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Abstract In the study, multivariate statistical meth-
ods including factor, principal component and cluster
analysis were applied to analyze surface water quality
data sets obtained from Xiangjiang watershed, and
generated during 7 years (1994-2000) monitoring of
12 parameters at 34 different profiles. Hierarchical
cluster analysis grouped 34 sampling sites into three
clusters, including relatively less polluted (LP),
medium polluted (MP) and highly polluted (HP)
sites, and based on the similarity of water quality
characteristics, the watershed was divided into three
zones. Factor analysis/principal component analysis,
applied to analyze the data sets of the three different
groups obtained from cluster analysis, resulted in four
latent factors accounting for 71.62%, 71.77% and
72.01% of the total variance in water quality data sets
of LP, MP and HP areas, respectively. The PCs
obtained from factor analysis indicate that the
parameters for water quality variations are mainly
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related to dissolve heavy metals. Thus, these methods
are believed to be valuable to help water resources
managers understand complex nature of water quality
issues and determine the priorities to improve water

quality.

Keywords Water quality management - Principle
component analysis - Cluster analysis - Xiangjiang
watershed - Red soil hilly region

Introduction

The water environment quality issue is a subject of
ongoing concerned with the development of economy
in any country. Especially, since the reform and open-
up in China, the water resources problems related to
environmental degradation have increasingly been
serious, because of the rapid industrialization and
urban sprawl. Due to their roles in transporting
domestic and industrial wastewater and non-point
source pollutants from agricultural land in their vast
drainage basins, rivers are among the most vulnerable
water bodies to pollution. Anthropogenic influence
(urbanization, industrial and agricultural activities,
increasing consumption of water resources) as well
as natural process (changes in precipitation inputs,
erosion, weathering of crustal materials) degrade
surface water quality and impair their use for
drinking, industrial, agriculture, recreation or other
purposes (Carpenter et al. 1998; Jarvie et al. 1998). In
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order to effectively manage and research river water
environment, obtaining water environment quality
parameter data is indispensable. Although the regular
measurements needs doing much work, because of
spatial and temporal variation of water environment
quality, monitoring by regular measurements, which
will provide a representative and reliable estimation
of surface water quality, is necessary. The long-term
monitoring for many profiles in different reach will
generate a large and complex database, which needs a
good approach to interpret (Chapman 1992).

The application of different multivariate statistical
techniques, such as cluster analysis (CA), principal
component analysis (PCA), factor analysis (FA),
helps in the interpretation of complex data matrices
to better understand the water quality and ecological
status of the studied systems, allows the identification
of possible factors that influence water environment
systems and offers a valuable tool for reliable
management of water resources (Simeonov et al.
2003; Praus 2005; Shrestha and Kazama 2007). In
recent years, many studies related with these methods
have been carried out. For instance, Zhou et al. (2007)
and Boyacioglu and Boyacioglu (2007) use the PCA
and CA to classify the sampling sites and to identify
the latent pollution source. Mendiguchia et al. (2004)
used the CA to divide a watershed to four zones with
different water quality except using PCA to identify
the main pollutants. According to the above researches,
it can be concluded that these methods could be used to
assess the relationships between variables and possible
pattern in distribution of measured data. As a result, in
the study, we mainly use CA to identify several zones
with different water quality and PCA to find the most
important factors that describe the natural and anthro-
pogenic influences.

