bs_bs_banner

Phycological Research 2016; 64: 44–55

doi: 10.1111/pre.12112

Spatial and seasonal shifts in bloom-forming cyanobacteria
in Lake Chaohu: Patterns and driving factors
Min Zhang,1* Yuchao Zhang,1 Zhen Yang,1 Lijun Wei,1,2 Wenbin Yang,1,2 Chao Chen1,2 and Fanxiang Kong1*
1

State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, CAS, Nanjing
210008, China and 2University of Chinese Academic of Science, Beijing 100049, China

SUMMARY
The patterns of spatial and temporal shifts in bloom-forming
cyanobacteria and the driving factors for these patterns
were determined by analyzing the distribution of these
cyanobacteria in Lake Chaohu using data from satellite
images and field samples collected during 2012 and 2013.
The cyanobacterial blooms primarily occupied the western
region of Lake Chaohu, and the direction and speed of the
prevailing wind determined the spatial distribution of these
blooms. The cyanobacteria in Lake Chaohu were dominated by
species of Microcystis and Anabaena. Microcystis reached its
peak in June, and Anabaena had peaks in May and November,
with an overall biomass that was higher than that of
Microcystis. Microcystis generally occupied the western region
of the lake in summer, whereas Anabaena dominated in other
regions and seasons. Temperature may be responsible for
these seasonal shifts. However, total phosphorus (TP), pH,
temperature, turbidity and nitrate/nitrite nitrogen determined
the coexistence of the two genera in different regions in
summer. TP was correlated with Microcystis dominance, and
pH and light availability were correlated with Anabaena dominance. Our results contribute to the understanding of shifts in
bloom-forming cyanobacteria and are important for the control
of cyanobacterial blooms.
Key words: Anabaena, bloom-forming cyanobacteria, Lake
Chaohu, Microcystis, spatial and temporal distribution.

INTRODUCTION
Blooms of harmful cyanobacteria pose a threat to the freshwater ecosystems used for recreation and drinking water
supplies because they can synthesize toxic secondary metabolites, such as cyanotoxins. The cyanobacteria responsible for
forming blooms are gas-vacuolate species. These species are
distributed across a number of genera and vary in form and
size from small filaments, such as Anabaena minutissima
Lemmermann or Oscillatoria agardhii Gomont, to large globular colonies, such as Microcystis aeruginosa Kützing.
Cyanobacterial blooms have been found in lakes, estuaries
and coastal waters, and the dominant cyanobacteria may
differ depending on the water body. In some waters,
cyanobacterial blooms are dominated by one genus, albeit
with the occurrence of other genera. For example, Microcystis
sp. is dominant in Lake Taihu, China (Chen et al. 2003; Deng
et al. 2014) and in Lake Erie, USA (Michalak et al. 2013),
and Planktothrix rubescens De Candolle ex Gomont is dominant in Lake Zurich, Switzerland (Posch et al. 2012). Other
waters may contain different dominant cyanobacteria. For

example, Aphanizomenon flos-aquae Lemmermann and
Nodularia spumigena Bornet & Flahault are dominant in the
Baltic Sea (Kanoshina et al. 2003), and Aphanizomenon sp.
and Microcystis sp. are dominant in Lake Dianchi, China
(Zhang et al. 2012; Paerl & Otten 2013). To a large degree,
these differences in dominance can be explained by climatic
and meteorological conditions, which influence the degree of
stratification and mixing, and by light and nutrient availability
(Huisman et al. 2005). These physical and chemical factors
play key roles in mediating competitive interactions among
species.
Interactive physical, chemical and biotic factors are
involved in controlling the growth and dominance of bloomforming cyanobacteria (Paerl & Fulton 2006). The distinct
morphological, physiological and ecological characteristics of
individual species suggest that the factors that promote one
species will not necessarily promote another in the same way.
For example, Microcystis aeruginosa may co-exist with
Anabaena flos-aquae but does not co-exist with P. rubescens
(as Oscillatoria rubescens; Oliver & Ganf 2002). Different
dominant species may co-exist in the same water body,
although they seldom make similar contributions to the total
biomass in one column, or they may dominate different
regions of the water body and shift seasonally according to our
observations in Lake Dianchi, Lake Taihu and Lake Chaohu.
However, on small spatial and time scales, the factors determining the distribution of the dominant cyanobacteria are
highly dependent on the specific water body. Understanding
the dynamics of bloom-forming cyanobacteria and the driving
factors of these dynamics will be helpful for developing management strategies to reduce the economic and health
impacts of blooms.
In the present study, the spatial and temporal distributions
of bloom-forming cyanobacteria in Lake Chaohu were analyzed
according to cyanobacterial blooms distribution (satellite
image data) and to pigment and species composition
(field investigation data) conducted during 2012 and 2013.
In Lake Chaohu, cyanobacterial blooms showed a decreasing
trend from west to east, with spatial and temporal shifts in
species composition. The primary factors affecting the
distribution of cyanobacterial blooms and bloom-forming
cyanobacteria were identified and analyzed using canonical
correspondence analysis. The results indicated that wind was
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the primary factor determining the distribution of blooms,
whereas temperature, phosphorus, pH and light may be correlated with shifts in the dominant species.

