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Abstract Rapid population increase and economic
growth in eastern China has lead to the degradation of
many water bodies in the region, such as Lake Taihu,
the third largest freshwater lake in China. Using data
from recent investigations, the correlations between
algae (measured as chlorophyll-a) and water quality
indices in Lake Taihu were described by multivariate
statistical analyses, and the key driving factors for the
lake eutrophication were identified by principal com-
ponent analysis. Results revealed strong spatiotemporal
variation in the correlations between algae and water
quality indices, suggesting that the limiting factor for
the dominant algae growth depends on seasonality and
location and it is necessary to reduce both nitrogen and
phosphorus inputs for a long-term eutrophication control
in this hyper-eutrophic system. Water temperature was
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another important controlling factor for algal growth in
the lake. Using principal component analysis, nutrient
contaminations from anthropogenic and natural inputs
were identified as the key driving factor for the water
quality problems of the lake. Moreover, five principal
components were extracted and characterized with high
spatial and seasonal variations in Lake Taihu. The key
driving factors were believed to influence spatial vari-
ations including heavily polluted areas located in the
northern and northwestern parts of the lake, where many
manufacturing factories were built and wastewater from
domestic and industrial plants was discharged. Based on
this analysis, attention should be paid to effective land
management, industrial wastewater treatment, and
macrophytic vegetation restoration to reduce the pollu-
tant loads and improve water quality. Principal com-
ponent analysis was found to be a useful and effective
method to reduce the number of analytical parameters
without notably impairing the quality of information in
this study.

Keywords Cyanobacteria bloom - Large shallow lakes -
Nutrient limitation - Principal component analysis

Introduction

Taihu Basin has become the most industrialized and
urbanized area in China (Qin et al. 2007). By 2000,
10 % of the gross domestic product (GDP) of China was
generated in this basin, while it accounted for only
0.4 % of the land surface and 3 % of the population
(NSB 2000). Lake Taihu, located in the Taihu Basin, is
the third largest lake in China with a water surface area
of 2,338 km?, an annual average water depth of 1.9 m,

o
% @ Springer



170

Int. J. Environ. Sci. Technol. (2014) 11:169-182

and a mean hydraulic retention time of 300 days (Mao
et al. 2008). It provides critical services to China’s
economy. However, Lake Taihu has been subject to
pollutant loading from an array of nonpoint and point
sources, and experienced severe water quality degrada-
tion over the past several decades. The lake water
quality is continuing to deteriorate; eventually, the
water quality could decline to a level where the lake
will no longer provide potable drinking water or serve
as a habitat for fish and birds (Dong et al. 2008; Hu
et al. 2008). For example, the algal bloom events that
occurred during the summer of 2007 led to the restric-
tion of water supplies for approximately five million
residents in Wuxi city (CD 2007).

The worsening condition of Lake Taihu has prompted
researchers and government officials to seek mitigation
strategies. The large regions of the lake and its water-
shed have limited previous research investigations to
local scales not encompassing the entire watershed
(Dong et al. 2008; James et al. 2009), to limited water
quality indices using data from a small number of
monitoring stations (Chen et al. 2003; Zhu 2008), or to
remote sensing analyses over short time periods (Wang
et al. 2008; Wang and Shi 2008). The spatiotemporal
distributions of and interactions between algal concen-
trations and water quality indices based on long-term
monitoring data that encompass the entire watershed
area and the key driving factors over season need to be
further studied (Paerl et al. 2011a).

Evaluating multiple pollutants at different monitoring
stations in a watershed concurrently is a complex task
that can help in understanding the mechanisms behind
the spatial variations of those pollutants (Razmkhah
et al. 2010). Various external factors impact water
quality; alternatively, these factors may have annual
trends and fluctuations depending upon local conditions,
seasonal variations, and hydrodynamic circulation, as
well as chemical and biological processes. The volume
of monitoring data and the complexity of relationships
among variables poses a barrier to comprehensive
evaluation of pollutants (Fan et al. 2010). Multivariate
statistical techniques, such as principal component
analysis (PCA), are effective tools to reduce the com-
plexity of large-scale data sets to enable their evalua-
tion, spatial analysis, and temporal analysis (Unmesh
et al. 2006). The PCA technique is widely used in
environmental management studies and is useful to
identify characteristics of the major factors that affect
water quality (Xu et al. 2009).

