton communities
of Gaozhou Reservoir, which is a large municipal water source in South China. Between January
2015 and December 2017, a total of 155 taxa of phytoplankton that belong to seven phyla were
identified. The phytoplankton communities were classified into 28 functional groups, nine of which
were considered to be representative functional groups (relative biomass > 10%). Phytoplankton
species richness was greater in the summer and autumn than in the winter and spring; cyanobacterial
blooms occurred in the spring. The seasonal succession of phytoplankton functional groups was
characterized by the occurrence of functional groups P (Staurastrum sp. and Closterium acerosum) and
Y (Cryptomonas ovata and Cryptomonas erosa) in the winter and spring, and functional groups NA
(Cosmarium sp. and Staurodesmus sp.) and P (Staurastrum sp. and Closterium acerosum) in the summer
and autumn. The temperature, nitrogen, and phosphorus levels were the main factors driving
seasonal changes in the phytoplankton communities of Gaozhou Reservoir. The functional group M
(Microcystis aeruginosa) dominated the community during the cyanobacterial blooms in spring 2016,
with the maximum algal cell density of 3.12 × 108 cells L−1. Relatively low temperature (20.8 ◦C),
high concentrations of phosphorus (0.080–0.110 mg L−1), suitable hydrological and hydrodynamic
conditions (e.g., relatively long retention time), and relatively closed geographic location in the
reservoir were the key factors that stimulated the cyanobacterial blooms during the early stages.

Keywords: subtropical reservoir; functional groups; phytoplankton; seasonal succession;
environmental factors; cyanobacterial bloom

1. Introduction

Phytoplankton, as primary producers in aquatic ecosystems, are important for the maintenance
of a stable aquatic environment [1,2], and they strongly affect the total productivity of aquatic
ecosystems [3]. Phytoplankton are particularly sensitive to physical, chemical, and biological changes
in the aquatic environment [4], and increases in nutrient availability often lead to severe phytoplankton
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proliferation [5]. Once blooms form, aquatic ecosystem services, such as drinking water quality,
fisheries, and landscape, become damaged [6]. The process of bloom formation has a destructive effect
on phytoplankton community structure, due to the dominance of certain phytoplankton species [7].
Changes in the composition and structure of the phytoplankton community (e.g., species composition,
diversity index, community structure, and quantitative distribution) can be used to evaluate the
eutrophication status of reservoirs [8]. Thus, these metrics represent important indicators of the
environmental quality of aquatic ecosystems [9].

Reynolds et al. [10] and Padisák et al. 2009 [11] proposed functional groups to describe both
phytoplankton community structure and the changes to that structure. The species of phytoplankton
from specific habitats with similar sensitivities are classified into the same functional group; in total
31 functional groups were devised for freshwater phytoplankton [12]. Phytoplankton functional
groups have been used to study the effects of changes in aquatic ecology on the physiological,
morphological, and ecological characteristics of phytoplankton in various rivers, lakes, and reservoirs
worldwide [13–16]. Studies have shown that phytoplankton functional groups H, X1, LO, and S1
are the most representative during the rainy and dry seasons in semi-arid reservoirs in Brazil [17],
while phytoplankton functional groups LM, P, T, and Y exhibit strong seasonal variation in Erhai Lake,
Yunnan, China [18]. The application of phytoplankton functional group classification methods in
aquatic ecosystems provides key data that reflect the dynamics of phytoplankton communities [19,20].

There are many methods for assessing the nutritional status of aquatic environments.
The assessment of eutrophication in aquatic ecosystems is essentially a multivariate comprehensive
decision-making process for aquatic ecosystems [21–23]. Based on the EU Water Framework
Directive [19], Padisák et al. developed the Q index method, based on the taxonomy of the
phytoplankton functional groups, to evaluate the ecological status of different types of water
bodies [24]. Phytoplankton functional groups and Q index evaluation methods have been widely
used in phytoplankton related research studies [17,25]. In addition, the comprehensive trophic level
index (TLI (Σ)) has been widely used for evaluating eutrophication in reservoirs [26,27]. TLI (Σ) index,
which is based on water quality parameters, provides a continuous value that represents the trophic
state of a reservoir. Continuous numerical changes provide a basis that can be used to investigate the
mechanisms underlying eutrophication [26]. In this study, two evaluation methods, Q index and TLI
(Σ) index, were used to study phytoplankton community succession and the factors driving succession
in a reservoir in southern China (i.e., Gaozhou Reservoir).

