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Abstract: Qingcaosha Reservoir, an estuary reservoir on the Yangtze River and a drinking water
source, is facing phytoplankton blooms and the factors driving changes in phytoplankton composition
and distribution have not been well understood so far. To facilitate the understanding of this problem,
we collected surface water samples from January to December 2014 monthly at 12 sampling sites.
A total of 205 taxa classified into eight major taxonomic groups were identified. Cyclotella meneghiniana,
Melosiravarians, Melosira granulata, Cryptomonas ovata and Chlorella vulgaris were the species dominating
at least one season. The long stratification period and high nutrient concentration resulted in high
chlorophyll a concentration (36.1 + 18.5 pg L™!) in the midstream and downstream during summer,
and mass phytoplankton growth and sedimentation process led to nutrients decrease. In the reservoir,
neither P or N limitation was observed in the study period. We observed that water temperature,
nutrient concentrations and light availability (Zeu/Zmix) are critical in selecting functional groups.
These results highlight that the functional groups characterized the water body well and showed a
good ecological status based on the assemblage index (Q average = 4.0). This work also highlights
that mixing regime, water temperature and light availability were the driving factors that determine
phytoplankton dynamics.

Keywords: phytoplankton community dynamics; estuary water-supply reservoir; driving force;
functional groups; assemblage index

1. Introduction

Estuarine embedded reservoirs, serving as essential drinking water sources for adjacent cities,
are sensitive to estuary and coastal environmental changes [1-3]. Due to eutrophication and their unique
geographical locations, nutrients from land and rivers, salt water invading the estuary [3] and other
changes in other variables may influence phytoplankton succession in the reservoir and lead to algae
blooms, as eutrophication is a natural process occurring in aquatic systems and eutrophic reservoirs
are frequently being dominated by cyanobacteria for considerable periods of time [4]. The acceleration
of this process can cause serious threats to water quality and habitat, drinking water supplies, food
webs and all aspects of freshwater ecosystems [5]. Many of these phytoplankton blooms are toxic
and have the capability of producing several potent neurotoxins and hepatotoxins, which threaten
drinking water quality and safety [6]. Therefore, it is very important to understand the characteristics
of the phytoplankton community structure and driving factors that control phytoplankton constituents
and seasonal variations in reservoirs in the trophic status. Besides, an emphasis on phytoplankton
functional group dynamics provides new insights into phytoplankton species adaptation strategies to
environmental changes and assessment of the reservoir’s ecological status [7].
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In estuary reservoir ecosystems, the phytoplankton community plays important role in nutrient
recycling and organic substance degradation [8,9]. Studies have indicated that light and nutrient
availability, temperature, conductivity, water stability and retention time are regarded as important
chemical and physical factors influencing phytoplankton structure and composition in reservoir
ecosystems [10-13]. Ciric et al. [14] in their study found that thermal stratification and physical
mixing processes, and reduction versus oxidation processes were the two main factors that explain
variability in phytoplankton in a temperate reservoir. Water column stability and water renewal
rate were regarded as factors controlling phytoplankton tropical high-mountain drinking-water
reservoirs [15]. In a meso-eutrophic reservoir in subtropical southern Brazil, the mixing regime was
the main determining factor governing the seasonal dynamics of the phytoplankton community [16].
In mesotrophic reservoirs, nutrients and hydrodynamic processes play a key role in controlling
seasonal phytoplankton successions [17] and determining water quality and ecological status in the
reservoir [18,19]. These reservoirs were all inland reservoirs and the driving factors of phytoplankton
community successions differ in different kinds of freshwater ecosystems. However, for estuarine
reservoirs, the factors that drive changes in phytoplankton community composition and distribution
have not been well understood. We still lack knowledge to explain how phytoplankton communities
change spatially and temporally, and how this process is influenced by environmental factors in
estuarine reservoirs.

Following Reynolds’ [20] work on separating phytoplankton into several functional groups, which
may dominate or co-dominate in a given environment, according to species adaptation strategies,
the constituent species have similar adaptive traits, and physiological, morphological and ecological
attributes. Padisdk et al. [21] complemented the previous theory, expanding the functional groups
to 38 assemblages according to species’ sensitivities and tolerances by using alphanumeric codes.
The functional groups theory can be highlighted with two ideas: (1) a species belonging to a functionally
well-adapted group can tolerate the limiting environment of factor deficiency more successfully than
a less adapted species; (2) a light, P, or C or N constrained habitat is more likely to be populated by
species with the appropriate adaptation properties [20]. Although phytoplankton functional groups
have been described for lakes, this approach has also been applied to certain types of reservoirs in
various regions [12,16,22-24]. This has proved to be a useful method of evaluating ecological status in
reservoir ecosystems.

Qingcaosha Reservoir, a newly built artificial reservoir located in the Yangtze River estuary, serves
as a drinking water source that provides Shanghai with more than 7 million cubic metres of water
daily [25]. Because of excessive nutrient loading and its shallowness with a long hydraulic retention
time (approximately 25 days) the reservoir still faces the threat of eutrophication issues, such as
cyanobacterial blooms. Previously, results of a two year study indicated that the reservoir is reaching
the mesotrophic—eutrophic boundary, where further nutrient enrichment could cause water quality
degradation [26]. A microbial community study showed high cyanobacteria biomasses occurred
during summer seasons [27]. However, little work has been done to demonstrate phytoplankton
community dynamics and the governing factors driving algal successions inside Qingcaosha Reservoir.
Though the trophic state has been well understood by researchers, the ecological status of this water
body has rarely been recognized using practical methods. As far we know our study is the first to use
a phytoplankton functional groups approach to reveal the ecological status dynamics in this reservoir.
We hope this research may provide significant insight into understanding phytoplankton species
succession processes and selection dynamics in estuary reservoir.

