J. Limnol., 2013; 72(3): 430-439
DOI: 10.4081/jlimnol.2013.e35

Effect of intensive epilimnetic withdrawal on the phytoplankton in a
(sub)tropical deep reservoir

Man ZHANG,'? Qiu-Qi LIN,' Li-Juan XIAO,' Sheng WANG,? Xin QIAN,? Bo-Ping HAN'"

"Department of Ecology and Institute of Hydrobiology, Jinan University, Guangzhou 510632; 2College of Fisheries, Henan Normal
University, Xinxiang 453007; 3State Key Laboratory of Pollution Control and Resources Reuse, School of the Environment, Nanjing
University, Nanjing 210093, China

*Corresponding author: tbphan@126.com; tbphan@jnu.edu.cn

ABSTRACT

Withdrawal is an important process in reservoir hydrodynamics, removing phytoplankton with flushed water. Zooplankton, the graz-
ers of phytoplankton, having longer generation times, are even more susceptible than phytoplankton to flushing loss, therefore phyto-
plankton are affected not only by abiotic conditions linked to hydrodynamics but also by zooplankton due to weakened grazing pressure.
During the Asian Games (November 12-27, 2010 in Guangzhou, China), two intensive epilimnetic withdrawals were conducted in Li-
uxihe, a deep canyon-shaped reservoir. To examine the influence of the intensive epilimnetic withdrawals on the phytoplankton com-
munity, a seven-week field observation and a hydrodynamic simulation were carried out. The observation was divided in two stages:
stage 1 represented partial surface vertical mixing period, and stage 2 represented intensive epilimnetic withdrawal period. It was
found that phytoplankton abundance and biomass declined with water temperature and partial surface vertical mixing in stage 1. How-
ever, the intensive epilimnetic withdrawal reversed this decreasing trend and increased phytoplankton biomass and abundance in stage
2. Phytoplankton showed a higher rate of composition change in stage 2. A numerical model (DYRESM-CAEDYM) simulated scenarios
with and without epilimnetic withdrawal to test their effects on abiotic factors (water temperature, suspended sediment and soluble re-
active phosphorus) for phytoplankton. The results showed no obvious difference in the abiotic factors between the two scenarios during
stage 2. We therefore suggested that the abiotic factors in the water column were probably driven by a seasonal pattern, not by epilimnetic
withdrawal. It is likely that the intensive epilimnetic withdrawal could remove large crustaceans. The reduced grazing pressure probably
explained the increase of phytoplankton biomass and abundance after the withdrawal. Thus, we suggest that reservoir operation should
pay more attention to grazing from large crustaceans. It is recommended that, in the management of reservoirs, intensive epilimnetic
withdrawal during autumn should be avoided in order to control excessive phytoplankton in the tropics and subtropics.
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INTRODUCTION that surface withdrawal was unsuccessful in controlling
phytoplankton biomass. Compared to phytoplankton, zoo-
plankton with longer generation times are more suscepti-
ble to flushing loss (Pace ef al., 1992). Under an
intermediate flushing rate, zooplankton rather than phy-
toplankton are suppressed and their grazing effect is lim-
ited, which may result in an increase in phytoplankton
abundance and biomass. Therefore the effects of the epil-
imnetic withdrawal on the phytoplankton vary not only
with flushing loss, but also with their interaction with zoo-
plankton.

Alternatively, epilimnetic withdrawal could affect
phytoplankton by modifying the profiles of water temper-
ature, nutrients and underwater light climate (Naselli-Flo-

The biomass and species composition of the phyto-
plankton community are of fundamental importance for
aquatic system metabolism. Factors structuring the phy-
toplankton are chemical (nutrients, particularly phospho-
rus), physical (temperature, underwater light climate) and
biological (grazing, competition). They are regulated by
hydrodynamics, especially in reservoirs (Han et al., 2000;
Calijuri et al., 2002; Burford et al., 2012). Epilimnetic
withdrawal is an important process that affects hydrody-
namics in reservoirs (Hamilton and Schladow, 1997; Cal-
iskan and Elgi, 2009; Wang et al., 2012a). The mixing
regime and distributions of biota are sensitive to the depth

and dynamics of epilimnetic withdrawal.

