Distribution and incidence of algal blooms
in Lake Taihu

Hongtao Duan, Steven Arthur Loiselle,
Li Zhu, Lian Feng, Yuchao Zhang &
Ronghua Ma
Aquatic Sciences
Research Across Boundaries
ISSN 1015-1621
Volume 77
Number 1
Aquat Sci (2015) 77:9-16
DOI 10.1007/s00027-014-0367-2

1 23

Your article is protected by copyright and
all rights are held exclusively by Springer
Basel. This e-offprint is for personal use only
and shall not be self-archived in electronic
repositories. If you wish to self-archive your
article, please use the accepted manuscript
version for posting on your own website. You
may further deposit the accepted manuscript
version in any repository, provided it is only
made publicly available 12 months after
official publication or later and provided
acknowledgement is given to the original
source of publication and a link is inserted
to the published article on Springer's
website. The link must be accompanied by
the following text: "The final publication is
available at link.springer.com”.

1 23

Author's personal copy
Aquat Sci (2015) 77:9–16
DOI 10.1007/s00027-014-0367-2

Aquatic Sciences

RESEARCH ARTICLE

Distribution and incidence of algal blooms in Lake Taihu
Hongtao Duan • Steven Arthur Loiselle • Li Zhu
Lian Feng • Yuchao Zhang • Ronghua Ma

•

Received: 2 June 2014 / Accepted: 2 September 2014 / Published online: 14 September 2014
Ó Springer Basel 2014

Abstract Harmful algal blooms depend on several factors linked to climate and catchment conditions. Blooms
can show significant daily, monthly, seasonal, inter-annual
variability as well as horizontal variation in a lake. In the
present study, we use satellite data to explore the sensitivity of different sections of a large eutrophic lake (Lake
Taihu) to climate and catchment-related drivers. Bloom
coverage in the larger open areas of the lake, historically
less eutrophic, has increased over the last 12 years even
though extensive efforts were made to improve catchment
conditions. Decadal trends in these lake sections were more
sensitive to climate conditions and nutrient concentrations
compared with the more enclosed eutrophic bays. Bloom
coverage was bimodal during the year, with regional differences occurring during the second maximum. Links
between climate variability, nutrients, and bloom coverage
suggest that major bloom events are likely to continue to
occur.
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Introduction
Harmful algal blooms were first recorded in the sixteenth
century BCE as the first of the 10 plagues of Egypt: ‘‘and
all the waters that were in the river turned to blood. And the
fish that were in the river died, and the water stank’’
(Dierssen et al. 2006). Algal blooms were described as ‘‘a
slick of green oil paint’’ in Lake Alexandrina, Australia in
the nineteenth century (Francis 1878). In recent decades,
harmful algal blooms have been reported in inland waters
throughout the world (O’Neil et al. 2012), including Lake
Erie (North America), Lake Victoria (Africa), Lake Loosdrecht (Europe), and Lake Taihu (Asia) (Ochumba and
Kibaara 1989; Vincent et al. 2004; Tijdens et al. 2008;
Sitoki et al. 2010; Wang et al. 2011).
Lake Taihu (Fig. 1), the third largest freshwater lake in
China, serves as a primary drinking-water source for 40
million people in the Jiangsu and Zhejiang provinces as
well as the Shanghai municipality (Duan et al. 2012). In
1990, algal blooms caused the closure of 116 factories and
interruption of water supplies to 3 million people in the city
of Wuxi (Xu et al. 2010). In May 2007, a massive
cyanobacterial bloom of Microcystis again occurred and
led to water supply problems for more than 1 million
people (Guo 2007; Wang and Shi 2008; Qin et al. 2010).
Mitigation strategies to reduce nutrient loads and control
eutrophication in Lake Taihu began in the 1990s when
factories were required to treat wastewater before discharging it into lake tributaries. All inflowing rivers were
required to reach grade III standards (National Surface
Water Quality Standard GB3838-2002) before 2000. An
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comparison of bloom dynamics of individual lake sections
with local and global drivers.