The objectives of this study were to (1) investigate
the spatiotemporal distributions of correlations between
chlorophyll-a (Chl-a) and water quality indices, (2)
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clarify the main principal components from all of the
water quality parameters and characterize the spatio-
temporal distribution of those indices, (3) identify the
key driving factors for the lake eutrophication due to
natural or anthropogenic influences of point or non-
point sources of pollution via the results of PCA.

Materials and methods

To address the objectives listed above, lake and watershed
data were collected from a wide range of sources including
lake monitoring efforts, publications, and local agencies
(Tables 1, 2). Hydrological and water quality data were
collected from 58 monitoring stations with 32 in tributaries
and 26 in the lake (Fig. 1). The runoff from the 32 tribu-
taries accounted for approximately 90 % of the total runoff
input to and output from the lake (Qin et al. 2007), while
the 26 stations in the lake covered most of the lake regions
from the littoral area to open water, including Zhushan
Bay, Meiliang Bay, Gonghu Bay, Central lake, Western
lake, South lake and East Taihu Bay. Hydrologic data for
tributaries included average monthly flow discharge, water
level, flow velocity and direction. Water quality samples
were collected monthly for the tributary and in-lake mon-
itoring stations from 2000 to 2005 which included dis-
solved oxygen (DO), pH, water temperature (WT), Secchi
depth (SD), total nitrogen (TN), total phosphorus (TP),
phytoplankton biomass and Chl-a. In-lake water quality
samples were collected at 0.5 m depth, which is considered
to be representative of the water column due to the shallow
and well-mixed nature of the lake (Li et al. 2011b). A YSI-
6600 multi probe was used to measure DO and WT. TN,
TP, and Chl-a were measured using the Chinese standard
methodology for lake eutrophication surveys (Jin and Tu
1990). This method is similar to the American standard
methods (APHA 1998) for those parameters (James et al.
2009).

To address the roles of water quality parameters and
limiting factors in algal growth in different seasons and
lake regions, temporal trends between monthly phyto-
plankton biomass and TN, TP, air temperature were
analyzed. In addition, the spatial distributions of correla-
tions between Chl-a and water quality were analyzed for
the warm (March to September) and cold seasons
(October to February) using Microsoft Excel 2003. Cor-
relation coefficients between parameters for each moni-
toring station in the lake were calculated using
multivariate statistical analyses. Each correlation coeffi-
cient was calculated based on 72 data sets of monthly
observed values from 2000 to 2005 (12 x 6). The equa-
tion for the correlation coefficient is:



Int. J. Environ. Sci. Technol. (2014) 11:169-182 171
Table 1 Water quality parameter annual means with standard deviations for Lake Taihu from 2000 to 2008
Year TN (mg/L) TP (mg/L) Chl-a (png/L) Phytoplankton SD (cm) rH DO (mg/L) WT (C)
biomass (mg/L)
2000  2.68 £223  0.102 £ 0.080  21.87 £ 29.7 6.80 £ 7.34 423 +£247 788 +043 996 £223 16.7 £ 8.5
2001 249 £2.17  0.096 £+ 0.095 12.13 £+ 14.6 10.02 £ 8.57 41.9 £+ 25.1 8.02+0.73  9.09 £2.83 18.3 £ 8.7
2002 291 £255  0.100 & 0.093 17.16 £ 22.1 6.45 £ 4.47 429 +£242  8.00 + 0.38 8.42 £ 2.75 19.0 £ 7.5
2003 339 +276 0.104 £0.090 21.31 £24.2 7.16 + 4.26 373 £236 794 £039 8.65+ 276 17.3 £ 9.0
2004 357 +£287  0.121 £0.118  29.32 £ 41.7 7.77 £ 6.30 335 £21.6 810+ 045 8.82 £ 2.58 17.0 + 8.3
2005 319 +232 0.100 £0.077  31.49 £ 404 11.50 &+ 6.51 331 £238 820+£0.37 9.50+2.79 17.3 £ 9.7
2006  2.85£093  0.097 + 0.020 48.6 + 59.8 10.83 + 5.51 - - - -
2007 2354+ 0.88  0.082 £+ 0.035 23.1 £ 10.7 8.59 £ 5.21 - - - -
2008 242 £0.89  0.072 £ 0.019 256 £ 16.5 - - - - -