Epilimnetic withdrawal is capable of removing large
amounts of phytoplankton and zooplankton from water
bodies with high flushing rates during the periods of high
discharge. However, the extent of removal depends on the
flushing rate. For example, Barbiero et al. (1997) found
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res and Barone, 2005; Cheng and Kao, 2008; Chien et al.,
2009). Epilimnetic withdrawal directly removes warm
surface water and preserves cool and dense hypolimnetic
water. Such an operation permits a hypolimnetic accumu-
lation of phosphorus (Cooke et al., 1993; Barbiero ef al.,
1997; Niirnberg, 2007; Caliskan and Elgi, 2009; Wang et
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al., 2012a) and could mix the nutrients with the epil-
imnion. Surely these abiotic factors (water temperature,
nutrient dynamics and underwater light climate) exert ef-
fects on the phytoplankton.Many reservoirs have been
built in southern China since the 1950s (Han and Liu,
2011). The function of most of the reservoirs switched to
supplying drinking water after 1978 when China started
economic reforms that resulted in heavy pollution. As
water demand increases, increasing withdrawal might be
expected to impact ecosystem dynamics through modifi-
cation of abiotic and even biological processes. However,
this issue is neglected in management of water quality,
partly because of the difficulty in recognizing such an im-
pact in highly dynamic systems. During the Asian Games
held in Guangzhou (November 12-27, 2010), a huge
amount of water was suddenly required from two large
reservoirs (Liuxihe and Feilaixia). Two intensive epilim-
netic withdrawals were conducted at Liuxihe reservoir, a
deep impoundment located in the upper reaches of Liux-
ihe river, to meet the water requirement. To elucidate the
underlying mechanisms how the phytoplankton commu-
nity responds to such intensive epilimnetic withdrawals,

N

Beijinge

Yuxi Rive

Liuxihe Dam
—_—

two questions were addressed and tackled in this study: 1)
how intensive epilimnetic withdrawals affect the abiotic
factors (phosphorus, water temperature, suspended sedi-
ment) for phytoplankton? ii) how flushing affects zoo-
plankton (flushing loss)?

METHODS
Study site

Liuxihe reservoir (23°45 N, 11346 E) is a monomictic,
mesotrophic canyon-reservoir, located on the Tropic of
Cancer in a tropical monsoon climate (Fig. 1). The catch-
ment area of the reservoir covers a surface of 539 km? and
the water surface is 15 km?at maximum storage capacity,
which corresponds to a volume of 3.25x10% m?. Maxi-
mum depth of the open water zone is 73 m, and the aver-
age depth is 21.3 m (Lin et al., 2009). The high water level
is 235 m asl (46 m depth at the dam) and the minimum
water level is 213 m asl (24 m depth at the dam). The
reservoir is fed by Lutian and Yuxi rivers, which drain a
catchment area of 264.4 km?and 192.3 km?, respectively.
Most of the outflow is released from the normal outlet for
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Fig. 1. Morphology of the Liuxihe reservoir in Guangzhou province (upper left box) and the three sampling sites.
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hydropower discharge at 208.5 m asl. There are two spill-
ways for flooding control: one located under a control
gate at 225 m asl and the other over the dam at 235 m asl.
The thermocline usually distributed at 205 m asl all year
round which occurs around the height of the normal outlet
(Wang et al., 2011).

