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Abstract — In this study, use survival strategies of phytoplankton functional groups to environmental
factors in a drinking water reservoir. Survival strategies of phytoplankton in drinking water reservoirs were
rarely analysed. Dynamics and survival strategies of phytoplankton community in Zhushugiao Reservoir
(Changsha, China) were studied bimonthly from April 2016 to February 2017 to fill this gap. In spring,
species of CRS-strategy that adapted to low water temperature, light, and nutrient dominated. There were
small individuals of opportunistic colonists of C-strategy observed before stratification. With the increase of
nutrient and water temperature in summer, slightly bigger, disturbance-tolerant species of R-strategy and
species of CS-strategy that adapted to stratification dominated. In winter, some species adapted to low water
temperature, which were R-strategists. Key factors driven seasonal phytoplankton succession were water
temperature, total phosphorus, and dissolved inorganic nitrogen. Attention should be paid to potential
threats from algal bloom species with C-strategy, and future longer-term monitoring of the system and its

surrounding watersheds is greatly needed.
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1 Introduction

Phytoplankton in aquatic ecosystems is crucial as it
accounts for half of the primary production of the earth
(Arrigo, 2005; Kruk and Segura, 2012). Phytoplankton species
in different aquatic ecosystems may have similar ecological
roles, and show similar seasonal responses to environmental
changes (Salmaso et al., 2014). Biomass and composition of
phytoplankton species are important components that can
affect phytoplankton community structures (Sandgren, 1988,
Santos and Calijuri, 1998). Phytoplankton community
structures in aquatic ecosystems are consequences of
interactions between the life cycle of species and natural
selections (Alvesdesouza et al., 2008).
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An approach to studying phytoplankton communities is by
defining phytoplankton functional groups, which are based on
phytoplankton ecological characteristics and growth strategies.
Functional groups include species that have similar physio-
logy, morphology, and ecology, and frequently coexist. The
functional groups were based on morphological, physiological,
and ecological attributes similarities of species, and a total of
38 functional groups were classified with different codes
(Reynolds et al., 2002; Padisak et al., 2009). Moreover, the
concept of functional groups has been widely applied to both
freshwater (Hambright and Zohary, 2000; Kruk et al., 2002;
Alvesdesouza et al., 2006, 2008; Hu et al., 2015) and marine
phytoplankton (Smayda and Reynolds, 2001, 2003; Crossetti
and Bicudo, 2008) studies.

Phytoplankton r and K selections have been reported in
many studies, including Margalef (1978), Sommer (1981),
Carney and Goldman (1988), and Arauzo and Cobelas (1994).
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Based on the r and K selection for terrestrial plants (Grime,
1979) and functional groups were classified, Reynolds et al.
(2002) proposed a classification approach of C-R-S strategists
for freshwater phytoplankton. The functional groups were
classified first and then the C-R-S growth strategies were
classified for each functional group. C-R-S strategists
considered functional groups’ sensitivity, tolerance and
utilization of limited resources (Reynolds ef al., 2002; Padisak
et al., 2009; Salmaso et al., 2014) and main environmental
constraints. The C-R-S growth strategies are as follows:
C-strategists refer to competitive species with both low
intensity of disturbance and low grazing stress. S-strategists
are stress-tolerant species, and they adapt to low disturbance
but high stress. R-strategists are disturbance-tolerant species,
which are dominant in lakes with high disturbance but low
stress (Reynolds, 1988, 1996).

Based on the difference of functional traits, phytoplankton
species, assemblages, and communities are classified accor-
ding to their different responses to environmental conditions,
including their resource-obtaining methods and survival
strategies under stress (e.g., precipitation and grazing)
(Margalef, 1978; Scheffer et al., 1997, 2003; Naselli-Flores
et al., 2007). Therefore, habitat templates and growth
strategies for different functional groups could be established
through their traits and environment (Reynolds et al., 2002;
Salmaso and Padisak, 2007).