In light of previous studies on this reservoir that elucidated prokaryotic and eukaryotic microbe
dynamics [8] and the variation of phytoplankton and environmental factors by using PCR-DGGE
technology [27], we hypothesized that there are specific patterns in the composition and functioning of
phytoplankton communities, and that nutrient concentrations, mixing regime and hydraulic conditions
are the main factors that control phytoplankton dynamics in this reservoir. To approve our hypothesis,
in this study we (1) characterized the physical and chemical conditions in the river and reservoir,
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and analyzed phytoplankton community traits and dominant species in different seasons; (2) used the
functional groups approach and the assemblage index to evaluate the reservoir’s ecological status; (3)
identified the driving forces causing variations in phytoplankton community and functional groups
dynamic. This work will be helpful in aiding reservoir management by providing scientific information.

2. Materials and Methods

2.1. Study Area and Sampling

Qingcaosha Reservoir is in the middle of the Yangtze River estuary and adjacent to a small
island (31°27" N; 121°38’ E), built in 2009 and operational in 2010 with a depth range from 2.5 m to
13.5m, a designed hydraulic retention time of 25 days and an approximation area of 66.27 km? [28,29].
The reservoir supplies 10 million inhabitants in Shanghai city with 7 million m® drinking water per
day. Since the river receives strong inputs from upstream cities and agriculture, the inflow from the
river may cause the reservoir become eutrophic. The local subtropical monsoon climate has an annual
mean temperature of 17.1 °C and an annual mean total precipitation of 1159 mm, with a warm humid
summer average temperature of 28.6 °C in July and a dry winter average temperature of 4.8 °C in
January. Daily wind speed and temperature during our study period are shown in Figure S1.

We set up 12 sampling sites in our research period (Figure 1) with S1 located outside the inlet
sluice and S12 outside the outlet sluice in Yangtze River estuary. S2 and S3 were set near the inlet sluice
representing the upstream section of the reservoir, 54 to S6 were in the middle of the reservoir, S7 to
S11 were set in the downstream section of the reservoir. All sampling sites were determined by using
global positioning system (GPS).
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Figure 1. Location of the reservoir and distribution of sampling stations along the northern tributary of
the Yangtze River. S1 represents the inlet sluice and S12 represents the outlet sluice, and S2 to S11 are
located inside the reservoir.

Water samples were collected from January 2014 to December 2014 at monthly intervals at
every sampling site. The sampling was always taken from 9 am to 1 pm by using a designed boat.
Water temperature (WT), pH, oxygen concentration (DO) and conductivity (EC) were measured three
times (HQ40d, HACH, Loveland, CO, USA) on site at a depth of 0.5 m under the water surface.
Secchi depth (SD) was measured using standard Secchi disk at each sampling site. Water samples were
collected for nutrient determination and all field samples were preserved in 1 L plastic bottles kept in a
mobile ice box, and analyzed in the laboratory within 24 h.

For the phytoplankton community, we collected another 1 L surface water sample and fixed the
sample with neutral Lugol’s solution. All samples were transported to our laboratory then kept in a
refrigerator at 4 °C and analyzed as soon as possible.
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2.2. Sample Analyses

Physical and chemical parameters were measured after sample collection for the whole duration of
this study. Parameters for nutrients were analyzed, such as total nitrogen (TN), ammonium (NH4 "), nitrate
(NOj3"), total phosphorus (TP), and soluble reactive phosphorus (PO,43~). TN and TP were analyzed using
unfiltered water samples, other nutrient indices such as total dissolved phosphorus (TDP) and dissolved
organic carbon (DOC) were analyzed using samples filtered through 0.45 um glass microfiber filters (GF/C,
Whatman, Maidstone, UK). The variables shown above were measured using UV-VIS spectrophotometer
(UV-2450) Shimadzu (Kyoto, Japan) according to the standard methods for the determination of water and
waste water [30]. DOC samples were treated by catalytic oxidation at high temperature and measured
using a Shimadzu analyzer (TOC V-CPN) with NDIR detector. Suspended solids (SS), normalized by
volume, was measured as the additional dry weight after filtration and drying at 105 °C for more than four
hours. Phyto-PAM (pulse amplitude modulated fluorometer), coupled to Win-Control software (Heinz
Walz GmbH, Effeltrich, Germany), was used in our study, calibrated by standard profiles and all samples
were measured at a setting of Measure Frequency of 32.

Phytoplankton species identification was carried out using a CX-21 microscope (Olympus, Tokyo,
Japan) counted at 400x magnification, the units (cells, colonies or filaments) were noted in random
fields, and 1000x magnification was used for species identification. After 48 h to allow phytoplankton
to deposit, samples were concentrated to 30 mL by using a syphonage method and stored at 4 °C.
Then, each sample was added into a 0.1 mL counting chamber (20 x 20 mm), and phytoplankton species
were identified and counted according to Hu et al. [31]. The phyla examined in our research were
Bacillariophyta, Chlorophyta, Cyanophyta, Euglenophyta, Cryptophyta, Chrysophyta, Pyrrophyta
and Xanthophyta. The phytoplankton data in December was not obtained.