In the present study, intensive epilimnetic withdrawal
is defined as the discharge from the spillway under the
control gate. The dry season, when precipitation is rare,
runs from October to March, while 80% of annual precip-
itation occurs in the wet season, from April to September.
Mean water retention time is ~170 d, with shorter reten-
tion in the wet season (65 d; Lin et al., 2003). The mixing
regime is characterized by the following periods: i) dry
stratification I in March-April with Zeu/Zmix (euphotic
depth:mixing depth ratio; an indicator of light availability
following Jensen ef al., 1994) >1; ii) wet stratification in
May-August with Zeu/Zmix >1; iii) dry stratification Il in
September-November with Zeu/Zmix <1; and iv) dry
isothermy in December-February with Zeu/Zmix <1 (Xiao
et al., 2011). The reservoir has a high water level (~230
m asl in the last fifty years) in wet stratification, and a low
water level (~220 m asl in the last fifty years) in dry strat-
ification I and dry stratification II (Lin et al., 2003; Xiao
etal., 2011). The average concentrations of total nitrogen
(TN), total phosphorus (TP) and chlorophyll @ (Chl-a) in
the reservoir are 600, 20 and 1.93 pg L, respectively, and
the average Secchi depth (SD) is 2.9 m (Lin ef al., 2009).
Phosphorus is a limiting element for phytoplankton
growth in the reservoir [TN/TP:41; dissolved inorganic
nitrogen to soluble reactive phosphorus (DIN/SRP):78;
Lin et al., 2009] and the phytoplankton community is
dominated by diatoms in summer and dinoflagellates in
winter (Xiao et al., 2011).

Due to the continuous fluctuations in water level, the
reservoir has no submerged vegetation. The bottom of the
littoral zone is mainly composed of stone, gravel and
sand, whereas the bottom of the open water zone is cov-
ered by mud. Surrounding landscapes of the watershed
are mainly small hills covered with forest and town land
with very little agricultural area.

Sampling and sample analysis

Water temperature (T in °C) and irradiance (pmol m=
s™) were measured with a multi-parameter water quality
monitor (YSI Inc., Yellow Springs, OH, USA) at intervals
of 1 m from the surface to near the bottom in a sampling
site close to the dam. Hydrological data were provided by
the hydropower generation company.

Sampling was carried out weekly in three sites close
to the dam (distances less than 2 km) in the lacustrine
zone from October 12 to November 25, 2010 (Fig. 1). The
integrated water samples for nutrients (soluble reactive
phosphorus, SRP; dissolved inorganic nitrogen:

DIN=NO;-N + NO,-N + NH,-N; total phosphorus, TP;
total nitrogen, TN), chlorophyll-a (Chl-a) and phytoplank-
ton were collected with a 10 m length tube sampler at all
three sampling sites. Nutrients and Chl-a concentration
were measured according to the Chinese National Stan-
dards for water quality and to the Environmental Protec-
tion Agency of USA (APHA, 1989).

The integrated phytoplankton samples were preserved
with 4% formaldehyde and 1% Lugol’s solution, and
stored in dark and cold conditions (4°C). After sedimen-
tation for at least 48 h, the supernatant was siphoned off
with a 2 mm diameter hose. The residue (25 mL) was col-
lected and used for counting phytoplankton. At least 400
phytoplankton units placed in a Sedgewick Rafter count-
ing chamber were counted under an Olympus microscope
with non-inverted optics at 400x magnification (APHA,
1989). Three subsamples were counted as one sample.
Taxa were determined to the species level wherever pos-
sible. To estimate phytoplankton biomass, we measured
at least 20 individuals from each species and then applied
approximations to similar geometric solids to calculate in-
dividual biovolume (Hillebrand et al., 1999). Wet weight
of phytoplankton was estimated from the volume of each
individual, assuming that 10° pum? corresponds to 1 pg of
wet weight.

Zooplankton was sampled bi-weekly for all three sam-
pling sites. A total of 50 L water was collected for each
sample from the surface to 30 m depth at 3 m intervals.
Sampled water was filtered into a net with 30-pm mesh
and then concentrated to 10-20 mL and preserved with
4% formaldehyde. Biomass of each species was estimated
by measuring the length of at least 20 specimens when-
ever a sufficient number of animals were available. Indi-
vidual body wet weights (ug) was estimated following the
equations of Dumont ef al. (1975) and Zhang and Huang
(1991). The zooplankton taxa were classed into three
groups: 1) large crustaceans (>0.5 cm); ii) small crus-
taceans (< 0.5 cm); and iii) rotifers.