All data come from the database discussed in Table 2

Chl-a Chlorophyll-a, TN total nitrogen, TP total phosphorus, DO dissolved oxygen, SD Secchi depth, WT water temperature “—" means no data

Table 2 Information about databases for Lake Taihu, China

Data type Year(s) Data coverage From Publications

Hydrology 2000-2005 Lake and Tributaries TBAMWSC Water quality bulletins

Water quality 2000-2005 Lake and Tributaries TBAMWSC Water quality bulletins

GIS map 2005 Taihu Basin TBAMWSC -

Meteorology 1980-2000 Taihu basin DSCCWR http://www.waterdata.cn/

Pollutant source 2000 Taihu basin DSCCWR http://www.waterdata.cn/

Socioeconomic 2000-2008 Taihu basin in Jiangsu JPBS Statistical Yearbook of Jiangsu
2004-2007 Taihu basin in Zhejiang ZPBS Statistical Yearbook of Zhejiang
2004-2007 Taihu basin in Anhui APBS Statistical Yearbook of Anhui
2000-2008 Taihu basin in Shanghai SBS Statistical Yearbook of Shanghai

TBAMWSC is Taihu Basin Authority of Ministry of Water Resources; DSCCWR is Data Sharing Center of China Water Resources; JPBS,
ZPBS, APBS, SBS are Jiangsu Provincial Bureau of Statistics, Zhejiang Provincial Bureau of Statistics, Anhui Provincial Bureau of Statistics

and Shanghai Bureau of Statistics, respectively
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where R is correlation coefficient, and X and y are the mean
values of variables x and y, respectively.

In order to clarify the main principal components from
all of the water quality parameters and identify the key
driving factors for the lake eutrophication, the PCA method
was performed using the statistics package SPSS. The PCA
method is used as a dimension reducing technique by
extracting a number of principal components accounting
for the intercorrelation of the variables involved. The
method is most valuable when high correlation is observed
among the variables, an observation often made in lake
eutrophication studies. Moreover, PCA does not impose
requirements for normality and homoscedasticity and

(1)

intends to have a better interpretation of variables (Kazi
et al. 2009; Noori et al. 2010). In mathematical terms, PCA
and its scores involve the following five major steps: (1)
start by coding the variables X;, X5,..., Xj, to have means
of zero and unit variance (i.e., standardize the variables to
ensure they have equal weight in the further analysis); (2)
calculate the covariance matrix C and correlation matrix R;
(3) calculate the eigenvalues 4;, 4,,..., 4; and the corre-
sponding eigenvectors Aj, A,,..., Ay based on the correla-
tion matrix R; (4) rank order eigenvalues and
corresponding eigenvectors, then discard any components
accounting for a very small proportion of the total variation
in data sets; and (5) develop the factor loading matrix to
infer the principal parameters (Bengraine and Marhaba
2003; Fan et al. 2010). The principal components scores
can be expressed as follows:

e
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Fig. 1 Sampling stations in Lake Taihu and surrounding tributaries, China. LMS refers to lake monitoring stations; RMS refers to river

monitoring stations
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where Fi; is the component score, A; is the component
loading, X is the measured value of variable, i is the
component number, j is the sample number, and k is the
number of variables. In this study, PCA included TN,
TP, 5-day biochemical oxygen demand (BODs), potas-
sium permanganate indices (CODyy,), ammonia nitrogen
(NH; — N), nitrate nitrogen (NO5 — N), nitrite nitrogen
(NO; —N), Chl-a, orthophosphate (PO;~ —P), DO,
WT, pH, SD, and suspended solids (SS). Eigenvalues are
used to determine the number of PCs for further study
and describing the underlying data set (Ouyang et al.
2006).

The principal components scores were calculated from
the variables’ means for an independent data set of 26 in-
lake stations as shown in Fig. 1. The spatial variations of
each principal component score in the lake (Fig. 6) were
obtained by interpolating their calculated score from 26 in-
lake stations across the entire water body surface (Surfer,
version 8.0, Golden Software) using an inverse distance

w @ Springer

weighting method where the weight decreased as distance
increased from the interpolated points.

