
Spatiotemporal distribution pattern of cyanobacteria
community and its relationship with the environmental factors
in Hongze Lake, China

Ying Ren & Haiyan Pei & Wenrong Hu & Chang Tian &

Daping Hao & Jielin Wei & Yawei Feng

Received: 12 September 2013 /Accepted: 30 June 2014 /Published online: 9 July 2014
# Springer International Publishing Switzerland 2014

Abstract Hongze Lake, located in the east route of the
South-to-North Water Diversion Project (SNWDP), is a
potential drinking water source for the residents along
this water diversion project. Based on a monthly sam-
pling at 11 stations in three regions of Hongze Lake, the
spatiotemporal distribution pattern of cyanobacteria
community was comprehensively investigated from
March 2011 to February 2013. A total of 23
cyanobacterial species which belong to 16 genera were
identified, and Microcystis was the most predominant
cyanobacterial genus mainly composed of Microcystis
wesenbergii in Hongze Lake. The cyanobacterial abun-
dance ranged from 0 to 2.6×107 cells/L, and the average
cyanobacteria abundance of Northern region was signif-
icantly higher than those of Western region and Eastern
region in the 2-year study. The total cyanobacteria abun-
dance and the Microcystis abundance both took on a
similar seasonal regularity in the three regions. The
results of correlation analysis indicated thatMicrocystis

abundance was correlated with water temperature,
chemical oxygen demand (COD)Mn, nitrate (NO3-N),
and total nitrogen (TN)/total phosphorus (TP) mass
ratio, among which water temperature had the highest
correlation coefficient. In summer, cyanobacteria
blooms may take place under suitable environmental
conditions at some special areas in Hongze Lake, espe-
cially where the concurrence of slow water exchange
and steady wind direction exists.
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Introduction

In recent decades, eutrophication has become a world-
wide problem in many freshwater lakes (Sánchez-
Carrillo et al. 2007; Liu et al. 2009). A common conse-
quence of eutrophication in freshwater lakes is the in-
creased occurrence of cyanobacterial population and
even harmful algal blooms (HABs) (Paerl et al. 2001).
The cyanobacterial blooms cause problems of surface
scum and bad odor, and some cyanobacterial species
even produce toxins that can threaten aquatic and human
life (Wu et al. 2010). Cyanobacterial blooms in fresh-
water lakes are increasingly frequent and serious in
China, such as the intensive cyanobacterial blooms in
Chaohu Lake, Dianchi Lake, and Taihu Lake, where the
genusMicrocystis usually dominates the cyanobacterial
population in summer and autumn (Liu et al. 2006;
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Chen et al. 2009; Lin et al. 2011; Zhang et al. 2011; Tian
et al. 2012).

Up to now, factors identified as contributing toward
the increasingly harmful cyanobacterial blooms have
included excess nutrient elements, increased aquacul-
ture production, and organic pollution (Ramsdell et al.
2005; Heisler et al. 2008). Besides these, many environ-
mental factors have been found to be relevant to
cyanobacterial population variation. It has been con-
cluded that an increase of water temperature in warm
seasons could play an important role in the proliferation
of cyanobacterial blooms (Peperzak 2003; Paul 2008).
In addition to that, different cyanobacterial species often
show preferences for specific nutrient elements, for
which reason, the effect of phosphate and nitrate con-
centration on growth and toxicity of cyanobacteria
varies among species, and in many cases, the influences
of the nutrient composition on harmful algal blooms are
more complicated (Vezie et al. 2002; Vargo et al. 2004).
There is a consensus that harmful cyanobacterial blooms
are usually not caused by a single specific environmen-
tal factor but rather multiple factors occurring consecu-
tively or simultaneously (Heisler et al. 2008; O’Neil
et al. 2012).