Most of previous studies were conducted in shallower
reservoirs (e.g., Crossetti and Bicudo, 2008; Hu et al., 2015)
or marine systems (e.g., Smayda and Reynolds, 2003;
Alvesdesouza et al., 2008) while few focusing on spatial
and temporal variations of phytoplankton growth strategies in
deep drinking water reservoirs. Partly because of shallower
water bodies, most previous studies did not consider different
layers of the entire water column (e.g., Arauzo and Cobelas,
1994; Santos and Calijuri, 1998; Hu et al., 2015). In addition to
seasonal succession of dynamic changes of phytoplankton
communities, vertical distributions of phytoplankton and
environmental factors in water are closely related to
morphological and physiological properties of phytoplankton,
and their survival strategies (Reynolds, 1987; Santos and
Calijuri, 1998). Different phytoplankton species sharing
similar morphological and physiological adaptations also
share similar ecological growth and survival strategies
(Reynolds, 1987; Smayda and Reynolds, 2003; Salmaso
et al., 2014). In this study, we studied phytoplankton survival
strategies and environmental conditions in the Zhushugiao
reservoir to (1) detect Spatial and temporal dynamics
characteristics of phytoplankton survival strategies (C-S-R),
(2) we expected variability in survival strategies (C-S-R) of
phytoplankton to be driven by the physical factors, and (3)
assess quantitative relationships between phytoplankton
survival strategies and environment, which may help for
future reservoir management.

2 Materials and methods
2.1 Study site

Zhushugiao reservoir is one of the main sources of drinking
water for the city of Changsha, capital of Hunan province,
central China. It was developed from damming a tributary of
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Fig. 1. Location of Zhushuqgiao Reservoir and the sampling sites.

the Xiang River (27.5°-28.5°N, 113°—115° E) in Liuyang city
(Fig. 1). It has a watershed area of 564 km? and a volume of
2.7x 10° m’. The reservoir has a mean depth of 25m
(Maximum depth of 65m). The local climate is subtropical
monsoon, seasonal changes are very pronounced, with an
annual mean air temperature of 17.5°C and annual average
precipitation of 1601mm, Yang (2008).

2.2 Sampling of abiotic and biotic variables

A total of five sampling sites were set up from upstream to
downstream along the Zhushugiao reservoir. Stratified water
sampling for abiotic and biotic variables was conducted
bimonthly in the entire water column from the surface at 0.5 m
layer to the bottom, from April 2016 to February 2017. The
water depth was around 12m in sites 1 and 2, which were
sampled at an interval of 3 m. The water depths were around
30m, 40 m and 50 m in sites 3, 4 and 5, respectively, and these
sites were sampled at an interval of 5m.

The phytoplankton sampling was determined using
specifications for freshwater plankton surveys SC/T 9402-2010
in china. Qualitative phytoplankton samples were collected by
passing through a #25 plankton net (pore size =0.064 mm) into
100 ml brown plastic sampling bottles. Quantitative phyto-
plankton samples were collected by a cylindrical sampler and
filled into 1L brown plastic sampling bottles. All collected
samples were fixed with formalin (3—5%) and Lugol’s solution in
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Table 1. Phytoplankton functional groups and their growth
strategies.

Survival Functional Genus included
strategists groups in the group
X1 Chlorella sp.
C X2 Chlamydomonas sp.
C Aulacoseira ambigua
D Synedra sp.
R P Staurastrum sp.
S1 Pseudanabaena sp.
T Quadrigula sp.
Lo Peridinium sp.
S M Microcystis sp.
J Crucigenia sp.
CR MP Cymbella sp.
F QOocystis sp.
cs G Pandorina morum
\\a! Euglena sp.
R/CS w2 Trachelomonas sp.
CRS Y Cryptomonas sp.

the field. In the laboratory, the quantitative samples were settled
48-72 h, and the supernatant from each sample was siphoned off
and the residual was concentrated into 50 ml after sedimentation.
Afterathorough mixing ofthe 50 ml concentrated sample, 0.1 ml
of the sample was identified and counted in a phytoplankton
counting chamber under a direct microscope (Nikon E100) by
following Hu and Wei (2006). The phytoplankton was counted
by the random field method where at least 400 units in each
sample were counted. Phytoplankton biomass was calculated
using phytoplankton density and biovolumes (Sun ef al., 1999;
Hillebrand et al., 1999). Phytoplankton C-R-S strategists were
assessed by following Reynolds (1997). Phytoplankton func-
tional groups were following Reynolds ez al. (2002) and Padisak
et al. (2009) (Tab. 1).