Data analysis

Mixing depth was estimated from temperature profiles
(AT>1°C m™). Euphotic depth was estimated from irra-
diance profiles as 1% of surface value. The ratio between
euphotic and mixing depths (Zeu/Zmix) was used as a
measure of light availability (Jensen et al., 1994). Flush-
ing rate (d!) was the ratio of daily discharges (m?) to the
storage volume (m?).

Relative water column stability (RWCS) was calcu-
lated following Padisak et al. (2003):

RWCS:DI?_D) (Gq 1)

4= 5

where:
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D, is the water density at the bottom of the reservoir
(g cm?); D, is the water density at the water surface (g cm);
D, and D; are water density at 4°C and 5°C (g cm™).

Water density was estimated from temperature values
using a Water Density Calculator, which calculates water
density at a given temperature between -8 and 108°C
using 5-point Lagrange interpolation (Senese, 2003).

The rate of community compositional change () was
calculated according to Lewis (1978):

bi(t) b(tv)
_ Z{[B(t) B(t> )]} (eq. 2)

h—i2

where:
b(t)= the abundance of i species (cells mL™); B(t)= the
sum of the individuals making up the sampled community
(cells mL™); ¢,-t, s the time (d) difference of the two dates.
The differences in the environmental parameters, phy-
toplankton biomass and abundance between different pe-
riods were tested by ANOVA. The data were transformed
into log (x+1) prior to analysis to meet statistical criteria
for normality and stabilize variances. Spearman correla-
tion analyses were used to determine relationships be-
tween two variables. The significance level assumed was
0=0.05. All statistical analyses were performed with SPSS
15.0 (SPSS for windows, version 15.0). Isopleths was
plotted using the software package Surfer 7 (Golden Soft-
ware, 2000) applying a grid spacing approximating the
spatial and temporal distribution of the data.

The model simulation

The one-dimensional, hydrodynamic model
DYRESM coupled dynamically with the Computational
Aquatic Ecosystem Dynamics Model (CAEDYM)
(Romero et al., 2004) was applied to estimate water tem-
perature (T), suspended sediment (SS) and soluble reac-
tive phosphorus (SRP) distribution in two scenarios: with
and without intensive epilimnetic withdrawals. In the first
scenario, the actual discharge is used for simulation. In
the scenario without epilimnetic withdrawal, the epilim-
netic withdrawal is cut off, and only the discharge via the
normal outlet is calculated in simulation. We implemented
12 weeks (5 weeks more than observation period) as the
simulated period from 5 October to 31 December 2010 to
test the current and delayed effects of the epilimnetic
withdrawal. Boundary and initial conditions (including
meteorological and hydrological data, inflow temperature
profile, initial temperature, SS and SRP concentration)
were based on field measurements.

DYRESM-CAEDYM has been calibrated previously
in our reservoir, and could be used as a strategic evalua-
tion tool for Liuxihe reservoir management (Wang ef al.,
2012b; Wang et al., 2012c). So only a brief description

will be included as follow. The concentration of inflow
nutrients was estimated by quadratic interpolation on
monthly monitoring data. The concentration of inflow
suspended particles was estimated by inflow rate and pre-
cipitation. DYRESM parameters were based on calibra-
tions in other lakes and reservoirs (Antenucci and Imerito,
2003; Andrew et al., 2007). Settling velocities were cal-
culated as a function of the median diameter and density
of the particles according to Stoke’s Law in the
CAEDYM model. Mineral composition and particle size
distribution of suspended particles were measured in 2010
by Wang et al. (2011). To overcome the effects of shape,
roundness, and density of particles on the settling velocity,
an adjustment factor was introduced to the settling veloc-
ity in the Stokes formulation (Chung et al., 2009).