Hongze Lake, the fourth largest freshwater lake in
China, is a typical large shallow lake covering an area of
1,805 km2 (Huang et al. 2010). It is located in the east
route of the South-to-North Water Diversion Project
(SNWDP), used as the water channel and water resource
regulating lake, which make them potential drinking
water sources for the residents along this water diversion
project. Consequently, it is necessary to confirm the
possibility of the occurrence of cyanobacterial blooms
during the implementation of this project owing to the
fact that HABs would affect the water quality seriously.
Studies of the spatiotemporal distribution pattern of
cyanobacterial community and its relationship with en-
vironmental factors provide an effective way to under-
stand the formation and development of cyanobacterial
blooms (Webber et al. 2005; Domingues et al. 2008;
Tian et al. 2012), due to the sensitivity of the phyto-
plankton species to changes in the water environment
(Kümmerlin 1998). However, few investigations of the
spatial and temporal distribution of cyanobacterial com-
munity in Hongze Lake have been conducted to date,
and the intensity and frequency of cyanobacterial
blooms have been also far less than Taihu Lake
(Huang et al. 2010). Moreover, what changes will take
place to the cyanobacteria community and the ambient

aquatic environment are indeterminate after the
SNWDP finally begins to work, so it is necessary to
obtain the detailed data before the completion of the
project in March 2013.

Therefore, the aims of this study were to (i) monitor
the cyanobacteria population over long-term during the
implementation of the water diversion project from
March 2011 to February 2013, (ii) compare the spatio-
temporal distribution pattern among different sampling
sites, and (iii) analyze the relationship between
cyanobacterial species and various environmental fac-
tors, which could provide a basis for studying the dy-
namic of the cyanobacterial community, determining the
occurrence possibility of cyanobacterial blooms and
protecting the aquatic environment in Hongze Lake.

Materials and methods

Study area

Hongze Lake (33° 06′–33° 40′ N, 118° 10′–118° 52′ E)
mainly has its water supply from Huaihe River and
mostly discharges into the Yangtze River through Sanhe
River and Gaoyou Lake. The average water depth is
1.77 m, with the deepest part being 4.37 m. (Wang and
Dou 1998; Ruan et al. 2008). Hongze Lake is a large
water-carrying lake; hence, the water levels usually
undergo large annual and seasonal changes (Wang and
Chen 1999). The average annual rainfall is 926.7 mm,
and besides, the annual rainfall shows a same distribu-
tion pattern that plum rain and autumn rain contributed
nearly 65.4 % of the total rainfall and the annual rainfall
varied greatly among different years (Chu 2001).

Site and sampling

Sampling was conducted monthly from March 2011 to
February 2013 at 11 sampling stations, which belong to
three different lake regions respectively: Northern re-
gion (N1–N4 station),Western region (W1–W3 station),
and Eastern region (E1–E4 station) (Fig. 1). Water sam-
ples were collected with a Ruttner water sampler
(Hydro-Bios, Germany, 1,000 mL) at a depth of 0.5 m
below water surface. One-liter water sample was pre-
served using 1 % Lugol’s iodine solution for identifica-
tion and counting of cyanobacterial species.
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Analysis methods

The physical and chemical parameters such as water
temperature (WT), transparency (Trans), dissolved ox-
ygen (DO), and pH were determined using on-site in-
struments. Total nitrogen (TN), total phosphorus (TP),
ammonium (NH4-N), nitrate (NO3-N), nitrite (NO2-N),
and orthophosphate (PO4-P) were analyzed according to
the Chinese national standards for water quality
(NEPAC 2002). Chemical oxygen demand (COD) was
determined by acidic potassium permanganate method
(NEPAC 2002). The water sample preserved using
Lugol’s iodine solution was concentrated to 10 mL after
sedimentation for 48 h, and then 0.1-mL concentrated
water sample was counted under×400 magnification
with a compound microscope (CX31, OLYMPUS, Ja-
pan). Cyanobacteria species were identified according
to phytoplankton morphology (Hu and Wei 2006).

Statistical analysis

The CANOCO v.4.5 computer program was used to
perform all of the multivariate and ordination analyses
(ter-Braak and Šmilauer 2002). Detrended correspon-
dence analysis (DCA) was performed to select the ap-
propriate model (whether linear or unimodal ordination
methods were suitable for the dataset in this study)
according to the length of first gradient. Finally, redun-
dancy analysis (RDA), which indicated numerical

analyses assuming linear species distributions, was ap-
plied to find out the relationship between the environ-
mental variables and cyanobacterial species data. Before
the analysis was performed, all the data above were
log(x+1) transformed except for pH variables. AMonte
Carlo permutation test was used to determine the envi-
ronmental variables best related to the cyanobacteria
dynamics (Lepš and Šmilauer 2003). Pearson correla-
tion analysis between environmental variables and
cyanobacterial species was also carried out using the
SPSS 18.0 software.