Water temperature (WT, °C), dissolved oxygen (DO,
mg L"), and pH were measured in situ using a portable YSI
(6600V2) probe. Illumination intensity (II) was measured
by an illuminometer under water. Water transparency depth
(SD, m) was measured using a Secchi disk. Laboratory
analysis of physical and chemical variables of water was
performed following standard methods for water quality
analysis GB3838-2002, including total nitrogen (TN, mg L"),
ammonium (NH,4-N, mg L*I), nitrite (NO,-N, mg L*I), nitrate
(NO5s-N, mg L"), total phosphorus (TP, mg L"), dissolved
inorganic phos]phoms (PO4-P, mg L") and chlorophyll a
(Chl-@, mg L™").

2.3 Phytoplankton data and statistical analyses

The relationships between environmental variables and the
phytoplankton functional groups were tested using Pearson’s
correlation in R by vegan package. RDA (redundancy analysis)
of the relationship between environmental factors and
phytoplankton C-R-S strategies in Zhushugiao reservoir was
conducted in CANOCO 4.5. A detrended correspondence

analysis (DCA) was first run to test whether the gradient fitted
in linear, which directed us to use a redundancy analysis
(RDA). The RDA was conducted to detect relationships
between environmental factors and phytoplankton survival
strategies in Zhushuqgiao reservoir, to determine the main
environmental factors affecting phytoplankton survival strate-
gies variations. For the RDA, the data of environmental factors
(except pH) and phytoplankton C-R-S strategies were log
(x + 1)-transformed to reduce skewness, the RDA was tested
using a Monte Carlo permutation test and considering a
significant P-level of 0.05.

Finally, we used Nonmetric Multidimensional Scaling
(NMDS) to analyze the spatial and temporal dynamics of
phytoplankton assemblages’ dissimilarity in different sites
(Bray and Curtis, 1957; Salmaso, 1996). A total of 7
phytoplankton survival strategies included in the analysis.
The Bray-Curtis dissimilarity was used as the distance metric.
Stress values were used to measure the goodness of fit of
NMDS analysis results: stress <0.05 is excellent, stress <0.1
is good, stress <0.2 is common, and stress >0.3 is poor and the
NMDS analysis should consider adding the number of
ordination axes (Kruskal, 1964). This was computed on a
two-way permutational multivariate analysis of variance in R
by the vegan package.

3 Results

3.1 Abiotic variables

Descriptive analyses of abiotic variables are given in
Table 2, Figures 2 and 3. Regarding temperature and
[llumination intensity followed the seasonal distribution,
while pH did not show any seasonal tendency (Tab. 2). The
five sampling stations in Zhushugqiao reservoir were consi-
dered significantly different only SD (»p < 0.05). The water
temperature ranged from 12.6 °C to 33.7 °C, with an average of
21.2°C. Both water temperature and illumination intensity
decreased from surface to bottom. Surface water temperature
exceeded 25°C from June to October. There was thermal
stratification in water (reaching 25m depth) from April to
August (Fig. 2). SD ranged from 1.6 to 2.6 m (average of
2.04 m), the higher value was recorded in August and October.
pH ranged from 6.8 to 8.2 (average of 7.5), the higher values
were recorded in August and February, and the lower values
were recorded in October and December (Tab. 2, Fig. 2).

Concentrations of TP ranged from 0.01 to 0.15mgL ™",
with a mean value of 0.04mgL™". Concentrations of SRP
(soluble reactive phosphorus) were very low, almost undetec-
table. Concentrations of TN ranged between 0.05 and
3.94mgL~", and the main composition of DIN (dissolved
inorganic nitrogen) was NO3-N. The TP and TN concen-
trations showed peaks in the wet season (August and March)
and their lower concentrations were observed at the end of dry
season (December) (Table 2, Fig. 3a, 3b).

3.2 Biotic variables

Average biomass and density were the highest in August,
while decreased from October 2016 to February 2017. The
quantity of phytoplankton in surface water was large, but it
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Table 2. Mean, interval (minimum and maximum) and standard deviation values of limnological variables (n = 12) at the five sampling stations

in Zhushugiao reservior.

