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Abstract

Temporal and spatial changes of total nitrogen (TN), total phosphorus (TP) and chlorophyll-a (Chl-a) in a shallow lake, Lake
Chaohu, China, were investigated using monthly monitoring data from 2001 through 2011. The results showed that the annual mean
concentration ranges of TN, TP, and Chl-a were 0.08-14.60 mg/L, 0.02-1.08 mg/L, and 0.10-465.90 pg/L, respectively. Our data
showed that Lake Chaohu was highly eutrophic and that water quality showed no substantial improvement during 2001 through 2011.
The mean concentrations of TP, TN and Chl-a in the western lake were significantly higher than in the eastern lake, which indicates
a spatial distribution of the three water parameters. The annual mean ratio of TN:TP by weight ranged from 10 to 20, indicating that
phosphorus was the limiting nutrient in this lake. A similar seasonality variation for TP and Chl-a was observed. Riverine TP and NH,*
loading from eight major tributaries were in the range of 1.56 x 10*-5.47 x 10* and 0.19 x 10*-0.51 x 10* tons/yr over 20022011,
respectively, and exceeded the water environmental capability of the two nutrients in the lake by a factor of 3—-6. Thus reduction of

nutrient loading in the sub-watershed and tributaries would be essential for the restoration of Lake Chaohu.

Key words: eutrophication; Lake Chaohu; nitrogen; phosphorus
DOI: 10.1016/S1001-0742(12)60171-5

Introduction

Surface water eutrophication has become a widespread
problem with the intensification of human activities (Yan
et al., 2010; Carpenter et al., 1998; Smith et al., 1999).
Nitrogen and phosphorus enrichment from agriculture,
industrial waste and sewage has been correlated with
the increased eutrophication of lakes in the past decades
(Padisdk et al., 2007). Shallow lakes are important in
servicing humankind with nutrition, water for drinking,
and irrigation (Schinaler, 1977). Due to their proximity
to population centers and sensitivity to land use changes
eutrophication is one of the main environmental problems
in many shallow lakes worldwide (Moss et al., 2005; van
Puijenbroek et al., 2004). Current trends in lake eutroph-
ication suggest that nitrogen and phosphorus levels are
still increasing due to their excessive loading in terrestrial
ecosystems

Similar to many developing countries, water pollution is
one of the most critical environmental problems in China.
It was reported that more than 90% of the Chinese lakes

* Corresponding author. E-mail: leikun@craes.org.cn

were eutrophic due to excessive nitrogen and phosphorus
loading, which has brought high risk to human health
(Liu et al., 2003). Lake Chaohu is a shallow lake in
China, and once played a significant role in supporting
local development. However, this lake is well-known for
its anthropogenic eutrophication and microcystin algal
blooms (Yang et al., 2011). Lake Chaohu together with
other two eutrophic lakes, Taihu and Dianchi often serve
as good examples for studying anthropogenic impacts on
aquatic ecosystems in China. In order to improve the
water quality and control eutrophication in Lake Chaohu,
some recovery strategies have been carried out during
recent years. Unfortunately, this lake has remained highly
eutrophic with loss of ecological function and services,
which brought serious threats to drinking water security
for more than one million people (Sun and Liu, 1991).
Thus we expect that research, monitoring, and evaluation
activities are essential for establishing effective measures
for addressing the eutrophication of this lake. To the best

of our knowledge, many studies have regorted the nutri-
ent distribution in water and sediments profiles in Lake
Chaohu (Pan et al., 2007); however, the lpng-term trends
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and changes in water quality of this lake have remained
unknown, and the export of nutrients from tributaries to
this lake has rarely been studied.

Here an 11-year observation was conducted from 2001
through 2011. The monthly concentration of nitrogen
phosphorus, and phytoplankton Chl-a in Lake Chaohu and
in eight major tributaries was investigated. Through this
study two questions were expected to be well understood:
(1) What are the temporal and spatial changes of water
quality in Lake Chaohu? (2) What is the role of riverine
nutrients exports for lake eutrophication?