Results and discussion

Environmental parameters

The averages and ranges of nutrient concentrations (TN,
TP, NH4-N, NO3-N, NO2-N, PO4-P, and TN/TP mass
ratio), COD, and physical parameters (WD, Trans, WT,
pH, and DO) of the sampling sites are shown in Table 1.
Among all the environmental parameters, the physical
parameters such asWD, Trans, and pH showed relative-
ly slight variation than WT, DO, and other nutrient
parameters like NH4-N and PO4-P.

From March 2011 to February 2013, water tempera-
ture exhibited an obvious seasonal pattern that the aver-
age temperature of summer and autumn was much
higher than that of spring and winter (Fig. 2a). The

Fig. 1 Locations of the sampling
stations in Hongze Lake
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maximum temperature value occurred in August 2011,
while the minimum value occurred in January 2013.
COD exhibited a similar variation trend as temperature
except for a fewmonths, with its range from 2.5 mg/L in
January 2013 to 6.9 mg/L in August 2011 (Fig. 2a). The
average of the water depth in Hongze Lake was 2.30 m,
and water depths in summer were much lower than
those in other seasons. Water transparency fluctuated
within a narrow range with its mean 0.33 m, and the
values of water transparency were less than 0.5 m in
most months (Fig. 2b). The concentrations of TN and
TP were both dynamic during the monitoring period,
but they exhibited totally opposite seasonal trends. Gen-
erally, the maximum concentration of TP peaked in
summer months when the concentration of TN was
often at a relatively low level (Fig. 2c).

Composition of cyanobacterial community

A total of 23 cyanobacterial species, which belong to 16
genera, were microscopically identified in Hongze Lake
from March 2011 to February 2013 (Table 2). At all the
sampling sites, there were much more types of
cyanobacterial species observed in summer and autumn
than in winter and spring. The dominate cyanobacterial
genera in Hongze Lake were Microcys t i s ,
Merismopedia, and Pseudanabaena, of which
Microcystis wesenbergii, Merismopedia punctata, and

Pseudanabaena limnetica were species that occurred
most frequently. The average proportion of the genus
Microcystis to total cyanobacteria community was
27.99 %, followed by Merismopedia 17.43 %,
Pseudanabaena 11.80 %, Chroococcus 9.68 %,
Oscillatoria 9.53 %, Phormidium 5.58 %, Pleurocapsa
4.93 %, and the others 22.59 %.

The spatiotemporal distribution pattern of cyanobacteria
community

Hongze Lake is the fourth largest freshwater lake locat-
ed in Huai’an City and Suqian City in China, with the
multiple functions of irrigation, aquaculture, and mer-
chant shipping (Chu 2001; Huang et al. 2010; Wang
et al. 2010). Among the four regulating lakes that lie in
the east route of the SNWDP, Hongze Lake is of great
importance due to its large capacity in water storage and
transportation. Unlike other large lakes such as Taihu
Lake and Chaohu Lake in China, the cyanobacteria
community structure and succession in Hongze Lake
were rarely investigated to date. Wang et al. (2010)
reported the cyanobacteria abundance in Hongze Lake
from May to October in 2009 and calculated the mean
value in the study period (1.35×106 cells/L), but the
seasonal succession was not revealed.

The seasonal variations of the total cyanobacteria
abundance in Hongze Lake are shown in Fig. 3. The

Table 1 Environmental parameters of the sampling sites in Hongze Lake from March 2011 to February 2013