S1 S2 S3

Mean Interval SD Mean Interval SD Mean Interval SD
TN (mg- L*I) 2.06 0.59-3.94 1.03 1.72 0.09-3.65 1.01 1.68 0.08-3.68 1.04
TP (rng~L_1) 0.05 0.02-0.25 0.05 0.04 0.01-0.11 0.03 0.04 0.01-0.12 0.03
PO, (mg-Lfl) 0.01 0-0.02 0.01 0.01 0-0.01 0.00 0.01 0.00-0.02 0.00
NH4-N (mg- Lfl) 0.03 0-0.10 0.02 0.03 0-0.10 0.03 0.03 0-0.09 0.03
NOs-N (mg- LY 0.37 0.01-0.76 0.23 0.32 0.01-0.65 0.18 0.38 0.06-0.76 0.18
NO,-N (mg- Lfl) 0.03 0-0.13 0.04 0.03 0-0.13 0.04 0.03 0-0.17 0.05
Chl.a (pdg-Lfl) 18.09 2.06-48.04 15.05 20.90 4.17-65.90 16.50 16.08 2.65-46.30 11.82
WT (°C) 22.20 13.40-32.10 5.84 22.31 13.30-32.90 5.61 21.26 12.60-33.40 6.25
DO (mg-Lfl) 2.76 1.85-3.88 0.59 2.48 0.61-3.8 0.75 2.99 1.12-14.07 1.99
pH 7.36 6.61-9.05 0.62 7.61 6.54-9.48 0.90 7.62 6.58-9.23 0.80
Illumination intensity 1123.81  0-14630 273542 1290.68 0-16740 3276.31 1007.55 0-12110 2531.98
SD (m) 1.71 0.9-2.2 0.46 1.63 0.70-2.40 0.54 2.31 1.70-2.70 0.36

S4 S5

Mean Interval SD Mean Interval SD
TN (mg- Lfl) 1.65 0.26-3.89 1.15 1.71 0.05-4.05 1.07
TP (mg-L_l) 0.04 0.01-0.14 0.03 0.04 0-0.15 0.03
PO, (mg-Lfl) 0.01 0-0.02 0.00 0.01 0-0.02 0.00
NH4-N (mg- Lfl) 0.03 0-0.07 0.02 0.03 0.01-0.07 0.01
NOs-N (mg- L™ 0.39 0.10-0.72 0.15 0.38 0.10-0.55 0.12
NO,-N (mg- Lfl) 0.03 0-0.16 0.05 0.04 0-0.20 0.06
Chl.a (pdg-Lfl) 19.74 3-45.75 12.91 18.88 1.78-44.50 12.35
WT (°C) 20.77 12.8-33.3 5.70 20.55 12.8-33.70 5.74
DO (mg-Lfl) 2.65 0.96-4.49 0.85 2.51 0.88-4.13 0.86
pH 7.68 6.57-9.872 0.86 7.43 6.17-9.232 0.67
Illumination intensity (Lux) 1029.76 0-21500 3708.11 467.02 0-6100.00 1340.41
SD (m) 2.15 1.70-2.8 0.44 2.49 1.70-3.20 0.59

gradually reduced with the increase of water depth. Density
and biomass of phytoplankton from surface to 10 m water layer
were higher than other layers at the beginning of this study
period.

Concentrations of biomass were similar at all sampling
points, the minimum at 25 m of Site 5 in December 2016 and
the maximum at 3m of Site 2 in February 2017 (Fig. 4).
Cryptophyta were the maximum biomass group before and
after spring (February and April). This group was mainly
dominated by Cryptomonas sp. Moving to June, the
dominance shifted to Bacillariophyta and Pyrrophyta species
by Synedra and Ceratium hirundinella. During August,
Chlorophyta reached high biomass, accounting for 64% of
the total biomass, with seasonal peaks of 5mg L™, and a mean
value of 1.96mgL~". Pyrrophyta, Chlorophyta, Bacillario-
phyta, accounted for 85% of the total biomass in October.
Bacillariophyta, Cryptophyta, and Chlorophyta accounted for
96% of the total biomass in winter (December). Concentrations
of chlorophyll a were different at all Periods, Chl-a
concentrations varied largely (1.8-65.9 wgL™ "), peaked from
June to August, and in February, with mean concentrations of
36,26 and 25 wg L™, respectively. The lowest Chl-a value was
observed in April. At the end of the dry season (October and
December), the mean concentration of Chl-a was 12 and
7ugL™!, respectively (Tab. 2, Fig. 4). Regarding biomass

and chlorophyll a, no significant difference was found
(»p > 0.01) among the all sampling sites.