Gaozhou Reservoir is a large artificial reservoir in western Guangdong, China, with an annual
water supply of 50 billion cubic meters. This reservoir is located in the monsoon region of China,
between the northern tropics and southern subtropics. The climate in this region is warm, with abundant
sunshine and rainfall. However, rainfall is unevenly distributed and it changes substantially with
season. The rainfall in the spring and summer is usually twice that in autumn and winter [28,29].
In recent years, pollution originating from domestic sewage and agricultural non-point sources
has increased in the catchment areas of Gaozhou Reservoir, resulting in serious eutrophication and
cyanobacterial blooms [30,31]. Cyanobacterial blooms have been recorded four times since 2009
(in 2010, 2011, 2013, and 2016) [32,33], threatening the water quality security of the reservoir. Although
many studies have investigated the seasonal succession of phytoplankton functional groups in rivers
and lakes, the seasonal succession of phytoplankton functional groups in drinking water reservoirs,
as well as the associated cyanobacterial blooms, remain largely unstudied.

The objectives of this study were (1) to identify the phytoplankton composition in the reservoir;
(2) to determine the phytoplankton functional groups and their seasonal succession; (3) to analyze
the driving factors for the occurrence of cyanobacterial blooms; and, (4) to understand and assess the
status of the aquatic environment in the reservoir, while using the phytoplankton functional group
classification method, as well as the Q index and the TLI (Σ) index. The study provides basic and useful
data regarding seasonal succession of phytoplankton communities and environmental determinants of
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algal species and abundance, which can be effectively used to develop strategies for the management
of cyanobacterial blooms in the reservoir.

2. Materials and Methods

2.1. Study Period and Site Description

The Gaozhou Reservoir is located in Maoming City, Guangdong Province, China. This region has a
subtropical climate. The reservoir has a canyon shape, with a storage capacity of 1.15 × 109 cubic meters
and a catchment area of 1022 km2 [34]. The water retention time (WRT) in the Gaozhou reservoir was
about 451 days [34]. Three rivers (the Shenzhen River, the Pengqing River, and the Guding River)
feed into the rain collection area of the two sub-areas of the reservoir: the Liangde and Shigu areas
(Figure 1).
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Figure 1. of the Gaozhou Reservoir and of the sampling sites in the reservoir.

The water samples were collected at seven sites in the Gaozhou Reservoir (Figure 1) in January,
April, July, and November of 2015, 2016 and 2017 (12 sampling events with 84 samples in total). Sites S1
and S2 were located in the Liangde reservoir district; sites S3 and S4 were located in the Shigu reservoir
district; and, sites S5, S6, and S7 were located at the entrances of the Shenzhen River, the Guding River,
and the Pengqing River, respectively.
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2.2. Sample Analysis

A portable Professional Plus Multiparameter Instrument (Pro Plus, YSI, USA) was used to measure
the water temperature (WT), pH, dissolved oxygen (DO), and electrical conductivity (EC). Samples (5 L
each) were taken at 0.5 m water depth at each site. The measurements of water quality parameters were
performed according to the Chinese National Standard Method [35] (similar to those of the American
Public Health Association [36]). The total nitrogen (TN), total phosphorus (TP), permanganate index
(CODMn), and suspended solids (SS) were measured with unfiltered water, while nitrate (NO3-N)
and ammonium (NH4-N) were measured with filtered water. The chlorophyll-a concentrations were
determined after extraction with acetone [35,37].