Variable No. Mean Min Median Max StDev C.V.a

WD (m) 264 2.30 1.00 2.38 3.95 0.58 0.25

Trans (m) 264 0.33 0.12 0.285 1.50 0.16 0.48

WT (°C) 264 17.0 2.0 19.0 31.3 9.83 0.58

pH 264 8.17 7.69 8.20 9.47 0.16 0.02

DO (mg/L) 264 9.67 6.04 9.15 14.80 2.22 0.23

COD (mg/L) 264 4.13 2.5 4.1 6.9 0.75 0.18

TN (mg/L) 264 1.79 0.35 1.445 6.78 1.13 0.63

TP (μg/L) 264 72.56 15.84 65.69 289.21 40.38 0.56

NH4-N (mg/L) 264 0.104 0.002 0.072 2.130 0.159 1.53

NO2-N (mg/L) 264 0.037 0.002 0.018 0.710 0.070 1.89

NO3-N (mg/L) 264 1.12 0.04 0.845 4.65 0.98 0.88

PO4-P (ug/L) 264 29.74 0.58 19.26 191.03 29.21 0.98

TN/TP 264 33.30 2.06 23.05 223.23 30.06 0.90

StDev standard deviation, WD water depth, Trans transparency, WT water temperature, DO dissolved oxygen, COD chemical oxygen
demand, TN total nitrogen, TP total phosphorus, N/P total nitrogen/total phosphorus, No. the number of water quality variables
a Coefficient of variation (StDev / Mean)
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interannual variation of the cyanobacteria abundance
ranged over seven orders of magnitude from the unde-
tectable level to 2.6×107 cells/L at station N4 in August
2011. The maximum total cyanobacteria abundance of
three lake regions all appeared in August 2011, with the
value of 14.27×106 cells/L in Northern region, 6.41×
106 cells/L in Western region, and 6.50×106 cells/L in
Eastern region. During the 2-year study, the average
cyanobacteria abundance of Northern region (1.96×
106 cells/L) was significantly higher than that of West-
ern region (1.22×106 cells/L) and Eastern region (0.91×
106 cells/L). In addition, three lake regions took on a
similar seasonal regularity that the total cyanobacteria
abundance in summer and autumn was much higher
than that in winter and spring, and the cyanobacteria
abundance in summer 2011 was higher than that in

2012. From the trend of mean annual variation, it is
evident that the increase of cyanobacteria abundance
usually took place in April or May when the water
temperature began to rise gradually, and then the
cyanobacteria abundance displayed a sharp increase in
July. The relatively high cyanobacteria abundance often
lasts 3 or 4 months until the end of November in each
year, followed by the continuous decrease in December,
and finally the lowest cyanobacteria abundance was
observed in January or February.

The seasonal variations of cyanobacteria community
composition and the abundance of dominated
cyanobacterial genera during the sampling sites are
shown in Fig. 4. Generally, the cyanobacterial genera
in Hongze Lake all exhibited a similar seasonal trend
like the total cyanobacteria abundance. The increase of

Fig. 2 Seasonal variations of a
water temperature and CODMn, b
water depth and transparency, and
c total nitrogen (TN) and total
phosphorus (TP) in Hongze Lake
from March 2011 to February
2013
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cell density began in late spring, and the peak occurred
in summer months (July and August) followed by the
continuous declination of cell density from the end of
October.

The proliferation of cyanobacteria species occurs in
freshwater ecosystems at all latitudes and leads to in-
creasing concerns for scientists and water environment

managers (Nicolas et al. 2007; Wilhelm et al. 2011). In
the current study, the community structure and the
succession pattern of the cyanophyta in Hongze Lake
were investigated for 2 years. From March 2011 to
February 2013, the composition of cyanobacteria
community experienced temporal variation that there
were more types of cyanobacteria species observed in
summer and autumn than in winter and spring, which
Tian et al. (2012) also discovered in their study
concerning the variation of cyanobacteria in Nansi
Lake. Owing to the fact that Hongze Lake covers a wide
range of water area, it was artificially divided into three
regions (Northern region, Western region, and Eastern
region) based on the difference in water hydraulics
characteristic and some other water environmental fac-
tors. Therefore, it was necessary to find out whether
significant differences exist among the three lake re-
gions at the cyanobacteria community structure and
abundance. As expected, the average cyanobacteria
abundance of Northern region was much higher than
that of Western region and Eastern region. However, the
cyanobacteria species observed at the same sampling
time in three lake regions were almost the same, and
similar seasonal distribution pattern was exhibited in
these three regions. According to the research performed
previously, the abundance and species richness of phy-
toplankton usually get influenced by water velocity,
fluctuating water level, and age of water (Crayton and
Sommerfield 1979; Sharma et al. 2007; Yang et al.
2011). The mobility of water body in Northern region
was much slower than that in the other two regions (Ye
et al. 2011), in favor of nutrient accumulation and the
maintaining of stable water column, which may be the
major physical environmental factor that resulted in the

Table 2 Cyanobacteria species identified in Hongze Lake from
March 2011 to February 2013

Genus Species

Microcystis Microcystis aeruginosa; Microcystis incerta;
Microcystis wesenbergii

Merismopedia Merismopedia elegans; Merismopedia
glauca; Merismopedia punctata;
Merismopedia tenuissima

Chroococcus Chroococcus tenax; Chroococcus Minor;
Chroococcus minutus

Oscillatoria Oscillatoria princeps; Oscillatoria
amphibian; Oscillatoria agardhii