METHODS
Study lakes
Lake Chaohu, the fifth largest freshwater lake in China,
is located in the middle of Anhui Province, China
(117°116′46″–117°151′54″E, 30°143′28″– 31°125′28″N,
Fig. 1) and is an important fishery and drinking water resource
for more than 9.66 million people in the city of Hefei
(Falconer 2005; Krüger et al. 2010, 2012). The surface area
of the lake is approximately 750 km2, and the catchment area
is approximately 9200 km2. Lake Chaohu has a volume of
32.3 × 108 m3 in the rainy season, with a residence time of
approximately 150 days, but has a volume of only
17.2 × 108 m3 in the dry season, with a residence time of
approximately 210 days (Tu et al. 1990). Lake depth is typically less than 4 m but varies according to the hydrologic
conditions (maximum depth, 6 m; mean depth, 3 m). Lake
Chaohu, which receives inflow and pollutants from nearby
riverine networks, including over 30 streams, canals and
rivers, has been a eutrophic lake since the 1960s.
Cyanobacterial blooms (primarily Microcystis and Anabaena)
have dominated this lake over the past few decades (Jiang
et al. 2010, 2014).

Sampling and environmental analyses
To investigate the distribution of bloom-forming cyanobacteria,
we performed a 2-year field investigation of 17 sites. Sampling
was performed once each month from 2012–2013. To explain

Fig. 1. Map of Lake Chaohu showing
the locations of sampling sites. The solid
circles indicate 17 routine sampling
sites, and the stars indicate 43 supplementary sampling sites.
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the co-existence of Microcystis and Anabaena during the same
period, we also performed a supplementary investigation of 43
sites in June 2012. The water temperature, pH, dissolved
oxygen (DO), turbidity and conductivity were monitored at each
sample site using a multiparameter meter (model 6600;
Yellow Spring Instruments, OH, USA). Integrated water
samples were collected by mixing the surface (50 cm below
the surface), middle, and bottom (50 cm above the bottom)
samples. These samples were taken to the laboratory within
4 h for analysis of chlorophyll a (as total phytoplankton
biomass), phycocyanin (as cyanobacterial biomass, there were
no data for January and February in 2012) (Izydorczyk et al.
2005; Cao et al. 2006) and water chemistry, including total
phosphorus (TP), total nitrogen (TN), ammonium (NH4-N) and
chemical oxygen demand (CODMn). Chlorophyll a was extracted
with 90% acetone, and the concentration was measured using
a spectrofluorophotometer at a scan speed of 60 nm min−1, a
band pass of 5 nm, a response time of 2 s, and a low pulse
modulation gain. A synchronous scan with a wavelength difference Δλ = 258 nm was conducted from 608 nm to 708 nm
with an excitation wavelength of 350 nm and the maximum
fluorescence peak at 674 nm. Phycocyanin was extracted
using 0.05 M Tris buffer (pH 7.0), and its concentration
was determined using a spectrofluorophotometer at an
excitation wavelength of 620 nm and an emission
wavelength of 647 nm (Abalde et al. 1998; Yan et al. 2004).
TP and TN were quantified according to Valderrama (1981)
and APHA (1985). Ammonium was measured using a
continuous flow analyzer (Skalar SA 1000, Breda, the Netherlands). CODMn was measured using the permanganate
method in acid medium using standard procedures (APHA
1985). Meteorological data, including wind speed and wind
direction were obtained for 2012 and 2013 from meteorology
stations #58321 and #58326 of the China Meteorological
Administration.
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Phytoplankton analyses
Phytoplankton sampling was performed in 2012. Integrated
500-mL samples were collected at each site by mixing the
surface (50 cm below the surface), middle, and bottom
(50 cm above the bottom) samples taken with a Ruttner
sampler. The samples were fixed with acid Lugol’s solution.
Phytoplankton were identified to species based on the most
recent literature (Hu & Wei 2006). Counts were made in
random fields in sedimentation chambers (30 mL) using an
inverted microscope following the criteria of Utermöhl (1958).
The biovolume of each species at each site was calculated
from the measurements of 30 cells according to Hillebrand
et al. (1999). The biomass was determined as the algal
volume for each site and converted to fresh weight, assuming
a specific gravity of 1 g cm−3.