1 Materials and methods

1.1 Sites description

Lake Chaohu (117.00°E-118.29°E, 30.56°N-32.02°N) is
located in the Anhui Province of Southeast China, with an
average depth of 2.7 m and a surface water area of 573 km?
(Fig. 1). This lake is the fourth-largest freshwater lake of
China with a relatively long stagnation time. During recent
decades, Lake Chaohu has suffered from serious pollution
resulting from substantial discharge of urban wastewater
and agricultural runoff. Consequently, the water quality
has degraded dramatically and algae blooms occurred
frequently.

There are thirty three tributaries entering Lake Chao-
hu. The Nanfei, Hangbu, Fengle, Shiwuli, Pai, Dianbu,
Ershibu, and Zhao Rivers are the major tributaries that con-
tribute most of the total water discharge into the lake (about
90%). With the local-regional development, these rivers
have been seriously contaminated by agricultural runoff
and industrial wastewater. In this study, one sampling
station was set up in the downstream of each tributary, and
the monthly concentration of NH;* and TP was monitored
from 2002 through 2011.

Six sampling stations were selected covering Lake
Chaohu. Sampling stations S1-S4 were located in the
western lake, while S5 and S6 were located in the eastern
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Fig. 1 Sampling stations set up in tributaries and Lake Chaohu (S1-S6).
DR: Diaubu River, ER: Ershibu River, NFR: Nanfei River, SR: Shinuli
River, PR: Pai River, FLR: Fengle River, HBR: Hangbu River, ZR: Zhao
River.

lake. Station S2 is near SR, S3 is near PR, and S5 is near
ZR. The concentrations of TN, TP, and Chl-a in the six
sampling stations were monitored monthly during 2001
through 2011 to investigate the dynamics of water quality.

1.2 Sampling and analytical methods

Surface water samples were collected using a Niskin water
sampler. At each sampling occasion, a portion of the water
samples was preserved in brown glass bottles (500 mL)
with HySO4 solution (the final pH of water sample <
2) for the determination of TN, TP and CODyy,; part of
the water samples was filtered through a 0.45 pm glass
fiber filter and preserved in 50 mL plastic bottles for the
determination of NH4"; additionally, a 1-L. water sample
was filtered through a 0.45-um glass fiber filter, after which
the glass fiber with filtered phytoplankton was preserved
for the determination of Chl-a. All samples were preserved
at 4°C and analyzed in the lab within 24 hr.

The TN and TP concentrations were determined using
the alkaline potassium persulfate digestion-UV spec-
trophotometric method. The ammonium nitrogen concen-
tration was determined using the colorimetric method.
Chl-a was calculated from spectrophotometric measure-
ments after extraction in hot 90% ethanol. The CODy,
concentration was determined using the standard titrimet-
ric method; pH, water temperature, electrical conductivity
and dissolved oxygen (DO) were measured by using
portable meters during sampling.

1.3 Calculation of total water discharge of the eight
studied tributaries

The total water discharge of the eight studied tributaries
was estimated using rainfall data and the runoff coefficient
within the watershed. The monthly rainfall ranged between
3.5 and 304.2 mm (Fig. 2). The many-years’ mean runoff
coefficient was about 0.46 within the watershed (Yang and
Zhang, 2005; Gao et al., 2009). Then we calculated that
the total water discharge to the lake would range from
33.7 x 108-46.0 x 10® m® with a mean value of 39.6 x
10% m? during 2002-2011. This result is very close to the
monitored value in other reports (40 x 103 m?, Mi and
Zhou, 2009). Considering the water discharge of the eight
tributaries to Lake Chaohu (about 90%), it is estimated that
about 30.3 x 108—41.4 x 108 m® water was discharged to
the lake during the study period.