Anabaena Anabaena circinalis; Anabaena azotica

Pseudanabaena Pseudanabaena limnetica

Phormidium Phormidium tenus; Phormidium corium

Pleurocapsa Pleurocapsa fuliginosa

Cylindrospermum Cylindrospermum stagnale

Aphanizomenon Aphanizomenon issatschenkoi

Gloeocapsa Gloeocapsa magma

Raphidiopsis Raphidiopsis curvata

Coelosphaerium Coelosphaerium dubium

Aphanocapsa Aphanocapsa rivularis

Rhabdoderma Rhabdoderma lineare

Dactyloccocopsis Dactyloccocopsis rhaphidioides
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cyanobacteria abundance difference in three lake
regions.

In the Northern region, Microcystis was the most
predominant cyanobacterial genus that its cell density
was far higher than that in the other two lake regions,
and the maximum abundance occurred in August in
2011 with the value of 1.03×107 cells/L. This situation
was a little different in Western region and Eastern
region; unlike Microcystis being the only predominant
genus, Merismopedia was the second dominated genus
in several months, with a relatively high cell density
than the other genera as well asMicrocystis. It is a kind
of ubiquitous species that could be found in rivers, lakes,
and estuaries. Merismopedia has a strong adaptability
for different habitat environments, and generally it was
the dominant species in low-alkalinity freshwater lakes

in summer (Brettum 1989; Blomqvist 2001; Qin et al.
2007; Tian et al. 2012). In addition to that,
Pseudanabaena also acted as one dominated genus in
months such as October 2012 and September 2011 in
Western region.

As the most predominant cyanobacterial genus in
Hongze Lake, Microcystis was mainly composed of
M. wesenbergii, accounting for nearly 90 % of the total
Microcystis abundance. There were similarities between
the spatiotemporal distribution patterns of total
cyanobacteria community and M. wesenbergii (Fig. 5).
The cell density of M. wesenbergii usually had a rapid
increase from July and then lasted for 3 months until
October when the cell density declined to a low level.
Besides, in the Northern region, the abundance was
significantly higher than that in the other two lake

Fig. 4 Seasonal succession of
cyanobacteria community in
Hongze Lake fromMarch 2011 to
February 2013 (N Northern
region, W Western region, E
Eastern region)
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regions, with the maximum value appeared in August
2011.

Microcystis was reported as the dominant genus in
many eutrophic lakes at home and abroad (Rinta-Kanto
et al. 2005; Mitsuhiro 2007; Tan et al. 2009; Liu et al.
2011). A sharp increase ofMicrocystis abundance began
in July, and the peak occurred in August followed by the
continuous declination of abundance that started from
October. However, the seasonal distribution of
dominant cyanobacteria genus in different lakes
displayed dissimilar regularities. Yamamoto and
Nakahara (2009) reported that the population density
variation of Microcystis in Hirosawa-no-ike Pond in
Japan increased rapidly from late June and lasted about
3 months, which is similar to theMicrocystis variation in
Hongze Lake. In Lake Chaohu, Microcystis was pre-
dominant in warm seasons, and large algal biomass
increased quickly from April to June (Deng et al.
2008). Similar to that, the Microcystis abundance in
Taihu Lake often experienced vigorous increase from
April, with a relatively high value until November
(Kong et al. 2009). The Microcystis abundance and the

duration time in Hongze Lake were significantly less
than those in lakes where harmful cyanobacterial
blooms occurred more frequently, such as Taihu Lake
and Dianchi Lake in China (Kong et al. 2009; Sheng
et al. 2012).

The relationship between cyanobacteria community
variation and environmental factors

RDA based on cyanobacterial species data and environ-
mental variables was carried out to explore the potential
correlation between them. The observed variance of
cyanobacteria abundance that can be explained by the
axis is shown in Table 3, with the eigenvalues of the axis
1 and axis 2 listed as well. According to the results of
RDA ordination (Fig. 6), the axis 1 and axis 2 explained
26.5 % of the cumulative percentage variance of
cyanobacteria abundance, while all the environmental
variables in the RDA analysis interpreted 29.3 % of the
total variation of cyanobacteria abundance. A large pro-
portion of variance (86.9) in the cyanobacteria-

Fig. 5 Spatiotemporal variation of Microcystis wesenbergii of three regions in Hongze Lake from March 2011 to February 2013 (N
Northern region, W Western region, E Eastern region)

Table 3 Summary of redundancy analysis between environmental factors and cyanobacterial abundance

Axes 1 2 3 4

Eigenvalues 0.241 0.024 0.018 0.009

Species-environment correlations 0.708 0.451 0.426 0.349

Cumulative percentage variance of species data 24.1 26.5 28.4 29.3

Cumulative percentage variance of species-environment relation 79.0 86.9 92.9 95.9

Sum of all eigenvalues 1.000

Sum of all canonical eigenvalues 0.305
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environment relationship was explained by the two or-
dination axes.

