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ABSTRACT

Lake Taihu, high-molecular-weight dissolved organic matter (HMW-DOM), with sizes between 1 kDa and 0.2 mm, were collected

using cross-flow ultrafiltration, from three different eutrophic regions. The DOC, and HMW-DOC concentrations, as well as environ-

mental factors, including water temperature, nitrate, phosphate, and Chlorophyll-a (Chl-a), were analyzed. A significant negative re-

lationship was observed between Chl-a and nitrate concentration, suggesting that cyanobacterial bloom was limited by nitrate. The

high phosphate concentration can probably be attributed to phosphorus released from the sediment or can be a result of the accumulation

of bloom. Furthermore, DOC concentration significantly increased with water temperature, and was negatively related to nitrate con-

centration, indicating that these two environmental factors are well correlated to DOC dynamics. DOC concentration did not signifi-

cantly corresponded with the Chl-a concentration in Lake Taihu. Moreover, the relationship between HMW-DOC and Chl-a concentration

was only observed in Gonghu Bay, suggesting that DOC and HMW-DOC are not solely derived from cyanobacterial bloom. Other or-

ganic carbon origins, such as terrestrial input, were also assumed to play an important role in Lake Taihu.
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INTRODUCTION

Cyanobacterial blooms, which are most abundant from
spring to autumn, are regularly occurring features of a large
number of aquatic ecosystems in China (Xu et al. 2010).
The contribution of cyanobacterial blooms to dissolved or-
ganic matter (DOM) formation and accumulation is sub-
stantial (Meon, and Kirchman 2001). The algal DOM
released from Microcystis aeruginosa contributes consid-
erably to the organic matter in Lake Biwa (Aoki et al.
2008). DOM concentration and composition may also be
affected by nutrient variation, particularly nitrate. Wetz, and
Wheeler (2003) observed a significant accumulation of
DOM after the nitrate depletion of the phytoplankton. A
shift in DOM composition from being a carbon-enriched
to a nitrogen-enriched material was observed during
cyanobacterial cell lysis induced by nitrate depletion after
the 2009 bloom in Lake Taihu (Ye et al., in press). Thus,
understanding the effects of blooms and environmental fac-
tors on carbon dynamics is important for future predictions
and for the controls of affected regions in the aquatic
ecosystem. 

The two most important components of DOM are dis-
solved organic carbon (DOC) and dissolved organic nitro-
gen (DON). Phytoplankton blooms have a significant effect

on DOC pools relative to DON (Gobler, and Sañudo-Wil-
helmy 2003). The molecular composition of DOC is com-
plicated. A large proportion of the DOC produced during
phytoplankton blooms were reported to be high-molecular-
weight (HMW)-DOC (Gobler, and Sañudo-Wilhelmy
2003). Both bulk and HMW-DOC (>1 kDa) pools were an-
alyzed and compared with Chlorophyll-a (Chl-a) concen-
tration to ascertain how the DOC composition is affected
by the development of cyanobacterial blooms. The result-
ing data provide insights into DOC dynamics and sources
during algal bloom. The current study is the first to exten-
sively analyze the characteristics of DOC in relation to
cyanobacterial bloom in Lake Taihu.

MATERIALS AND METHODS

Site description

Lake Taihu is one of the largest freshwater lakes in
China and is located in the southeast portion of the Yangtze
River Delta (latitude 30°55’40’’–31°32’58’’ N; longitude
119°52’32’’–120°36’10’’ E), with an area of 2340 km2.
Cyanobacterial bloom occurs annually in late May or early
June, and the large volume of cyanobacteria colonies is
driven to the western and northern areas of Lake Taihu by
the high frequency of southwest winds (Wu et al. 2010). In
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the present study, surface water samples from Lake Taihu
were obtained monthly from March to August 2010. The
sampling sites were categorized into three regions, namely,
(1) Meiliang Bay, one of the most eutrophic bays in the
northern section of the lake, with a high density of Micro-
cystis scums in summer (Chen et al. 2003); (2) Lake centre,
an open lake without serious water bloom in summer; and
(3) Gonghu Bay, which used to be dominated by sub-
merged macrophytes (Zhang et al. 2006) and is now less
eutrophic than Meiliang Bay (Fig. 1). 

In the present study, the results of microscopy determi-
nation indicated that the cyanobacteria comprised more than
95% of the phytoplankton in the three sampling sites during
all sampling periods. Therefore, Chl-a concentrations were
used to represent the abundance of cyanobacteria. 

Analytical procedures

Three replicate measurements of subsamples from each
sample were performed. Chl-a that was collected on a
GF/C filter and extracted with 90% acetone was measured
using the method described by Yan et al. (2004). Ultrafil-
tration was performed using a Millpore Pellicon standard
system with a 1 kDa regenerated cellulose PLAC filter car-
tridge (filter area 0.5 m2). The water samples were filtered
through 0.2 mm pore size filter prior to ultrafiltration. Pro-
cedures for the ultrafiltration of collected samples are de-
scribed by Guo, and Santschi (1996). HMW-DOM is
defined as DOM with a molecular weight between 1 kDa
and 0.2 mm. DOC and HMW-DOC were analyzed through
the high-temperature catalytic oxidation method using a
total organic carbon analyzer (Shimadzu TOC-V CPN,
Japan) (Zhang et al. 2006). After ultrafiltration, aliquots of
both retentate and ultrafiltrate were sampled for a DOC

mass balance (Guo, and Santschi 1996). Concentrations of
the nitrate and phosphate were determined using a contin-
uous flow analyzer (Skalar San plus, Netherlands).