1.4 Statistical analysis

Statistical analysis was done using the SPSS 17.0 software
package. One-way ANOVA (LSD test) and Independent-
Samples #-Test at the 0.05 confidence level were conducted
to test the difference between group mean values. Two-
tailed Pearson correlation analysis was carried out to

illustrate the correlative relationships betpreen—water—pa
rameters.
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Fig. 2 Monthly rainfall within the Lake Chaohu watershed.
2 Results and discussion

2.1 Temporal and spatial changes of TN, TP, and Chl-a
in Lake Chaohu

Concentrations of TN, TP, and Chl-a in all water samples
ranged 0.13-14.60 mg/L (maximum in S2, August 2007),
0.03-1.08 mg/L (maximum in S1, August 2005), and
0.10-465.90 png/L (maximum in S2, June 2008) (Fig. 3),
respectively. The annual mean concentration of TN, TP,
and Chl-a ranged from 1.79 + 0.57 to 3.44 + 1.54 mg/L,
0.14 £ 0.04 to 0.26 + 0.15 mg/L, and from 3.19 + 2.70 to
44.16 + 37.23 pg/L, respectively, and no clear temporal
trends for the three water parameters were observed.
However, seasonality analysis showed that TN exhibited
the highest level in spring with a range of 2.76-3.40 mg/L
and the lowest level in autumn with a range of 2.33—
3.24 mg/L (Fig. 4). For TP and Chl-a, the highest level
were both observed in summer with a range of 0.21-0.24
mg/L and 14.74-46.26 pg/L, respectively. According to the
classification of water parameters by the Environmental
Quality Standards for Surface Water promulgated by the
Chinese government, the water quality of Lake Chaohu
was classified as grade III to V during the study period.

The mean concentrations of TN, TP, and Chl-a in the
western lake (station S1-S4) were 3.05 + 1.73 mg/L, 0.22
+ 0.12 mg/L, and 18.83 + 50.34 pg/L; the values for the
eastern lake (station S5, S6) were 1.24 + 0.70 mg/L, 0.11
+ 0.06 mg/L, and 3.26 + 5.31 pg/L (Fig. 5), respectively.
The Independent-Samples t-Test showed that the mean
concentrations of TN, TP, and Chl-a in the western lake
were significantly higher than those in the eastern lake (o =
0.05, p < 0.01), which indicates a clear spatial distribution
of the three parameters in this lake.

The correlative relationships between environmental
variables were analyzed. Results showed that Chl-a was
significantly positively correlated with electrical conduc-
tivity, CODyp,, TN, and water temperature while negatively
correlated with pH, DO, and TP (Table 1). This has been
reported in other lakes (Chen et al., 2003).
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Annual average (mg/L)
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Fig. 3 Temporal changes of TN, TP, and Chl-a in Lake Chaohu, data are
presented as mean + SD.
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Fig. 4 Seasonal changes of TN, TP, and Chl-a in Lake Chaohu, data are
presented as mean + SD.

Lake eutrophication accompanying ecopomic develop-
ment is a universal problem in China (CHen et al., 2003;
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Table 1 Correlation coefficient between environmental variables in Lake Chaohu (Pearson, 2-tailed)
Variables pH Electrical conductivity DO CODwy, TN TP Water temperature Chl-a
pH 1.00
Electrical -0.59 1.00
conductivity
DO 0.63 -0.85 1.00
CODwn 0.02 -0.11 0.28 1.00
TN 0.35 -0.25 0.54 0.46 1.00
TP 0.37 0.66 0.88 0.39 0.54 1.00
Water temperature -0.40 0.66 0.63 0.15 -0.34 -0.48 1.00
Chl-a -0.03 0.17 -0.09 0.48 0.24 -0.03 0.21 1.00

Data in bold font mean that the correlation is significant at 0.015 level.