Acquisition of satellite images for
blooms dynamics
The areas covered by cyanobacterial blooms were obtained
from moderate-resolution imaging spectroradiometer (MODIS)
satellite images as follows: 41 scenes in 2012 and 29 scenes
in 2013. The MODIS images were downloaded from the NASA
EOS Data Gateway and used to derive the spatial-temporal
information regarding blooms. The MODIS data (dimensionless) were georeferenced to UTM projections with an error of
less than 0.5 pixels. The 500 m resolution data at 1240 nm
were resampled to 250 m resolution (to match the resolution
at 645 nm). The MODIS data were corrected by removing
the molecular (Rayleigh) scattering effects and then converted
to Rayleigh-corrected reflectance (Rrc) following Hu et al.
(2004). Cyanobacterial bloom coverage was calculated to the
subpixel level according to the algae pixel-growing algorithm
(Zhang et al. 2014).
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appropriate (Ter Braak 1987). Consequently, a constrained
ordination method, redundancy analysis (RDA), was used to
relate the phytoplankton structure to all predictor environmental variables and to explore the relationships among and
between species and the environment (Ter Braak &
Verdonschot 1995). According to a preliminary RDA, we identified collinear variables and selected a subset of variables
based on inspection of the variance inflation factors (VIFs).
Those variables that exhibited a VIF > 10 (i.e. multiple
collinear variables) were removed one at a time (Wilson et al.
1994). After each removal, another RDA was run, and the
VIFs were reexamined until no extreme values were observed.
Stepwise forward selection and a Monte Carlo permutation
test were used to further reduce the environmental variables to
those that correlated significantly with the derived axes (Lepš
& Šmilauer 2003) at a cutoff point of P = 0.05. Only those
taxa that were observed in more than 3% of the samples were
included in the analyses of taxa abundance to minimize the
influence of rare taxa. Taxa biomass was logarithmically transformed [log10 (x+1)] in all analyses to reduce the effect of
highly variable population densities on ordination scores.
Environmental data (except pH) were transformed logarithmically before analysis to reduce distributional skewness.

RESULTS
Characteristics of the water environment
and meteorology
The means and standard deviations of environmental parameters, nutrients, pigments and cyanobacterial biomass
from monthly water samples collected at the 17 sampling
sites during 2012–2013 are shown in Table 1. The
spatial and temporal distributions of TN, TP, NH4-N and
CODMn are presented in Figure 2, with average concentrations of 2.56 mg L−1 (0.56–31.69 mg L−1), 0.14 mg L−1
(0.03–1.68 mg L−1), 0.73 mg L−1 (0.02–23.55 mg L−1) and

Data analyses
The spatial and temporal distributions of nutrients,
cyanobacterial blooms, pigments and dominant cyanobacteria
were described using the R package (R-Core-Team 2014)
(http://www.r-project.org) and ArcGIS Desktop 9.3 (Environmental Systems Research Institute, Redlands, CA, USA).
Ordinations were performed using Canoco for Windows version
4.5 (Ter Braak & Smilauer 2002). The relationship between
pigments, dominant cyanobacteria and environmental variables, including TN, TP, TN/TP ratio, CODMn, NH4-N, NO3-N,
NO2-N, PO4-P, pH, DO, conductivity, turbidity, temperature
and photosynthetically active radiation (PAR), were assessed
by Pearson correlations. All statistical analyses were considered significant at P < 0.05.
Ordinations were used to identify the factors driving differences in the spatial distribution of Microcystis and
Anabaena in summer. The log-transformed phytoplankton data
were analyzed using detrended correspondence analysis (DCA)
by segments (Hill & Gauch 1980) to determine the gradient
lengths for the first two axes. The DCA indicated that the first
gradient length (2.505) was smaller than 3 standard deviations and explained 27.0% of the total species variability;
therefore, the use of linear ordination techniques would be