3.3 Temporal and spatial variations of CRS-survival
strategists

Phytoplankton seasonal succession in the Zhushugqiao
reservoir followed the sequence of X2+Y+F+Lo — Lo+D —
F+P — F+Lo — C+Y+X2 — Y+X2+Lo, which showed
characteristics of the cycle of dominant species. The
phytoplankton functional group classification in this paper
has been published in another paper by the authors (Huang,
2019). The spatial and temporal changes of phytoplankton
survival strategies in the five sampling points were reflected in
Figures 5 and 6.

In this paper the survival strategies change characteristics
of dominant functional groups in the whole year as follows:
C/CRS/CS strategists (April, Chlamydomonas sp., Cryptomonas sp.,
Oocystis sp.) — R/S strategists (June, Synedra sp., Peridinium sp.)
— CS/R/S strategists (August, Oocystis, Staurastrum sp.,
Peridinium sp., Synedra sp.) — S/CS strategists (October,
Peridinium sp., Oocystis sp.) — R/CRS strategists (December,
Aulacoseira ambigua, Cryptomonas sp.) — S/CRS/C strategists
(February, Peridinium, Cryptomonas sp., Chlamydomonas sp.).
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Fig. 2. Mean values of water temperature, SD and pH from April 2016 to February 2017 in Zhushugiao reservoir.

Regarding survival strategists, no significant difference was found
(p > 0.01) among the five sampling sites.

The spatial and temporal changes of survival strategists in
five sampling sites were no significant difference in each
period. Overall vertical changes of survival strategies were
greater in the upstream (S1 and S2) than the downstream
(Fig. 6). The ordination of phytoplankton community based on
survival strategies were presented in Figure 7. Similarity was
smaller in April, December and February compared with other
time periods. Overall, phytoplankton seasonal dynamic
changes had high similarities in sites 3, 4 and 5, and the
highest similarity among the 5 sites was in both August and
December.

Sites 1, 3 and 5 had a high similarity in April 2016 (Fig. 7),
the dominant growth strategies changed frequently at 10 m in
sites 1 and 2, and the same pattern was observed for the 20 m in
site 3. C-strategists and R-strategies were dominant at all
depths, and CRS-strategists were dominant at all depths in site
1 and at the middle to bottom layers in sites 2 and 3 (Fig. 6a).
The dominant species recorded in April showed morphological
features of survival strategists, such as unicellular flagellates of

functional group of Y (Cryptomonas sp., CRS-strategists),
X2 (Chlamydomonas sp., C-strategists) and Lo (Peridinium
sp., S-strategists), colonial non-flagellated of F (Oocystis sp.,
CS-strategists).

In June, a large vertical change of growth strategies was
observed in site 1, while the water layer above 5m changed
frequently in other sites. A new dominant phytoplankton
assembly in June that included a unicellular non-flagellated of
functional group of D (Synedra sp., R-strategists), R-strategists
were dominant at all depths (Fig. 6b). The colonial non-
flagellated of F (Oocystis sp., CS-strategists) and additional
component a large sized unicellular flagellated of Lo
(Peridinium sp., S-strategists) were recorded. The maximum
percentage of total biomass was Lo in sites 1 and 2, and F was
also dominant in site 1. Sites 3 and 4 had a high similarity
(Fig. 7), D was dominant in sites 3, 4 and 5, and it contributed
to 80% of total biomass in site 5.

Sites 3, 4 and 5 had high similarities in both August and
October 2016 with CS-strategies and R-strategies (Fig. 7).
Chlorophyta was dominant in August, R/S/CS-strategists were
dominant in all sites, while the colonial non-flagellated of F
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Fig. 4. Mean values of biomass and Chl.a from April 2016 to February 2017 in Zhushugqiao reservoir.