Xia et al., 2011). Our monitoring data showed relatively
high nitrogen and phosphorus levels and a highly eutrophic
condition in Lake Chaohu; this indicates that the water
quality of this lake was not substantially improved. In
this study, higher level water parameters in the lake were
observed in 2007 and 2008, and this may be caused by the
longer stagnation time of nutrients resulting from the lower
precipitation during those two years (Fig. 2). Additionally,
the highest Chl-a content was observed in 2011, meaning
excessive phytoplankton growth was stimulated due to
the long-term presence of higher nitrogen and phosphorus
concentrations. For example, it has been recorded that
a total of 28 algal species belonging to 5 phyla were
identified during 2001-2005 in this lake (Zhang, 2007).
However, 48 algal species belonging to 6 phyla have been
identified recently (Yang et al., 2011). Lake Taihu, another
shallow lake of China, became famous because of its
highly eutrophic condition, and the dynamics of nutrients
in this lake has been well studied. In our estimation, these
two eutrophic lakes showed a different pollution character.
Over the recent decades, the TN concentration in Lake
Taihu showed an increasing trend and the many year’s
mean concentration (mean 2.34 mg/L) was the same to
the value observed in Lake Chaohu (mean 2.34 mg/L);
while the TP concentration (mean 0.176 mg/L) was lower
than our monitored data in Lake Chaohu (mean 0.20 mg/L)
(Zhu, 2008). This is due to the fact that, in addition to the
nutrients exported from urban wastewater and agricultural
runoff, a stratum enriched with phosphorite is located
in the Lake Chaohu basin, which would significantly
contribute phosphorus to the lake water due to land runoff
and erosion.

2.2 Dynamics of eutrophication in Lake Chaohu

The annual mean ratio of TN:TP by weight ranged be-
tween 10 and 20 in Lake Chaohu during the study period
and was higher than the Redfield ratio of 7:1 (Redfield,
1958) (Fig. 6), indicating that phosphorus was the limiting
nutrient in this lake. This is consistent with the reports
that freshwater ecosystems are mainly phosphorus-limited
(Capblancq, 1990), though nitrogen limitation was ob-
served in other lakes (Camacho et al., 2003; May et al.,
2010). In addition, the ratio of TN:TP in the lake showed a

decreasing trend over 2001-2005 while a increasing trend
was seen over 2005-2011.

The long-term dynamics of eutrophication in Lake
Chaohu are shown in Fig. 7. Here a Chinese trophic classi-
fication system for lakes was selected (Zhang et al., 1999),
in which five trophic conditions from oligotrophic to ultra-
eutrophic were assigned according to TP versus Chl-a
content level. The results showed that Lake Chaohu was
ultra-eutrophic during the study period. When the trophic
condition was assessed according to the classification
proposed by Forsberg and Ryding (1980) we also found
that Lake Chaohu was hypertrophic over 2001 to 2011.
This result indicates that eutrophication in Lake Chaohu
was not substantially controlled during recent years (Shang
and Shang, 2007).

In this study, a similar seasonality variation for TP
and Chl-a was observed in this lake. This is consistent
with the reports by Hofmann et al. (2011) that the Chl-
a concentration in the mixed water was often dependent
on nutrient limitations. The seasonality variation of Chl-a
(peak at summer season) in Lake Chaohu may be related
to the change of biomass of algal species, and this has
been proved by previous studies. Jiang et al. (2010) had
reported that the Chl-a concentration in Lake Chaohu was
significantly related to the biomass of Microcystis, which
tends to be at a maximum in summer.

2.3 Impact of riverine nutrient loading on lake water
quality

Total phosphorus and NH,* loading to Lake Chaohu from
the eight major tributaries was calculated using the data
of total water discharge and annual mean nutrient con-
centrations, through which the impact of riverine nutrient
loading on lake water quality was expected to be well
understood. Monitoring data showed that the annual mean
concentration (calculated based on the monthly data) of
TP and NHy* in river water ranged from 0.04 (Fengle)
to 2.08 mg/L (Shiwuli) and 0.18-58.81 mg/L (Shiwuli)
(Fig. 8), respectively, and the overall mean concentrations
of TP and NH;* in Shiwuli, Dianbu, and Ershibu was

significantly higher than in other rivers (e——6-05—p
0.001). The concentration of TP (1.08 mlg/L) and NH4™*
(11.83 mg/L) in Nanfei in 2002 was sigrlificantly higher
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Fig. 5 Spatial distribution of TN, TP and Chl-a in Lake Chaohu. The
box plot shows the 10th and 90th percentiles, the median and mean, and
the 25th and 75th percentiles.