Table 1. Environmental variables, nutrients, pigments and
cyanobacterial biomass summarised as the mean values and
standard deviation in Lake Chaohu during 2012–2013
Parameter

Mean ± standard deviation

TN (mg L−1)
NH4-N (mg L−1)
NO3-N (mg L−1)
NO2-N (mg L−1)
TP (mg L−1)
PO4-P (mg L−1)
TN/TP
CODMn (mg L−1)
DO (mg L−1)
pH
Turbidity (NTU)
Conductivity (mS cm−1)
Temperature (°C)
PAR (μmol/(m2s))
Chlorophyll a (μg L−1)
Phycocyanin (μg L−1)
Microcystis biomass (mg L−1)
Anabaena biomass (mg L−1)

2.56
0.73
0.45
0.05
0.14
0.03
21.81
4.95
10.39
7.52
21.05
0.48
18.68
722.01
28.29
45.11
9.36
36.97

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

2.49
1.66
0.52
0.11
0.16
0.10
11.17
1.80
3.41
1.14
156.07
1.91
8.48
601.43
39.34
119.62
25.14
60.07
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Fig. 2. Observed monthly variations in the mean values of total nitrogen (TN), total phosphorus (TP), ammonium (NH4-N) and chemical
, 1;
, 2;
, 3;
, 4;
, 5;
,
oxygen demand (CODMn) at seventeen sites in Lake Chaohu in 2012 (top) and 2013 (bottom).
6;
, 7;
, 8;
, 9;
, 10;
, 11;
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, 16;
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Table 2. Pearson correlation coefficients (r), probability values (P) and degree of freedom (df) for correlations between environmental
factors, nutrients and Chlorophyll a (Chl a), phycocyanin (PC), and biomass of Microcystis and Anabaena. Significant values (P < 0.05) are
in bold type

TN
NH4-N
NO3-N
NO2-N
TP
PO4-P
TN/TP
CODMn
DO
pH
Turbidity
Conductivity
Temperature
PAR

Chl a
r

P

df

PC
r

P

df

Microcystis
r
P

0.283
0.012
-0.071
0.057
0.505
0.054
-0.299
0.846
0.080
0.119
-0.174
-0.045
0.204
0.029

<0.001
0.813
0.158
0.256
<0.001
0.283
<0.001
<0.001
0.156
0.027
0.120
0.407
<0.001
0.617

395
395
395
395
395
395
395
395
310
395
395
344
344
293

0.331
0.021
0.030
0.251
0.472
0.052
-0.200
0.701
0.082
0.046
-0.209
-0.026
0.152
0.067

<0.001
0.692
0.565
<0.001
<0.001
0.321
<0.001
<0.001
0.172
0.419
0.150
0.650
0.007
0.276

363
363
363
363
363
363
363
363
278
363
363
312
312
261

0.265
-0.011
-0.064
0.054
0.428
0.042
-0.246
0.699
0.188
0.070
-0.086
-0.044
0.293
0.127

4.95 mg L−1 (2.45–16.99 mg L−1), respectively. These parameters tended to decrease from west to east. Nutrients levels
were higher in the river mouths (site 14: Nanfei River mouth;
site 15: Tangxi River mouth; site 16: Pai River mouth; site 17:
Shiwuli River mouth) than in other regions of the lake and
reached 31.69 mg L−1 TN, 23.55 mg L−1 NH4-N and
1.68 mg L−1 TP in the Tangxi River mouth in 2012. These
parameters showed obvious seasonal variations. Moreover, the
seasonal variations were more intense in high nutrient regions
than in low nutrient regions (test for homogeneity of variances,
PTN, PTP and PNH4-N < 0.001, PCODMn = 0.002). Maximum values
of TN, TP and NH4-N normally occurred in winter and spring,
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<0.001
0.883
0.371
0.450
<0.001
0.555
<0.001
<0.001
0.023
0.400
0.742
0.594
<0.001
0.182

df

Anabaena
r
P

df

196
196
196
196
196
196
196
196
145
196
196
145
145
111

0.022
0.014
-0.138
0.020
0.048
-0.042
-0.179
0.122
0.169
-0.139
0.339
0.018
-0.053
0.319

