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Abstract Water quality has degraded dramatical-
ly in Wen-Rui Tang River watershed, Zhejiang,
China, especially due to rapid economic develop-
ment since 1995. This paper aims to assess spatial
and temporal variations of the main pollutants
(NHJ -N, TN, BODs, CODy,, DO) of water qual-
ity in Wen-Rui Tang River watershed, using the
geographic information system, cluster analysis
(CA) and principal component analysis (PCA).
Results showed that concentrations of BODs,
CODwn, NHZ{—N, and TN were significantly
higher in tertiary rivers than in primary and sec-
ondary rivers. From April 2006 to March 2007, the
concentrations of NH;-N (2.25-57.9 mg/L) and
TN (3.78-70.4 mg/L) in all samples exceeded Type
V national water quality standards (>2 mg/L),
while 5.3% of all CODy, (1.83-27.5 mg/L) and
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33.6% of all BODs (0.34-50.4 mg/L) samples ex-
ceeded Type V national water quality standards
(CODwMy > 15 mg/L, BODs > 10 mg/L). Monthly
changes of pollutant concentrations did not show
a clear pattern, but correlation analysis indicated
that NH}-N and TN in tertiary rivers had a sig-
nificant negative correlation with 5-day cumu-
lative rainfall and monthly rainfall, while there
were no significant correlations in primary and
secondary rivers. The results of CA and spatial
analysis showed that the northern part of Wen-
Rui Tang River watershed was the most seriously
polluted. This region is characterized by the high
population density and industrial and commer-
cial activities. The PCA and spatial analysis indi-
cated that the degraded water quality is caused
by anthropogenic activities and poor wastewater
management.

Keywords Wen-Rui Tang River - Water quality -
CA -PCA-GIS

Introduction

Anthropogenic contamination of waterways con-
stitutes a major problem in both developing and
developed countries around the world (Barrett
et al. 1998; Gelberg et al. 1999; Tilman et al. 2002;
Grande et al. 2003; Fytianos and Christophoridis
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2004; Camargo and Alonso 2006; Chen et al. 2006;
Nas and Berktay 2006; Chang 2008; Ma et al.
2009). Declining surface water quality directly
affects human and ecosystem health, which fur-
ther impacts economic development and social
wellbeing. Degraded water quality may induce
various forms of illness, and exhibit reproduc-
tive and developmental toxicity (Horrigan et al.
2002; Fewtrell 2004; Avalanja and Bonner 2005).
Excess nutrient and pollutant loadings have also
been linked to several problems in aquatic ecosys-
tems, including increased frequency and severity
of harmful algal blooms, dramatic shifts in trophic
relationships, direct toxicity to aquatic organisms,
and expansion of coastal hypoxic zones (Boesch
et al. 2001; Ocean Commission 2004; Diaz and
Rosenberg 2008).

In China, the government has established an
environmental monitoring system and carried out
numerous water quality monitoring programs in
recent years. Based on the monitoring program,
the government has established a set of wa-
ter quality standards to protect waterbodies and
guide remediation activities. To fully understand
water quality issues, many researchers have suc-
cessfully investigated the application of multivari-
ate and GIS analyses to address the spatial and
temporal variations of water quality in various
regions (Grande et al. 2003; Mingoti and Lima
2006; Kallioinen et al. 2006; Holbrook et al. 2006;
Singh et al. 2006; Astel et al. 2007; Shreshtha

and Kazama 2007; Zhang et al. 2009). Many of
these studies have been able to geographically link
water quality deterioration with specific human
activities, which can then be used to guide reme-
diation efforts.

This study expands on previous research by
applying cluster analysis and principal compo-
nent analysis in a GIS environment to the urban-
dominated Wen-Rui Tang River watershed of
eastern China in order to: (1) characterize the
water contamination status of the watershed,
(2) examine spatio-temporal distributions of wa-
ter contamination, and (3) investigate potential
factors influencing contamination levels. The re-
sults provide a valuable tool for water quality
agencies that will allow them to more effectively
focus limited resources for remediation on severe
water pollution problems at the watershed scale.

Materials and methods
Study area

Wen-Rui Tang River watershed in Wenzhou,
China was selected as the study site due to
its multiple water quality impairments and the
availability of appropriate water quality and wa-
tershed characterization data (Fig. 1). The upper
Wen-Rui Tang River watershed is dominated by

Sampling siles in
W Primary river
& Secondary river

Fig.1 Study area and monitoring sites
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forests and agriculture while the lower watershed
is an urban zone with a metropolitan population
of about 7 million. It has a subtropical climate
with mild, dry winters and hot, humid summers.
Average highs are 12°C and 32°C in January
and July, respectively. Precipitation is seasonal,
with 78.2% of annual precipitation (1,800 mm)
occurring from April to October. The Wen-Rui
Tang River watershed has a catchments area of
353 km? and passing through Wenzhou city in the
lower watershed. Twenty years ago, the Wen-Rui
Tang River was the “mother” river supporting
the city for transportation, aquaculture, agricul-
ture, drinking water, and other aspects of daily
life. However, due to rapid industrial growth and
urbanization in recent years, the city has gener-
ated large volumes of wastewater from untreated
sewage and service-oriented enterprises that are
discharged directly into the river system. The river
water does not currently meet the Type V national
water quality standards (SEPBC 2002a), which is
the lowest water quality standard that supports
aquatic ecosystem health.