Statistical analysis

The SPSS 16.0 software package was used for statisti-
cal analysis. Differences among means were determined
using a two-tailed t-test. Differences were considered sig-
nificant at p<0.05. All data were presented as mean±stan-
dard deviations. The relationships between Chl-a and
nitrate and DOC and HMW-DOC concentrations were de-
scribed using linear regression.

RESULTS

Chl-a primarily increased in July, whereas the Chl-a
values were substantially lower during the rest of the sam-
pling period, except at the Meiliang Bay station (Fig. 2a).
The differences in the Chl-a concentration between Meil-
iang Bay and Lake centre was significant (n=6, p=0.05).
Nitrate concentration fluctuated until April and became sta-
ble afterwards, then decreased continuously after June in
all three lake regions (Fig. 2b). Phosphate concentration
fluctuated from March to July, but increased noticeably in
August at all three lake sites (Fig. 2c). 

DOC concentration clearly increased in the three sam-
pling sites. In Meiliang bay, the maximum DOC concen-
trations were observed in July. In Lake centre and Gonghu
Bay, the highest DOC concentrations were observed in Au-
gust (Fig. 3a). No significant differences were found in
DOC concentration among the three sampling sites. In
Meiliang Bay and Lake centre, the HMW-DOC concentra-

Fig. 1. Location of the sampling sites in Lake Taihu.

Fig. 2. Chl-a (a), nitrate (b), and phosphate (c) concentrations
from March to August 2010 in Lake Taihu, and the relationship
between Chl-a and nitrate from March to August 2010 in Lake
Taihu (d).
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tion increased starting in March, reached the maximum val-
ues in June, and then fluctuated. In Gonghu Bay, HMW-
DOC concentration increased gradually from 1.2±0.1 mg
L-1 in March to 2.7±0.03 mg L-1 in August (Fig. 3b). No
significant differences in HMW-DOC concentration were
found among the three sampling sites. The HMW-DOC
fraction of the total DOC increased from 37% and 34% in
March to 84% and 64% in June in Meiliang Bay and Lake
centre, respectively. In Gonghu Bay, the fraction increased
from 30% in March to 51% in August (Fig. 3c).

DISCUSSION

Relationship between Chl-a and nutrients

Chl-a concentration in Meiliang Bay was significantly
higher than that in Lake centre from March to August. A
similar Chl-a spatial distribution was also found by Chen
et al. (2003). The bioavailability of N and P during the
growth season plays an important role in controlling bloom
formation and magnitude (Nalewajiko, and Murphy 2001).
The extremely high levels of cyanobacteria biomass during
the summer of 2010 created substantial cellular demand for
nutrients. A negative linear correlation between Chl-a and
nitrate concentration was observed in the present study
(Fig. 2d), indicating that nitrate was depleted during the
cyano-bacterial bloom, which is consistent with the find-
ings of another study (Mei et al. 2005). Moreover, nitrate
is the primary form of inorganic N in Lake Taihu, especially
in spring. The peak of cyanobacteria biomass in Lake Taihu
is associated with the maximum nitrate concentration (Mc-
carthy et al. 2007). Total phytoplankton biomass and
growth rates increased significantly with additions of N in

summer and autumn, suggesting N limitation of phyto-
plankton growth in Lake Taihu (Xu et al. 2010). 

A high concentration of P is believed to be favorable
for the production of cyanobacterial bloom (Smith 1983).
The high phosphate levels in the present study probably re-
sulted from the large cyanobacteira biomass but did not fa-
cilitate the bloom because no correlation was found
between concentrations of Chl-a and phosphate during the
spring–summer bloom (Wu et al. 2010).

The P forms and concentrations can be affected by nu-
merous factors. Internal P loading is widely known as a
major source of P in eutrophic lakes (Boström 1984). Mas-
sive P release from sediments may be induced by the ele-
vated pH levels observed during photosynthetically active
summer blooms (Xie et al. 2003), consequently resulting
in the high phosphate concentration in August in the current
study. 

Factors associated with DOC dynamics

Water temperature showed a seasonal pattern without
significant differences among Meiliang Bay, Lake centre,
and Gonghu Bay. Average water temperature increased
continuously from March to August. After June, the water
temperature exceeded 25°C.

Temperature is one of the most important ecological pa-
rameters affecting phytoplankton growth and biological ac-
tivity. High temperature could be the factor triggering the
cyanobacteria bloom (Robart, and Zohary 1987). Annual
fluctuations in DOC concentration are closely associated
with phytoplankton blooms (Simjouw et al. 2004). DOC
concentration exhibited an increase during the spring–sum-
mer bloom in the present study, and a significant difference
in DOC concentration in all the three sampling sites was
found between March and August (n=3, p=0.01). Further-
more, these results suggest that DOC was stimulated by in-
creased water temperature because DOC concentrations
followed averaged water temperature variation (Fig. 4a). 