196
196
196
196
196
196
196
196
145
196
196
145
145
111

0.756
0.845
0.053
0.775
0.502
0.557
0.012
0.088
0.040
0.094
0.183
0.825
0.524
0.001

whereas minimum values were normally confined to summer
and autumn. However, the dynamics of CODMn were typically
the opposite of those for the other three parameters and
reached maximum values in summer and autumn, with
minimum values in winter and spring.
The Pearson correlation coefficients (r) and probability
values (P) for the relationships between environmental variables, pigment concentrations, and the biomass of Microcystis
and Anabaena are shown in Table 2. Chlorophyll a,
phycocyanin and Microcystis biomass were significantly correlated with TN, TP, the TN/TP ratio, CODMn and temperature
(P < 0.05). Anabaena biomass was positively correlated with
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PAR (r = 0.319, P = 0.001) and negatively correlated with the
TN/TP ratio (r = –0.179, P = 0.012).
Figure 3 shows the wind patterns in the western and
eastern regions of Lake Chaohu; these patterns were produced
after constructing the climatology for the period from April–
October of 2012 and 2013. In the eastern region of Lake
Chaohu, the prevailing winds for the 2012 and 2013 were
from the east or east-southeast. Wind speeds of 1.2–3.6 m s−1
occurred at a frequency greater than 40 % in 2012, but
occurred at a frequency less than 30 % in 2013. Additionally,
the frequency of wind speeds > 3.6 m s−1 increased remarkably. In the western region of Lake Chaohu, the prevailing
winds during 2012 were from the east, south, or southeast.
Wind speeds were typically < 3.6 m s−1 at close to 30% frequency for each of the prevailing wind directions. The prevailing winds during 2013 were primarily from the northeast or
south-southwest. Wind speeds of 1.2–3.6 m s−1 comprised
approximately 25% of the total wind speed; wind
speeds > 3.6 m s−1, comprised approximately 10% of the
total.

M. Zhang et al.

Distribution of cyanobacterial blooms
Cyanobacterial blooms occurred primarily in western Lake
Chaohu according to the analysis of the remote sensing
images; blooms occurred primarily in the littoral zone of the
northwestern part of the lake. Blooms also occurred occasionally in eastern Lake Chaohu (Fig. 4). The coverage of
cyanobacterial blooms was significantly higher in 2012 than
that in 2013 (Fig. 4). Moreover, the area of cyanobacterial
blooms was significantly higher in 2012 than in 2013
(P < 0.05, Figure 5). The average area of cyanobacterial
blooms in 2012 was 104.8 km2, and the maximum area,
579 km2, occurred on 8 June 2012. The average area of
cyanobacterial blooms in 2013 was 63.4 km2, and the
maximum area, 175 km2, occurred on 9 October 2013.

Distribution of bloom-forming cyanobacteria
The spatial and temporal distributions of pigments are shown
in Figure 6. There were no significant temporal changes in the

Fig. 3. The wind roses in the eastern and western end of Lake Chaohu in 2012 and 2013.
, 2.4–3.6; , 1.2–2.4; , 0.0–1.2.

, ≥ 7.2;

, 6.0–7.2;

, 4.8–6.0;

, 3.6–4.8;

© 2015 Japanese Society of Phycology

Shifts in bloom-forming cyanobacteria

49

Fig. 4. The mean coverage of cyanobacterial blooms in Lake Chaohu in 2012 and 2013.

Fig. 5. Boxplot of cyanobacterial blooms areas in Lake Chaohu
in 2012 and 2013. Whiskers represent the minimum and
maximum values. Boxes symbolize the 25th and 75th percentiles.
Lines inside the boxes show the median values, and the squares
inside the boxes show the mean values.

average concentrations of chlorophyll a and phycocyanin
between 2012 and 2013 (P > 0.05). The average concentrations of chlorophyll a and phycocyanin were 25.71 ±
36.47 μg L−1 and 45.27 ± 119.92 μg L−1 in 2012, 30.73 ±
26.30 μg L−1 and 44.98 ± 17.99 μg L−1 in 2013, respectively. Chlorophyll a concentrations reached their peaks in July
2012 and October 2013. Phycocyanin concentrations
reached maximum values in July–August 2012, with two
peaks occurring in 2013, including one in July and one in
September–October 2013.
Spatially, the concentrations of chlorophyll a and
phycocyanin in 2012 and 2013 showed an obvious decreasing trend from the western to the eastern region of Lake
Chaohu. The northwest coastline was the primary region of
cyanobacteria accumulation. Variations in pigment concentrations among sites were greater in 2012 than in 2013, with the
greatest values occurring in the river mouths of the Nanfei
Shiwuli and Tangxi Rivers.