Data sources
Water quality data

Water quality data used for this analysis were
obtained from the Wenzhou Municipal Plan-

ning Department. These data included six wa-
ter quality parameters measured monthly at 30
water quality monitoring sites between April
2006 and March 2007 (Fig. 1). The six para-
meters of pH, dissolved oxygen (DO), 5-day
biochemical oxygen demand (BOD:s), potassium
permanganate—chemical oxygen demand index
(CODy,), ammonia-nitrogen (NH; -N), and total
nitrogen (TN), were selected as important wa-
ter quality indicators to assess the water quality
status of the Wen-Rui Tang River. Nitrate was
not analyzed as it is often below detection levels
due to the anoxic nature of most waterways. The
sampling, preservation, transportation and analy-
sis of the water samples were performed following
standard methods (SEPBC 2002b). The basic sta-
tistics of the 2,160 observations in the dataset are
summarized in Table 1.

Influencing factors data

Watershed characterization data from the Wen-
zhou Municipal Planning Bureau included a set
of GIS shapefiles of Wen-Rui Tang River water-
shed. Pollution source data included the regional
population density, public toilets, sites of livestock
farms, and sewage outfalls. The latter consisted
mainly of domestic wastewater discharged into
the Wen-Rui Tang River, and industrial and ser-
vices wastewater that is mostly discharged into

Table 1 Statistical

Primary river Secondary river Tertiary river

description (mean, SE,
and N) of water quality

parameters SE

DO(mg/L) Mean

SE

NHI-N(mg/L) Mean

SE

TN(mg/L) Mean

SE

BODs(mg/L) Mean

SE

CODpp(mg/L) Mean

SE

pH Mean

6.77 6.74 6.85
0.029 0.015 0.018
48 144 168
1.09 1.06 1.00
0.110 0.093 0.125
48 144 168
6.60 9.14 14.10
0.246 0.447 0.765
48 144 168
7.99 11.33 17.22
0.326 0.575 0.940
48 144 168
7.11 7.73 12.59
0.638 0.544 0.812
48 144 168
5.99 6.90 8.43
0.276 0.321 0.332
48 144 168
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the nearby Ou River through underground pipes,
and not discharged into the Wen-Rui Tang River.
Other factors influencing the water quality data
included 5-day cumulative rainfall before sam-
pling, monthly rainfall, normal high water mark,
and river width.

Analysis methods
Independent t test

Independent ¢ test analysis was used to deter-
mine pollutant concentration differences among
primary, secondary, and tertiary rivers.

Pearson correlation

Pearson’s correlation test was applied to deter-
mine the relationship between pollutant concen-
trations and influencing factors, and to test the
relationship between a synthesis pollution index
and rainfall in the primary, secondary, and tertiary
rivers.

Cluster analysis

We used cluster analysis (CA) to analyze the sim-
ilarities and grouping of samples in temporal and
spatial dimensions. CA is an unsupervised pattern
detection method that partitions all cases that are
dissimilar to different groups (Lattin et al. 2003;
McKenna 2003). Hierarchical cluster analysis was
applied to the data after log transformation using
Ward’s method with squared Euclidean distances
expressed as follows:

k=1

m 1/2
dij (2) = |:Z (xik — xjk)zi|
where d;; is the distance between the ith sample
and the jth sample, x; is the kth parameter of

the ith sample, x j is the kth parameter of the jth
sample, and i, j = 1,2,3,...,30.
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Principal component analysis

We use principal component analysis (PCA) to
determine the minimum number of factors that
will account for the maximum variance in the data.
PCA is a mathematical procedure that transforms
a number of possibly correlated variables into a
smaller number of uncorrelated variables called
principal components (Helena et al. 2000; Zhou
et al. 2007). PCA extracts eigenvalues and eigen-
vectors (a list of loading) from the covariance
matrix of original variables to produce new or-
thogonal variables, known as varifactors (VFs).
VFs are linear combinations of the original vari-
ables (Pekey et al. 2004; Zhou et al. 2007) and in-
clude hypothetical, unobservable, latent variables
(Vega et al. 1998; Helena et al. 2000; Zhou et al.
2007).

An integrated evaluation model of PCA was
applied following the method of Lin and Zhang
(2005) to analyze the synthesis pollution condition
of Wen-Rui Tang River watershed. The specific
method consisted of three steps.

1. The corresponding coefficients were obtained
from the following formula:

Al =BI1/SOR (1)), A2 = B2/SQR (12)...
(2)

where A1/A2 are the corresponding coeffi-
cients matrix of parameters; B1/B2 are the
loadings matrix of parameters on significant
VF1 and VF2; and A,/A; are the corresponding
eigenvalues of the first and second principal
components.