The Xiangjiang watershed is the most developed
and urbanized region in the province, and the general
economic quantity (GDP) of the three main cities
(Changsha, Zhuzhou, Xiangtan) takes one third of the
total of Hunan province. In the basin, mining and
metallurgical industry is much more developed, and
Zhuzhou metallurgical group corporation, Shui-
koushan mining bureau and Xiangtan steel group
distributed along the river. As a result, it highlighted
the heavy metal pollution for the rivers. At the same
time, due to uncontrolled disposal of urban and
industrial waste as well as improper disposal of solid
and toxic waste from industrial, agricultural and other
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human activities, more and more wastewater dis-
charged into river. For instance, according to statis-
tics, the annual use of the pesticide chemical
fertilizers increased approximately 6% (Chen et al.
2004). Because of the mentioned reasons, water
environment situation of the watershed is increasingly
deteriorating. The increasing water pollution not only
causes the deterioration of water quality but also
threatens human health and the balance of aquatic
ecosystems, economic development and social pros-
perity. Meanwhile, with an increasingly understand-
ing of the importance of drinking water quality to
public health and raw water quality to aquatic life, the
government of Hunan Province implemented Regu-
lations of Water Pollution Control in Xiangjiang
watershed in 1998. Since then, many efforts have
been devoted to restoring and protecting Xiangjiang
watershed. Although many regulations were manipu-
lated, plenty of pollutants in Xiangjiang river were
increasing all the time (Chen et al. 2004), because of
many reasons, including improper land use, local
protectionism for the cities along the river, and so on.
Hence, how to reduce pollution is the current major
problem in the watershed.

In the present study, a large data matrix, obtained
during a 7-year (1994-2000) monitoring program, is
subjected to different multivariate statistical techni-
ques to extract information about the similarities or
dissimilarities between sampling sites, and the influ-
ence of possible source on the water quality param-
eters of Xiangjiang watershed. The specific objectives
are to: (1) identify several zones with different water
quality, (2) extract the parameters that are most
important in assessing variations in river water quality
of different zones, (3) find a good approach to assess
the water quality reasonably. It can be helpful to the
managers to understand the main pollutants of each
cluster of sampling sites, and to take effective
measures to manage the water resources, respectively.

Material and methods

Study sites

The Xiangjiang river, as the mother river of the
Hunan province, originates from Haiyang Mountain

of Guangxi Province, China, flows through Yongzhou
City, Hengyang City, Zhuzhou City, Xiangtan City,
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Loudi City, Changsha City and Yueyang City and
discharges to Dongting Lake and its flows comple-
mented of several tributaries along its course, mainly
including Xiaoshui River, Chunlingshui River,
Zhengshui River, Leishui River, Lushui River, Lian-
shui River, Liuyanghe River, etc. (Fig. 1). The
Xiangjiang watershed, with a basin area of
85,300 km? in Hunan Province, almost 40% of the
whole province, was selected as the study site. The
population of the watershed is almost 60% of that of
Hunan province. In Xiangjiang watershed, the climate
belongs to typical subtropical monsoon climate: hot
and humid in summers and cold and dry in winters,
with average temperature of between 16 °C and 18 °C,
and a mean annual precipitation of 1,400 mm. For the
features of Xiangjiang watershed, this region can be
regarded as an example of a red soil hilly region.

The red soil hilly region is of low ecological
stability and high fluctuation in biological system and
productivity, sensitive to the activities of humans, and
sudden disasters. The physical environment always
tends to being more and more serious, and being
against human being’s survival (Cao and Zhang
1995). The distribution of red soil hilly regions is
broad, including 11 provinces and 619 counties in
southern China, occupying an area of 1.13 million
km? and accounting for 11% of the total land of China
(Lu and Shi 2000). Here, the subtropical monsoon
climate gives the region sound bioclimatic conditions
(annual rainfall of 1,400-1,700 mm, mean annual
temperature of 16-19 °C) and a strong potential for
producing enormous quantities of biomass. Due to the
long-term excess development of natural resources,
red soil hilly region has become one of the most
vulnerable eco-environment regions in China (Cao
and Zhang 1995), characterized by serious erosion,
heavy floods and droughts, degressive land produc-
tivity, and degraded ecological stability. The integrat-
ed analysis of the vulnerable eco-environment in the
red soil hilly region will prompt the development of
regional economics and the improvement of human
habitats.