2.3. Data Analysis

In our study, spring was defined as March, April and May, summer was defined as June, July
and August, autumn was defined as September, October and November, and winter was defined as
December, January and February. The euphotic zone (Zeu) was calculated as 2.7 times the Secchi
depth [32]. The mixing zone (Zmix) was estimated from the temperature profiles, using method [33,34]
which defined the mixing depth as the depth at which the temperature difference from the surface
did not exceed 1 degree. The ratio between the euphotic and mixing depths (Zeu/Zmix) was used
as a measure of light availability [35]. Trophic state index (TSI) values were calculated based on the
method described in the study of Liu et al. [26]. For main nutrient seasonal variation in each section,
sampling sites were taken for replicates as follows: 51 and 512 for estuary, S2 and S3 for upstream,
S4 to S6 for midstream, S7 to S11 for downstream.

The algal biovolume was determined using formulae for geometric shapes [36], and the fresh
weight was expressed as a mass, where 1 mm? L' = 1 mg L~! [37]. The species contributing >5% to
the total biomass were combined into functional groups, using the criteria of Reynolds et al. [20] and
Padisak et al. [21]. The assemblage index (Q index) used in this study was described in Padisak et al. [38],
which defines different reference conditions for different habitat types instead of having only one “pristine
condition” for all lake types. The factor F of each functional group was determined according to type one
due to the similarity of typology and previous study [39] conducted in reservoir at midstream of Yangtze
river was taken as alternative reference. Five levels of classification for the Q index were considered as
follows: 0-1: very poor; 1-2: tolerable; 2-3: medium; 34: good; and 4-5: excellent.

We used principal components analysis (PCA) to analyze chemical and physical changes on
spatial and temporal levels. For the ordination analysis, we transformed the abiotic and biological
data by logyx + 1 [7]. Water temperature (WT), dissolved oxygen (DO), conductivity (EC), pH, Zeu,
nitrate (NO3~), ammonium (NH4 "), PO43~(SRP), total nitrate (TN), total phosphorous (TP), and Chl a
were included. Variance analysis (one-way ANOVA) was used to compare means. Non-parametric
correlation (Spearman) analyses were used to test relationships among the environmental variables and
Bonferroni’s method was used for multiple comparison correction. Statistical analysis was performed
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using the SPSS 22.0 statistical package software (IBM, Armonk, NY, USA) and the level of significance
used was P < 0.05 for all tests.

3. Results

3.1. Variability of Physical and Chemical Factors Inside and Outside the Reservoir

WT is a significant environmental index in the water column, influencing the phytoplankton
community directly. During our research period, the mean value of WT was 16.3 °C, with the highest
25.8 °C in summer and lowest 6.8 °C in winter (Table 1). The mean pH varied between 7.3 and 8.3.
Considering that the reservoir located in the Yangtze River estuary and salt water may flow into this
reservoir during high tides, EC was affected by saline water in the dry season, with mean values of
473 uS em~! and 363 uS cm ™! in spring and winter, and 166 uS cm~! and 182 uS em™! in summer and
autumn, respectively. EC increased to its highest level in spring, reaching 838 uS cm™! in April (Table.
1), the seasonal variation was obvious, however we did not find significant spatial differences among
these four sections of the reservoir (ANOVA, P > 0.05). Besides, salinity intrusion (approximately
15 days) was observed at the estuary in February with EC value reached 5430 uS cm~!, which resulted
in closure of the inlet sluice during salinity intrusion.

Table 1. Means and ranges (Min-Max) of limnological variables in the epilimnion of the Qingcaosha
Reservoir in 2014 (n = 30).

Spring Summer Autumn Winter

Mean Interval Mean Interval Mean Interval Mean Interval

WT (°C) 13.7 9.5-16.9 25.2 22.8-25.8 19.2 15.4-23.0 7.0 6.8-7.2
pH 7.8 7.3-8.3 8.1 7.8-8.2 8.1 7.9-8.2 8.1 7.8-8.2
DO (mg L1 9.4 8.7-9.8 8.8 8.2-9.5 8.9 8.7-9.1 11.2 10.4-11.9

EC (us cm™) 473 207-838 166 160-176 182 179-186 363 225440
TN (mg L1 2.20 1.93-2.44 1.78 1.50-2.19 1.54 1.41-1.72 2.02 1.64-2.25
TP (mg L™1) 0.14 0.13-0.15 0.13 0.10-0.19 0.11 0.10-0.12 0.14 0.18-0.20
TN/TP 18.5 15.1-20.7 14.9 9.4-19.1 16.1 15.4-17.2 21.1 14.2-28.5
Chla (ug L 13.1 7.3-17.6 30.1 17.8-45.6 31.1 19.3-45.2 13.9 10.4-17.4
SS (mg L™ 214 7.0-45.4 13.2 34-254 18.2 7.6-42.0 19.0 8.3-63.0

WT = water temperature; DO = dissolved oxygen; EC = conductivity; TN = total nitrogen; TP = total phosphorus;
Chl a = chlorophyll a concentration; SS = suspended solids.