(Oocystis sp., CS-strategists) and D (Synedra sp., R-strategists), 5,20 and 30m insite 5. C-strategists were also dominant in site 5
unicellular non-flagellated of P (Staurastrum sp., R-strategists),  (Fig. 6c).

unicellular flagellated of Lo (Peridinium sp., S-strategists) In October, a large sized unicellular flagellated of Lo
were the dominant species. CRS-strategists were dominant at  (Peridinium sp., S-strategists) were dominant in sites 1 to 4.
25-30m in site 3, at the middle water layer in site 4, and at the A colonial non-flagellated of F (Oocystis sp., CS-strategists)
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Fig. 5. The relative biomass of phytoplanton growth strategies in Zhushugqiao reservoir.

and unicellular flagellates of Y (Cryptomonas sp., CRS-
strategists) had high biomass in sites 3, 4 and 5 (Fig. 6d).
During December, sites 4 and 5 had a high similarity in
December 2016 with CR-strategies (Fig. 7); non-flagellated of
functional group of C (dulacoseira ambigua, R-strategists)
was dominant in all sites, followed by unicellular flagellates
of Y (Cryptomonas sp., CRS-strategists). F (Oocystis sp.,
CS-strategists) was dominant in sites 3 and 4 (Fig. 6e).
Sites 3, 4 and 5 had a high similarity in February, with
similar survival strategies as in April (Fig. 7). Unicellular
flagellates of Y (Cryptomonas sp., CRS-strategists) was
dominant in site 1, Lo (Peridinium sp., S-strategists) was
dominant in sites 2, 3 and 4. F (Oocystis sp., CS-strategists)
was dominant in site 5. The dominant growth strategies
changed frequently at 0.5m in sites 2, 3, 4 and 5 (Fig. 6f).

3.4 RDA of phytoplankton growth strategies and
environmental factors

There were 11 environmental factors (TP, TN, NOs-N,
NO,-N, NH4-N, PO4-P, WT, DO, pH, SD, COD) and 7
phytoplankton growth strategies showed in the RDA. The
ordination along axis 1 was statistically significant with an
eigenvalue of 0.897. A total of 94.1% of the cumulative
variance in species distribution was explained by the first two
axes. The most effective explanatory factors were WT and
DIN, both played a significant role in the seasonal succession
of phytoplankton functional groups. Regarding phytoplankton
growth strategies of CR, R and CS were located near to water
temperature, PO4-P and SD in June and August. S-strategists
were positively correlated with TP, TN, NO,-N, COD and pH
in October. C-strategists were positively correlated with TN,
DIN (NO,-N, NHy4-N, NO;-N), TP, COD and pH in April,
October and February. The phytoplankton growth strategies
of CRS and R/CS were positively correlated with TN, DIN
(NO,-N, NH4-N, NO5-N), TP, COD and pH in October. In
addition, DO was far away from the phytoplankton growth
strategies appeared at the top right of the diagram (Fig. 8).

4 Discussion

Due to the stratification effect of deep water reservoirs, the
water environment will change in different seasons and at
different depths, it is inadequate to study the variation of
phytoplankton in the whole reservoir only in the surface water.
This study through the analysis of the spatial and temporal
changes of water environment and phytoplankton, it is
concluded that the seasonal succession of dominant phyto-
plankton functional groups in Zhushugqiao reservoir was cyclic.
The reason is that the seasonal dynamic characteristics of
phytoplankton assemblages are often very typical and
predictable from one year to the other in temperate regions
(George et al., 2000; Salmaso and Padisak, 2007; Sommer
etal.,2015). It is closely related to water depth, eutrophication
and thermal stratification, and the most obvious one is the
phytoplankton in the development of thermal stratification
structure (Reynolds, 1999, 2006).

The vertical spatial dynamic variation of phytoplankton
showed that the changes of dominant functional groups in each
water layer were small at the same site. NMDS ordinations
clearly showed that two adjacent sites had strong similarity,
and the phytoplankton seasonal dynamic changes in sites 3, 4
and 5 had a high similarity in Zhushugiao reservoir. The
possible reason could be the similar hydrodynamics in two
adjacent sites. The difference of phytoplankton in site 1 from
others could be related to its geographical location and
surrounding human disturbance. Hydrology was easily
affected by human disturbance, and precipitation could be
another important potential environmental driver (Melack,
1979; Lauri et al., 2012). Water depths in the upstream
sampling sites were shallower than downstream, the water
flowed faster, and its related human disturbance was larger
than the downstream sites. These could explain the large
vertical variations of phytoplankton in the upstream sites.
C-strategist of X2 (Chlamydomonas), CRS-strategist of
Y (Cryptomonas), and S-strategist of Lo (Peridinium) could
adapt to light deficient condition and the swimming ability
allowed them to explore various resources in restricted areas
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Fig. 6. The vertical variation of biomass and phytoplankton growth strategies.