At each site, a phytoplankton net (No.25, Beijing Purity Instrument) was dragged at 0.5 m water
depth for five minutes. Subsequently, a 25-mL filtered water sample was collected, fixed by adding
1 mL of formalin solution, and then inspected using the eyepiece visual field counting method under
a microscope. At each site, an additional 1 L water sample was collected at 0.5 m water depth and
10 mL of Lugol’s solution was added on site in order to fix the sample. After sedimentation for 24 h,
the water sample was concentrated to 30 mL, and then examined under a microscope to quantify cell
densities [38]. Phytoplankton biomass was calculated according to the method that was described by
Hillebrand et al. [39], while assuming that 1 mm3 equals 1 mg [40].

2.3. Data Analysis

The European Water Framework Directive (European Parliament and Council, 2000) developed
a Q index evaluation method that is based on the interactions between functional groups and
environmental characteristics [41]. The Q index primarily uses the composition of functional groups
and phytoplankton biomass to characterize the eutrophic state of the water body, and it reflects aquatic
ecological health status [11]. The Q index is calculated, as follows:

Q =
∑n

i=1

(ni

N
× Fi

)
, (1)

where N is the total biomass; n is the number of functional groups; ni is the biomass of the i-th
functional group; and, Fi is the value of the i-th functional group [24].

We assigned an F value that ranges from 0 to 5, with higher values for the more-pristine assemblages
in the reservoir, and lower values for assemblages that are typical of less-pristine conditions. Following
Reynolds et al. [10], species representing > 10% of the total biomass were considered to be representative
functional groups (i.e., the functional groups that made a substantial contribution to total biomass).

The Q index was divided into five levels: the values 0–1, 1–2, 2–3, 3–4, and 4–5 correspond to bad,
tolerable, medium, good, and excellent, respectively [24]. Smaller Q values indicated a higher degree
of eutrophication.

We used chlorophyll a (Chla), TP, TN, transparency (SD), and the CODMn to calculate the
Comprehensive Trophic Level Index (TLI (Σ)), which was used to evaluate the eutrophication status of
Gaozhou Reservoir [27,42]:

TLI (Σ) =
∑m

j=1
Wj × TLI (j), (2)

where TLI (Σ) is the comprehensive trophic level index; TLI (j) is the nutrition status index representing
the jth parameter; and, Wj is the relevant weight of the nutrition status index of the jth parameter.

In order to calculate the nutritional status index of each individual item, we used the
following formulas:

TLI (Chl a) = 10 × (2.5 + 1.086 ln (Chl-a)), (3)

TLI (TP) = 10 × (9.436 + 1.624 ln (TP)), (4)

TLI (TN) = 10 × (5.453 + 1.694 ln (TN)), (5)
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TLI (SD) = 10 × (5.118 − 1.940 ln (SD)), (6)

TLI (CODMn) = 10 × (0.109 + 2.661 ln (CODMn)). (7)

Here, Chla is expressed in mg m-3; SD is expressed in m; and, all other variables are expressed in
mg L−1.

The values of the TLI (Σ) index were divided into six levels: oligotrophic (0–30), mesotrophic
(30–50), light-eutrophic (50–60), mid-eutrophic (60–70), high-eutrophic (70–80), and hyper-eutrophic
(>80) [23,43].

One-way analysis of variance (one-way ANOVA) was used to compare the difference of
environmental factors among seasons. We took three samplings of each sampling site as three
replicates for each season. Redundancy analysis (RDA) was used to reveal the contribution of
13 environmental factors to variations of nine representative functional groups of phytoplankton for
each season. Statistical analysis was performed while using the SPSS 19.0 statistical package software
(IBM, Armonk, NY, USA), and RDA analysis was analyzed using the Canoco 5.04 software.

