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Abstract Autumn picoplankton (Synechococcus,
picoeukaryotes and heterotrophic bacteria) and envi-
ronmental factors have been investigated in a series
of reservoirs along the Wujiang River in Guizhou
Province, SW China. The average abundances of
Synechococcus, picoeukaryotes and heterotrophic
bacteria was 10%, 10% and 10° cells mI™", respectively.
In autumn meso-eutrophic reservoirs, thermal strati-
fication was clear and abundances of different
picoplankton groups in release water was low;
whereas these phenomena were not obvious in
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autumn hypereutrophic reservoir. Picoplankton num-
bers decreased with increasing water depth and
showed a positive correlation with water temperature,
which reflected the importance of light and temper-
ature on the picoplankton growth. Contribution of
Synechococcus to total phytoplankton production and
contribution of picoeukaryotes to total phytoplankton
production asynchronous changed with varying tro-
phic states. Synechococcus preferred meso-eutrophic
reservoirs over hypereutrophic reservoir and picoeuk-
aryotes showed no preference for the investigated
reservoirs in autumn.

Keywords Synechococcus - Picoeukaryotes -
Heterotrophic bacteria - Temperature

Introduction

Reservoirs occupy an intermediate position between
natural lakes and rivers. They can be considered as a
conceptualized continuum of aquatic environments
with regard to the environmental factors that control
water quality and biological productivity (Kimmel &
Groeger, 1984). As a rule, reservoirs become eutro-
phic more rapidly than natural lakes, because most
reservoirs receive higher sediment and nutrient loads
than do most natural lakes. Reservoirs are complex
and dynamic ecosystems and it is important to
understand how they operate and respond to changes
for a correct management.
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Picoplankton (0.2-2 pm; Sieburth et al.,, 1978),
including heterotrophic bacteria (BACT) and auto-
trophic picoplankton (APP), are a ubiquitous
component of the microbial plankton communities
of freshwater ecosystems (Stockner, 1988). Pico-
plankton play a much greater role in elemental
cycling than previously imagined and respond swiftly
to environmental conditions. Therefore, they can be
effectively used as early indicators of ecosystem
change (e.g., Schallenberg & Burns, 2001). Nowa-
days, it is well known an increase of picoplankton
abundance and biomass, and a decrease of its relative
importance with the increase of trophic state in
freshwater systems (Szelag-Wasielewska, 1997;
Stockner et al., 2000; Bell & Kalff, 2001; Callieri
& Stockner, 2002). Light and water temperature are
also two important factors controlling picoplankton
abundance in lakes (Wehr, 1993; Wakabayashi &
Ichise, 2004). The absolute abundance and biomass
of APP are highly variable from one lake to another
(Sommaruga & Robarts, 1997), and few studies have
demonstrated the predominance of picoplankton and
nanoplankton in eutrophic lake (e.g., Wehr, 1990).
Although numerous studies have been conducted
with picoplankton in lakes, only few were focused on
those in reservoirs.

In this study, we have investigated the abundances
of autumn picoplankton (Synechococcus, picoeuk-
aryotes, and heterotrophic bacteria) and examined

environmental factors in the reservoirs at different
trophic levels along the Wujiang River in Guizhou
Province, SW China. Our aim is to understand the
relationship between trophic state and abundances of
different picoplankton groups, and to discern the
factors controlling the distributions of picoplankton
in these reservoirs along the same river.

Materials and methods
Study sites

The 1037-km-long Wujiang River is a southern
tributary of the Changjiang River, and it has a runoff
of 53.4 billion cubic meters with a fall of 2124 m.
The river is a major power source for China’s
massive West-to-East Power Transmission Project. A
series of reservoirs have been constructed for this
project since 1971. The Wujiang River drainage basin
is located in the karst areas of Guizhou Province. The
river water chemistry is controlled by carbonate
dissolution by both carbonic and sulfuric acid, and
dominated by Ca®*, HCO3;, Mg®*and SOF~ (Han &
Liu, 2004).