Other determinants also showed a similar trend. Mean DO concentration in the epilimnion varied
from 8.2 mg L™! (summer) to 11.4 mg L™! (winter), strongly related to WT (Table 1). Nutrients were
also seasonally variable, driven by the raw water entering the reservoir. The nutrients levels in the
reservoir were greatly influenced by the water quality in the Yangtze River. Total phosphorous (TP)
and total nitrogen (TN) were high during entire research period, similar patterns applying to dissolved
nutrients. TP inside the reservoir was much lower than in the Yangtze River and TP decreased sharply
throughout the stratification period from spring to summer in the estuary and upstream (Figure 2a).
In summer, TP reached its lowest value in the whole area of the reservoir, a remarkable decrease in July
was observed (Figure 2a). Decrease of TP in summer may resulted from large amount of precipitation
from June to September (Figure S2). TN showed a seasonal pattern where its concentration decreased
from the beginning of spring to the end of autumn then increased again in winter. The NH;* declined
greatly from the end of winter to the beginning of summer, showing a similar trend to TP, TN, NO;~;
and then rises in winter (Figure 2). Differences were observed between the estuary and the whole
reservoir for TN, TP, PO4%~ and NO;~, whereas no significant differences were found between the
midstream and downstream (P > 0.05). The TSI value fluctuated between 54.26 and 57.57 during the
study period, indicating that the reservoir was a light-eutrophic system.
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Figure 2. Seasonal variation of main environmental factors in the estuary, and the upstream, midstream
and downstream parts of the reservoir. (a) Total Phosphorus (TP); (b) Total Nitrogen (TN); (c) Ammonia
Nitrogen (NHy *); (d) Soluble reactive phosphorus (PO4%7); (e) Nitrate (NO37); (f) Chlorophyll a (Chl a).

Both TP and TN reached their lowest concentrations 0.11 mg L™! and 1.54 mg L~! in autumn,
respectively (Table 1). Total dissolved phosphorous comprised 33%-55% of the TP, of which 48%-74%
was PO,3~ during whole research period. NO3~ constitutes of 70%-100% of the TN, indicating that
dissolved inorganic nitrogen was a large fraction of TN. The TN/TP ratio remained high in winter and
then decreased to its lowest value in summer, reaching 9.37 (Figure S3). It can be seen from Figure 2 that
nutrient levels were much lower in the reservoir than in the raw water. The nutrients were positively
correlated with SS and negatively correlated with Chl a (Table 2).

Table 2. Significant Spearman correlations among 13 environmental variables in the studied area (n = 48).

TP N PO43- NO3~ Chla EC WT pH TDP SS
TP
TN 0.51 *
PO,3~ 0.69 ** 0.64 **
NO;~ 0.88 ** 0.53 **
NH,*
Chla -0.66*  —071*  —075*  -0.70*
EC 0.60 **
WT —0.47 ** —0.58 ** -0.83**
pH -050*  —0.51* 0.49 **
DO 070  —0.80**
TDP 0.67 ** 0.54 ** 0.84 ** —0.64 ** -0.59 **
ss 0.61 ** 0.64 ** 0.57 ** 0.63*  —0.73* —-0.57*  0.55*
Zeu -0.61*  —0.65*  —071* -0.65*  0.81* 054*  —0.61*  -092*

*P <0.05,* P <0.01.

The Chl a concentration increased from spring to summer, reaching two peaks in July and
September, with the lowest value of 2.14 pg L1 measured outside the reservoir in march and the
highest value of 70.00 g L~! measured in the middle part of the reservoir in July (Figure 2f). The average
Chl a concentration in the estuary, upstream, midstream and downstream section of the reservoir were
4.41,10.18, 28.58 and 24.32 ug Lt respectively. There were significant spatial differences between
upstream and downstream (P < 0.05), while Chl a variation showed similar seasonal pattern in the
midstream and downstream (P > 0.05). High Chl a concentration (36.1 + 18.5 ug L™!) in the midstream
and downstream was observed during summer. The midstream value was the highest followed by the
downstream values in summer and autumn (Figure 2f). Dissolved organic carbon (DOC) generally
varied from 2.06 mg L' to 5.13 mg L~'. DOC concentrations were much higher in autumn and winter
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than in spring and summer, especially in January when the mean value reached the peak of 10.83 mg
L~! (Figure S3). The DOC concentration inside Qingcaosha Reservoir was much higher than in Yangtze
River in spring and autumn, but not in winter and summer.

Two periods describing water mixing regime were recognized according to Zmix changes: summer
stratification and winter mixing. The Zeu/Zmix ratio explained the availability of light in the water
column as important indicator that determines phytoplankton selection. The euphotic zone (Zeu)
values were low all year round, ranged from 0.89 m to 1.97 m with the highest value in summer and
lowest value in winter (Figure 3a). The entire water column was almost mixed during September
and December with 11 to 13 m mixing zones, whereas the water column was stratified from April to
August. In the study period, light reached only 8-45% of the mixing zone, the availability of light
increased from spring to early summer in the mixing zone, reaching 45% in August and decreasing to
8% by the beginning of autumn (Figure 3b). The SD increased from the estuary to the downstream
of the reservoir in all season and reached the highest value of 0.20, 0.45, 0.82 and 0.85 m for the
estuary, upstream, midstream and downstream of the reservoir in summer, respectively (Figure 3b).
These results indicated that light condition in the water column changed significantly after the water
flow into the reservoir (P < 0.05).
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Figure 3. Seasonal variation of Secchi depth (b) with standard deviation, Zeu, Zmix and light availability
(a) for phytoplankton in the Qingcaosha Reservoir.

Chl a concentration was negatively correlated with nutrients (TN, TP, PO,3~, NO;~ and SS) and
positively correlated with Zeu (Table 2). In the midstream, Chl a concentration was negatively correlated
with TN, NOs~, EC and DO, and positively correlated with WT and Zeu. In the downstream, Chl a
concentration was negatively correlated with TN, NO3;~ and EC, and positively correlated with Zeu and
WT (Table 3).