3. Results

3.1. Phytoplankton Dynamics

In total, 155 phytoplankton taxa were identified across all of the samples collected from the
Gaozhou Reservoir between January 2015 and December 2017. These taxa included cyanobacteria,
diatoms, chlorophytes, dinoflagellates, cryptophytes, euglenophytes, and chrysophytes. There were
103, 109, 126, and 120 taxa in samples collected in the winter, spring, summer, and autumn, respectively;
species richness in the summer and autumn was greater than that in the winter and spring (Table 1).

Table 1. Species of phytoplankton and their respective proportion (%) in different seasons in the
Gaozhou Reservoir.

Winter Spring Summer Autumn All seasons

Taxa Proportion Taxa Proportion Taxa Proportion Taxa Proportion Taxa Proportion

Cyanobacteria 10 9.71% 15 13.76% 19 15.08% 15 12.50% 20 12.90%
Cryptophytes 4 3.88% 4 3.67% 4 3.17% 4 3.33% 4 2.58%

Dinoflagellates 4 3.88% 5 4.59% 5 3.97% 5 4.17% 5 3.23%
Chrysophytes 1 0.97% 1 0.92% 1 0.79% 1 0.83% 1 0.65%

Diatoms 26 25.24% 26 23.85% 29 23.02% 28 23.33% 30 19.35%
Euglenophytes 2 1.94% 3 2.75% 3 2.38% 3 2.50% 3 1.94%
Chlorophytes 56 54.37% 55 50.46% 65 51.59% 64 53.33% 92 59.35%

Total taxa 103 100% 109 100% 126 100% 120 100% 155 100%

The phytoplankton taxa in the reservoir fell into 28 of the 31 groups previously described: M, S1,
SN, H1, H2, X1, X2, X3, Y, LM, LO, K, TC, E, D, C, B, A, MP, W1, W2, WO, G, J, F, T, NA, and P (Table 2).
Here, nine groups were considered to be representative functional groups (marked with "a" in Table 2).

During the study period, the average densities of algal cells in the winter, spring, summer,
and autumn were 5.42 × 106 cells L−1, 29.7 × 106 cells L−1, 13.2 × 106 cells L−1, and 11.3 × 106 cells L−1,
respectively. The density of algal cells was highest in the spring, followed by the summer, autumn,
and winter (Figure 2). In the spring of 2016, cyanobacterial blooms occurred at S3 and S4, where S3 is
near the water supply outlet of the reservoir. The algal cell densities at S3 and S4 reached a maximum
of 3.12 × 108 cells L−1 and 1.51 × 108 cells L−1, respectively.
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Table 2. Main phytoplankton taxa, functional groups, and respective F factors in the samples collected
from the Gaozhou Reservoir from 2015 to 2017.

Functional Groups Phytoplankton Species Taxonomic Group F Factor

M Microcystis aeruginosa a Cyanobacteria 0
S1 Pseudanabaena sp. Cyanobacteria 0
SN Cylindrospermopsis raciborskii Cyanobacteria 0
H1 Aphanizomenon flos-aquae Cyanobacteria 0
H2 Dolichospermum circinale Cyanobacteria 2.0
X1 Ankistrodesmus falcatus, Monoraphidium sp. Chlorophytes 3.5
X2 Chroomonas acutaa Cryptophytes 5.0
X3 Schroederia sp. Chlorophytes 5.0

Y
Cryptomonas ovataa, Cryptomonas erosaa, Cryptophytes

3.0Gymnodinium aeruginosuma Dinoflagellates
LM Ceratium hirundinella Dinoflagellates 4.0

LO
Peridiniopsis borgei a Dinoflagellates

4.0Chroococcus sp., Merismopedia glauca Cyanobacteria
K Aphanocapsa sp. Cyanobacteria 0

TC Gloeocapsa punctata Cyanobacteria 4.0
E Dinobryon divergens Chrysophytes 5.0
D Synedra acus, Nitzschia sublinearis Diatoms 2.0

C Cyclotella meneghiniana, Cymbella perpusilla, Navicula
sp., Diploneis sp. Diatoms 3.0

B Cyclotella bodanica Diatoms 4.0
A Rhizosolenia sp., Attheya zachariasi Diatoms 4.0

MP Achnanthes exigua, Cocconeis placentula Diatoms 4.0
W1 Euglena sp., Phacus sp. Euglenophytes 0
W2 Trachelomonas sp. Euglenophytes 1.0
WO Chlamydomonas globosa Chlorophytes 0

G Eudorina elegans, Pandorina morum Chlorophytes 2.0

J

Tetraëdron trigonum a, Pediastrum duplex var.
gracillimum,

Scenedesmus sp., Chodatella sp., Crucigenia sp.,
Coelastrum sp.