2. The parameters were standardized and multi-
plied by corresponding coefficients to obtain
the expressions of the principle components
using the following formula:

F1 = A11ZX1 + A12ZX2 + ... + AInZXn
®)

F2 = A21ZX1 + A22ZX2 + ... + A2nZXn
(4)
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where F1/F2 are integrated values of parame-
ters in componentl and component2; ZXn is
the z-scale standardized value of the nth para-
meter; and Aln/A2n are the nth parameter’s
corresponding coefficients in matrix Al and
matrix A2, respectively.

3. The ratio of eigenvalues to the weights of
principal components and integrated value of
parameters were calculated by the following

formula:
A A
F= ! F + 2 F
Mty Mtrr+ Ay
An
4o b —" _F 5
MAro+ " ©)

where F is the integrated value of parameters;
F, is the integrated value of parameters in
the nth principal component; and X, is the
corresponding eigenvalue.

In GIS, overlay analysis and spatial analysis
were applied. Spatial analysis of water contamina-
tion was performed by interpolation of sampling
points by the algorithmic method of “Inverse Dis-
tance Weighted” (IDW). Independent ¢ test, CA,
PCA, and Pearson’s correlation were carried out
using SPSS 13.0, and GIS analysis used ArcGIS
9.2 (ESRI, San Diego, USA).

Water quality data preparations

Due to experimental failures, several values were
missing from the water quality dataset. Miss-
ing data were estimated using temporally in-
terpolated average values. Before multivariate
statistical analysis, the normal distribution of
each variable was checked by analyzing skew-
ness and kurtosis statistics (Lattin et al. 2003;
Papatheodorou et al. 2006). Except for pH, which
is a logarithmic function of HT activity, the
distributions of all other parameters were not
normal and had skewness and kurtosis values
greater than zero. Therefore, all parameters ex-
cept for pH were transformed as x' = log(x)
(Kowalkowski et al. 2006; Papatheodorou et al.
2006). After log transformation, the skewness and
kurtosis values of all of these parameters, ex-
cept DO, were significantly reduced to ranges

from —0.454 to 0.777 and 0.206 to 0.621, re-
spectively. Because the distribution of DO di-
verged so far from normality, this parameter
was excluded from the analysis. For PCA all
selected parameters were z-scale standardized
(mean = 0 and variance = 1), which renders the
data dimensionless and minimizes the effects of
differences in measurement units and variance
(Zhou et al. 2007; Zhang et al. 2009). Before the
PCA analysis, the Kaiser-Meyer-Olkin (KMO)
and Bartlett’s Sphericity tests were performed
on the parameter correlation matrix in order to
examine the validity of the subsequent PCA.

Results

Spatial and temporal variation of the water
quality parameters

In the Wen-Rui Tang River, pH values (mean
6.8; range 6.1-7.8) fell within a normal range for
natural waters, so pH was not considered fur-
ther by independent analysis. Results showed that
the concentrations of NHZ-N, TN, BODs, and
CODn, were consistently higher in tertiary rivers
than in primary and secondary rivers (Table 1)
and all differences were statistically significant
(p < 0.001).

NH}-N

Mean NH; -N concentrations in the primary, sec-
ondary and tertiary rivers were 6.60, 9.14, and
14.10 mg/L, respectively (Table 1). NH;-N con-
centrations ranged from 2.25 to 57.9 mg/L, with
all sites and sample times exceeding the Type V
NH; -N national standard (>2 mg/L; Table 2).
About 12.5% of all samples, all of which were
from the northern part of Wen-Rui Tang River
watershed, exceeded the national health standard
(=1 mg/L) by 20-fold, while 38.6% exceeded the
national health standard by tenfold. The average
value for all sites by month was the lowest in June
(4.94 mg/L) and highest in April (15.49 mg/L).
There was a decline from April to June, but
no regular pattern of changes in NH; -N levels
was apparent throughout the remainder of the
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The sampling sites below type V national standards

506
Table 2 The percentage Month
of sampling sites that
below fypegV national NH/-N
standards (=2 mg/L; %)
April 100
May 100
June 100
July 100
August 100

September 100
October 100
November 100
December 100
January 100
February 100
March 100

N BODs CODyy
(=2 mg/L; %) (=10 mg/L; %) (=15 mg/L; %)
100 40 10
100 40 3
100 10 0
100 17 3
100 57 0
100 40 0
100 23 7
100 33 3
100 33 7
100 40 13
100 33 3
100 37 13

year (Fig. 2). Pearson’s correlation test showed
a significant negative correlation between NHj -
N concentration and monthly rainfall, and a very
significant negative correlation between NH;-N
concentration and 5-day cumulative rainfall in ter-
tiary rivers. However, the correlations between
NH;-N and 5-day cumulative rainfall were not
significant for the primary and secondary rivers
(Table 3). The mean monthly values at each site
show that the most seriously polluted regions were
in the northern part of the Wen-Rui Tang River
watershed (Fig. 3). In contrast, NH -N concentra-
tion was low and its monthly changes were small in
the southern region, while the concentration was
higher and the monthly changes were quite large
in the northeast and northwest (Fig. 4).