Investigations were carried out at five reservoirs
along the Wujiang River (Fig. 1). They are Wujiangdu
Reservoir (impounded in 1971), Dongfeng Reservoir
(impounded in 1989), Hongjiadu Reservoir

Fig. 1 Map showing
sampling locations and 29° N+
sample numbers (A:
Wuyjiangdu Reservoir, B:
Dongfeng Reservoir, C:
Hongjiadu Reservoir, D:
Yinzidu Reservoir, E:

Puding Reservoir)
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(impounded in 2001), Yinzidu Reservoir (impounded
in 2001), Puding Reservoir (impounded in 1989). A
total of 25 stations were investigated (Fig. 1.). At the
following stations, water samples were taken with 5 1
Niskin bottles at different depths: A1, A4, and D1 at the
depths of 0, 10, 20, 40, 60 m, A5 at the depths of 0, 10,
20, 40, 60, and 80 m, B3 at the depths of 0, 20, 40,
60 m, B4 and C4 at the depths of 0, 20, 40, 60, 80 m, E4
at the depths of 0, 5, 10, 20 m, E6 at the depths of 0, 5,
10,20, 30 m, respectively. Release water samples were
collected at stations A6, B5, C5, D2, and E7 and other
water samples were obtained from surface water.

Sampling

Sample collection was carried out on October 23-28,
2006. Water temperature, dissolved oxygen, pH and
chlorophyll were measured in situ by an automated
multi-parameter profiler (YSI 6920). Immediately
after collection, water samples were filtered through
0.22 pm membrane filters (Millipore) and cold stored
in darkness for measuring the concentrations of PO?[,
NOj3 and NOj by automatic flow analyzer (Sans plus
Systems, SKALAR). At stations AS, B4, C4, D1, and
E6, a small portion of each sample was stored for
measuring total nitrogen and phosphorus (TN and
TP), respectively. TP was determined spectrophoto-
metrically (Unico UV-2000) using the molybdenum
blue method after alkaline potassium persulfate
digestion. TN was also analyzed spectrophotometri-
cally (Unico UV-2000) after alkaline potassium
persulfate digestion. 1.5 1 of surface water sample
was preserved with Lugol’s Solution for quantitative
and qualitative analysis of phytoplankton at stations
A5, B4, C4, D1, and E6. Water samples for
determining abundances of different picoplankton
groups were filtered by 50 pum fabrics in order to
remove the bigger impurities and were put aside in
darkness for 15 min with paraformaldehyde; then
immediately stored in liquid nitrogen till analysis in
one month (Pan et al., 2005).

Quantitative and qualitative analysis of
phytoplankton

The precipitation method was used for taxon identi-
fication and counting (Chen et al., 1998; Yan et al.,

2006). Phytoplankton was quantitatively and qualita-
tively determined by a standard light microscope.
Margalef diversity index and simplified Shannon-
Weiner index (Llyod et al., 1968) were calculated
according to the following equations:

Margalef diversity index d = (S — 1)/Ln N;

Shannon—Weiner index H
=(C/N)-(N-1gN — 2n; - 1gn,);

Where S is the number of total species, N is the
number of total cells, #; is the cell number of species
i, C =3.322.

Analysis of picoplankton

Picoplankton samples were analyzed on a FACScan
flow cytometer (Becton Dickinson, San Jose, CA,
USA) equipped with an air-cooled argon laser
(488 nm, 15 mW), and the data obtained were
processed with CELL-Quest™ software (Becton
Dickinson, San Jose, CA, USA). Yellowish green
fluorescent beads (1.002 pum) (Polysciences Inc.,
catelogue # 18660) were added to calibrate cell
fluorescence emissions and light scatter signals.
Autotrophic picoplankton and heterotrophic bacteria
were measured with the published procedures (Pan
et al., 2005).

Statistical analysis

Statistical analysis of the data was done with the
software SPSS (version 11.5; SPSS Inc.). Pearson’s
correlation coefficient analysis and principal compo-
nent analysis (PCA) was carried out.