(Gasol et al., 1993; Reynolds and Irish, 1997; Giroldo and
Vieira, 1999; Kruk et al., 2002; Reynolds, 2006). That could
also explain that C-strategist and CRS-strategist were
co-dominant in Site 1.

Seasonal succession of phytoplankton community is a
complicated process that depends on a comprehensive effect of
nutrient, disturbance patterns, water-retaining and regulating
of reservoir, and sudden weather changes or other factors
(Padisak et al., 2003). In the current study, we found key

environmental factors were water temperature, SD, PO4-P, pH,
TP, and DIN (P < 0.01). Water temperature is an important
factor for seasonal changes of phytoplankton in previous
studies (e.g., Padisak et al., 2003; Salmaso and Zignin, 2010).
The development of diatoms in hot early summer (June) and
low temperature winter (December) were observed in
Zhushugiao reservoir. The dominant species of Chlorophyta
and Pyrrophyta of functional groups F, P and Lo were prefered
in the high temperature of summer and autumn_while species
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Fig. 8. Redundancy analysis of phytoplankton of C-R-S survival
strategies related to environmental factors.

of Chlorophyta, Cryptophyta and Pyrrophyta with groups X2,
F, Y, and Lo during the mild of spring (February and April)
were dominated.

The ratio of N/P is used for assessing nutrient limitations
on phytoplankton growth (Becker ef al., 2010). Our results
showed that phosphorus was a limiting factor for total biomass
of phytoplankton. The functional group of Y was dominant in
the long period because it was significantly influenced by TP
and DIN, as CRS-strategist was sensitive to phosphorus
concentrations (Padisék ez al., 2009). They are able to absorb

phosphorus rapidly and gain fast growth (Albay and Akgaalan,
2003). Higher concentration of TN and TP during the summer
periods along with R-strategist (functional groups of D and P)
and S-strategist (Lo) indicated that the reservoir was in
eutrophic conditions. In another study, Yang (2008) showed
the growth of phytoplankton biomass responded to the increase
concentration of N and P in Zhushuqiao reservoir. The
C-strategist of group X2, dominated from winter to spring, had
significantly positive relationships with DIN and TP but
negative relationships with SD in this study. Usually, group X2
species are suited to exploit resource-saturated environments
(Reynolds, 1987). X2 are sensitive to mixing and filter-feeding
grazers (Reynolds et al., 2002; Padisék et al., 2009), and they
were dominant in spring, and became less dominant during the
summer and autumn. Increased grazing pressure from
zooplankton (such as Daphnia) in summer and autumn could
be one of the reasons for its reduction (Wang et al., 2011;
Xiao et al., 2011). Group F were negatively correlated with TP
(P < 0.005) and positively correlated with PO4-P and
illumination intensity (P < 0.001) in this study, it has a wide
adaptability to certain advantages of seasonal succession,
especially, in August and October as thermal stratification
proceeds. Epilimnion is often found having some dominant
species, these species have the characteristics of rapid
propagation, opportunist and neutrally buoyant, such as
Oocystis of CS-strategist (Reynolds et al., 2002; Reynolds,
2006). This could also explain that group Lo, a nutrient stress
tolerant of S-strategist species dominated the presence of K-
selected (Reynolds, 1996). Large dinoflagellates, represented
by the motile Peridinium, had greater biomass of species with
high cell volumes in every stage, and usually found in
stratification periods in mesotrophic lakes (Reynolds e? al.,
2002; Padisak et al., 2009). S-strategist are competitors, they
can become dominant with abundant nutrients and energy, and
the presence of flagella is helpful for them to obtain more
nutrients from the deep layer (Borics et al., 2005; Lopes et al.,
2005). Lo are often dominant in summer and autumn
(Padisék et al., 2003; Wang et al., 2011), and these two
periods share some similar environmental conditions, such as
water temperature, stratification of water column, and nutrients
(Huszar et al., 2003). The storm and shorter water retention
time does not ensure cell division of Peridinium circyum in
unstable condition (Pollingher and Zemel, 1981; Xiao et al.,
2011).