TN

Mean TN concentrations in the primary, sec-
ondary and tertiary rivers were 7.99, 11.33, and
17.22 mg/L, respectively (Table 1). Based on these
mean concentrations, NH;-N comprised from
81% to 83% of total nitrogen for all types of
rivers. TN values for all sites and months ranged
from 3.78-70.4 mg/L, so all exceeding the Type
V national water quality standard of >2 mg/L
(Table 2). A total of 17.5% of all samples, 96.8%
of which were from the northern part, exceeded
the national health standard (>1 mg/L) by 20-fold,
while 51.9% of all samples exceeded the health
standard by tenfold. The mean value for all sites
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by month was lowest in June (6.33 mg/L) and the
highest in April (20.68 mg/L). Similar to NH} -
N, there was a decline from April to June, but
no regular pattern of change for the remainder
of the year (Fig. 2). Pearson’s correlation test
showed a significant negative correlation between
TN concentration and either monthly rainfall or
5-day cumulative rainfall in the tertiary rivers.
However, the correlations between these values
in the primary and secondary rivers were not sig-
nificant (Table 3). The mean monthly values at
each site show that the most seriously polluted re-
gions were in the northern part of Wen-Rui Tang
River watershed (Fig. 3). Concentration changes
at each site among months were similar to NH; -
N as NH; -N comprises the largest fraction of TN
(Fig. 4).

BOD:s

BODs values ranged from 0.34-50.4 mg/L, with
33.61% of all samples exceeding the Type V na-
tional standard (>10 mg/L), and 73.33% of all
samples exceeding the health standard (>4 mg/L).
Mean values for primary, secondary, and tertiary
rivers were 7.11, 7.73, and 12.59 mg/L, respec-
tively (Table 1). Changes in mean monthly values
for different sites displayed no apparent pattern
(Fig. 2). Pearson’s correlation test showed a sig-
nificant negative correlation between the BODs
levels and 5-day cumulative rainfall in secondary
and tertiary rivers (Table 3). The mean monthly
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Fig. 2 Temporal 25
variations of BODs,
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Table 3 Correlations of pollutants and rainfall in primary, secondary, and tertiary rivers

Pearson correlation Primary river

Secondary river

Tertiary river ~ Monthly

rainfall

5-day cumulative
rainfall

NHI—N Primary river 1
Secondary river 0.7022
Tertiary river 0.245
Monthly rainfall 0.234
5-day cumulative rainfall  —0.117
TN Primary river 1
Secondary river 0.813Y
Tertiary river 0.455
Monthly rainfall 0.173
5-day cumulative rainfall  —0.180
BODs Primary river 1
Secondary river 0.5972
Tertiary river 0.234
Monthly rainfall 0.267
5-day cumulative rainfall — —0.420
CODyyn  Primary river 1
Secondary river 0.840°
Tertiary river 0.459
Monthly rainfall 0.251
5-day cumulative rainfall 0.229

1
0.688% 1

—0.209 —0.5972 1

—0.572 —0.718° 0.474 1
1
0.766° 1

—0.218 —0.576% 1

—0.519 —0.6742 0.474 1
1
0.637% 1

—0.131 —0.554 1

—0.626% —0.6312 0.474 1
1
0.677% 1

—0.107 —0.468 1
0.095 —0.390 0.474 1

2Correlation is significant at the 0.05 level (two-tailed)
bCorrelation is significant at the 0.01 level (two-tailed)

values at each site show that the most seriously
polluted regions were in the northern part of Wen-
Rui Tang River watershed (Fig. 3). The BODs
levels were highest in the northern region and the
monthly changes were quite large in almost all
regions (Fig. 4).

CODypy

Mean CODyy, values for primary, secondary and
tertiary rivers were 5.99, 6.90, and 8.43 mg/L,
respectively (Table 1). The values of CODyy,
ranged from 1.83 to 27.5 mg/L, with only 5.3%
samples, of which 94.7% were from the north-
ern region, exceeding the Type V national water
quality standard (>15 mg/L), and 57.8% of all
samples exceeding the national health standard
(=6 mg/L). The changes in mean values of dif-
ferent sites among months showed no apparent
temporal pattern (Fig. 2). CODy, concentration
and rainfall values did not have any significant
correlations (Table 3). The mean monthly values
at each site were similar to BODjs values (Fig. 3),
while fluctuations between sites in different re-
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gions and different months did not show a pattern
as obvious as that observed for BODjs (Fig. 4).

Spatial similarities and grouping

Because the mainstem of the river (primary river)
has very few sampling sites (four sites), and two
of them are very close, we only analyzed the
secondary and tertiary rivers sites using Cluster
Analysis (CA).

BOD:s

The CA results for BODs at different sites on
the secondary and tertiary rivers are shown in
Fig. 5. The sites in the secondary (Fig. 5a) and
tertiary (Fig. 5b) rivers have been divided into two
broad categories: polluted and seriously polluted
clusters. Spatial clustering of BODs levels at all
monitoring sites (ungrouped treatment) also indi-
cated two broad types of monitoring sites (Fig. 5c).
Similar results from both grouped and ungrouped
treatment of sites showed that the seriously pol-
luted sites are located in the northern part of
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Fig. 3 Spatial variations of BODs, CODyy, NHS -N, TN

the Wen-Rui Tang River watershed (Fig. 6a, b).
Temporal clustering of BODs from Apr 2006 to
Mar 2007 (Fig. 7), shows that the BODspollution
condition in June is very different from the other
months.