Sampling and parameters

The sampling strategy was designed in such a way to
cover a wide range of determinants at key sites that
accurately represent the water environment quality of
the river systems and account for tributary inputs that

can have important impacts upon downstream water
quality. Various water quality parameters from the
monitoring stations were collected monthly by Center
for Environmental Monitoring of Hunan Province. In
this study, data from 34 monitoring stations were
selected under the water environment quality-moni-
toring network, which covers a wide range of catch-
ments and surface water types (rivers and tributaries)
of Xiangjiang Watershed (Fig. 1). The measured
parameters include field pH, dissolved oxygen (DO),
nitrate (NO5"); nitrite (NO, ); ammonium (NH,4"),
chemical oxygen demand (COD), biological oxygen
demand (BODs), acid-hydrolysable (total) phospho-
rus (TP), Hg, As, Cd, Cr®", Cu**. The summary basic
statistics of the dataset is presented in Table 1.

Cluster analysis

Cluster analysis (CA) is used to develop meaningful
aggregations, or groups, of entities based on a large
number of interdependent variables. The resulting
clusters of objects should exhibit high internal
(within-cluster) homogeneity and high external (be-
tween clusters) heterogeneity (McGarial et al. 2000).
Of all cluster analysis, hierarchical agglomerative
cluster is most common approach. In the study,
hierarchical agglomerative CA was performed based
on the normalized data set (mean of observations over
the whole period) by means of the Ward’s method
using squared Euclidean distances as a measure of
similarity. The spatial variability of water environ-
ment quality in the whole river basin was determined
from CA, which divides a large number of objects
into smaller number of homogenous groups on the
basis of their internal correlations (Hussain et al.
2008).

Principal component analysis/factor analysis

Factor analysis, which includes PCA is a very
powerful technique applied to reduce the dimension-
ality of a dataset consisting of a large number of inter-
related variables, while retaining as much as possible
the variability presented in dataset. This reduction is
achieved by transforming the dataset into a new set of
variables—the principal components (PCs), which are
orthogonal (non-correlated) and are arranged in
decreasing order of importance. Mathematically,
the PCs are computed from covariance or other

@ Springer



126 Environ Monit Assess (2009) 152:123-131
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Fig. 1 Map of study area and surface water quality monitoring stations in Xiangjiang watershed
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Table 1 Descriptive statistics of water quality variables

pH DO CODy, BODs NH,” NO; TP As Pb Hg Cr Cd Cu

(pH unit) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mgL) (mg/L) (mg/lL)
Mean 7.69 6.23 2.98 2.76 0.28 0.83 0.15 0.016 0.012 0.00057 0.036  0.016 0.0044
Median 7.80 7.65 2.73 2.56 0.13 0.91 0.11 0.07 0.007  0.00005 0.002 0.0007 0.00325
Mode 7.80 7.80 2.89 2.56 0.12 0.35 0.05 0.004 0.002  0.00002 0.002 0.002  0.002
Standard  0.38 0.89 1.30 0.84 0.42 0.41 0.04 0.06 0.019  0.004 0.005 0.05 0.004

deviation

Variance  0.15 0.79 1.69 0.71 0.17 0.17 0.37 0.003  0.001  0.00002 0.00002 0.002 0.00002
Minimum  6.62 34 1.12 0.51 0.06 0.04 0.14 0 0.001 0 0 0 0
Maximum 8.21 9.5 9.69 6.51 6.51 1.97 4.89 0.59 0.16 0.050 0.029 0.07 0.028

cross-product matrix, which describes the disper-
sion of the multiple measured parameters to obtain
eigenvalues and eigenvectors. Principal components
are the linear combinations of the original variables
and the eigenvectors (Wunderlin et al. 2001).

PCA can be used to reduce the variable numbers
and explain the same amount of variance with fewer
variables (principal components) (Wu and Wang
2007). Factor analysis attempts to explain the corre-
lations between the observations in terms of the
underlying factors, which are not directly observable
(Yu et al. 2003).

This study comprises application of multivariate
statistical techniques to analyze water quality dataset
obtained from Xiangjiang River and its tributaries in
Hunan province. Statistical calculations were per-
formed using the “Statistical Package for the Social
Sciences Software—SPSS 11.5 for Windows”.