In this study, the dominance of R-strategist (D and P) was
found in June, which was consistent with some previous
studies (Moreno-Ostos et al., 2008; Padisak et al., 2003). The
representative of D is Synedra, which has flushing tolerances.
Group D was negatively correlated with TN (P < 0.001) and
DIN (P < 0.005), and positively correlated with TP and water
temperature (P < 0.001) in this study period. Increased
temperatures, light intensity and nutrient concentration of
phosphorus, and beginning of stratification in early summer
made group D predominant. Group P had greater biomass of
species Staurastrum with high cell volumes, its habitat
template at higher trophic states water body (Padisék et al.,
2009) and in the epilimnion of stratification lakes when the
water mixing was satisfied (Padisak et al., 2009). Increased
temperature (P < 0.005) and PO4-P (P < 0.001) were major
driving factor reason for group P predominant. Several
potential points could account for this. Firstly, group D and P
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fell into the same category of R-strategists, they were elongate
and large dimensions in shape, and they had the ability to
capture light energy under high mixing and nutrient conditions
(Alvesdesouza et al., 2008). Secondly, R-strategist species had
the ability of drifting in the mixing water layer, tolerating
disturbance and reconciling or accommodating strategists
(Smayda and Reynolds, 2003). Thirdly, most species of
phytoplankton preferred summer when more light penetration
and higher temperatures were available (Wilk-Wozniak and
Zurek, 2006). The lower temperatures reduced phytoplankton
swimming speed (Heaney and Eppley, 1981).

CR-strategist of group C (Aulacoseira ambigua) was
favorable in winter. Group C was dominant only during the
winter in this reservoir when the temperature and nutrition
concentration were the lowest, which prefers to R-strategist in
Zhushugqiao reservoir. In this study, group C was significantly
negative related with water temperature, nitrogen and
phosphorus. This could explain that the temperature is an
important ecological factor as low temperatures are favorable
for some diatoms species during winter (Moreno-Ostos et al.,
2008). Diatoms have a wide range of temperature tolerance
(Wilk-Wozniak and Zurek, 2006), and their advantage was
showed when water temperature below 18°C (Silva et al.,
2005). Group C was favorable in low water temperature, low
light and mixing conditions (Lopes ef al., 2005, Tolotti et al.,
2007; Stevic et al., 2013), which could be beneficial for them to
compete with other functional groups in winter (Wang et al.,
2011). Group C were adapted to low light availability and
sensitive to stratification (Padisék et al., 2003).

Overall, different survival strategists of dominant species
were presented in every season. On one hand, it was not one
single strategist; instead, there were two or more strategists to
adapt to environment changes, in order to live in different
periods. On the other hand, the different dominant species or
community had coexistence mechanisms of performing
complementary strategies during the same period. Therefore,
in spring, stress-tolerant and disturbance-tolerant species of
CRS-strategist were dominant, they adapted to low tempera-
ture, light and nutrient. Small individual of opportunistic
colonists of C-strategist were dominant before the stratifica-
tion. With the increase of nutrient and the rise of temperature,
slightly bigger, disturbance-tolerant species of R-strategist
and those adapted to stratification and stress-tolerant species of
CS-strategy were dominant. During the winter, some species
(i.e., the R-strategists) adapted to low temperature were
dominant in the Zhushugiao reservoir.

5 Conclusions

1 In this study, phytoplankton functional groups seasonal
succession followed the sequence of X2+Y+F+Lo —
Lo+D— F+P — F+Lo— C4+Y+X2— Y+X2+Lo.
Corresponding growth strategies were as follows:
C+CRS+CS+S— S4+R— CS+R— CS+S— CR+CRS+
C— CRS+C+S. Seasonal succession showed cyclical
changes in phytoplankton assemblages, and two adjacent
sites had strong similarities.

2 Water temperature, pH, TP and DIN were key factors in the
selection of phytoplankton functional groups of growth
strategies succession, water temperature were likely to be

the critical factors affecting phytoplankton communities in
later spring to summer.

3 In the Zhushugqiao reservoir, we may need to pay more
attention to high water temperature, the number of
phytoplankton that increased dramatically, such as
Synedra, Cryptophyta, and Peridinium, which could have
the potential to form blooms.
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