In Lake Taihu, a cyanobacterial bloom occurs as a colo-
nial morphology under natural conditions with a large
amount of extracellular polysaccharides, the content of
which significantly interacts with nitrogen concentration
(Wang et al. 2011). Generally, polysaccharides are released,
especially under conditions of nitrogen deficiency (Wang
et al. 2010). The primary source of DOC (60%) is known
to be exudation by phytoplankton growing under nitrogen
limitation (Meersche et al. 2004). In the present study, a
significant inverse relationship was observed between ni-
trate and DOC concentration, suggesting that the accumu-
lation of DOC can be attributed to nitrate depletion (Fig.
4b).

The correlation between DOC and Chl-a concentration
is complicated. A significant correlation was found between
Chl-a and DOC concentration during a brown-tide bloom
(Simjouw et al. 2004). At a mid-Atlantic coastal bay, a dra-

Fig. 3. DOC (a), and HMW-DOC (b) concentrations and the
proportion of HMW-DOC in DOC (c) from March to August
2010 in Lake Taihu.
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matic increase in DOC concentration was observed after a
brown-tide bloom, but no correlation between DOC and
Chl-a was reported (Minor et al. 2006). In the present study,
no significant correlation between DOC concentration and
Chl-a was observed in the entirety of Lake Taihu (Fig. 5a),
except at the Gonghu Bay station (Fig. 5b). Although phy-
toplankton have been reported as a potential contributor to
DOC production, a large number of different biotic and abi-
otic processes are also involved, including grazing, photo-
chemical oxidation, and adsorption into sinking particles
(Lindell et al. 1995). In the two other sites, the exogenous
sources of DOC, i.e., riverine and off-shore water, may be
significantly more important in DOC dynamics. Large
amounts of untreated wastewater from factories and resi-
dential areas are discharged into the Liangxi and Zhihu
Gang Rivers before these rivers empty into Meiliang Bay. 

Variation of the HMW-DOC concentration

Results from ultrafiltration studies show an increase in
the HMW-DOC and the percentage HMW-DOC of the
total DOC pool in all the three sampling sites from March
through August 2010. This finding is consistent with that
of a previous study that showed that the HMW-DOC frac-
tion of the total DOC increased from the spring values of
approximately 20% for the Public Landing site and 35%
for the Greenbackville site to higher values of approxi-

mately 60% for both sites in August and September. Fur-
thermore, HMW-DOC was reported to be strongly corre-
lated with Chl-a during an estuarine phytoplankton bloom
(Gobler, and Sañudo-Wilhelmy 2003). In the current study,
no significant correlation between HMW-DOC concentra-
tion and Chl-a was observed in the entirety of Lake Taihu
(Fig. 5c), except in Gonghu Bay (Fig. 5d), indicating that
cyano-bacterial bloom is a direct source of HMW-DOC
only in Gonghu Bay. 

Humic substance derived from the diagenesis of struc-
tural materials from soils is an important resource for
HMW-DOC in freshwater systems (Engelhaupt, and
Bianchi 2001). In Lake Taihu, wind-induced resuspension
of sediments occurs frequently, and thus, the materials re-
leased from sediments significantly affect the concentration
of HMW-DOC in this large shallow lake (Sun et al. 2007),
thereby complicating the relationship between HMW-DOC
and Chl-a concentrations. 

CONCLUSIONS

The present study conducted an observation of DOC
dynamics during the spring–summer cyanobacterial
bloom in Lake Taihu. The results indicated that a
cyanobacterial bloom depleted the nitrate pool, whereas
DOC and HMW-DOC was enriched during the bloom.
The positive correlation between HMW-DOC and Chl-a
in Gonghu Bay suggested that the potential source of
DOC is autochthonous, possibly of cyanobacterial origin.
However, DOC and HMW-DOC are not derived exclu-
sively from cyanobacterial bloom, and other organic car-

Fig. 4. The upper panel shows changes in water temperature and
DOC concentration from March to August 2010 in Lake Taihu
(the white hollow box (□) represents the average water temper-
ature in Lake Taihu, the solid black box(■) represents the DOC
concentration in Meiliang Bay, the hollow circle (○) represents
the DOC concentration in the lake center, and the hollow triangle
(△) represents the DOC concentration in Gonghu Bay), and the
lower panel shows the negative linear relationship between ni-
trate concentration and DOC from March to August 2010 in
Lake Taihu.

Fig. 5. Relationships between DOC and Chl a concentration
from March to August 2010 in Lake Taihu (a) and in Gonghu
Bay (b), and the relationships between HMW-DOC and Chl a
concentration from March to August 2010 in Lake Taihu (c) and
in Gonghu Bay (d).
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bon origins are also important in Lake Taihu. Future stud-
ies are required to elucidate the precise mechanism of the
cyanobacterial release and bacterial assimilation in the
different molecular weight DOC using 13C tracer and
cross-flow ultrafiltration methods. 
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