RESULTS
Hydrodynamics, physical conditions and nutrients

The water level decreased from 233.6 to 226.4 m asl
over the observation period of October 12 to November
25 (Fig. 2a). The first epilimnetic withdrawal reduced the
stored water by about 2.62x10% m? during the 5™ week
(November 5 to 8), and the second epilimnetic withdrawal
reduced about 2.19x10% m?* during the 7% week (21-23 No-
vember). Thus, the seven week observation period was
divided into two stages: stage 1 that comprised the partial
surface vertical mixing period from 1% to 4" week, and
stage 2 that comprised the intensive epilimnetic with-
drawal period from 5" to 7% week. There was limited in-
flow (Fig. 2a) to compensate the intensive discharges
because in the meantime the precipitation (15.3 mm in
total) was limited. The highest flushing rates (FR) were
0.0232 and 0.0363 d!, which occurred in the 5" and 7"
week, respectively (Fig. 2b), corresponding to the two
epilimnetic withdrawals.

Vertical profiles of water temperature showed that the
epilimnetic layer was well mixed at the 3" week (from
surface to about 24 m in depth) (Fig. 3). The 3" week, air
temperature experienced a sharp drop (16.4°C the 3™
week compared with 24.3°C the 2" week), and the surface
water temperature varied with air temperature (Fig. 2b).
There was a positive correlation between surface water
temperature and air temperature (R=0.771; P=0.042). Rel-
ative water column stability (RWCS) exhibited a greater
dependence on surface water temperature. During the ob-
servation period, the initial temperature difference be-
tween the surface and the bottom layer was 13.2°C, with
a high RWCS value of 323; While the difference of water
temperature between the surface and the bottom layer was
7.4°C, and RWCS value decreased to 162 in the end of
the observation period (Fig. 2b).

The availability of light in the water column, ex-
pressed by the Zeu/Zmix ratio, could be an important se-
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lective factor for phytoplankton. In the first two weeks,
the mixing depth (Zmix) was around 12-13 m. With the
cooling of surface water, a deeper Zmix was 24 m in the
3" week. The ratio of Zeu/Zmix was >1 in the first two
weeks. While the ratio became <1 after the 3™ week fol-
lowing deepening of the mixing depth, thereby showing
a much lower light availability for phytoplankton in the
3 to 7" week (Fig. 2¢).

Nutrient dynamics in the eplimnion of the lacustrine re-
gion were complicated during the observation period,
which may be affected by factors such as water mixing
regime, absorption by phytoplankton and so on. Ranges of
TN (ug L"), DIN (ug L), TP (g L") and SRP (ug L")
over the whole observation period were 260.0-535.9, 88.7-
316.1, 8.0-15.9, and 1.7-7.2 respectively (Fig. 2d). Inte-
grated SRP concentrations in the eplimnion were about 7
pg L' in weeks 1-2, and significantly decreased to 4
pug L' (F=436.6, P<0.001) after the 3 week, which co-
incided with the partial surface vertical mixing. Dissolved
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inorganic nitrogen (DIN) concentrations were signifi-
cantly lower during stage 2 than that in the 4" week
(F=25.1, P<0.001), suggesting increasing uptake by phy-
toplankton.

Model simulation

The simulation results from DYRESM-CAEDYM
model have been proved to be consistent with the meas-
urements, and could be reproduced well (Wang et al.,
2012b, 2012c¢). We implemented the model to estimate the
dynamics of T, SRP and SS concentration in the scenario
with epilimnetic withdrawals (Fig. 4 al, a2, a3), compar-
ing with the variables in the scenario without epilimnetic
withdrawal (Fig. 4 b1, b2, b3). At the end of the observa-
tion period (25" November), the epilimnetic withdrawal
operation resulted in surface water temperature becoming
1.5% colder, SRP concentration 0.3% higher, and SS con-
centration 3.5% higher (=b/a —1) than when discharges
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Fig. 2. a) Inflow (x10° m? d!), normal outlet discharge (x10° m* d!), controlled spillway discharge (x10° m* d') and
water level (m) (asl); b) trends in air temperature (°C), surface water temperature (°C), flushing rate (x10-3 d™') and relative
water column stability (RWCS); c) euphotic depth (Zeu: m), mixing depth (Zmix: m) and ratio Zeu/Zmix; d) total phos-
phorus (TP) (ug L), soluble reactive phosphorus (SRP) (ug L™), total nitrogen (TN) (ug L), dissolved inorganic nitrogen
(DIN) (pg L") concentration (means+standard error) over seven weeks of observation period.
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occurred without epilimnetic withdrawal. At the end of
the simulation period (31% December), epilimnetic with-
drawals decreased surface water temperature by 1.5%, in-
creased SRP concentration by 0.7%, and promoted SS
concentration by 3.6% (=b/a —1).