Results and discussion
Spatial similarity and site grouping

In this study, sampling sites classification was
performed by the use of cluster analysis (z-transfor-
mation of the input data, squared Euclidean distance
as similarity measure and Ward’s method of linkage)
and dendrogram was generated, which grouped all 34
sampling sites of the basin into three statistically
significant clusters (Fig. 2). Since we used hierarchi-
cal agglomerative cluster analysis, the number of
clusters was also decided by water environment
quality, which is mainly effected by land use and
industrial structure. Grouped stations under each

cluster can be seen in Fig. 2. Based on the results of
cluster analysis, results can be concluded.

Cluster I (Stations 1-2—3-21-22-25-26)

Sites mainly located at middle reach of the watershed
(Station 1-2-3-21-22) were grouped under Cluster I,
which were basically at Yongzhou City. In addition,
Station 25, 26 located upstream of Lian Creek,
showed the similar water environment quality char-
acteristics with these stations. Yongzhou City is an
underdeveloped area. According to statistical year-
book of Hunan 2001 (see Table 2), the per capita
GDP of Yongzhou City was 4,358 RMB, much lower
than that of other cities in Xiangjiang Watershed; the
primary industry accounts for 31.7%, much higher
than that of the average level of Hunan Province and
the urbanization and industrialization level is relatively
low. Hence, the impact of human being’s activities on
the riverine ecosystem is relatively low. Although the
mining and the direct discharged domestic wastewater
contaminated the water, the cluster I corresponds to
relatively Less polluted (LP), because the inclusion of
the sampling location suggests the self purification and
assimilative capacity of the river are strong.

Cluster II (15-16-29-30-31-34)

This cluster sites mainly located Xiangtan City and
Loudi City, which were between Zhuzhou City and
Changsha City. Sites 29, 30, 31 located middle stream
of Lianshui River (a branch of Xiangjiang River), and
the others located at the main stream. In addition,
Station 34 corresponded to Liuyanghe River. Cluster
II correspond to moderately pollution.
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Fig. 2 Ward’s minimum variance dendogram
Cluster III (the rest stations)

The rest stations mainly located Hengyang City,
Zhuzhou City and Changsha City, which were the
most important industrial cities of Hunan Province.
These cities were the origin of nonferrous metals and
the base of smelting, agriculture and heavy industry.
Therefore, these sampling stations received pollutants
mostly from domestic wastewater, wastewater treat-
ment plants and industrial effluents. They were
corresponded to highly polluted sites.

The results indicate that the CA technique is useful
in offering reliable classification of surface water in
the whole region and make it possible to design a
future spatial sampling strategy in an optimal method,
which can reduce the number of sampling sites. In

Table 2 The per GDP of the main cities in the watershed

13
12
27
28

recent years, some studies have been performed on
the water environment quality from the overall
watershed (Chen 2005; Sun et al. 2006), while the
study allowed the identification of three different
zones of the watershed with different water quality.
As a result, we can take different measures to control
water pollution in the zones after the PCA below,
respectively.

Data structure determination and source identification

Principal component analysis/factor analysis was
performed on the normalized data sets separately for
the three different regions, viz., LP, MP and HP, as
delineated by CA techniques, to compare the compo-
sition structure between analyzed water samples and

City Whole province
Changsha Xiangtan Zhuzhou Hengyang Yongzhou Loudi
Per GDP (RMB) 11,262 7,643 7,949 5,011 4,358 4,239 5,639
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identify the factors influencing each one (Table 3).
PCA of the three data sets yield four PCs for each
sites with Eigenvalues >1, explaining 71.62%,
71.77% and 72.01% of the total variance in each water
quality data sets. An Eigenvalue gives a measure of the
significance for the factor, which with highest Eigen-
value is the most significant. Eigenvalues of 1.0 or
greater are considered significant (Kim and Mueller
1978). And the factor loadings were classified as
‘strong’, ‘moderate’ and ‘weak’, corresponding to
absolute loading values of >0.75, 0.75-0.50 and
0.50-0.30, respectively (Liu et al. 2003).