Results
Physical and chemical properties

Typical vertical profiles of temperature (T), pH,
dissolved oxygen (DO), PO;~, NO; and NO; at
stations Al, A4, A5, B3, B4, C4, D1, E4, and E6
were examined in the present works (Fig. 2). The
water column of Wujiangdu Reservoir was not
thermally stratified at the depth above 60 m (i.e.,
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20.38-21.24°C). However, the thermal stratification
in water column of other four reservoirs was clear
(e.g., 10.65-21.93°C at station C4). There was a
vertical decrease in pH at Dongfeng Reservoir (e.g.,
7.96-6.72 at station B4) and in DO at Hongjiadu
Reservoir (e.g., 8.36-3.41 mg 1" at station C4) with
depth. The T, pH and DO of release water showed
lower values than those of surface water in Dongfeng
Reservoir, Hongjiadu Reservoir, Yinzidu Reservoir,
and Puding Reservoir, and these phenomena were not
found in Wujiangdu Reservoir. The PO3~ value of
Wujiangdu Reservoir (8.19 + 11.55 pmol I"') was
about 10° times higher than that of other four
reservoirs (0.04 + 0.03 pmol 1™"). The values of
NO3 and NO; in these investigated reservoirs
(217.66 = 48.97 pmol 1"' and 1.55 = 1.71 pumol I™',
respectively) did not show any significant
differences.

Trophic conditions

Phytoplankton, TP and TN at the stations A5, B4, C4,
D1 and E6 were examined in order to understand
trophic condition of each reservoir. For each station,

no significant difference was found in the average
concentration of TN; however, the average concen-
tration of TP at station A5 was 0.356 mg I"', about
10 times higher than that at other four stations
(Fig. 3), indicating that Wujiangdu Reservoir was
hypereutrophic and the other four reservoirs were
meso-eutrophic according to Vollenweider & Kere-
kes (1982). High phosphorus concentration in
Wujiangdu Reservior is due to excess phosphorus
input by the Xifeng River, a southern tributary of the
Wujiang River. Phytoplankton composition and bio-
mass were variable among these reservoirs (Table 1),
and a significant positive correlation between chlo-
rophyll concentration and phytoplankton numbers
was observed (R* = 0.913, P < 0.05). Margalef diver-
sity index and Shannon—-Weiner index did not show
any significant differences from one reservoir to
another (Table 1).

Distributions of different picoplankton groups

Synechococcus, picoeukaryotes and heterotrophic
bacteria have been investigated in this study (Fig. 4).

Fig. 3 Average 10! g
concentration of TN and TP F
in water columns at the

station before the dam of

each reservoir 100

107

0 TN (mg L'1)
B TP (mg L)

102
A5

B4 C4 D1 E6

Table 1 Phytoplankton compositions and numbers, species (S), chlorophyll, Margalef diversity index (d), and Shannon-Weiner
index (H) in surface water at the station before the dam of each reservoir

Cyanophyta  Chlorophyta  Bacillarophyta ~ Chrysophyta  Xanthophyta S Chlorophyll  d H
x10° cells 17! Species  pg 1™
A5 494 2.60 1.91 0.32 37 44 224 1.63
B4 0.34 0.66 3.39 0.05 0.84 27 24 1.68  1.53
C4  0.86 7.73 1.65 0.35 0.83 25 3.1 148 149
D1 3.54 0.71 0.05 0.93 29 2.1 1.81 1.28
E6 034 7.76 14.51 0.27 0.81 27 7.3 1.53  1.29

@ Springer



40 Hydrobiologia (2008) 598:35-45
Fig. 4 Picoplankton and - © 0m 0 5m A 10m X 20m 0 30m X 40m +60m - 80m
chlorophyll of the ' . ' '
. . . . o . . . 8
investigated reservoirs 2 108 R ' ' . 0% o 8
g : o o
2 : xg o oy ix £y
[53
8 o . . ' X L ¥ . ° 5
& o . _ s .
A ] . ] ]
o LR, . - .
103 * ] - ] .
A ' ' '
- : : :
.
0l S S S S S-SR
L] . L] L]
.
- : : :
[l : [l [l
'
: s : P )
E 10 : ' : : o8
2 : %% R oo
& A o K o T, o ' ' A A
¥ o1k EBooeigo : R4 x
102377% . S % T § X : H x o . X o ©
2o . .
+ . X . . .
: o ! P
o = ST e
.
" ; : : :
' ' ' '
. . .
.
- : . . o
= : . : To0o0 0@
"—E* g o ¥ 0 N o O : CEN . A
2 s L% x & 1 ° : NV
8 X . Ex o, 0o 0 RSN N ©
g 2 : : ® : ?
A ' + 4+ : o " '
] - . ] ]
N : : L
8.0 H H To o
: . . . ° 4 °
. . . . o
60 . . . .
A L] ¥ L] L]
] o
_ o : P
= ]
Q40 < - x : : 0
g 6o x2& R e e :
8 20 p0° o ie o : : s
3 X [ A
I . X © : X X : i ° : % o : X é o
T $x°: Ut
0.0 TR IR SR T N S S NI S T S I S S N SN N N W1 RS-
AIA2A3A4A5SA6  BIB2B3B4B5 CIC2C3C4C5 DID2 EIE2 E3 E4ESEGE7