CODwn

The CA results for COD)yy, are shown in Fig. 6c, d.
As with BODs, the secondary and tertiary rivers
were separated into two categories: polluted and
seriously polluted sites (seriously polluted sites
indicated by black dots in Fig. 6d). Analysis of
all monitoring sites for CODy, (ungrouped treat-
ment) yielded the same two broad categories of
polluted and seriously polluted sites (Fig. 6c).
Thus, the grouped and ungrouped treatments
yield the same result. The seriously polluted
sites are located in the northwest and northeast
portions of the Wen-Rui Tang River watershed

(Fig. 6¢, d). CODyy, concentration showed no
regular temporal pattern over the study period

(Fig. 7).
NH}-N

The results of CA for NH;-N were similar
to those obtained for BODs and CODyy, with
division into polluted and seriously polluted
sites (Fig. 6f). Analysis of all sites (ungrouped
treatment) yielded the same two broad types, and
all of the seriously polluted sites were located in
northern part of the Wen-Rui Tang River water-
shed (Fig. 6e). However, compared to the grouped
treatment, the ungrouped treatment yields more
seriously polluted sites (Fig. 6e, f). CA of
NH;-N levels shows more seriously polluted
sites compared to the results for other pollutants
(Fig. 6e, f). The concentration of NH; -N in June
is significantly less than in other months (Fig. 7).

@ Springer



510

Environ Monit Assess (2011) 180:501-520

Month (2006-2007) Month (2006-2007)
+ P B (ctober (e tober
NHEN'T | =4 me N = O — et
ey o o
ﬁ{::?'\ February E::I;: -|"l‘|j!'ll.||'_\'
B arch B gyt E@arch
W I September W I September
Lall i Ll nel | 22
(12 b odiiegl Imﬂ, [ 12 bt ﬂhmﬂllm
i il s
14 23 14 23
10 Dt e - : L L D ot 2iobink : Tl
T &0 mabis
i cbiing i [
e nalls
Month (2006-2007) | Month (2006-2007)
P W ()t ober (e tober
BOD; —e g — e COD., il — el
ey :‘:.‘ mwy i
E::::: -.l'll'I\I'IJ.l."_\' 2.:::?;. ={-’--In:ul:1r'y
J]M B ugust I March W B August larch
926 W Soptember I September
¥ T sl T m.fa. .
12 bl B ol 12 et
il gl M
4 14 2 23
wo oiid Iy Lzl odhe o mw Tk inkitn
Y, A-LH i e Ul kil
D-JE- Eﬂﬁl

Fig. 4 Temporal and spatial variation of BODs, CODyy,, NH-N, TN. Note: Histogram from left to right is the

concentration from 2006.4 to 2007.3, respectively

TN

The CA results for TN were similar to the results
for BODs, CODwy,, and NH; -N. All secondary
and tertiary river sites clustered into polluted and
seriously polluted types (Fig. 6g, h), and the seri-
ously polluted sites were in the northern part of
the watershed (Fig. 6g, h). The results of grouped
and ungrouped treatments of sites showed that
the seriously polluted sites were also very similar
(Fig. 6g, h). In the temporal clustering, the con-
centration of TN in June is much lower than that
in other months (Fig. 7).

All pollutants
Spatial clustering of all pollutants and sites re-

veals three heavily polluted regions: the northern
region (which includes sampling sites 5, 6, and
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30), the northeastern region (which includes sites
7 and 20), and the northwestern region (which
includes sites 1, 2, 3, and 11; Fig. 6i).

Influencing factors

The KMO results for Type I (samples drawn from
gray sites in Fig. 61) and Type II (samples drawn
from black sites in Fig. 6i) sites were 0.770 and
0.689, respectively. The Bartlett’s Sphericity re-
sults for Type I and Type 1I sites were 390 and
639 (p < 0.01), respectively. These results confirm
that PCA provided significant reductions in di-
mensionality.

PCA was applied to three different datasets
(Type I, Type II, and all sites) to examine differ-
ences between the two site types and to identify
the latent influencing factors. According to the
eigenvalue-one criterion (eigenvalue > 1) PCA of
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Fig. 5 Dendrogram showing spatial clustering of monitoring sites of BODs to secondary rivers (a), tertiary rivers (b) and

all rivers (c¢)

the three data sets yielded one PC (Table 4) that
accounted for 63.8%, 53.3%, and 64.7% of the
total variance in Type I, Type II, and all site data
sets, respectively. In the VF1, the loading value
of TN is highest in Type I (0.956), the loading
value of NH} -N is highest in Type II (0.938), and
the loading value of NH; -N is highest in all sites
(0.949; Table 5).

An integrated evaluation model of the PCA
was made in order to obtain the synthetic pol-
lution index for the sampling sites, using the
formula:

F =0.267ZX, 4+ 0.41ZX; + 0.46ZX;

+0.53ZX4 + 0.53ZX;s (6)

in which the coefficients were calculated accord-
ing to formulas (2), (3), (4), and (5).