© 2015 Japanese Society of Phycology

Six common cyanobacterial genera were found in Lake
Chaohu, including Microcystis, Anabaena, Aphanizomenon,
Dactylococcopsis, Pseudanabaena, and Planktothrix. Other
cyanobacteria were rare, occurring at frequencies of less than
10%. Among the six genera, Microcystis was the most
common, occurring at frequencies up to 90%, followed by
Anabaena and Aphanizomenon, at frequencies of approximately 80% and 60%, respectively. However, the biomass of
Anabaena was greater than that of the other species at 64% of
the total cyanobacterial biomass. The biomasses of
Microcystis and Aphanizomenon contributed approximately
27% and 6% to the total cyanobacterial biomass, respectively.
Microcystis and Anabaena were the dominant genera
of bloom-forming cyanobacteria in Lake Chaohu, with
Aphanizomenon occasionally being the dominant genus at a
few sites. Significant seasonal and spatial shifts in the primary
cyanobacterial genera occurred (Figs 7–10). Microcystis and
Anabaena began to bloom in April. However, the biomass of
Anabaena was clearly higher than that of Microcystis. The
biomass of Anabaena peaked in May and June. During subsequent months, the biomass of Anabaena decreased sharply
from July to September but peaked again in November. The
biomass of Microcystis decreased slowly and disappeared
gradually from November onward (Figs 7, 8). The two genera
began their growth in the western region of Lake Chaohu, with
Anabaena as the dominant species. When Microcystis became
the dominant genera in the region, Anabaena disappeared
from this area and gradually came to dominate the middle and
eastern regions gradually. However, when Microcystis declined
in the western region, Anabaena occupied the region again
(Figs 9, 10).

Factors driving the distribution of
bloom-forming cyanobacteria
Temperature appeared to be responsible for the seasonal
shift of cyanobacteria. The average temperatures at which
Microcystis dominated (20–34°C) were significantly higher
than the temperatures at which Anabaena (13–30°C) and
Aphanizomenon (13–25°C) were most abundant (P < 0.05,
Fig. 11). No significant differences in thermal optima were
observed between Anabaena and Aphanizomenon (P > 0.05).
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Fig. 6. Observed monthly variations in
the mean values of chlorophyll a and
phycocyanin at seventeen sites in Lake
Chaohu in 2012 (left) and 2013 (right).
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, 14;

Fig. 7. Observed monthly variations in
Microcystis and Anabaena biomass at
seventeen sites in Lake Chaohu in 2012.
, 1;
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, 4;
,
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,
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, 11;
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10;
, 15;

The canonical correspondence analysis (CCA) included
physical, chemical and biological variables. In total, 91 taxa
were identified, although only nine taxa were observed in more
than 3% of the samples. The 14 environmental variables were
used together to explain the total variation within the species
data. A CCA with forward selection of the species data indicated that water temperature, TP, turbidity, pH, and nitrite/
nitrate (NOx-N) were the environmental variables that
accounted for significant portions (P < 0.05) of the total variance in phytoplankton composition (Fig. 12). The CCA ordination showed that 48.3% of the variance in phytoplankton
assemblage was explained by axis 1 and that a further 13.2%
was explained by axis 2. NOx-N was the primary explanatory
variable in the positive direction of axis 1, and pH was the
primary explanatory variable in the negative direction of axis

, 16;

, 17.

1. TP, turbidity and temperature were the primary explanatory
variables in the positive direction of axis 2. Sites in the
positive direction of axis 2 displayed Microcystis dominance,
and sites in the negative direction of axis 1 displayed
Anabaena dominance.

DISCUSSION
The cyanobacterial blooms primarily occupied in the western
region of Lake Chaohu and tended to decrease from the
western to the eastern region according to the remote sensing
images, which is consistent with the distribution of pigments
and nutrients determined from field samples. The decreasing
trends showed interannual differences between 2012 and
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2013. In 2012, the annual average bloom coverage was
significantly higher than in 2013 in spite of similar pigment
concentrations. The drift of cyanobacteria was affected by
wind speed and direction, which may be the primary reason
for the interannual difference (Wu et al. 2010). In 2012, the
wind speeds were typically < 3.6 m s−1 with approximately
equal representation for each of the prevailing wind