The number of Synechococcus [(4.9 £ 6.5) X 10*
cells ml™'] was two orders of magnitude higher than
that of picoeukaryotes [(2.3 + 2.8) x 10% cells ml™"]
and two orders of magnitude lower than that of
heterotrophic bacteria [(1.2 = 0.9) X 10° cells mI™'].
The cell abundance of picoeukaryotes in these
investigated reservoirs was comparable, so was the
abundance of heterotrophic bacteria. However, the
cell abundance of Synechococcus in Wujiangdu
Reservoir [(1.9 + 1.0) x 10° cells ml™'] was one
order of magnitude lower than that in the other four
reservoirs [(7.1 + 6.9) x 10* cells ml™']. Generally,
the abundances of picoplankton groups tended to
decrease with depth in Dongfeng Reservoir, Hongji-
adu Reservoir, Yinzidu Reservoir and Puding
Reservoir, and this phenomenon was rarely detected

@ Springer

in Wujiangdu reservoir in autumn. The picoplankton
numbers of release water were obviously lower than
those of surface water in these reservoirs except for
Wujiangdu Reservoir (Fig. 4).

The chlorophyll has been examined to understand
the relationship between the autotrophic picoplankton
and the photosynthetic autotrophs in these reservoirs.
The concentrations of chlorophyll decreased with
depth, similar to the distributions of the autotrophic
picoplankton. Release water also showed lower
chlorophyll values than surface water (Fig. 4). There
was a strong positive correlation between picoeuk-
aryotes numbers and chlorophyll concentrations in
both meso-eutrophic reservoirs and hypereutrophic
reservoir; however, Synechococcus numbers only
exhibited a strong positive correlation with
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chlorophyll concentrations in the meso-eutrophic
reservoirs (Fig. 5), indicating that the contribution
of Synechococcus to total phytoplankton production
and that of picoeukaryotes to total phytoplankton
production asynchronously changed with varying
trophic states.

Discussion
Phytoplankton

Phytoplankton can be used as an indicator of water
quality in reservoirs (Korneva & Mineeva, 1996;
Kuang et al., 2004; Miyazaki et al., 2006). We also
found some differences in phytoplankton structure
and biomass in these reservoirs; however, the phy-
toplankton diversity indexes did not show significant
differences between the hypereutrophic and meso-
eutrophic levels (Table 1), and this indicated that in
autumn phytoplankton diversity indexes may not be a
good indicator of trophic state in these reservoirs.
Phytoplankton biomass was variable with time (e.g.,
Lau & Lane, 2002). Previous study revealed low

phytoplankton biomass in October in Hongfeng Lake,
which is a eutrophic reservoir located in the tributary
of the Wujiang River (Wang et al., 2003). Wujiangdu
Reservoir also showed low phytoplankton biomass in
this study. However, it was dominated by Cya-
nophyta (Table 1), suggesting a typical hypertrophic
phytoplankton assemblage in Wujiangdu Reservoir
(Romo & Miracle, 1994).

Picoplankton abundance in release water

Release water came from the deep water of the
reservoir. In the meso-eutrophic reservoirs, the
release water possessed similar physical and chemical
properties to the deep water, and picoplankton
abundance in the release water was also comparable
to that in the deep water. So, picoplankton numbers
of the release water were found lower than those of
the surface water in Dongfeng Reservoir, Hongjiadu
Reservoir, Yinzidu Reservoir, and Puding Reservoir.
In the hypereutrophic Wujiangdu Reservoir, no clear
thermal stratification was observed and the release
water had similar physical and chemical characters to
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the surface water, and as a result, the picoplankton
abundance in the release water was comparable to
that in the surface water.