Chlorophytes 2.0

F

Haematococcus pluvialis, Planktosphaeria gelotinosa,
Quadrigula chodatii, Elakatothrix gelatinosa a,
Selenastrum dibraianum, Kirchneriella lunaris,

Oocystis lacustis

Chlorophytes 5.0

T Mougeotia gracillima a Chlorophytes 5.0
NA Cosmarium sp. a, Staurodesmus sp. a, Euastrum sp., Chlorophytes 3.0

P
Staurastrum sp. a, Closterium acerosum a Chlorophytes

2.0Melosira varians a, Fragilaria sp. a Diatoms
a Descriptor species (>10% of the total biomass).

In total, 18 representative functional groups were identified in the winter and spring, and 20
were identified in the summer and autumn (Figure 2). The functional groups P (Staurastrum sp. and
Closterium acerosum) and Y (Cryptomonas ovata and Cryptomonas erosa) were the dominant phytoplankton
taxa in the winter and spring. Functional group X2 (Chroomonas acuta) was more abundant in the
winter, while functional group M (Microcystis aeruginosa) grew faster in the spring. Functional groups
NA (Cosmarium sp. and Staurodesmus sp.) and P (Staurastrum sp. and Closterium acerosum) dominated
the communities in the summer and autumn. In spring 2016, the community at site S3 was dominated
by functional group M (Microcystis aeruginosa), comprising 98.5% of the total biomass, while the
community at site S4 was dominated by both functional group M (Microcystis aeruginosa) and functional
group P (Melosira varians), comprising, respectively, 86.4% and 12.1% of the total biomass.
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3.2. Variations in Environmental Factors

The average WTs in the winter, spring, summer, and autumn were 20.8 ◦C, 28.0 ◦C, 31.2 ◦C,
and 26.5 ◦C, respectively. The pH was 8.63 in the summer, which was significantly higher than that in
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all other seasons (p < 0.05). However, there were no significant differences in pH among the samples
that were collected during the other seasons. DO and EC were highest in the spring, measuring
10.03 mg L−1 and 66.1 µs cm−1, respectively. These values were significantly higher than those that
were measured during the other three seasons (p < 0.05). Across all samples, the TN concentrations
ranged from 0.20 mg L−1 to 2.60 mg L−1, with an average of 0.66 mg L−1. The TN concentrations of
the spring samples (average: 0.94 mg L−1; maximum: 1.15 mg L−1) were significantly higher than
those of the other three seasons (p < 0.05). Across all of the samples, the TP concentrations ranged
from 0.008 mg L−1 to 0.110 mg L−1, with an average of 0.025 mg L−1. The average TP concentration
was the highest in the spring of 2016 (0.056 mg L−1), but there was no significant difference in TP
concentration between spring and each of the other three seasons. Throughout the survey period,
the ratio of nitrogen concentration to phosphorus concentration at each sampling site was greater
than 16, and this value did not differ significantly among seasons. Seasonal rainfall was 50–1116 mm,
with the most rain falling in the summer, followed by the spring, autumn, and winter (Table 3).

Table 3. Mean and range (Min–Max) of environmental factors in the Gaozhou Reservoir for each season
from 2015 to 2017.