The Zeu was significantly correlated with most of the environmental factors, such as Chl a,
EC, WT, SS and nutrients (Table 2), after multiple comparison correction. In four parts of the
studied area (Table 3), Zeu was negatively correlated with EC and positively correlated with WT.
Specifically, the Zeu was negatively correlated with NO3;™ and positively correlated with Chl a in the
midstream and downstream.

Principal components analysis (PCA) was performed to reveal variance of abiotic and biotic
variables in the reservoir. The results explained 67.1% of data variability on the first three axes (axis 1
= 39.4%; axis 2 = 18.1%; axis 3 = 9.6%), representing three principal components, and variables loading
plot was shown in Figure 4a. For axis 1 ordination, the most important variables were TP (0.66), TN
(0.65), NO;~ (0.71), PO4>~ (0.82), Chl a (-0.68), Zeu (—0.69). For axis 2 ordination, the most important
variables were WT (0.89), DO (0.78) and EC (0.73). For axis 3 were NH4" (0.87) for its ordination.
The PCA results illustrated that the first principal components reflected water quality change, while
the second principal component explained the seasonal gradient in the reservoir. Axis 1 explained
39.4% of total variance and helped to separate samples according to their abiotic and biotic condition,
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and negative value in axis 1 represents higher Zeu and Chl a and lower nutrients. Samples belonging
to the same area showed a certain separation in axis 1, higher positive values of axis 1 were observed
for samples (S1 and S12) in the estuary (Figure 4b). Moreover, as shown in Figure 4b, samples mainly
clustered according to seasonal plots, samples collected in winter and summer had positive value and
samples collected in summer and autumn had negative value in axis 2.

Table 3. Significant Spearman correlations between two important variables (Chl a and Zeu) and
13 environmental variables in the estuary, upstream, midstream and downstream of Qingcaosha Reservoir.

Estuary (n = 24) Upstream (n = 24) Midstream (n =36)  Downstream (n = 60)

Variables
Chl a Zeu Chl a Zeu Chl a Zeu Chl a Zeu
P
N —0.59 ** —0.64 ** —0.60 **
PO437
NO3~ —0.83 ** —-0.56 * —0.77 ** —0.69 **
NH,*
Chla 0.50 ** 0.61 **
EC —0.68 ** —0.75 ** —0.79 ** —0.73 ** —0.66 ** —0.66 **
WT 0.64 ** 0.88 ** 0.81 ** 0.56 ** 0.57 ** 0.84 **
pH
DO —0.54 ** —0.39 **
TDP
SS -0.79 ** —0.84 ** —0.66 ** —0.51 **
Zeu 0.55 ** 0.61 **
*P <0.05 ** P <0.01.
2
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] 82
0.2 s3
= s oS4
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Figure 4. PCA variables loading plot (a) and samples (n = 144) score plot (b) for axis 1 and axis 2. (b)
S1 to S12 were the sampling sites, S1 and S12 located in the estuary, S2 and S3 located in the upstream,
5S4 to S6 located in the midstream and S7 to S11 located in the downstream of the reservoir.

Focusing on biotic parameter, relationships with other parameters were discerned in the loading
plot, Chl a showed a positive correlation with Zeu and negative correlations with nutrients (Figure 4a).
These results were in line with results showed in Table 2, indicating that light availability and related
variables, such as Zeu, Zmix and water column stability could be more important than nutrient
availability for driving phytoplankton dynamics.

3.2. Phytoplankton Community Structure and Species Composition

The total of 205 taxa identified were members of eight major taxonomic categories, belonging to
88 genera with 82 taxa of Chlorophyta, 71 taxa of Bacillariophyta, 39 taxa of Cyanophyta, two taxa of
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Euglenophyta, three taxa of Pyrrophyta, Four taxa of Cryptophyta, three taxa of Chrysophyta, and one
taxon of Xanthophyta. The Chlorophyta, Bacillariophyta and Cyanophyta compromised the major
phytoplankton components with percentages of 40.0%, 34.6% and 19.0%, respectively.

The Chlorophyta and the Bacillariophyta prevailed in spring, then Bacillariophyta dominated the
whole reservoir in early summer, with Chlorophyta decreasing and Cyanophyta increasing during the
summer. Most of the Chlorophyta and Cyanophyta declined in autumn and reached the lowest value in
winter (Figure 5). During our research period, Cyclotella meneghiniana, Melosira granulata, Cryptomonas
ovata, Melosira varians and Chlorella vulgaris were the most abundant species, with occurrence frequencies
of 56.64%, 47.79%, 42.48%, 39.82% and 34.51%, respectively.
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Figure 5. Relative abundance (a) and calculated biomass (b) of phytoplankton in the reservoir.

Phytoplankton in the Qingcaosha Reservoir had one or more species dominant in different seasons.
We identified four dominant species in the reservoir according to relative abundance value, they were
diatoms M. granulata (16.0%), Melosira granulata var. angustissima (20.3%), M. varians (4.8%) and the
Cryptophyte C. ovata (10.6%). Spearman correlation analysis between taxonomic groups and environmental
variables revealed that Cyanophyta was negatively correlated with TN, PO4*~, NO;~, EC, DO and TDP,
positively correlated with Chl a, WT, and Zeu (Table S1). Chlorophyta was negatively correlated with TN,
PO,3~ and TDP, positively correlated with NO3~, Chl a, WT, pH and Zeu. Bacillariophyta was negatively
correlated with PO,3~ and positively correlated with Zeu (Table S1).