Pollution index values were interpolated be-
tween sampling points by Arc GIS 9.2 to create
month and year pollution index maps for the
period April 2006 to March 2007 (Figs. 8, 9). The
pollution index maps show that the more seri-
ously polluted region is in northern Wenzhou city,
demonstrating consistency between results from
PCA and CA. Figure 8 indicates that pollution
levels of the river varies by month, with the lowest
levels in June, but that the temporal variation is
different among Type I and Type II sites. In Type
I sites, pollution is heaviest in April, May, August,
and September, while it varies slightly in both the
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Cc @ heavily polluted sites
© polluted sites

Fig. 6 Comparison of monitoring sites maps of grouped
and ungrouped treat of sites of cluster analysis. Note: a
result of spatial clustering of all monitoring sites of BODs;
b result of spatial clustering of monitoring sites of BODjs
to secondary rivers and tertiary rivers; ¢ result of spatial
clustering of all monitoring sites of CODyp; d result of spa-
tial clustering of monitoring sites of CODyy, to secondary
rivers and tertiary rivers; e result of spatial clustering of all

@ Springer

monitoring sites of NHJ -N; f result of spatial clustering of
monitoring sites of NHI -N to secondary rivers and tertiary
rivers; g result of spatial clustering of all monitoring sites
of TN; h result of spatial clustering of monitoring sites of
TN to secondary rivers and tertiary rivers; i result of spatial
clustering of all monitoring sites and all pollutants. Red
spots are the seriously polluted sites
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Fig. 7 Dendrogram showing temporal clustering of all months of NHI—N, TN, BODs5, CODy,

rainy and dry seasons. In Type II sites, pollution
is the most serious in April, decreases in May,
reaches its lowest levels in June, and then rises
gradually from July to April of the following year.
Arc GIS 9.2 analysis shows that pollution is more

serious in blue waterways, followed by green and
yellow waterways (Fig. 9).

The levels of individual pollutants showed
relationships with each other. Among BODs,
CODwmn, NHJ-N, and TN, the correlational

Table 4 Total variance explained in type I, type 11, and all sampling sites

Component Initial eigenvalues type 1 Initial eigenvalues type 11 Initial eigenvalues all
Total % of variance Total % of variance Total % of variance
1 3.1912 63.817 2.664% 53.286 3.2332 64.655
2 0.962 19.231 0.897 17.948 0.841 16.822
3 0.508 10.160 0.837 16.733 0.576 11.513
4 0.286 5.719 0.529 10.589 0.308 6.161
5 0.054 1.073 0.072 1.444 0.042 0.848

2The yielded PC according to the eigenvalue-one criterion (the eigenvalue > 1)

@ Springer



514

Environ Monit Assess (2011) 180:501-520

Table 5 Loadings of 5 parameters on significant VFs for type I, type 11, and all sampling sites

Parameters Type I Type 11 All
VF1 VF1 VF1
pH 0.345 0.403 0.474
BODs 0.776 0.503 0.734
CODwp 0.818 0.727 0.820
NHj-N 0.942 0.938 0.949
TN 0.956 0.918 0.947

Type I sample drawn from green sites in Fig. 61, Type Il sample drawn from red sites in Fig. 61

dependences are all quite remarkable, with
Pearson’s correlation coefficients of: BODs and
CODyp: 1, = 0.511, BODs and NH;-N: r, =
0.692, BODs and TN: r, = 0.684, CODyy
and NH;-N: r, = 0.753, CODyy, and TN:
rp = 0.785, and NH;-N and TN: r, = 0.96,
P < 0.01, n = 360; Table 6). This study also
revealed that the pollution levels show pos-
itive correlation with population density, the
number of public toilets and sewage outfalls,
while they show negative correlation with river
width, normal high water mark, monthly rain-
fall, and 5-day cumulative rainfall before sampling
(Table 6).

Correlation analysis of the synthetic pollution
index and rainfall in primary, secondary, and ter-
tiary rivers only showed a correlation for tertiary
rivers. The correlation between the synthesis pol-
lution index and 5-day cumulative rainfall was
quite remarkable (r, =—0.789, P <0.01; Table 7).

Discussion
Pollution of Wen-Rui Tang River

In the Wenzhou urban area, industrial and ser-
vices wastewaters are primarily discharged into
the Ou River through underground pipes, and
does not enter the Wen-Rui Tang River. Agricul-
tural pollution sources are mainly located in the
upstream rural areas, so they have relatively little
impact on the study area. Only a small portion of
the study region, in the northeast of the city, was
impacted by animal husbandry.

The highly degraded water quality directly
affects human health and ecosystem health in the
watershed. Although we do not have direct hu-
man health impact data, the results indicated that
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100% of NH;-N, 100% of TN, 58% of CODwpy
and 73% of BODs values exceeded the national
health standard. This strongly suggests the need
for water managers to pay attention to the envi-
ronment to reduce the potential impact to human
health in the watershed.