Winter Sping Summer Autumn

Mean Range Mean Range Mean Range Mean Range

WT (◦C) 20.8 17.8–23.9 28.0 22.9–32.2 31.2 28.8–33.3 26.5 24.8–27.8
pH 7.33 6.73–8.36 7.32 6.29–8.33 8.63 8.10–9.28 7.61 6.84–8.93

DO (mg L−1) 8.11 6.12–10.71 10.03 8.14–14.38 8.78 7.74–9.90 7.40 5.54–9.25
EC (µs cm−1) 58.7 54.4–67.0 66.1 59.8–88.3 58.8 53.1–64.7 56.9 53.8–60.9
SS (mg L−1) 2.1 0.3–5.2 9.0 2.0–59.0 3.5 1.4–8.0 2.5 1.4–5.0
TN (mg L−1) 0.58 0.37–0.95 0.94 0.36–2.60 0.58 0.20–1.06 0.56 0.38–0.85

NH4–N (mg L−1) 0.064 0.028–0.154 0.069 0.013–0.135 0.060 0.027–0.178 0.055 0.029–0.097
NO3–N (mg L−1) 0.35 0.19–0.68 0.38 0.08–0.85 0.22 0.08–0.62 0.25 0.12–0.49

TP (mg L−1) 0.023 0.008–0.071 0.035 0.010–0.110 0.022 0.009–0.040 0.022 0.009–0.048
CODMn (mg L−1) 1.9 0.8–4.2 3.3 0.6–12.2 2.2 1.4–3.5 1.9 1.2–2.8

Chla (mg m−3) 8.9 3.1–36.3 25.8 5.2–193.3 16.8 4.4–53.8 14.8 6.8–32.4
WL (m) 60.6 60.3–61.3 61.0 60.4–61.8 60.7 60.4–61.2 60.7 60.2–61.2

Rainfall (mm) 239 50–428 504 428–684 888 633–1116 337 210–517

WT: water temperature; DO: dissolved oxygen; EC: electrical conductivity; SS: suspended solid; TN: total nitrogen;
NH4-N: ammonium nitrogen; NO3-N: nitrate nitrogen; TP: total phosphorus; CODMn: permanganate index; Chla:
chlorophyll a concentration; WL: water level.

Among all of the environmental factors, measured during the survey period, TP was most strongly
affected by season. The average TP in spring of 2016 was 0.056 mg L−1. TP values at S3 and S4 were
higher (0.080 mg L−1 and 0.110 mg L−1) than those at other sites, and these values were 4–5 times
greater than those in spring 2015 and 2017 (Figure 3).

3.3. Changes in Q and TLI (Σ)

The average Q index across all of samples from 2015 to 2017 was 1.87–3.48 (Figure 4), indicating
that the water quality of the reservoir was primarily good and medium. However, water quality in
spring of 2016 was obviously bad. The average TLI (Σ) index for all samples from 2015 to 2017 was
34.4–52.6 (Figure 4), implying that water quality was lightly eutrophic. The average TLI (Σ) index
was substantially lower in the samples that were collected in the spring of 2016, as compared to those
collected in other seasons.

The Q index and the TLI (Σ) index were especially abnormal in the spring of 2016, coinciding with
local cyanobacterial blooms. The TLI (Σ) indexes of the samples from sites S3 and S4 were 63.7 and
71.6, respectively, while the Q indexes were 0.21 and 0.24, respectively. The degree of eutrophication in
the water of the reservoir was abnormally high.
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Figure 4. Evaluation of the ecological status of Gaozhou Reservoir from 2015 to 2017 based on the Q
and TLI(Σ) indexes.
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3.4. Redundancy Analysis