The total phytoplankton biomass pattern was apparent in different seasons and in different parts
of the reservoir. During early summer, phytoplankton biomass showed a maximum of 19.65 mg L~! in
the mid-reservoir, 9.3 times higher than the maximum value (2.10 mg L™!) in the downstream part of
the reservoir, another two peaks occurred in February (3.07 mg L) and August (1.68 mg L71). In the
upstream part of the reservoir biomass remained low throughout the year, with the highest value in
February (3.30 mg L™!) (Figure 5).

3.3. Functional Group Dynamic

From the 205 identified algal species, we classified 18 functional groups (Table 4) with one or more
species contributing to their composition. Bacillariophyta, Chlorophyta and Cyanophyta were the
dominant taxonomic groups, dominating at least once during the research time, and P, Tp, T, Y, M,
Tc and C were the crucial functional groups in the reservoir. During periods of stratification of the
reservoir water, mainly in late spring and summer, functional group P (M. granulata and M. granulata
var. angustissima), Tp (Ulothrix spp.), T (M. varians) and M (Microcystis spp.) dominated.
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Table 4. Phytoplankton taxa and their functional and taxonomic groups in Qingcaosha Reservoir.

Functional Groups Species Included in the Group Taxonomic Groups F Factor
B Thalassiosira lacustris Bacillariophyta 4.0
C Cyclotella meneghiniana, Asterionella formosa Bacillariophyta 5.0
D Fragilaria acus, Nitzschia spp. Bacillariophyta 2.0
N Cosmarium laeve Chlorophyta 5.0
P Melosira granulata Bacillariophyta 5.0

MP Diploneis ovalis, Cocconeis placentula Bacillariophyta 3.5
Tc Oscillatoria spp., Phormidium spp., Gloeobacter spp. Cyanophyta 1.0
Tp Ulothrix spp. Chlorophyta 4.0
Ts Melosira varians Bacillariophyta 5.0
X2 Chroomonas acuta Cryptophyta 3.5
Chlorella spp., Ankistrodesmus spp., Chlamydomonas spp.
X1 ChlororcoccumChlggrcoccumChlororcocggnChlororZoccumChloggrcoccum Chlorophyta 40
Y Cryptomonas ovata, Cryptomonas erosa Cryptophyta 2.0
F Sphaerellocystis ampla, Selenastrum spp., Westellopsis linearis Chlorophyta 5.0
G Pandorina morum Chlorophyta 1.0
J Scenedesmus spp, Crucigenia quadrata Chlorophyta 1.0
K Synechocystis aquatilis, Dactylococcopsis spp. Cyanophyta 2.0
Lo Chroococcus spp., Merismopedia spp. Cyanophyta 0
M Microcystis spp. Cyanophyta 0

Phytoplankton biomass increased along with strong stratification and high temperature in summer
and P dominated in this period. Functional group Y (C. ovata and C. erosa) supplanted group P at the
middle autumn and dominated during the mixing period at the end of autumn and winter, especially
in February (Figure 6). The dominance of group C was observed during the winter mixing period and
in early spring. Seasonal variation in relative biomass of functional groups also reflected the seasonal

trends of taxonomic
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Figure 6. Seasonal variation in relative biomass (%) of the main phytoplankton functional groups
inside the reservoir.

3.4. Q Index

The assemblage index (Q index) was applied using the phytoplankton functional groups method.
The factor F weights for each functional group determined by water traits are shown in Table 4.
The water quality varied with season, changing the ecological status of the reservoir from upstream to
downstream. The highest Q index (4.9) occurred in spring, the lowest index (2.1) in the mixing period
in February and the index maintained a good or excellent ecological status from March to September

(3.4-4.9) (Figure 7).
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Figure 7. Ecological status assessment according to the Q index with standard deviation in the Reservoir
in 2014.

4. Discussion

4.1. Effects of Nutrient and Light Availability on Phytoplankton Growth

Seasonal and spatial changes of environmental variables play an important role in determining
physical and chemical conditions, which affect phytoplankton dynamics in this estuary reservoir.
Previous study showed that the reservoir was less eutrophic during the construction period in 2009 with
highest TSI value of 51 and changed to a mesotrophic state TSI during the trial operation period in
2010 [26,40]. It seems that the eutrophic state became better established during the full operation
period in 2014.

In the study, significant decrease of TP both in the estuary and the reservoir in July may be due to
dilution effect resulted from large amount of precipitation in wet season (Figure S2). The reduction of
PO43~ and NOj3"~ indicated that phytoplankton absorption also plays a role. Our results agree with
previous study [27], and Huang et al. mentioned the decrease of TN and TP in the reservoir were
mainly due to biological activity in their study. However, significant correlation between nutrients
and SS (Table 2) indicated that sedimentation processes and mobilization of particulate matters may
also play an important role. Mobilization of upstream sediment attached to SS may transport more
nutrients into the reservoir. Furthermore, TN/TP ratio was used to address nutrients limitation of
algae growth, where N is limiting when TN:TP < 9 and P is limiting when TN:TP > 22 [41]. The ratio is
controversial in determining nutrient limitation due to the hypothesis that ratios are a consequence of
uptake and not drivers of changes in phytoplankton composition [42]. The current results (9 < TN/TP
< 26) confirmed that there were no obvious nutrient limitation tendencies for phytoplankton growth
in the reservoir (Figure S3). However, a previous study suggested that the reservoir is P limited [26].
Compared to that study, TP in the current study was much higher. These results highlight the high
concentration of nutrients in the reservoir and nutrient was not the limiting resource for phytoplankton
growth during the study period.