Phytoplankton community

Standing crops of phytoplankton showed different
trends in the two stages (Fig. 5). Decreases in Chl-a con-
centration, total abundance and biomass of phytoplankton
were observed after the 37 week, coinciding with the par-
tial surface vertical mixing at the 3" week. However, the
decreasing trend for phytoplankton biomass was reversed
in stage 2. Increases in Chl-a concentration, total abun-
dance and biomass of phytoplankton were recorded to-
ward the end of the observation period. Compared to that
in the 3%-5" weeks, total phytoplankton biomass and
abundance significantly increased (phytoplankton bio-
mass: F=8.1, P=0.017; phytoplankton abundance: F=28.2,
P<0.001) at the 6 week. Results from Spearman correla-
tion analyses showed that the decreased phytoplankton
biomass was positively correlated with the declined water
temperature and SRP (Tab. 1).

During the observation period, 47 taxa were identified,
distributed in seven taxonomic groups: Chlorophyceae
(28), Bacillariophyceae (8), Cyanophyceae (6), Dino-
phyceae (2), Cryptophyceae (1), Euglenophyceae (1),
Chrysophyceae (1). Bacillariophyta (mainly Cyclotella
meneghiniana and Rhizosolenia longiseta) and Chloro-
phyta (mainly Ankistrodesmus spiralis and Coelastrum
microporum) biomass contributed 31.8 and 45.8% of total
phytoplankton biomass in the initial week, respectively.
Phytoplankton community of major taxonomic groups did
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Fig. 3. Depth-time isopleths of water temperature (°C)
over seven weeks of observation period. Solid line indi-
cates elevation of the normal outlet (208.5 m asl; 18.5 m
depth at the dam). Dash line indicates elevation of the con-
trolled spillway (225 m asl; 45 m depth at the dam).

not vary greatly in biomass composition during the obser-
vation period. However, in stage 2, Bacillariophyta
(mainly Cyclotella meneghiniana and Rhizosolenia
longiseta) biomass decreased their relative importance,
whereas Chrysophyta (Dinobryon sp.) biomass showed a
more distribution than that in stage 1. A clear transforma-
tion between the two stages can be seen from the rates of
compositional change of phytoplankton community, with
low values (0.066-0.077) in stage 1 and high values
(0.088-0.103) in stage 2.

Zooplankton

Zooplankton species composition did not vary greatly
(ANOVA, P>0.05). The large crustaceans were dominated
by Phyllodiaptomus tunguidus, Moina micrura, and
Mesocyclops thermocyclopoides, which together ac-
counted for about 60% of total zooplankton biomass. The
small crustaceans were represented by Bosmina fatalis,
copepodites and Tropocyclops bopingi, which together ac-
counted for about 40% of total zooplankton biomass. Ro-
tifers (mainly Keratella cochlearis and Trichocerca
stylata) were also present but with low biomass.

The biomass of the large crustaceans decreased from
324.9 pg L' at the 3" week to 115.4 pg L' at the 7 week.
The total abundance and biomass of zooplankton also
showed an evident decline in stage 2. Overall, zooplank-
ton with high biomass 0f 397.7 pg L! at the 3" week and
the low biomass of 197.7 ug L' at the 7" week; total
abundance followed the similar pattern, decreasing from
74.0 to 49.5 individuals L. Correlation results showed
that the flushing rate, induced by intensive epilimnetic
withdrawal, was probably responsible for the decrease in
large crustacean biomass (Tab. 1).