In this study, the functional groups with greater than 10% relative biomass were defined as the
dominant functional groups. Nine groups were identified in Gaozhou Reservoir: M, X2, Y, LO, J, F, T,
NA, and P (Table 2). Figure 5 shows the results of the RDA, based on dominant functional groups and
major environmental factors.
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WT, nitrogen, and phosphorus were the most important environmental factors affecting the
phytoplankton functional groups (Figure 5). However, the influencing factors were different in different
seasons. In the winter, WT and CODMn were positively associated with groups X2 and Y, but they were
negatively associated with group M (Figure 5a). In the spring, WT was the main environmental factor
affecting group M (Figure 5b). In the summer, TP, TN, and NH4-N were the main environmental factors
affecting groups Y and NA (Figure 5c). In the autumn, WT, pH, and TP were the main environmental
factors affecting groups X2 and NA (Figure 5d). The redundant environmental factors differed among
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seasons. The redundant environmental factors were TP and rainfall in the winter; CODMn, DO, and TN
in the spring; WT, CODMn, and EC in the summer; and, TN, rainfall, and EC in the autumn.

4. Discussion

4.1. Phytoplankton Seasonal Dynamics

We found that phytoplankton species richness in Gaozhou Reservoir was greater in the summer
and autumn than in the winter and spring. Generally, the mechanisms regulating the changes in
phytoplankton communities are complex [44,45]. For example, the nutrient resources of aquatic
ecosystems strongly affect ecosystem diversity [46]. Species are season-specific, which is a basic
manifestation of phytoplankton adaptations to natural environments [10,47].

Functional groups P (Staurastrum sp. and Closterium acerosum) and Y (Cryptomonas ovata and
Cryptomonas erosa) prefer weaker light intensity [10,11]. Light intensity is greater in the summer
and autumn, but weaker in the winter and spring, as the Gaozhou Reservoir is located in the
subtropics. Therefore, functional groups P and Y dominated the communities during the winter and
spring [16,48,49]. Similarly, functional group X2 (Chroomonas acuta), which tolerates low
temperatures [50], grew faster in the winter and spring.

The functional groups NA and P were dominant in the summer and autumn, when the nitrogen
concentrations in Gaozhou Reservoir were lower than in the winter and spring. Cosmarium sp. and
Staurodesmus sp. were the dominant taxa in the aquatic environment when the nutrient levels were
low to moderate [11].

Functional group M had clear advantages at sites S3 and S4 in spring 2016, when cyanobacterial
blooms were occurring at these two sites. Functional group P had strong advantages at most of the
sampling sites in the winter and autumn of 2015, and functional group H2 dominated the community
in the summer and autumn of 2016.

4.2. Environmental Driving Factors

Our results were consistent with previous studies that reported that temperature and nutrient
availability strongly influenced phytoplankton species and biomass in aquatic ecosystems [51,52].
For example, the RDA results showed that WT was highly correlated with different functional groups
in the winter as compared to the spring. WT was correlated with functional groups Y and X2 in
the winter; with functional group M in the spring; and, with functional groups F, LO, X2, and NA
in the autumn. In the winter and spring, NO3-N was highly correlated with the functional group
F, and NH4-N was highly correlated with the functional groups T and NA. In the summer, NH4-N
and TP affected additional functional groups, including Y, NA, X2, P, and J. TP affected the functional
groups NA and X2 in the summer and autumn.

In winter, environmental parameters, including TP, rainfall, and SS, were located in the first
quadrant (Figure 5a), but no functional groups were located in this quadrant, which indicated that these
parameters had no direct impact on the functional groups. In the spring, quadrant II had no functional
groups (Figure 5b), but several parameters, including TP, TN, and DO, were observed in this quadrant.
There were no functional groups in quadrant III in the summer, and the environmental factors in this
quadrant were WT, CODMn, and EC (Figure 5c). There were no functional groups in quadrant IV in
the autumn, and the environmental factors in this quadrant were TN, DO, rainfall, and EC (Figure 5d).
This seasonal difference in environmental factors among quadrants indicated that the redundancy of
environmental factors differed among seasons, and the relationship between environmental factors
and functional groups also fluctuated seasonally. For example, the environmental factors that were
positively affected in the winter were redundant variables, which included TP. This suggested that the
constraints associated with other factors (such as WT) would limit the occurrence and development of
functional groups, even if TP were suitable. In the summer, the negatively affected environmental
factors were also redundant variables, including WT. Obviously, water temperature is the highest in the
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summer and, thus, WT no longer acts as a restrictive environmental condition to limit the development
of functional groups. Under these conditions, the environmental factors affecting the phytoplankton
community structure are nitrogen and phosphorus nutrient levels.