Other environmental variation revealed by PCA, such as light availability and seasonal gradient,
were more important for phytoplankton growth in the reservoir. Light availability described by the
Zeu/Zmix ratio in the reservoir was very low, but relatively good when compared to the estuary.
Although nutrients level was much lower in the downstream than the upstream, phytoplankton
abundance and Chl a were much higher, indicating that light was a limiting resource in the reservoir.
These results were in accordance with observation in similar aquatic ecosystems [12,18,22], that is,
light availability played an important role in seasonal phytoplankton succession. The seasonal change
and particulate matters in the water column may strongly influenced Zeu value, and consequently
determined light availability for phytoplankton functional groups. This provided useful insights
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into importance of thermal stratification and SS sedimentation on light availability in drinking water
reservoir system. Our findings are in line with other studies [7,18,43] that light availability acting as
limiting factor for functional groups, selecting groups, such as group M (Microcystis spp.) adapted to
high light intensity during summer stratification, and selecting groups, such as group C (Cyclotella
spp.) and Y (Cryptomonas spp.) adapted to low light intensity during winter mixing. These results
highlight the nutrient and light availability, and their balance, can modify community composition
and structure in pelagic communities [44].

The reservoir had highly complex and uneven environmental changes due to the input of fresh
water and salt water during dry season, reservoir specific morphology and long water residence time.
Previous studies [11,12,45] demonstrated that WT was a driving factor determining phytoplankton
composition and distribution in freshwater reservoir. In the current study, WT had a strong influence on
phytoplankton abundance succession, especially for Cyanophyta and Chlorophyta. Cyanophyta prefer
higher temperature, due to their higher optimum growth temperatures. Previous study demonstrated
that WT was significant drivers of seasonal shift in phytoplankton community in drinking water
reservoir [11,46,47]. Furthermore, WT significantly affects thermal stratification, which greatly
influence phytoplankton communities [48]. Bacillariophyta and Chlorophyta dominated the dry
season (November and April) when the water column was mixed, C. meneghiniana, M. granulata,
and Chlorella vulgaris were the dominant species. The results were consistent with other studies [14,18,44]
on fresh water aquatic ecosystem, that is, mixing regime, low light availability and low temperature
were contributed to phytoplankton dynamic during dry season (October to February). In addition,
C. ovata belonging to Cryptophyta was the most abundant species in February, standing within
other studies [18,20] that C. ovata could adapt to high inorganic turbidity. Moreover, dominance
of C. meneghiniana indicated that specific habitant condition selected species that can adapt to high
salinity water, and Wang et al. [49] also found that C. meneghiniana was positively related to salinity.
During wet season, mainly between May and October in this region, relative abundance of Cyanophyta
significantly increased, accounted for 40% of the total abundance, Microcystis and Chroococcus were
the most abundant genus. The results are in line with those of fresh water ecosystems [50-52], that is,
Cyanophyta abundance increased with WT and Zeu in nutrient enrichment system. Strong stratification
during wet season was observed, and species like M. granulata belonging to Bacillariophyta prevailed
this period along with Cyanophyta. These results highlighted the seasonal gradient on phytoplankton
succession in the reservoir.

In Qingcaosha Reservoir, hydrological conditions were very different from Yangtze River estuary,
since water column became stable with long retention time of 15-35 days, the flow rate slowed,
suspended particles started the sedimentation process and a long stratification period occurred,
consequently it became a relative lentic system with improved underwater light conditions. The results
confirmed that hydrological changes in the reservoir led to phytoplankton community construction,
and shaped a relatively good underwater light condition for algae growth compared to the estuary.
Even though hydrological conditions changed for the better, the surface water still formed a mixing
layer and obvious water-column segregation occurred during the stratification period, especially
in summer.

4.2. Response of Phytoplankton Communities and Functional Groups to Environmental Driving Force

In the study, a mixing period occurred in winter and autumn in the reservoir and, importantly,
light availability seems to play an essential role in governing phytoplankton groups. When the
environment is constrained by environmental factors, such as light and P limitation, it is more likely to
be dominated by species with the appropriate adaptations to be able to function. It is believed that
functional groups that can tolerate low light density prevail in this mixing period, for instance group
Y is well adapted to live in lentic ecosystems with low light availability when grazing pressure is
low [20,21]. Medeiros et al. [53] also found that group Y favoured waters with high inorganic turbidity
during a drought period in a semi-arid region. The current results are in line with studies [8,18,24,54]
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that were conducted in Chinese lakes and reservoirs. It seems that group Y dominance can account
for drought seasons, low light and high turbidity in the reservoir. The dominance of group Y also
explained high biomass observed in January (Figure 5b).

The functional group C (C. meneghiniana and A. formosa) co-dominated with group Y was
significantly correlated with a decrease in dissolved nutrients. This is related to the rapid growth rates
coupled to the efficiency of diatoms in competing for nutrients, especially phosphorus. The growth of
these diatoms has been reported for temperate monomictic lakes, associated with pre-stratification
spring conditions [55]. This group favoured eutrophic small sized waterbodies with species such as C.
meneghiniana sensitive to stratification. Wang et al. [49] reported that this group C could adapted to
high salinity, which may better explain the environmental traits in the dry season with high salinity.
Other factors such as dissolved nutrients may regulate the growth of this group. It seems that this group
C also well adapted to mixing and low light availability, depending upon turbulence for suspension.
Thus, group C is relatively sensitive to the depth of mixing and the seasonal onset of near-surface
density stratification [20].