DISCUSSION

The observation period of seven weeks in Liuxihe
reservoir was divided into two stages: stage 1 (154"
week) of partial surface vertical mixing and stage 2 (5%-
7" week) of intensive epilimnetic withdrawal. In stage 1,
the sharp drop of air temperature at the 3™ week con-
tributed to the partial surface vertical mixing in the epil-
imnion (from surface to about 24 m in depth) without
breaking the thermal stratification. In the reservoir, large
fluctuations in water level constrain the growth of macro-
hydrophytes in the littoral zone. The shoreline therefore
becomes a source of suspended particles. When partial
surface vertical mixing occurs, these suspended particles
from the shore enter easily the pelagic zone, reducing light
availability of phytoplankton. Meanwhile, poor red loam
in Liuxihe reservoir is rich in iron, and could combine
with phosphate (Lin et al., 2009). Particulate matter from
poor red loam could remove SRP from the surface layer.
Indirect evidences indicated that the decreased RWCS
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was positively correlated with the Zeu/Zmix ratio
(R=0.786; P<0.001) and SRP (R=0.43; P=0.05) during the
observation period, suggesting that the partial vertical
mixing may be followed by the declining Zeu/Zmix ratio
and SRP. Therefore, the air temperature-driven mixing de-
creased water temperature, Zeu/Zmix ratio, and SRP in the
epilimnion, ultimately, accounted for the decline of Chl-
a and phytoplankton biomass in stage 1 (Tab. 1). This is
consistent with the view that mixing regime exerts a basic
constraint for phytoplankton biomass, and temperature is
the major factor controlling the mixing regime (Caliskan
and El¢i, 2009; Xu et al., 2012). A study in Faxinal reser-
voir, a warm monomictic impoundment in subtropical
southern Brazil for example, showed that the mixing
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regime is the main determining force driving the seasonal
dynamics of phytoplankton biomass (Becker et al., 2009).

It is widely accepted that the chemical (nutrients, par-
ticularly phosphorus) and physical (temperature, underwa-
ter light climate) conditions could affect the phytoplankton
biomass (Reynolds, 2006). Performances of the chemical
and physical conditions in our observation were found to
be affected by many external factors including mixing
regime, absorption by phytoplankton, as well as by epilim-
netic withdrawal. The effects of these factors, however,
were mixed and difficult to be recognized. DYRESM-
CAEDYM model, fortunately, is able to mirror the single
effect of intensive epilimnetic withdrawal on water temper-
ature, SRP and SS concentration, excluding the influences
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Fig. 4. Simulated water temperature (°C), soluble reactive phosphorus (SRP) concentration (ug L) and suspended sediment
(SS) concentration (pug L) with (a) and without (b) intensive epilimnetic withdrawals from October 5 to December 30, 2010.

Tab. 1. Significant Spearman rank correlation between plankton biomass (ng L") and environmental variables.

Abiotic Correlation with Sig. Abiotic Correlation with Sig.
variables phytoplankton biomass (2-tailed) variables large crustacean biomass (2-tailed)
T 0.495 0.022 T 0.173 0.591
SS -0.377 0.092 SS -0.173 0.591
SRP 0.459° 0.036 SRP -0.785™ 0.002
DIN -0.366 0.103 DIN -0.173 0.591
Zeu/Zmix 0.433 0.051 Flushing rate ~ -0.605" 0.037
Chl-a -0.591 0.056

T, water temperature (°C); SS, suspended sediment (ug L™); SRP, soluble reactive phosphorus (ug L™); DIN, dissolved inorganic nitrogen (ug L™);

Zeu/Zmix, euphotic depth:mixing depth ratio. "P<0.05; "P<0.01.
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of weather and other hydrodynamic conditions. In the
model simulation, except for water level, no obvious
changes were observed in water temperature, SRP and SS
concentration between the two scenarios during stage 2
(Fig. 4). Therefore, we infer that the changes of water tem-
perature, SRP and SS concentration in the observation pe-
riod were mainly driven by a seasonal pattern, not by the
intensive epilimnetic withdrawal. It is interesting, however,
that the intensive epilimnetic withdrawal appeared to sig-
nificantly affect phytoplankton standing crops and reverse
the decreasing trend in stage 2.