4.3. Analysis of Cyanobacterial Blooms

Phytoplankton blooms are a comprehensive manifestation of the long-term aquatic ecological
risks that are associated with a regional water environment [5,53]. The cyanobacterium Microcystis
aeruginosa is induced at low temperatures and is dormant at high temperatures [54,55]. Guo et al.
(2016) found that M. aeruginosa was induced at 15 ◦C, grew well at 19 ◦C, and entered dormancy at
31 ◦C in Dianchi Lake, China [55]. In Gaozhou Reservoir, the M. aeruginosa bloom occurred after the
WT increased from 20.8 ◦C in winter 2016 to 28.0 ◦C in spring 2016; M. aeruginosa entered dormancy in
the summer of 2016 at 31.2 ◦C. In addition, the reservoir also experienced blooms in the spring seasons
of 2009, 2010, and 2013. The environmental conditions before the blooms had several similarities,
such as low temperatures in the winter and increasing temperatures in the spring [32]. The Gaozhou
Reservoir is rainy in the spring and, thus, nutrient concentrations in the reservoir increase due to the
input of rainwater runoff. Previous studies recorded high concentrations of phosphorus at sampling
sites S3 and S4 in the spring of 2016; these high levels of phosphorus were associated with the rainfall
and the hydrodynamic conditions at these two sites. Sampling sites S3 and S4 are located in the bay of
the Reservoir. The Gaozhou reservoir has a relatively long hydraulic retention time (approximately
451 days). In this study, S3 and S4 were two sites with serious cyanobacterial bloom. S4 site was
around by the shoreside of the reservoir and closer to the dam, while S3 site might be affected by
S4 site, due to the short distance between the two sites. Hence, the areas with cyanobacterial bloom
were relatively closed, with lower flow velocity and less water exchange when compared to other
areas of the reservoir [34]. These conditions may result in higher concentrations of phosphorus at
these sites, which may induce cyanobacterial blooms. In addition, the prevailing winds blew many
phytoplankton cells into the reservoir bay, resulting in a higher density of phytoplankton cells in this
area when compared to surrounding locations. Therefore, environmental conditions and changes
increased the aggregation of cyanobacterial cells at sites S3 and S4.

4.4. Environmental Implications

Here, data and analysis suggested that the low temperatures in Gaozhou Reservoir in the winter
and spring, coupled with the dramatic difference in temperature between the winter and spring, resulted
in the rapid growth of Microcystis aeruginosa. In addition, the high concentrations of phosphorus in
the reservoir in the spring might have provided sufficient nutrients in order support the explosive
proliferation of cyanobacteria. Finally, the specific hydrodynamic conditions of the water body might
have inhibited dispersion, allowing for the growing cyanobacterial cells to further aggregate.

5. Conclusions

This study demonstrated that there was seasonal succession of phytoplankton species and
functional groups in the Gaozhou Reservoir. The phytoplankton diversity was higher in the summer
and autumn than in the winter and spring. Functional groups P (Staurastrum sp. and Closterium
acerosum) and Y (Cryptomonas ovata and Cryptomonas erosa) were dominant in the winter and spring,
while functional groups NA (Cosmarium sp. and Staurodesmus sp.) and P (Staurastrum sp. and Closterium
acerosum) were dominant in summer and autumn. The temperature, nitrogen, and phosphorus
levels were the important factors that were associated with the seasonal changes in phytoplankton
community structure in the reservoir. The key factors leading to the blooms of Microcystis aeruginosa
were temperature and phosphorus levels. The low temperatures in the winter of 2016 and the
high concentrations of phosphorus in the spring of 2016, together with the favorable rainfall and
hydrodynamic conditions in the reservoir, were the major factors triggering the phytoplankton blooms.
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