The functional group P started to dominate when thermal stratification began in spring. The group,
characterized by Melosira spp. in our study, usually occurred in a continuous or semi-continuous
mixed layer 2-3 m in thickness. This association can be represented in shallow lakes where the mean
depth is of this order or greater, as well as in the epilimnia of stratified lakes when the mixing criterion
is satisfied [21]. Group P explained environment conditions well in the reservoir with high N and P
concentrations, a continuous mixed layer and strong stratification. Similar with some eutrophic lakes,
groups M (sensitive to water-column stability and low light, characterized by Microcystis spp.) and F
(S. ampla, Selenastrum spp. and W. linearis) co-dominated the phytoplankton community during the
entire summer and reached a high phytoplankton biomass associated with stratification driving forces,
like high temperature, high water-column stability and high nutrient concentrations.

Our study suggested that hydraulic conditions were important in determining phytoplankton
assemblages. The functional groups Tg and Tp (Ulothrix spp. and M. varians) dominated in turbulent
areas, especially in the upstream and midstream where water stability was not as strong as in the
downstream area, with high nutrient availability in the epilimnion contributing to the dominance of
these two functional groups, which show sensitivity to low nutrient levels. Considering that Tg and Tp
were suggested only for rivers they could also be helpful in artificial standing water [21]. It is believed
that part of the reservoir still has the flow traits of the Yangtze River, especially in the upstream and
midstream areas, and the occurrence of these two groups could be useful evidence for our hypotheses.

Typical patterns of phytoplankton succession were found in temperate eutrophic lakes, such
as the PEG Model [56], a model believed that the key factor controlling phytoplankton dynamics
of community and succession in lakes and reservoirs is thermal stratification and developed for
phytoplankton seasonal succession study in a comparative way. In current study results suggested
two biomass peaks (Figure 2f) when denoted as total Chl a: one peak in summer, with taxa belonging
to F and M, and another peak during autumn with colonial taxa, belonging to such functional groups
as Y and P. Our results of phytoplankton succession pattern were similar with other studies [18,22,57]
conducted in Chinese reservoir but different from the PEG model, in which phytoplankton biomass
reached two peaks in spring and summer, respectively.

The assemblage index primarily was established for evaluating the ecological condition of different
kinds of lakes in the European Water Framework Directive (WFD), but due to its extensive versatile
application, the Q index was used to assess this trophic estuarine reservoir. The Q index could be
useful in studying the ecological status in such a system located in an estuary where hydrological
conditions have changed greatly. In the current study, the estuary reservoir had 2.5-13.5 m water
depth and area of 66.27 km?, which was similar to type one from the reference conditions provided
by Padisak et al. [21]. Besides, previous study [39] carried out in reservoir at midstream of Yangtze
river gave us more confidence to choose type one as the reference condition. The Q index was low
in February and October, since the dominance of group Y. Although occurrence of harmful groups
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(Te and M) were observed during summer, the Q index was high due to low relative biomass of
these groups. Consequently, the reservoir showed a good to excellent ecological condition for most
of the year. However, good ecological status does not mean good quality for drinking water source,
and risk of cyanobacterial blooms still exist. Moreover, the Q index is sensitive to species occurrence [7],
its usefulness for water quality assessment need more confirmation.

Although there were limitations related to our research, this reservoir was a new reservoir, not like
other reservoirs such as the Three Gorges reservoir and the Sau Reservoir [7,18,58]. It is believed that
phytoplankton succession patterns and physiochemical processes investigated here are liable to occur
in ecosystems that receive turbid and high nutrient-level water from a river estuary, and the knowledge
here is valuable for other coastal reservoirs.

5. Conclusions

Changes in hydrological conditions provide opportunities for growth of phytoplankton species
and shaping communities that, in turn, reduced the nutrient levels and create diverse phytoplankton
assemblages in this estuary reservoir. The study demonstrated that nutrients were sufficient in the
reservoir, and no obvious nutrients limitation was observed. Sedimentation process, strengthened
by hydrological change, and biological activity were the two main factors accounting for nutrients
reduction. Our phytoplankton analysis revealed a significant increase in phytoplankton biomass
along with significant decrease in nutrient concentration at the midstream and downstream of the
reservoir. Mixing regime, water temperature and light availability were the driving factors controlling
phytoplankton community dynamics and selecting predominant groups. The responses of functional
groups to driving forces confirmed that limiting environment select well-adapted groups with
appropriate adaptation properties, consequently showed a typical pattern of phytoplankton succession
in estuary reservoir. The phytoplankton functional group assemblage index analysis revealed in
this study indicates that the reservoir showed good ecological conditions during most of the study
period. The study confirmed the potential use of the functional groups scheme for phytoplankton,
and provided valuable and complementary information on algal strategies, adaptations and tolerances
to characterize and understand phytoplankton dynamics in estuary reservoirs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/6/1184/s1,
Figure S1: Daily temperature and wind speed variation in Qingcaosha reservoir during our study; Figure S2:
Monthly Precipitation in Qingcaosha reservoir during our study period; Figure S3. Box charts for seasonal
variation of TN/TP ratio and DOC concentration in the reservoir; Figure S4. Seasonal variation of relative biomass
for taxonomic groups in the reservoir; Table S1: Significant Spearman correlations between the abundance of three
taxonomic groups and 13 environmental variables in the reservoir (n = 110); Table S2: List of the phytoplankton
species identified during our study period.
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