than the subsequent six years (o = 0.05, p < 0.001).
Taking the parameter of total water discharge into con-
sideration, it is estimated that about 0.19 x 10*-0.27 x
10* tons TP (mean 0.27 x 10* tons) and 4.17x 10*-5.47
x 10* tons NH,*(mean 4.35 x 10* tons) was exported to
the lake over 2002-2011 (Fig. 9). The water environment
capability of TP and NH,4* in Lake Chaohu (calculated
based on the Grade-III water quality) ranged from 0.05
x 10*-0.06 x 10* and 1.01 x 10*-1.27 x 10* tons/yr
during the study period (unpublished data), respectively.
Thus it is clear from the data that the riverine nitrogen

40
—@— Annual mean —o— Monthly data

o o

Ratio of TN:TP

1 1 1 1 1 1 1 1 1 1 I
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Fig. 6 Ratios of TN:TP by weight in Lake Chaohu during 2001 through
2011. Annual mean data are presented as mean + SD.

and phosphorus loading exceeded the water environment
capability of the two nutrients by a factor of 3—6.
Considering that lake sediments always have significant
impacts on lake water quality (Zhang et al., 1999), we
conducted an in situ measurement in 2008 to investigate
the benthic fluxes of dissolved inorganic nitrogen and
phosphorus in Lake Chaohu (12 sampling sites covering
the lake) to estimate the internal loads of nutrients. The
results showed that the mean benthic flux of NH4*, NO5; ™,
and PO, was 3.56 + 1.52 mg N/(m?-day), -0.14 + 0.40
mg N/(m?-day), and —1.54 + 21.94 mg P/(m?-day) (unpub-
lished data), respectively. When taking the parameter of
sediment area of the lake into consideration, it is estimated
that approximately 925 tons nitrogen was released to the
water column from lake sediments while 0.87 tons water
phosphorus was consumed by sediments on a whole lake
basis. Compared to the contribution of external loads
estimated in this article, this strongly indicates that riverine
nutrient loading is mainly responsible for the eutrophica-
tion in Lake Chaohu. Thus, reduction of nutrient loads in
the sub-watershed and tributaries would be essential for the
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02001
40 -
E0r
on
g 2004
S 20+ A EI2005
=
Q
1 —
0 003 |%()10 20 o
2 2011
20072 20090
0 2002 2008
1 1 1 1 1 1 1
140 160 180 200 220 240 260 280
TP (mg/m?)

Fig.7 Long-term dynamics of eutrophication in 1

2001 through 2011.

ake Chaohu during



http://www.jesc.ac.cn

1122 Journal of Environmental Sciences 2013, 25(6) 1117-1123 / Libiao Yang et al. Vol. 25
60 - ratios of TN:TP by weight were higher than 7:1 during the
501 study period meaning phosphorus was the limiting nutrient
wl in the lake. Riverine TP and NH4* loading from eight
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Fig. 9 Riverine nutrient exports to Lake Chaohu during 2002 through
2011.

restoration of this lake.

3 Conclusions

Lake Chaohu was highly eutrophic and water quality
showed no substantial improvement during 2001 through
2011. Significantly higher concentrations of TN, TP, and
Chl-a were observed in the western lake indicating signif-
icant spatial variation in Lake Chaohu. The annual mean

tributaries far exceeded the water environment capability
and the amount contributed by internal loads indicating
that nutrient exports from the tributaries play the most
crucial role in water eutrophication. Thus reduction of
nutrients loading in the sub-watershed and tributaries is
essential for the restoration of Lake Chaohu.
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