Results and discussion

Temporal variation of correlation between algal
and water quality indices

Analysis of annual average values of the main water
quality parameters TN, TP, and algae concentration
(indicated by Chl-a) from 2000 to 2008 (Table 1) sug-
gested that the water quality in Lake Taihu has deteri-
orated, but with differences among the parameters. TN
and TP presented very similar temporal patterns. The
lowest TN (2.35 mg/L) and TP (0.082 mg/L) values
were observed in 2007 and 2008, respectively; alterna-
tively, their values peaked in 2004 at 3.57 and
0.121 mg/L, respectively. The Chl-a concentrations
fluctuated drastically over the period of 2000-2008.
More specifically, they peaked at 48.6 pg/L in 2006,
bottoming out at 12.13 pg/L in 2001. The SD value
showed an overall downward trend maintaining a depth
of close to 42 cm for the first 3 years and then declined
gradually to 33.1 cm in 2005. During this period, the
pH value was approximately 8.0 with slight fluctuations
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Fig. 2 Comparison of TN, TP, and air temperature with algal concentration (measured as phytoplankton biomass) monthly values in Lake Taihu
from 2000 to 2007
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Fig. 3 Spatial distribution of correlation coefficients between total phosphorus (TP) and chlorophyll-a (Chl-a) by season in Lake Taihu, China.
a Warm season (March to September), b cold season (October to February)
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Fig. 4 Spatial distribution of correlation coefficients between total phosphorus (TN) and chlorophyll-a (Chl-a) by season in Lake Taihu, China.
a Warm season (March to September), b cold season (October to February)

never exceeding 0.2. The DO value started at 9.96 mg/L
in 2000, fell to 8.42 mg/L in 2002, and ended at
9.5 mg/L in 2005. The WT value peaked at 19 °C in
2002.

The monthly correlations between algae concentra-
tion (measured as phytoplankton biomass in this section
due to the data availability) and air temperature, TN, TP
based on the monthly observed data from 2002 to 2007
(Fig. 2) showed that both water quality parameters and

* @ Springer

their correlations changed over time. There was a sim-
ilar fluctuation between TP and algae concentration
(Fig. 2a), with a relatively low level in spring and
winter while at much higher level in summer. The TN
and algae concentration in this work (Fig. 2b) displayed
a remarkable negative correlation. Maximum TN was in
the winter and early spring, and minimum TN was in
the summer, contrary to the monthly algae concentra-
tion pattern. Algae concentration displayed nearly the
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Table 3 Loadings of water quality variables on the first five PCs in Lake Taihu

Variables” Principal components

F1 F2 F3 F4 F5
NH,*-N 0.907 0.167 —0.162
TN 0.816 0.417 —0.175 0.181
TP 0.781 0.238 0.115 0.402 0.108
PO, ~-P 0.737 0.235 0.106 0.193
BOD; 0.706 0.532
CODwn 0.588 0.559 0.263
Chl-a 0.115 0.770
NO, -N 0.342 0.704
WT —-0.177 0.268 0.843 0.208
DO —0.367 —0.736 0.209
NO;™-N 0.378 —0.540 0.475
SS —0.104 0.837
SD —0.174 0.290 —0.680
pH —0.214 —0.894
Eigenvalue 5.04 1.99 1.29 1.15 1.01
PV (%) 36.03 14.23 9.18 8.22 7.05
CPV (%) 36.03 50.26 59.44 67.66 74.71

Results less than the absolute value of 0.1 were omitted, while values greater than 0.6 were considered correlated factors

NH,"-N = ammonia, TN = total nitrogen, TP = total phosphorus, PO4>~-P = orthophosphate, BODs = 5-day biochemical oxygen demand,
CODy, = chemical oxygen demand, Chl-a = chlorophyll-a, NO, -N = nitrite nitrogen, WT = water temperature, DO = dissolved oxygen,
NO; ™ -N = nitrate nitrogen, SS = suspended solids, SD = Secchi depth, P V, CPV = percentage or cumulated percentage of components’
contributions to total variations
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same trend as air temperature based on the monitoring
data from 2002 to 2007 (Fig. 2c). It seemed that the
increase in air temperature facilitated the abundance of
algae.

Spatial variation of correlation between algae
concentration and water quality indices

To evaluate algae and water quality indices and determine
limiting factors for algae growth in different seasons and
regions of the lake, the spatial distributions of correlation
coefficients between algae and water quality indices (e.g.,
TN, TP, WT) were analyzed for the warm season (March to
September) and cold season (October to February).