Quantitative data on flow velocity were not
available, however, it is obvious from visual in-
spection that the water in the tertiary rivers was
almost immobile except during a typhoon, rain-
storm, or human-flushing events. The high pol-
lutant concentrations in tertiary rivers are most
likely to be associated with the longer hydrolog-
ical residence times in these river branches. Even
though a best management practice of flushing the
rivers was adopted in this watershed, it has proven
difficult to implement in the tertiary rivers as these
streams represent dead-end streams that prevent
adequate flushing.

NH; -N pollution was serious throughout the
entire region, mainly caused by the untreated exc-
reta in sewage directly discharged into the river,
in addition to the excreta from some avian and
livestock farms. The TN pollution was also seri-
ous throughout the entire region, mainly result-
ing from these same sources in addition to its
generation from the decomposition of the organic
matter, such as food residue discarded directly
into waterways. The most seriously polluted re-
gions are concentrated in the northern part of
the Wen-Rui Tang River watershed, due to high
population density, and industrial and commercial
activities. The northwestern part of the study area
has a large textile industry, while the northeastern
part has many avian and livestock farms.

High BODs and CODyy, levels were mostly
due to organic matter from excreta and food
residue from household sources, hotel sewage,
excreta from farms and industrial sewage in the



Environ Monit Assess (2011) 180:501-520 515

Fig. 8 Synthetic pollution in Wen-Rui Tang River watershed for each month

@ Springer



516 Environ Monit Assess (2011) 180:501-520

Pollataon ndey vabacs Pollution index values
December -2 January i
o SERET T
IERET PR J-1-0 Y-S
2 y -' LR BT -'\ ] = + s
7 1 0-1 ’ A 5 o 1-2
- 1 g ﬁs‘m % _ syt . .1'{3‘0 i, -35/ -t
= S L . 27 0.\ =Ll |2,m e f B f S
‘ 29 24 _:fr'- K\& . b JiE, 29 24 ,I- g\,(\’
: 1 23— i 4 _' 14 2 - '
10 .4 -j? _22 - Vs = (19 10 .4 7 _22 il 2 ol i /19
£ 9/ B K / ‘'t 5, 8 K ,/
15 | 15 i AR
bt L / 5 ) Y
i - — f
.J r - .. ¢r- ./ F .rv
16 Bl A 16 i Y
Pollution index values Polbation index values
February SRRl B March T
B -0 -+ T
Coooomm s
T o EE
£ o Y I /| .
IS T‘ . Py AN e
: ; 'bza ot .
0 f :?7 > w 4 i 2. e 48
e . 2 e . 2 ; '}
b £ 2 . i 2 &
S _15 ; .|5 4 [
{ { / / 77(
H 16 16 H~s)(,L_

Fig. 8 (continued)

Fig. 9 Synthetic pollution
in Wen-Rui Tang

waterways . High : 3.09
- f‘“—-——, .

Pollution index values

Low : -1.65

@ Springer



Environ Monit Assess (2011) 180:501-520

517

Table 6 Correlations of pollutants, polluter and environment factors

Sewage outfalls Monthly 5-day cumulative BODs KMnOy4 NHI-N TN

(500-m circle)  (500-m circle)

River width Normal high Population Public toilets

Pearson correlation

rainfall

rainfall

density

water mark

River width

1

0.8902
—0.3912
—0.3912
—0.2452

Normal high water mark
Population density

Public toilets

1

—0.3572

—0.2712
—0.169*

1

0.8982
0.6592
0.000
0.000

0.656*
0.000
0.000

Sewage outfalls

0.000
0.000

0.000
0.000
—0.188?
—0.1452
—0.268%
—0.2632

0.000

0.000
—0.2982
—0.2042
—0.383%
—0.377*

Monthly rainfall

1
—0.2182
—0.052
—0.220?2

—0.215%

0.474?
—0.124%
—0.093
—0.1502
—0.1482

5-day cumulative rainfall

BOD:s

0.2292
0.056

0.3022
0.1552
0.2732
0.2742

0.2102
0.081

1

0.5112
0.6922
0.6842

KMnOy4

1

0.7532
0.7852

0.2032
0.1852

0.1782
0.1712

NH4-N
TN

1

0.9602

2Correlation is significant at the 0.01 level (two-tailed)

bCorrelation is significant at the 0.05 level (two-tailed)

northwest. The BODs method is not influenced
strongly by ammonia oxidization due to an initial
lag (>5 days) in the oxidation kinetics of ammo-
nia. Organic pollution is serious only in the north-
ern area where levels are above the Type V na-
tional water quality standard (Table 2), due to the
sources listed above. In this study, the values of
BOD:s are higher than CODy, at many sampling
sites. This indicates that only part of the organic
matter in the water is oxidized by the potassium
permanganate methodology (SEPBC 2002b).