For the data set pertaining to LP sites, among four
PCs, PC1, explaining 25.71% of the total variance,
has moderate loadings on DO, TP, As and strong
loading on Pb. PC2, explaining 17.48% of the total
variance, has a moderate negative loading on nitrate
nitrogen and strong loadings on Cu and ammonia
nitrogen. PC3, explaining 15.63% of the total vari-
ance, has strong positive loadings on COD and
moderate positive loadings on BODs. PC2 and PC3
represent organic pollution from domestic waste and
nonpoint source pollution. PC4, explaining the lowest
variance (12.80%), has moderate loadings on Cd and
pH and strong negative loading on Cr. PC1 and PC4
represent the pollution from industrial pollution and
mining activities.

For the data set representing the MP sites, among
total four significant PCs, PCl, explaining about
25.51% of the total variance, has strong positive
loading on Cd and moderate positive loadings on Cu,
As and Pb. These factors represent the contribution of
the industrial from heavy industry. PC2, explaining
about 17.29% of the total variance, has strong
positive loading on, COD and moderate loadings on
DO and ammonia nitrogen, which represent pollution
from domestic wastewater of Xiangtan City and
Loudi City. PC3, explaining about 15.80% of the
total variance, has strong positive loadings on nitrate
nitrogen and total phosphorus, moderate loading on
BOD:s. In these areas, farmers use the fertilizer, which
represents point and non-point source pollution from
orchard and agriculture areas. PC4 (13.15%) has
moderate positive loadings on PH and Cr. The factor
represents the pollution of electroplating wastewater.

Lastly, for the data set pertaining to water quality
in HP site. PC1, explaining 33.49% of total variance,
has strong loadings on Pb, TP, Cd, Cr and pH, and
moderate loadings on Cu and Hg. This factor can be

Table 3 Loadings of experimental variables (12) on principal
components for LP sites, MP sites and HP sites data sets

Variables PCI1 PC2 PC3 PC4

LP sites
pH -0.130  0.321  —-0.552  —0.300
DO -0.716  0.117 0.003 0.231
CODwp —0.018 0.102 0.829 0.103
BODs 0.286  0.051 0.714 —0.209
NH,~N 0.180 —0.757 0334  0.225
NO;-N -0.022  —0.702 —0.126 —0.244
TP 0.710  0.170  0.173 0.054
As 0.705 —0.179 0234  0.263
Pb 0.805 0279  0.128  0.021
Hg 0.147 0290 —0.133 —0.320
Cd 0406 0318 —0.176  0.722
Cr 0278  0.166 —0.163 —0.835
Cu -0.141 0.786  0.181 —0.044
Eigenvalue 2.571 1.748 1.563 1.280
% Total variance 25706  17.479 15.631 12.803

Cumulative % variance 25706  43.185 58.816  71.619
MP sites

pH 0.179 -0.051 -0.186 0.746
DO -0.31 0.706 0.032 0.181
CODwin —0.006 0.909 0.029 0.114
BODs —0.092 0.359 0.705 0.179
NH4-N 0.008 0.713 0.255 —0.156
NO3;-N —0.258  —0.057 0.757 0.074
TP -0.026 0.095 0.754 —0.358
As 0.743 0.084 —0.113 —0.227
Pb 0.734 0.072  —0.076 0.100
Hg -0.135 0.009 —0.146 0.080
Cd 0.817 —0.056 —0.099 -0.104
Cr —0.188  —0.121 0.071 0.708
Cu 0.704 —0.090 —0.008 0.366
Eigenvalue 2.051 1.729 1.581 1.315
% Total variance 25514 17292 15812 13.154