TP and Chl-a were positively correlated during the
warm season with coefficient values (R) ranging from 0.5
to 0.9 in regions with higher TP concentrations such as
Zhushan, Gonghu, and Meiliang bays in the northern lake
(Fig. 3a). In general, correlations were stronger when the
TP concentration was between 0.09 and 0.16 mg/L, but
when the TP concentration increased to above 0.16 mg/L,
correlations declined as seen in the inner (R = 0.9-0.6)
and outer (R = 0.2-0.4) regions of Meiliang Bay (Fig. 3a).
In the cold season, stronger correlations (R ranging from
0.4 to 0.6) between Chl-a and TP were observed in Gonghu
Bay and in parts of Meiliang Bay, and weaker correlations
were observed in Zhushan and northern Meiliang bays
(R value 0-0.3, Fig. 3b). Generally, no strong correlations
were found between Chl-a and TN concentrations in most
lake regions (R < 0.2), with an exception of a small area of
the East Epigeal Zone during the warm season (R ranging
from 0.3 to 0.6) (Fig. 4). Additionally, the N:P ratio in
Lake Taihu ranged from 50 to 100.

WT was found to be another important factor for algae
growth based on its correlation with Chl-a concentration
(Fig. 5). Positive correlations existed in the northern and
western parts of the lake during both warm and cold sea-
sons. No clear correlations between Chl-a and WT were
observed in the eastern part of the lake. Correlations
between WT and Chl-a during the cold season
(R =0.3-0.7) were higher than the warm season
(R = 0.1-0.3) in most regions of the lake. No significant
correlations were observed between Chl-a and other
indices.

Identification of the principle components in Lake
Taihu

Principal component analysis was used to identify the key
principal components for eutrophication in Lake Taihu.
The sorted rotated factor analyses results along with
eigenvalues and percentages of variance for Lake Taihu

were carried out. The eigenvalue results less than the
absolute value of 0.1 were omitted, whereas values greater
than 0.6 were considered correlated factors (Table 3).
Rotation of the axis defined by factor analysis produced a
new set of factors, each one involving primarily a subset of
the original variables with as little overlap as possible, so
that the original variables are divided into groups. The first
five principal components explained 74.71 % of the total
variance (Table 3) for Lake Taihu. Therefore, five PCs
were extracted based on the eigenvalue greater than one
rule (Ruggieri et al. 2011).

The first factor accounted for 36.03 % of the total
variance, which was strong positively loaded with
NH; — N, TN, TP, PO,” —P and BODs (Table 3),
with strong negative loading of pH and DO. This
component distinguishes the importance of anthropo-
genic inputs (e.g., NH; —N, TN, TP, PO;” — P and
BODs) over the natural inputs (e.g., pH). The second
factor, explaining 14.23 % of the total variance, was
found to be strongly associated with Chl-a, which was
used to describe the eutrophication status in the lake.
The third factor was accounting for only 9.18 % of the
total variance, with strongly positive WT loaded with
negative DO. This component reflected the physical
environment in the lake. The fourth factor, accounting
for only 8.22 % of the total variance, was strongly
loaded with SS and with negative water transparency.
SS may be responsible for decreasing water transpar-
ency in the lake, explaining the water color of the lake.
pH in the fifth factor loaded independently. This factor
contributed 7.05 % of the total variance. According to
the loadings of water quality variables in each factor,
we named the first five PCs as nutrient index (F),
eutrophication index (F,), water temperature and dis-
solved oxygen index (F3), water color index (F,), and
alkalinity acidity index (Fs).