Fig. 8. Area graph of average Microcystis and Anabaena biomass
in Lake Chaohu in 2012. , Microcystis; , Anabaena.
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directions. The wind speed was favorable for cyanobacteria
floating to the water surface and drifting horizontally (Wu &
Kong 2009). Winds from the east, south, or southeast will
drive cyanobacteria accumulation into the western region of
Lake Chaohu. In 2013, wind speeds were 1.2–3.6 m s−1
approximately 25% of the time, and speeds of > 3.6 m s−1
occurred approximately 10% of the time. The mean prevailing
winds were primarily from the northeast or south-southwest.
These wind speeds and directions were adverse for the floating
and accumulating of cyanobacteria compared with 2012.
South and southwest winds could prevent cyanobacterial
blooms from expanding to the middle and eastern regions of
the lake, resulting in cyanobacterial scum dispersed throughout the lake in a thin layer making detection by remote
sensing difficult. These conditions may explain why the
annual average bloom coverage in 2013 was lower than that in
2012.
The dominance of Microcystis and Anabaena showed significant seasonal and spatial variability in Lake Chaohu. Generally, Anabaena was considered dominant when nitrogen was
limited or the TN/TP ratio was low. This finding may be
because Anabaena is able to fix N2 when nitrogen is in short
supply (Reynolds 2006). Here, the TN/TP ratio showed
obvious seasonal variations following the seasonal dynamics of
TN but no significant spatial variations. The TN/TP ratio in
spring was higher than 22:1, which is the key threshold value
for nitrogen fixation by nitrogen-fixing cyanobacteria (Smith
et al. 1995). The ratios were lower than 22:1 in other

Fig. 9. The spatial distribution of Microcystis biomass in Lake Chaohu in 2012.
3–6; , 6–12; , 12–24; , 24–48; , 48–96; , 96–180.
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Fig. 10. The spatial distribution of Anabaena biomass in Lake Chaohu in 2012.
, 50–80; , 80–110; , 110–150; , 150–200; , 200–300; , 300–480.

Fig. 11. Boxplot of the temperature corresponding to the time
period at which Aphanizomenon, Anabaena or Microcystis dominated. See the caption of Figure 5 for other information.

seasons. However, Anabaena blooms also occurred in the lake
when the TN/TP ratio was over 22:1. A negative correlation
between Anabaena biomass and the TN/TP ratio was observed,
although the relationship was weak (r = –0.179), suggesting
that the TN/TP ratio may make limited contributions to
Anabaena biomass. In addition, few heterocysts were observed

, 0–4;

, 4–8;

, 8–15;

, 15–30;

, 30–50;

Fig. 12. Redundancy analysis biplot showing different sites in
relation to environmental factors.