Cumulative % variance 25514  42.806 58.618 71.772
HP sites

pH -0.892 -0.106  0.111 —0.129
DO 0310 —0.371 0.028 —0.708
CODwy 0.035 0.768 0.106  —0.029
BODs 0282 0703 0219 —0.084
NH;N 0.181 0.424 —0.584  0.199
NO;-N 0.077  0.159 0735  0.229
TP 0.797 —0.092 —0.049  0.118
As 0363  0.738 —0.157  0.170
Pb 0.900 0.124 -0.010 -0.255
Hg —0.746 0.338 0.166 0.380
Cd 0.863 —0218 —0.138  0.009
Cr 0.792 -0396 —0.0l6 0214
Cu 0.739  0.178 —0.157 —0.176
Eigenvalue 3.349 1.617 1.165 1.067
% Total variance 33493  16.169  11.646  10.699

Cumulative % variance  33.493  49.662 61.308  72.008
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interpreted as representing influences from industrial
discharge and agriculture activities. PC2, explaining
16.17% of the total variance, has moderate positive
loadings on BODs and As, and strong positive
loading on CODyy,. PC3, explaining 16.17% of the
total variance, has moderate positive loading on
nitrogen. These factors represent pollution from
domestic wastewater and non-point sources. PC4,
explaining 10.67% of the total variance, has moderate
negative loading on DO, which is due to anaerobic
conditions in river from the loading of high dissolved
organic matter.

Through the PCA, the sources of the pollutants
were identified in the three zones. As mentioned
above, it can be helpful to the government and
managers, who can lay down different regulations
and policies in the three zones respectively.

Heavy metal pollution in Hunan Province

Based on the results of PCA analysis, we can know
that heavy metals are the main pollutants in the basin.
One hundred forty-six industrial enterprises, which
are the key source of pollution, distributed in the
basin, and discharged wastewater as high as 8.39x
10® m*/a, in which the metal is as high as 5,013.13 t/a
(Wang et al. 2004), mainly composed of mercury,
cadmium, lead, zinc, copper, chromium and other
metals. The present paper critically introduced high
pollution level of dissolved heavy metals at two
ecologically distinct zones along the river: Changning
in Hengyang City, Zhuzhou City. Because of its
mining and smelting activities, about 28 high-pollu-
tion factories distributed along the Changning
section, such as Shuikoushan mining bureau, and
discharged wastewater as high as 2,752x10% m*/a,
whose toxicant content far excess the water quality
standards. Zhuzhou City is the base of heavy industry
in Hunan Province. The chemical and smelting
industries have been recognized basic industries of
the city. The wastewater, discharged from these
industries, achieved 8,671x10* m’/a, with a high
concentration of heavy metal. For example, the
emissions of harmful waste water of Zhuzhou
Smelter is 1,650 10* m3/a, and the content of heavy
metals in waste water were 36.69 t/a for Zinc, 35.80 t/a
for lead, 35.49 t/a for cadmium, 12.28 t/a for arsenic,
which causing serious pollution in Zhuzhou City
section.
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Conclusions

In this case study, different multivariate statistical
techniques were used to evaluate spatial variations in
surface water quality of Xiang river basin. Hierarchi-
cal cluster analysis grouped 34 sampling sites into
three clusters of similar water quality characteristics.
Based on obtained information, it is possible to design
an optimal sampling strategy, which could reduce the
number of sampling stations and associate costs. Also
this analysis allowed the identification of four
different zones in the river, with different water
quality. Although the factor/principle component
analysis did not result in a significant data reduction,
it helped extract and identify the factors/sources
responsible for variations in river water quality at
three zones. Varifactors obtained from factor analysis
indicate that parameters responsible for water quality
variations are mainly related to industrial and domes-
tic wastewater.

With serious situation of water pollution in the
Xiangjiang watershed, the management of water
quality of the different zones is becoming more and
more important as well as the planning of the whole
watershed. According to the sources of pollution,
different measures should be adopted, in order to
control the total quantity of the pollutants and achieve
the goal of sustainable use of the water resources. It
could be helpful to managers and government
agencies in water quality management.

As a result, multivariate statistical methods includ-
ing factor, principal component, and cluster analysis
can be used to understand complex nature of water
quality issues and determine priorities to improve
water quality.
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