Pollution by BODs, NH; -N and TN were low-
est in June throughout the entire region (Fig. 7).
This may be due to the continual rainfall before
sampling during this month. Monthly fluctuations
in pollutant concentrations do not follow ob-
vious patterns, but NHI—N, TN, and BODs in
tertiary rivers have significant correlations with
5-day cumulative rainfall, and NH; -N and TN in
tertiary rivers have significant correlations with
monthly rainfall. However, most pollutants do
not have significant correlations with 5-day cu-
mulative rainfall and monthly rainfall in primary
and secondary rivers. This is because the govern-
ment opens sluice gates to flush primary and sec-
ondary rivers when pollution is quite serious. As
a result, the relations of pollutant concentrations
and rainfall are not as distinct in primary and
secondary rivers. Opening the sluice gates to flush
very narrow branches is less effective, so pollutant
concentrations are more significantly influenced
by rainfall in tertiary rivers.

In PCA, VF1 of both Type I and Type II sites
have very high positive loadings on NH;-N and
TN (>0.90). The loading value of TN on Type I
sites is highest (0.956), while loading of NH;-N
on Type II sites is highest (0.938; Table 5). This
shows that the main source of NH; -N pollution is
excreta in the northern area (Type 11 sites), which
has a high population density, a temporary popu-
lation, and avian and livestock farms. The major
pollutant in the southern region was TN, and the
NH; -N in excreta is also a major pollutant.

Comparison to previous research
The study area is primarily a network of urban

waterways in the Wen-Rui plain, which has many
relatively small tributaries. The flow of water
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Table 7 Correlations of synthetic pollution index and rainfall in primary, secondary, and tertiary rivers

Pearson correlation  Primary river ~ Secondary river  Tertiary river =~ Monthly rainfall ~ 5-day rainfall ~Cumulative
Primary river 1
Secondary river 0.8842 1
Tertiary river 0.619° 0.7562
Monthly rainfall 0.070 —0.052 —0.559 1
5-day cumulative —0.248 —0.501 —0.789? 0.474 1
rainfall

2Correlation is significant at the 0.01 level (two-tailed)
bCorrelation is significant at the 0.05 level (two-tailed)

throughout the entire Wen-Rui Tang River wa-
tershed is not natural, but is controlled by reser-
voirs in the upper watershed and the operation
of sluice gates in the lower watershed. The river
is largely stagnant during dry periods when the
sluice gates are closed, while water flows freely
when the sluice gates are opened. So the direction
of flow is regulated by the position of the opened
sluice gates. These hydrologic characteristics of
the watershed are entirely different from other
published studies. During most of the time pe-
riod covered by this study, the sluice gates were
closed and water bodies were relatively stagnant,
effectively eliminating any effects from upstream
flushing and pollution sources. As the opening and
closing of floodgates can alter pollutant concen-
trations, the change of pollutant concentrations
between months observed in this study was not
as predictable as in other studies unaffected by
floodgate operations (Girija et al. 2007; Zhang
et al. 2009).

In the present paper, an attempt was made
to assess the spatial and temporal water quality
changes by multivariate statistics and GIS (Sarkar
et al. 2007). Zhang et al. (2009) used CA, DA,
and PCA to analyze water quality and identify
pollution sources in the Daliao River basin, China.
However, comprehensive applications of different
multivariable statistical methods, GIS analysis and
concrete studies of each pollutant have not been
fully explored in river studies in China.

The use for environmental protection

The Wen-Rui Tang River is the principal source of
drinking water in this region, though it is polluted
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very seriously at present. Most drinking water is
secured from reservoirs in the upper watershed
to avoid the severe pollution associated with the
lower watershed. For improving the water quality
in any watershed, it is critical to understand the
relationships between the environmental quality
and economic development. The deteriorating en-
vironment can affect the sustainable development
of the regional economy. In order to achieve sus-
tainable economic development, the government
should seriously consider the environmental costs
of economic development, thus integrating social,
economic and ecology values.

Results indicated that focusing on the manage-
ment of domestic sewage would be an effective
way of reducing both the nitrogen and organic
pollution in this watershed under the current eco-
nomic and population conditions. The strength-
ening of water quality regulations in the north-
ern part of the Wen-Rui Tang River watershed,
periodic dredging of the rivers in these regions,
and water body flushing (especially of tertiary
waterways) during the flood season, should be
able to alleviate the pollution situation in these
areas. Developing efficient water treatment plants
and sewage conveyance systems is another critical
and effective means to protect the environment
and the water quality within the watershed.

Conclusions

Our study is one of the few to analyze the spatial
and temporal variations of water quality in urban-
dominated waterways of China, aiming to ulti-
mately prevent the adverse health and ecological
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effects of water pollution. Results showed that:
(1) the entire area in Wen-Rui Tang River wa-
tershed is seriously polluted, and the pollution in
the northern part is most serious; (2) the values of
BODs, CODwy,, NH -N, and TN are significantly
higher in tertiary rivers than those in primary and
secondary rivers; (3) monthly changes of pollutant
concentrations are irregular; and (4) most pollu-
tants are negatively correlated with 5-day cumula-
tive rainfall and monthly rainfall values in tertiary
rivers, but not in primary and secondary rivers
because of human-induced water flushing events
from opening of floodgates.

This study reveals that degraded water quality
is related to both anthropogenic activities and
poor wastewater management. The lack of proper
management policies and wastewater infrastruc-
ture during the economic development period
may have played a role. The results of this study
provide information for the mitigation of further
degradation and to improve the existing water
quality in the watershed.
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