Environmental factors such as WT (−0.6141), DO
(0.5531), NO3-N (0.4717), and CODMn (−0.4554) were
strongly correlatedwith axis 1, while Trans (0.2133) and
TN (0.2035) were most related with axis 2. During our
study period, the cyanobacterial community in Hongze
Lake experienced successive and substantial changes,
which were closely related to many environmental fac-
tors including WT, DO, TN, Trans, COD, etc. Based on

the results of RDA, there was clear evidence that water
temperature played a key role in the succession of the
cyanobacterial community in Hongze Lake, and the
abundance variation of dominated cyanobacterial gen-
era likeMicrocystis andMerismopedia was mainly cor-
related with environmental factors—WT, DO, NO3-N,
and CODMn. More interpretation concerning the corre-
lation between and cyanobacterial community and en-
vironmental factors in this ordination diagram can be
obtained in Lepš and Šmilauer (2003).

Fig. 6 Redundancy analysis (RDA) ordination diagram of cyanobacteria genera with environmental variables in Hongze Lake fromMarch
2011 to February 2013

Table 4 Pearson correlation coefficients between environmental parameters and cyanobacteria abundance

MIC MER PSE PHO OSC CHR PLE DAC CYL APH

WD −0.248** −0.009 0.030 −0.104 −0.137* −0.177** −0.208** −0.168** 0.008 −0.034
Trans −0.099 −0.034 0.110 −0.056 0.003 −0.042 −0.069 0.089 −0.023 0.128*

WT 0.348** 0.326** 0.162** 0.263** 0.209** 0.269** 0.204** 0.132* 0.028 0.157*

pH 0.006 −0.039 −0.140* 0.048 0.011 0.018 −0.024 0.018 −0.091 −0.048
DO −0.268** −0.254** −0.144* −0.186** −0.125* −0.191** −0.154* −0.083 −0.003 −0.117
CODMn 0.299** 0.317** 0.303** 0.315** 0.265** 0.268** 0.253** 0.154* −0.010 0.209**

TN −0.208** −0.174** −0.080 −0.204** −0.094 −0.145* −0.120 −0.192** −0.009 −0.081
TP 0.175** 0.147* 0.057 0.058 0.030 0.014 0.060 −0.050 0.000 −0.026
NH4-N 0.095 0.132* 0.015 0.012 0.083 0.033 0.086 −0.028 0.047 0.034

NO2-N 0.012 0.052 −0.005 −0.019 0.032 0.044 −0.013 −0.055 −0.005 0.040

NO3-N −0.229** −0.235** −0.177** −0.215** −0.152* −0.179** −0.202** −0.183** 0.002 −0.117
PO4-P 0.071 0.099 −0.069 −0.069 −0.067 −0.062 −0.030 −0.069 0.079 −0.091
N/P −0.210** −0.211** −0.108 −0.178** −0.098 −0.123* −0.127* −0.147* −0.007 −0.065

WD water depth, Trans transparency,WTwater temperature, DO dissolved oxygen, COD chemical oxygen demand, TN total nitrogen, TP
total phosphorus,N/P total nitrogen/total phosphorus,MICMicrocystis,MERMerismopedia,PSE Pseudanabaena, PHOPhormidium,OSC
Oscillatoria, CHR Chroococcus, PLE Pleurocapsa, DAC Dactyloccocopsis, CYL Cylindrospermum, APH Aphanizomenon

*P<0.05; **P<0.01
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The results of Pearson correlation analysis for species
data and environmental variables are shown in Table 4.
In terms of the correlation coefficients, it is obvious that
most abundance of cyanobactrial genera in Hongze
Lake was strongly related to WT, NO3-N, and CODMn,
which was in accordance with the RDA analysis.
Microcystis and Chroococcus had an abundance

variation negatively correlated with WD and DO. Be-
sides, the abundance variation of Microcystis,
Merismopedia, and Phormidium correlated negatively
with the ratio of TN to TP.