The flushing effect of epilimnetic withdrawal on phy-
toplankton and zooplankton biomass varies with flushing
rates. Seballe and Kimmel (1987) suggested that the
flushing effect on both phytoplankton and zooplankton
biomass becomes apparent when a threshold flushing rate
0f0.01-0.02 d'is exceeded. However, Perry et al. (1990)
reported that standing crops were limited by rates of cell
export only at extremely high flushing rates (>0.25 d),
and that the effects were not pronounced at 0.1-0.17 d!
flushing rates. Rennella and Quir6s (2006) argued that
phytoplankton biomass could even reach its highest level
when flushing rate is intermediate, and weakened grazing
effects are possible underlying cause. In Liuxihe reservoir,
the flushing rate did not appear high enough to suppress
phytoplankton standing biomass; While large crustaceans
with longer generation times were obviously removed by
flushing (flushing rate: 0.0232-0.0363 d!) during stage 2
(the epilimnetic withdrawal period). Decreased water
temperature was probably not responsible for the decrease
in large crustaceans (Tab. 1), as temperature was still high
enough (above 20°C) for zooplankton to grow rapidly
(Lin et al., 2011).

—O0— biomass —8— abundance —&— Chl-a

2000 1
1800 |
1600 | 1
1400 |

~ 1200

1000 | 1

800 |

600 | 1

400 | 0

200 |
0 1 1 1 1 1 1 0

)

(pgL

[ R T LY B =

(cells mL™") and biomass
Chl-a (ng L")

Phytoplankton abundance

Weeks

Fig. 5. Trends in Chl-a concentration (ug L), phyto-
plankton abundance (cells mL ') and biomass (ug L) for
the three sampling sites (meanststandard error) over
seven weeks of observation period.

In general, the standing crop of phytoplankton is de-
pendent on growth and loss rates. Nutrients and water tem-
perature are the main factors influencing phytoplankton
growth, whereas flushing, grazing and sinking contribute
to the loss (Reynolds, 2006). In our observation, the de-
creasing water temperature, low SRP concentration, low
Zeu/Zmix ratio, and the intensive flushing could have sup-
pressed phytoplankton biomass as expect during stage 2.
However, phytoplankton standing crop was increased in
stage 2, which could only be attributed to the decrease in
zooplankton grazing pressure caused by declining popula-
tion of large crustaceans. If the reduced grazing pressure
from zooplankton is the main factor promoting phytoplank-
ton biomass during the epilimnetic withdrawal period, a
high Chl-a:SRP ratio would be expected. Indeed, the
Chl-a:SRP ratio was significantly higher at the 7% week
(LSD, P<0.001) than that at the 1% to 6" week. Further-
more, the effects of reduced grazing pressure extended till
December, as shown by a high phytoplankton biomass in
December 26 (phytoplankton biomass increased to 1155.4
pg L1; Chl-a concentration increased to 4.52 pg L. Till
the end of the December, however, implementation of
epilimnetic withdrawal could not bring about obvious
change for water temperature, SRP and SS concentration
(Fig. 4). Surface water temperature fell to 18.25°C, SRP
concentration was 4.2 ug L™, Zeu/Zmix fell to 0.43, and
zooplankton biomass remained at a low level (199.8
pg LY. The reduced grazing pressure, therefore, appears
to be the main reason for the increase in phytoplankton
standing crop during the epilimnetic withdrawal period.

CONCLUSIONS

Liuxihe reservoir is a warm monomictic reservoir with
a very short mixing period in January/February (Xiao et
al., 2011). In contrast to discharges without epilimnetic
withdrawal, epilimnetic withdrawal releases the warmer
water and decreases water column stability, which slightly
enhances partial vertical mixing in the epilimnion and
may provide renewal of environment for phytoplankton
community succession. The decreased population of large
crustaceans caused by flushing, ultimately, could be re-
sponsible for the high phytoplankton standing crop during
the epilimnetic withdrawal period. We suggest that inten-
sive epilimnetic withdrawals in autumn can slightly ac-
celerate partial surface vertical mixing in the epilimnion,
remove large crustaceans and thereby promote high stand-
ing crop of phytoplankton in the tropics and subtropics.
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