Different picoplankton groups

In the meso-eutrophic reservoirs, Synechococcus num-
bers showed a strong positive correlation with
picoeukaryotes numbers and heterotrophic bacteria
numbers, respectively; however, these phenomena
were not observed in the hypereutrophic Wujiangdu
Reservoir (Fig. 6). Cyanobacteria have developed
highly efficient uptake and retention mechanisms for
phosphate (Ritchie et al., 2001). However, phosphate
additions inhibited the growth rates of picocyanobac-
teria (Ernst et al., 2005). In this study, significant
differences were shown in Synechococcus abundance
between the hypereutrophic and meso-eutrophic levels
(Fig. 4), and this indicated that Synechococcus pre-
ferred meso-eutrophic reservoirs over hypereutrophic
reservoir in autumn. However, this was not found for
picoeukaryotes (Fig. 4), suggesting that it showed no
preference for these reservoirs in autumn. Different
responses of Synechococcus and picoeukaryotes to

trophic state resulted in their different correlations
between meso-eutrophic and hypereutrophic reser-
voirs. Planktonic bacteria and algae are closely related
to each other (Bird & Kalff, 1984). This study revealed
a positive correlation between heterotrophic bacteria
and autotrophic picoplankton (i.e., Synechococcus and
picoeukaryotes; Table 2), and this demonstrated the
dependence of bacteria on the substrates produced by
small primary producers.

Relationships between picoplankton and
environmental factors

A principal component analysis (PCA) was conducted
to understand the relationships among the investigated
physical, chemical, and biological factors. The first
three principal components with an eigenvalue higher
than 1 were extracted. They explain 43.6%, 17.4%,
and 12.6% of the total variance, respectively. The first
component (PC1) shows a positive correlation with
temperature, pH, dissolved oxygen, chlorophyll, Syn-
echococcus, picoeukaryotes and heterotrophic
bacteria, reflecting that they are the coupling factors
(Fig. 7a). It is well known that thermal stratification
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Table 2 Relationships between picoplankton and environmental factors in terms of the results of Pearson’s correlation coefficient

analysis

Euk Bact Chl pH T DO NO3; NO; PO;~
Syn 689" 558" 476" 6317 400" 666" —.146 ~.209 -256"
Euk 625" 723" 6277 455" 4517 —.041 -225 -132
Bact 599" 373" 414" 376" 4217 —444™ 229
Chl 568" 562" 365" 122 -.047 .106
pH 517 626" 076 -.102 -.193
T 513" 120 .000 098
DO -.003 -.308" -333"
NO3 -213 3217
NO5 145

™ Correlation is significant at the 0.01 level (2-tailed); ¥ Correlation is significant at the 0.05 level (2-tailed); n = 60. Syn,
Synechococcus; Euk, picoeukaryotes; Bact, heterotrophic bacteria; Chl, chlorophyll

creates a barrier to the transfer of oxygen produced by
surface water into deeper water and CO, uptake by the
algal photosynthesis increases pH in surface water
(e.g., Malinsky-Rushansky et al. 2002). So, tempera-
ture, dissolved oxygen, and pH have a significant
positive correlation between each other (Table 2) and

et al., 2004). In this study, picoplankton abundance
showed a strong positive correlation with temperature
(Table 2) and tend to decrease with depth (Fig. 4),
which reflected the importance of light and temper-
ature on the picoplankton growth (Andersson et al.,
1994; Agawin et al., 2000; Pan et al., 2005). Nutrient

often synchronously vary with depth (e.g., Gonzalez supply is an important factor affecting the
Fig. 7 Ordination of the 17
investigated physical, a e - o
chemical and biological 3 }
factors by principal PO, |- NO, Ba:t
components analysis. Syn, - Chl
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picoplankton distribution (Stockner & Shortreed,
1994; Vrede et al.,, 1999). The second component
(PC2) and the third component (PC3) both exhibit a
negative correlation with Synechococcus and a
positive correlation with PO3~ (Fig. 7), in consistency
with the result of the Pearson’s correlation coefficient
analysis for Synechococcus and POy~ (Table 2),
reflecting that high phosphate concentration reduces
picocyanobacterial growth rates (Schallenberg &
Burns, 2001). Heterotrophic bacteria numbers showed
a strong negative correlation with the concentrations
of NOj3 and a strong positive correlation with those of
NO; (Table 2; Fig. 7), probably due to the denitrifi-
cation of heterotrophic bacteria (Brettar & Hofle,
1993) and the uptake of NOj by phytoplankton.
Environmental factors (e.g., temperature and PO?()
control the picoplankton distribution and picoplank-
ton (e.g., heterotrophic bacteria) also interfere with
the variations of environmetal factors (e.g., NO3 and
NOy3).
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