Materials and methods

Fig. 1 Lake Tailu, China. The total area of each lake section is:
Central Lake 538 km2; Southwest Lake 550 km2; Northwest Lake
346 km2; Gonghu Bay 149 km2; Meiliang Bay 105 km2; Zhushan
Bay 31 km2; East Bay 202 km2; East Lake 236 km2. The cities of
Wuxi and Suzhou are also shown

Terra/Aqua MODIS 250-m resolution Level-0 data were
obtained from the U.S. NASA Goddard Flight Space
Center. More than 1,000 near cloud free Level-0 granules
of Lake Taihu were converted to calibrated radiance data
using the SeaDAS software package (version 6.1). Atmospheric absorption and Rayleigh scattering were corrected
for using computer software provided by the MODIS Rapid
Response Team (Vermote 1997). The resulting reflectance
data, Rrc(k), where k is the wavelength center of the
MODIS bands (469, 555, 645, 859, 1,240, 1,640,
2,130 nm), were geo-referenced to a cylindrical equidistance (rectangular) projection with an average error of
fewer than 0.5 pixels.
The lake was divided into eight sections based on previous studies of algal dynamics (Fig. 1). To estimate the
coverage of algal blooms in each lake section, the Floating
Algae Index (FAI) algorithm was used (Hu et al. 2010),
with a -0.004 threshold:
FAI ¼ Rrc ð859Þ  R0rc ð859Þ;

investment of 21.9 billion RMB (2.6 billion US$ in 2001)
was made to ‘‘clean’’ Lake Taihu (Qin et al. 2007).
Although there were significant achievements, the 2007
event demonstrated that mitigation was not completely
effective. Following the 2007 event, stricter discharge
standards, including severe penalties and factory closure,
were applied within the watershed; chemical fertilizers,
pesticides and detergents were banned (Guo 2007). In
recent years, there has been a consensus that the water
quality has improved in Lake Taihu (Paerl et al. 2011;
Stone 2011; Duan et al. 2014). However, without a comparative analysis of both water quality and bloom
dynamics, it is difficult to draw conclusions on whether
catchment mitigation has effectively led to a reduced
bloom frequency.
Satellite-based remote observations of bloom coverage
provide fundamental information for long-term lake monitoring and management. Following previous work (Duan
et al. 2009; Hu et al. 2010), we explored the links between
the seasonal and horizontal variability of algal blooms and
nutrient concentrations, local meteorological conditions
and global climate indices. Lake Taihu is probably the
most important and most studied lake in China, with
numerous institutes, both Chinese and international having
conducted studies in this very challenging and compromised ecosystem (Wang and Shi 2008; Paerl et al. 2011;
Huang et al. 2014). To our knowledge, this is the first
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R0rc ð859Þ ¼ Rrc ð645Þ þ ðRrc ð1240Þ  Rrc ð645ÞÞ
 ð859  645Þ=ð1240  645Þ:

ð1Þ

FAI provides information only on surface algae, and
cannot be used to estimate algal biomass at greater depths
in the water column.
Total phosphorus (TP) and total nitrogen (TN) concentrations were determined monthly in the centres of two lake
sections (Central and Meiliang Bay) at a depth of 0.5 m.
Measurements were made, using combined persulphate
digestion (Ebina et al. 1983) and spectrophotometric analysis, to convert TP to soluble reactive phosphorus and TN
to nitrate at the Taihu Laboratory for Lake Ecosystem
Research close to the lake. Monthly averages of daily
precipitation rate (mm), wind speed (ms-1) and air temperature (°C) were obtained from the Xishan weather
station (China Meteorological Data Sharing Service System), located on the lake. A monthly dataset of the
Multivariate ENSO Index (ENSO), standardized with
respect to a 1950–1993 reference period, was used as an
indicator of variability in global climate (Wolter and
Timlin 2011).
Changes from year to year were established by seasonal
smoothing, using a yearly-centred moving average with a
length of 12 months, and seasonal changes were determined from monthly data of algal bloom coverage for each
lake section, TN, TP, precipitation rate, wind speed and air
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Fig. 2 The monthly average percentage of bloom coverage for Lake Taihu from 2000 to 2012

temperature. Correlations between the seasonally smoothed
inter-annual rends of drivers and bloom coverage were
determined by using a linear model with a monthly time