It is comprehensively accepted that the seasonal var-
iations of phytoplankton are related to a series of envi-
ronmental factors in aquatic environments (Wu and

Fig. 7 Correlation between a
water temperature and
Microcystis abundance, b the
ratio TN/TP and Microcystis
abundance, and c NO3-N
concentration and Microcystis
abundance in Hongze Lake
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Chou 1998), and the dominance of specific species or a
particular phytoplankton community feature is the result
of a combination effect of multiple environmental fac-
tors (Reynolds 1998). In Hongze Lake, the spatiotem-
poral distribution pattern of cyanobacteria community
varied at three lake regions, due to the otherness of
hydraulics conditions and water quality parameters.

In a general way, cyanobacteria species have higher
optimal temperature for cell growth than other kinds of
phytoplankton assemblages. Most commonly,
cyanobacterial dominance takes place at higher water
temperatures (>20 °C) (McQueen and Lean 1987). As
water temperatures exceed 20 °C, the growth rates of
eukaryotic phytoplankton usually stabilize or decrease,
while those of many cyanobacteria species always in-
crease, providing a competitive advantage (Mur et al.
1999; Peperzak 2003; Paerl and Huisman 2009). In
addition to that, the rising water temperatures will
change many physical features of the aquatic environ-
ment that may favor the cyanobacterial species: the
increase in nutrient diffusion (Vogel 1996; Peperzak
2003), the decrease in surface water viscosity occurred
with the buoyancy regulation mechanisms of some
cyanobacterial species (Wagner and Adrian 2009;
Paerl and Huisman 2009), and the intensified vertical
densi ty strat i f icat ion that also enhance the
cyanobacterial species’ competitive advantage. Harmful
bloom-forming cyanobacterial genus such as
Microcystis, with the buoyancy regulating ability men-
tioned above, has been considered to succeed at or
above 25 °C, and temperatures below 22 °C are not in
favor of a mass proliferation (Robarts and Zohary 1987).
Consistent with this issue, Microcystis dominated in
Hongze Lake during the warm months (from July to
September) during the 2-year study (Fig. 5), with the
water temperature ranging from 24.7 to 31.3 °C and the
mean value 28.5 °C. Besides, there is clear evidence that
Microcystis abundance was significantly correlated with
water temperature in Hongze Lake (Fig. 7a), with the
obvious increase which appeared after the water tem-
perature exceeded 25 °C. In the current study, water
temperature proved to have a strong and positive effect
on the growth and proliferation of Microcystis and the
whole cyanobacteria abundance (Fig. 6).

Of all of the potential environmental factors behind
harmful cyanobacterial blooms, anthropogenic nutrient
pollution has been given the most attention. Many
pieces of research believed that the eutrophication asso-
ciated with the increased discharged pollutants has

stimulated the occurrences of harmful cyanobacterial
blooms (Hallegraeff 1993; Burkholder 1998; Anderson
et al. 2002; Glibert et al. 2005; Heisler et al. 2008). In
freshwater ecosystems, the availability of phosphorus is
often one important factor limiting cyanobacterial spe-
cies (Schindler et al. 2008). Generally, the increase of
phosphorus concentration is in favor of the dominance
of cyanobacteria species within the whole phytoplank-
ton community (Smith 1986; Downing et al. 2001). On
the other hand, the low TN/TP mass ratio does good for
cyanobacterial species no matter whether they have the
nitrogen fixing ability (Smith 1983). In our study, TN
and TP exhibited opposite temporal variation trend: The
maximum TN value occurred in winter and the TN
values in summer were at a relatively low level, while
the temporal trend of TP was opposite in most cases
(Fig. 2c). Consequently, the TN/TP mass ratio during
the study period kept a high level (41.0) in winter, and
the ratio decreased to 18.3 from July to September,
when the cyanobacteria abundance was much higher
than that in other investigation period. The TN/TP mass
ratio exhibited a negative correlation with the
Microcystis abundance in Hongze Lake (Fig. 7b); in-
line with the results of the study carried out in Meiliang
Bay of Taihu Lake, the Microcystis species tended to
dominate at low TN/TP (<30) in warm temperatures
(Liu et al. 2011). However, Teubner et al. (1999) sug-
gested that in some cases, it is the time when the critical
ratio is reached rather than the ratio itself which really
determines the dominance of one specific species. A
number of lakes around the world with low TN/TPmass
ratios are dominated by non-Microcystis; hence, other
environmental factors besides this ratio actually also
contribute to the occurrence of harmful Microcystis
blooms (Liu et al. 2011).