The spatial variability of principle components scores
in Lake Taihu

The spatial variations of each principal component score in
the entire lake (Fig. 6) showed high spatial heterogeneity.
The spatial patterns of the nutrient index (F;) score pre-
sented a general gradient of higher values in the north and
northwest and lower values toward the east and south in the
lake (Fig. 6a), highlighting the heavily polluted area in
Lake Taihu located in the northern and northwestern lake
regions, such as Meiliang Bay, Zhushan Bay, and Gonghu
Bay, where many manufacturing factories located and
wastewater from domestic and industrial plants was dis-
charged. The eastern lake regions had lower scores than
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other regions, especially East Taihu, which suggested those
areas had better water quality. The scores of F, and F5
(Fig. 6b, c) showed similar spatial patterns to F;, explain-
ing that high nutrient concentrations in the lake increased
the Chl-a concentrations and decreased the DO concen-
trations in the lake. The scores of water color (F,) had
higher values at the central lake and those areas where
large tributaries flow in, and had lower values in eastern
lake regions, especially East Taihu (Fig. 6d). The sur-
rounding inflow tributaries carried a large number of pol-
lutants and sediments into the lake, increasing the turbidity
and decreasing the water transparency in the littoral areas.
On the other hand, due to the shallowness and largeness of
Lake Taihu, wind wave-induced sediment resuspension
also can increase the turbidity in the open water, thus
decreasing the water transparency. Moreover, aquatic
plants in East Taihu can dampen the wave effect, stabilize
the sediments, and attenuate sediments resuspension, which
could increase the water transparency. Therefore, the lower
score of F, appeared in East Taihu. Significant spatial
variation of the Fs score (Fig. 6e) showed that alkalinity
was relatively larger in those lake regions connecting to the
inflow rivers, including Meiliang Bay, Gonghu Bay, and
Zhushan Bay, suggesting that the pollutants from the sur-
rounding rivers have a great impact on the water quality of
the nearby lake regions. In addition, the low value in East
Taihu was a consequence of the low pH of water due to the
presence of aquatic vegetation. Such observations under-
line the fact that the environment had a strong feedback
effect on the pH value.

Spatio-temporal distribution of water quality
parameters in Lake Taihu

The results suggest that water quality in the lake has
been continuing to deteriorate in recent years. The
population increase and economic growth have been the
key driving forces to environmental pollution in Lake
Taihu. It has been reported that population growth was
increased by 4.8 %, and economic growth rates of Taihu
basin regions were greatly accelerated from 2000 to
2007 (Jin et al. 2006). TP concentration greater than
0.015 mg/L is thought to be sufficient to cause algal
blooms (Richardson et al. 2007), and TP concentrations
in Lake Taihu exceeds this threshold throughout the
year. TN concentrations were greater in the spring and
winter than the rest of the year. This may be due to the
fact that large amounts of chemical fertilizer were used
in the spring as it was the beginning of the primary
agricultural season and farm land constituted the
majority of the land use from 1999 to 2007 (Li et al.
2008). Zhu (2009) found that dissolved nitrogen mostly
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in the form of nitrate accounted for 79 % of the TN in
Lake Taihu suggesting that chemical fertilizer as a non-
point pollution source played an important role in the
water quality degradation of the lake. Furthermore, TN
in Lake Taihu was comparable to other eutrophic lakes
around the world, e.g. Lake Apopka (~4 mg/L) in the
USA and Lake Lago Trasimeno in Italy (~2.5 mg/L)
(Havens and Elia 2009). Our data suggested that the
excessive nutrients in Lake Taihu accelerated the pro-
cess of eutrophication and degraded the water quality in
the lake, similar to other eutrophic lakes in the world,
such as Lake Norrviken in Sweden (Routh et al. 2009)
and Lake Washington in the USA (Arhonditsis et al.
2003). A brief decline in nutrient concentration in Lake
Taihu in 2001 was probably due to the water transfer
project from Yangtze River to Lake Taihu. Fresh water
from the Yangtze River was transferred into Lake Taihu
via Wangyuhe River (Fig. 1) and taken out via Taipuhe
River (Fig. 1). The test run of this project started in
2001. The average volume of water diverted from Yan-
gtze River was approximately 1.9 billion m® annually, of
which about 0.9 billion m® (approximately one-fifth of
the lake volume ~4.6 billion m®) flowed into Lake
Taihu directly (Li et al. 2011a).

The algae concentrations were higher in summer and
lower in winter and spring, in accordance with the change
trend of air temperature. Their positive and significant
correlation (Fig. 2) suggested that algae concentration was
triggered mainly by temperature and light availability and
maintained by the pool of nutrients, which were supplied
regularly by the high nutrient concentrations in Lake Tai-
hu. Since the average high air temperature in the summer
was around 30 °C and matches the optimum growth tem-
perature of phytoplankton (around 25-30 °C, Zhou and Yu
2004) in Taihu Basin, the elevated levels of phytoplankton
biomass measured in summer in the lake can be explained
as a direct consequence of the summer solar radiation peak
plus the over-enrichment of nutrients (Rapala et al. 1997;
Vézie et al. 2002). During the cold season, reduced water
temperature and light intensity are less favorable for algae
growth. As a consequence, phytoplankton biomass is
diminished.