scale where direct correlations had positive Pearson correlation coefficients (r) and indirect correlations had
negative coefficients.
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Fig. 3 The maximum algal bloom coverage in Lake Taihu for each
year between 2000 and 2012 were in 2000 343 km2; 2001 314 km2;
2002 430 km2; 2003 402 km2; 2004 673 km2; 2005 909 km2; 2006
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1490 km2; 2007 1180 km2; 2008 1016 km2; 2009: 403 km2; 2010
1208 km2; 2011 999 km2
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Results
A time-series of bloom changes was determined using the
monthly maximum of bloom coverage compared with total
area of each lake section (Fig. 2). In general, open lake
areas showed lower bloom coverage until 2006, while the
bays maintained a high coverage throughout the study
period. For Lake Taihu as a whole, the extent of the yearly
maximum algal bloom was relatively constant from 2000
to 2003 (*400 km2), increased to 900 km2 in 2005 and
reached 1,500 km2 in 2006 (Fig. 3). The maximum area for
each year remained relatively stable at 1,000–1,200 km2
during 2007–2011, with the exception of 2009 when it
dropped to 550 km2. As bloom estimations of East Lake
and East Bay may be influenced by aquatic vegetation and
bottom effects (Ma et al. 2008), these sections were
omitted from further analysis.
Inter-annual trends of algal blooms
Bloom coverage reached peaks in 2007, 2008 and 2011
(Fig. 4a). The decadal gradient of bloom coverage showed
an increase in all lake sections except Zhushan Bay. The
latter bay did not show any trend over the 12-year study
period and was unique in showing a decrease in bloom
coverage during 2008–2012.
Bloom coverage showed the highest correlation with TP
(Table 1; Fig. 4a, b). Bloom trends were correlated with
wind speed and ENSO in all lake areas except Zhushan
Bay. Trends of blooms and rain (Fig. 4a, c) measured near
the lake centre were not correlated. Correlations among
bloom trends of individual lake sections also occurred, with
Zhushan Bay having the lowest correlation with other lake
sections.
Linear multiple regression models were used to explore
the relationship between annual bloom coverage with wind
and nutrient concentrations (TP) (Table 2). Wind speed
was used as an indicator of inter-annual climate variability,
while the TP was chosen to reflect the inter-annual variability of local conditions (catchment and lake sediment)
(Fig. 4b, c). The wind trend was not correlated with the TP
trend in the Central lake but was correlated (r = -0.42)
with the TP trend in Meiliang Bay. The resultant linear
equation with TP and wind explained 58 % (Central lake
section) and 64 % (Meiliang Bay) of bloom variability.
Studentized residuals were less than 2.5 and there was no
fanning effect when the residuals were plotted against
predicted values in either equation.

Fig. 4 Inter-annual trends of a bloom coverage (%) for the six lake
sections of Lake Taihu, b average total nitrogen and total phosphorus
(mg L-1), c wind (0.1 ms-1) and rain (10 mm) from 2000 to 2011

bloom maximum was simultaneous in all lake sections and
reached its peak in May. The second bloom began in June,
but reached a maximum more quickly in Zhushan Bay
(July) compared with other lake sections. Likewise, the
decay in bloom coverage began earliest in Zhushan Bay.
Seasonal indices of potential drivers such as wind, rain,
and air temperature followed expected patterns linked to
the summer rainy season. Nutrient indices showed maxima
for TN and TP (Central only) in March, with a TP maximum in Meiliang Bay in September. TN:TP ratios fell
during summer but began higher in the bay than in the open
lake (Fig. 5b), suggesting a higher relative input of nitrogen to phosphorus in the bays in winter (Paerl et al. 2011;
Stone 2011; Akyuz et al. 2014).

Seasonal dynamics of algal blooms

Discussion

The seasonal indices of bloom coverage showed a bimodal
seasonal distribution in all lake sections (Fig. 5a). The first

Increased nutrient concentrations are considered essential
for bloom formation while local climate conditions control
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Table 1 Correlations coefficients (r) between inter-annual trends of algal bloom coverage and related physical–chemical parameters
Lake sections

TN (mg/L)

TP (mg/L)

TN:TP

Wind (m/s)

Rain (mm)

Avg temp (°C)

Min yearly temp (°C)

ENSO

Central Lake (%)

0.57

0.62

0.22

20.47

20.16

0.16

20.23

20.47

Southwest lake (%)

0.58

0.63

0.16

20.40

20.26

0.28

20.13

20.34

Northwest lake (%)

0.51

0.50

0.24

20.51

0.02

0.15

20.22

20.33

Gonghu Bay (%)

0.36

0.67

0.09

20.23

20.03

0.11

20.21

20.41

Meiliang Bay (%)

0.39

0.76

0.09

20.56

20.05

0.14

20.21

20.34

Zhushan Bay (%)