In our study, the availability of NO3-N (nitrate)
showed a strong negative correlation with Microcystis
abundance (Fig. 6). According to the research of
Jacoby et al. (2000), the dominance of Microcystis
over other cyanobacterial species had a close relation-
ship with low TN/TP mass ratio and low NO3-N
availability. High NO3-N concentration favors the
growth of eukaryotic phytoplankton (Berg et al.
2003), while low NO3-N favors some cyanobacteria
(Jacoby et al. 2000). For instance, non-nitrogen-fixing
cyanobacteria species like Microcystis aeruginosa pre-
fer NH4-N over NO3-N as a N source; moreover, it
could be outcompeted by other phytoplankton species
in high NO3-N availability condition due to its low
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rate of NO3-N assimilation (Kappers 1984; Blomqvist
et al. 1994). In Hongze Lake, the low level of NO3-N
availability corresponded with relatively high
Microcystis abundance to a great content (Fig. 7c).
Except for the potential inorganic N and P, recent
pieces of research have indicated that organic N and
P may be important nutrient sources for cyanobacteria
species as well. Much soluble N and P nutrient in
aquatic environment was comprised of organic com-
pounds (Seitzinger and Sanders 1997; Kolowith et al.
2001), and many cyanobacteria species could make
use of various dissolved and particulate organic N
and P nutrient (Glibert and Bronk 1994; Berman
and Chava 1999; Davis et al. 2010). Consequently,
this topic requires further studies concerning the nu-
trient form and ratios.

The harmful cyanobacteria blooms in Hongze Lake
have not been as serious as those in Taihu Lake or other
typical eutrophic lakes such as Dianchi Lake and
Chaohu Lake in China (Huang et al. 2010). The most
convincing explanation is probably the much more fre-
quent water exchange owing to its water-carrying char-
acteristic (Ye et al. 2011), because other environmental
factors such as water temperature and nutrient concen-
tration do not show significant differences (Deng et al.
2008; Liu et al. 2011; Sheng et al. 2012). Frequent water
exchange suppresses the large-scale accumulation of
cyanobacteria, and accordingly, the possibility of
cyanobacterial bloom in Hongze Lake is relatively
low. On the other hand, there have been small-scale
cyanobacterial blooms that occurred in Hongze Lake
in warm temperatures in the recent decade (Wang et al.
2010; Ye et al. 2011), and the sites where these
cyanobacterial blooms took place all have features as
follows: slow water exchange, low velocity of the wind
that favor cyanobacteria migration and accumulation
(Kong et al. 2009; Wu et al. 2010), relatively steady
wind direction, and nutrient concentration or ratio ben-
eficial for cyanobacterial blooms. The conditions listed
above which are in favor for cyanobacteria blooms are
appropriate for other typical lakes in China such as
Taihu Lake, Dianchi Lake, and Chaohu Lake (Deng
et al. 2008; Kong et al. 2009; Wu et al. 2010; Liu et al.
2011; Sheng et al. 2012). Overall, the occurrence of
mass proliferation of cyanobacteria species, especially
Microcystis, was associated with a stable water column,
low NO3-N availability, low TN/TP mass ratio caused
by increased TP concentration, and surface water tem-
perature greater than 25 °C.

Conclusion

From March 2011 to February 2013, a total of 23
cyanobacterial species which belong to 16 genera were
identified in Hongze Lake based on a monthly sampling
at 11 stations in three lake regions. The average
cyanobacteria abundance of Northern region (1.96×
106 cells/L) was significantly higher than that of West-
ern region (1.22×106 cells/L) and Eastern region (0.91×
106 cells/L), and the three regions took on a similar
seasonal regularity. Microcystis was the most predomi-
nant cyanobacterial genus, and it was mainly composed
of M. wesenbergii. The results of RDA and Pearson
correlation analysis indicated that water temperature,
CODMn, NO3-N, and TN/TP mass ratio were correlated
with Microcystis abundance, among which water tem-
perature had the highest correlation coefficient. In sum-
mer, cyanobacterial blooms may take place under suit-
able environmental conditions at some special areas in
Hongze Lake, especially where the concurrence of slow
water exchange and steady wind direction exists.
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