in the sample dominated by Anabaena, suggesting that nitrogen availability may be sufficiently high, so that nitrogen
fixation by heterocysts was unnecessary. Therefore, the variations in the TN/TP ratio may be not the primary factor driving
the shifts in the two genera in Lake Chaohu.
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Shifts in bloom-forming cyanobacteria
The seasonal shifts may be attributed to temperature adaptations (Takano & Hino 1997). Although the populations of
the two genera in question began to grow in April, the biomass
of Anabaena reached its peak at relatively low temperatures in
May (22.7°C) and in November (9.7°C), whereas that of
Microcystis reached its peak at a relatively high temperature
in June (27.5°C). Moreover, the biomass of Anabaena was
higher than that of Microcystis, suggesting that Anabaena had
a faster growth rate than Microcystis at a relatively low temperature. Our results were consistent with previous findings
that Microcystis was limited by low temperature more severely
than Anabaena (Robarts & Zohary 1987; Ohkubo et al. 1993).
Furthermore, Li and Watanabe (2001) found that 45 of 50
strains of Anabaena had high optimal growth above 20°C and
that both Microcystis and Anabaena grew optimally at
28–32°C under optimal nutrient conditions but differed in
their maximal growth rates. The maximal growth rate of
Microcystis is generally higher than that of Anabaena
(Nalewajko & Murphy 2001; Crawford 2008), which may
partially explain the high biomass of Microcystis observed in
summer and the decrease in biomass of Anabaena from July
to September. Bormans et al. (2005) found that Anabaena
populations collapsed when the temperatures were greater
than 26°C. However, here, Anabaena did not collapse, even in
August when the surface water temperature was over 30°C,
but maintained a high biomass. However, this peak biomass
was lost. The fact that the peak biomass of Microcystis
occurred in summer, whereas that of Anabaena occurred in
spring and autumn, may also indicate that changing temperatures regulated the seasonal shifts.
Anabaena dominance in the western region of Lake Chaohu
was overcome by increasing Microcystis dominance in
summer but was reinstated after the Microcystis biomass
decreased. The microcystin produced by Microcystis is
considered the primary factor that controls the growth of
Anabaena (Li & Li 2012). Increasing temperatures promoted
the remarkable accumulation of Microcystis biomass and the
production of microcystin (Yu et al. 2014), which may contribute to the competitive advantage Microcystis had over
Anabaena and the collapse of Anabaena in the western region
of Lake Chaohu in summer.
Although Anabaena collapsed in the western region of the
lake in summer, it occurred in the middle of the lake and
spread toward the eastern region. Temperature changes could
explain the shift from Anabaena to Microcystis. However, this
factor has limitedly power to explain the difference in the
spatial distribution of the two genera. These genera coexisted
in the lake in summer and were distributed in different regions
of the lake, with Microcystis dominating the western region,
and Anabaena dominating the middle and eastern regions of
the lake. The ordination results showed a good positive relationship between TP and Microcystis dominance. Microcystis
has a low minimum phosphorus content and a large capacity
to accumulate phosphorus (Kromkamp et al. 1989). Moreover, it is able to survive, albeit with poor growth, in
phosphorus-limited waters by processing organic phosphorus
(Shi et al. 2011). Microcystis usually forms blooms when
there is high availability of phosphorus and nitrogen
(Nalewajko & Murphy 2001; Xu et al. 2010) due to the large
requirement for and rapid uptake of phosphorus (Takano &
Hino 2000). In the western region of Lake Chaohu, the avail-
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able phosphorus and nitrogen were higher than in other
regions and were sufficient for the development of Microcystis
blooms. Although Anabaena has an efficient phosphorusuptake system, the primary strategy for growth of this species
in low-phosphorus environments may depend on phosphorus
storage during periods of abundant phosphorus supply
(Nalewajko & Murphy 2001). In spring, Anabaena in the
western region could store phosphorus, then migrate to the
middle and eastern regions following the current, and grow in
summer by using intercellular and extracellular phosphorus.
In addition, a positive relationship between pH and Anabaena
dominance was observed. The results were consistent with the
previous observation that high pH favored Anabaena in lab
experiments (Chang et al. 2009; Chaudhary et al. 2013).
However, in the field, pH is affected by the uptake of carbon
dioxide during cyanobacterial photosynthesis, which increases
the pH surrounding the cyanobacterial cell (Planavsky et al.
2009). The significance of pH as a cause or consequence of
cyanobacterial blooms remains poorly described (Soares et al.
2009). In Lake Chaohu, the pH in the western region was
generally lower than that of other regions due to the inflow
from the rivers, and cyanobacterial blooms concentrated primarily in this region in summer. Thus, it appears that the
effect of pH on cyanobacterial blooms was limited in Lake
Chaohu. However, the high pH levels in the middle and
eastern regions had some effect on the increase in Anabaena
blooms.
Light availability may also be an important factor affecting the spatial shift of Microcystis and Anabaena prevalence.
In Lake Chaohu, Secchi depths (28.54 cm) in the western
region were lower than those in the middle (35.73 cm) and
eastern (52.33 cm) regions due to suspended solids from
the inflowing rivers, especially in summer (Yu et al. 2014).
The difference in Secchi depths indicated that the water
column in the western region had lower light levels than that
in other regions. N2 fixation and nitrate assimilation of
diazotrophs Anabaena is a very energy-demanding process
(Stewart 1974), as indicated by the positive correlation
between PAR and Anabaena biomass. Therefore, when
Microcystis began to bloom in the western region, which
effectively shaded the underlying water column, Anabaena
would have to migrate towards the middle and eastern
region to maintain high photosynthetic rates. Dominance of
Microcystis over N2-fixing genera in light limited conditions
was also observed in some other studies (Havens et al.
2003; Paerl et al. 2014).
In conclusion, our study described patterns of spatial and
seasonal shifts in bloom-forming cyanobacteria in Lake
Chaohu and identified the driving factors for these patterns.
The results of this study improve our understanding of
cyanobacterial blooms distributions in large eutrophic lakes,
which will be helpful for monitoring and predicting the potential health risks associated with toxic cyanobacterial blooms.
The study also highlights the need to treat cyanobacterial
blooms following shifts in the dominant species of bloomforming cyanobacteria.
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