The high degree of correlation between Chl-a and TP
during the warm months seems to indicate that Lake
Taihu was P limited in parts of the lake (especially in
late spring and early summer) where the TP concen-
trations range from 0.07 to 0.15 mg/L, such as the
northern Centre Zone, southern Meiliang Bay and
Gonghu Bay (Fig. 3a). This was similar to what was
determined by Kotak et al. (1995), who found a positive
correlation between abundance of biomass and TP.
However, the degrees of correlation between Chl-a and
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TP were very weak when P concentrations >0.16 mg/L,
such as in northern Meiliang Bay. It is suggested that
the limiting factor for dominant algae growth depends
on seasonality and location. Additionally, it should be
noted that it is difficult to draw conclusion on nutrient
limitation based solely on TP or TN relationships with
Chl-a in this shallow lake, since nutrient exchange
between sediments and the water column is highly
efficient and sediment resuspension events are frequent.
These events re-inject nutrients into the water column,
which will affect both availability of and limitations by
nutrients. Furthermore, Xu et al. (2010) and Paerl et al.
(2011a) recently found that phytoplankton is N limited
in northern Meiliang Bay and parts of central lake in
late summer and P limited in winter and spring. In
addition, Xu et al. (2010) as well as McCarthy et al.
(2009) also found free orthophosphate to actually be
present in the water column during summer Microcystis
cyanobactyerial blooms in Lake Taihu. This is further
evidence that N, rather than P, is most likely the lim-
iting nutrient during the critically important summer
period and that the externally loaded N that is supplied
during winter—spring is likely an important factor
determining the magnitude and extent of summer
cyanobacterial blooms in this lake. These evidences
have also been found in other similar freshwater sys-
tems. For example, Elser et al. (2007) emphasized that
N and P limitations are equivalent within both terrestrial
and freshwater systems by comparing a large-scale
meta-analysis of experimental enrichments. Lewis and
Wurtsbaugh (2008) also reviewed and found that more
and more evidences obtained by multiple investigators
at numerous sites over the last 30 years show that N
limitation in lakes is common rather than exceptional,
suggesting that N is at least as likely as P to be limiting
to phytoplankton growth. Therefore, as far as Lake
Taihu is concerned, although P load reduction is
important, N load reduction is essential for controlling
the magnitude and duration of algal blooms in Taihu
(Paerl 2009). It is essential to reduce both N and P
inputs for long-term eutrophication and cyanobacterial
bloom control in this hyper-eutrophic system (Paerl
et al. 2011a, b).

Identification of the key driving factor
for eutrophication in Lake Taihu by PCA

Principal component analysis has been shown to be a
useful technique in the evaluation of environmental
data. The main advantage of this method is that the new
variables are uncorrelated among themselves and their

number is reduced without significant loss of the ori-
ginal information (Ouyang 2005). In the present work,
the 14 original variables were reduced to five key
independent factors, e.g., nutrient index (F;), eutrophi-
cation index (F,), water temperature and dissolved
oxygen index (F3), water color index (F,), and alkalinity
acidity index (Fs). The first five components accounted
for more than 74 % of the total variance of the data,
well representing the physical and chemical character-
istics of water quality in Lake Taihu. The contribution
of each component on the total variance of the data
(36.03, 14.23, 9.18, 8.22, and 7.05 % for F, to Fs)
explained that nutrient contaminations from anthropo-
genic and natural inputs are the principal environmental
problems of the lake, and eutrophication is another key
water quality problem for the lake. The first two com-
ponents could reflect the pollution status and water
quality characteristics of the lake. The final three
component indices could describe the physical and
chemical environment in the lake, suggesting that water
temperature and dissolved oxygen, water color, and
alkalinity acidity were closely associated with the deg-
radation of water quality in Lake Taihu.