0.61

0.73

0.01

20.15

20.07

0.23

0.00

0.23

Bold are significant correlations (n = 115, 132, r [ 0.33, p \ 0.0001). Note that correlations for the open lake areas were based on nutrient
concentrations in the Central lake section while the closed bays were based on nutrient concentrations in the Meiliang Bay

Table 2 Multiple regression linear equations for bloom coverage % in two lake sections
Bloom coverage (%)

Equation

R2

Standard error

F-ratio

p

Central Lake

=65.4 - 2.9 (wind) ? 420.8 (TP)

58 %

6.0

77.2

\0.0001

Meiliang Bay

=58.0 - 1.8 (wind) ? 221.8 (TP)

64 %

5.6

97.5

\0.0001

-1

-1

Multiple regression predictor variables used were wind speed (ms ) and total phosphorus (mg L )

% bloom coverage

(a)

TN:TP ratio

(b)
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Fig. 5 Seasonal indices of a percentage bloom coverage for six lake
sections of Lake Taihu, b TN:TP ratio for Meiliang Bay and the
Central Lake section from 2000 to 2011 in Lake Taihu

biomass dynamics (Chen et al. 2003; Stahl-Delbanco et al.
2003; Xu et al. 2010; Paerl et al. 2011). Bloom coverage in
Lake Taihu was most sensitive to TP concentrations, which
explained (R2) 39 % (Central lake section) and 57 %
(Meiliang Bay) of the inter-annual variability. The positive
trend in TP suggests that more phosphorus became available, either from the lake sediment or from the catchment
(Sondergaard et al. 2003; Shen et al. 2011). The more
frequent and longer lasting blooms in Meiliang and Zhushan Bays and in the NW Lake are likely to be associated
with the raised sediment concentrations of nutrients in
these lake sections (Shen et al. 2011). The increase in TN
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in the Central lake section may also reflect an increase in
nitrogen fixed by the increased blooms.
Bloom coverage was negatively correlated with wind
speed in all open lake sections and in Meiliang Bay.
Mixing (by wind) is an important factor in bloom formation (Stahl-Delbanco and Hansson 2002; Qin et al. 2010;
Wilhelm et al. 2011). This was further demonstrated by the
common bimodal pattern of bloom formation observed
throughout the lake. The first period of bloom growth
began when the period of high winds ended (April), while
the second occurred after the peak of the rainy season
(June). The identification of common lake-wide seasonal
dynamics runs counter to the often assumed proliferation of
blooms from north-to-south (Huang et al. 2014).
There were no correlations between bloom trends and
rainfall. Years with higher rains are expected to have
higher nutrient loads, if catchment conditions, atmospheric
conditions and sediment resuspension remain constant.
However, a low but negative correlation between the trends
of TP and TN with rain was observed.
The ENSO index explained a small part (11–22 %) of
the bloom trend (p \ 0.001) in all lake sections excluding
Zhushan Bay. The relationship was negative, indicating
that higher bloom coverage occurred in years with La Niña
events (e.g. 2007 and 2010). ENSO t leads to decreased
precipitation in China during El Niño events, in particular
in the winter and autumn rainfall (Zhang et al. 2007).
Likewise, influence on wind speed in specific seasons has
been reported but was not observed in the present analysis
(Chen et al. 2013) as the seasonal analysis does not allow
for the identification of inter-annual climate variability for
specific months.
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A high percentage of the variability of bloom coverage
among years was estimated by wind and total phosphorus
concentrations in both open lake and bay areas (Table 2).
The regression coefficients for wind (negative) and TP
(positive) were consistent with observed correlations.
Changes in wind (negative) and TP (positive) for both lake
sections over the study period favoured an increased in
bloom coverage.

Conclusion
Algal blooms in Lake Taihu showed an increase in coverage in all open lake sections, indicating that conditions in
these lake areas continue to worsen. Two decades of
catchment mitigation have thus not been sufficient to
reverse the degradation of the lake, contrary to what has
been previously reported.
Blooms in the open lake sections were more sensitive to
climate conditions (ENSO and wind) than those in the
more impacted bays (Gonghu and Zhushan). The present
analysis indicates that major blooms, similar to those in
2007, will re-occur in the coming years, in particular when
favorable climate and nutrient conditions coincide, typically in years characterized by a strong La Niña event (low
winds).
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