Additionally, the primary water quality variables in each
component and their relationships could indicate the
mechanisms of eutrophication and water pollution in the
lake. For example, the strong positive loading of NH, —
N, TN, TP, PO;~ — P and BODs (representing anthropo-
genic pollution) with negative loading of pH and DO for
the first component indicate that high levels of dissolved
organic matter consume large amounts of oxygen.
Decomposition processes then lead to the formation of
organic acids, CO,, and ammonia. Hydrolysis of these
acids, dissolution of CO, in the water column, and/or
oxidation of NH; ions under oxic conditions by the nitri-
fication processes cause a decrease of water pH values. The
latter process demonstrates the lowering of pH in the pre-
sence of excess ammonia, which originates from fertilizer
industries, manufacturing area, and commercial composites
(Kim et al. 2005; Singh et al. 2004). Furthermore, higher
SS load and negative water transparency in the fourth
factor may be correlated with resuspended sediments
through churning action by wind-induced waves and cur-
rents due to the large size and shallowness of Lake Taihu.
In general, PCA is a very effective method to reduce
complex variables, and these new factors are easier to
quantify and analyze than the original variables for water
resources management.

The principal component scores could be used to
assess the water quality and identify the key driving
factors for the eutrophication in the lake. The spatial
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heterogeneity of each principal component score in the
entire lake (Fig. 6) can identify the heavily polluted lake
regions and the primary causes for them. Based on the
results, Meiliang Bay, Zhushan Bay, and Gonghu Bay
located in the northern lake regions suffered from severe
water pollution followed by northwestern and eastern
lake regions having relatively lower nutrient and
eutrophication levels compared to other lake areas. In
general, the water quality and eutrophication decreased
from north to the center and from west to east, sug-
gesting that algal blooms events occurred only in sec-
tions of the lake rather than the entire lake. In addition,
the spatial trends in nutrient and eutrophication scores
strongly corresponded with observed nutrient fluxes
from the adjoining rivers in densely populated areas,
demonstrating the influence of watershed pollutant loads
on lake water quality. For example, the main inflow
tributaries with high discharge (20-50 m3/s) were
Chendonghe, Taigeyunhe, and Wujingang located in the
northern and northwestern lake regions, carrying
67-75 % of the total nutrient load to Lake Taihu for
each season, resulting in the high nutrient concentra-
tions in the nearby lake regions (Li et al. 2011b). These
major tributaries are surrounded by many manufacturing
factories, densely populated residential areas and agri-
cultural areas, receiving wastewater from them. It is
suggested that anthropogenic inputs are of main concern
for managers, especially in the northern and north-
western lake regions. Therefore, controlling pollutant
loads from sewage and industrial plants in those areas
should be regarded as the top priority for Chinese reg-
ulators for improving the watershed and the lake. The
low nutrient levels in East Taihu were associated with
the presence of substantial aquatic plants, which can
absorb nutrients from the lake, and compete with algae
for light and nutrients. Therefore, an additional man-
agement alternative is to establish macrophytic vegeta-
tion that serves to trap sediments and retard
resuspension. The vegetation could also be harvested to
remove nutrients from the system. Macrophytes were
once prevalent throughout much of the lake, but have
since receded due to a loss in lake clarity (Horppila and
Nurminen 2005; Stefanidis and Papastergiadou 2007).
The feasibility of reestablishing macrophyte beds should
also be a research priority.

Conclusion

Principal component analysis was found to be an effective
technique in the evaluation of environmental data in Lake
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Taihu without significant loss of original information. The
results of correlation analysis and PCA suggest that
nutrient contaminations from anthropogenic and natural
inputs were the principal environmental problems of the
lake, and eutrophication is another key water quality
problem for the lake. Moreover, Lake Taihu is charac-
terized with high spatial and seasonal variations in water
quality and eutrophication, decreasing from north to the
center and from west to east, suggesting that algal blooms
events occurred only in sections of the lake rather than
the entire lake. Heavily polluted areas located in northern
and northwest sections of the lake, such as Meiliang Bay,
Zhushan Bay, and Gonghu Bay, strongly correspond with
the major adjoining rivers in densely populated and
industrialized areas, demonstrating the influence of
watershed pollutant loads on lake water quality. There-
fore, controlling pollutant loads from sewage and indus-
trial plants and effective land management in those areas
should be regarded as the top priority for Chinese regu-
lators for reducing the pollutant loads and improving the
water quality. The results of this study also have impli-
cations for the thousands of degraded water bodies in the
eastern China and the rest of the world.
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