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a b s t r a c t
The Mudan River Watershed, located in the northernmost region of China, is an important 
component of the Songhuajiang River System. The water quality of this watershed is of great impor-
tance because it is widely used for aquaculture production, hydraulic electro-generating, recre-
ation, fishing, and irrigation. In this study, the water quality index (WQI) and principal component 
analysis (PCA) were employed to evaluate the Spatio-temporal variations in the surface water 
quality of the watershed. Ten monitoring sections were selected and monitored monthly for this 
study. Results indicated that the Chaihe bridge section exhibited the worst water quality with a 
WQI score of 32.81 due to large quantities of sewage discharge. Moreover, the water quality of the 
Mudan River Watershed showed seasonal variations. The WQI scores in the rainy season, non-
rainy season, and icebound season were 69.38, 70.99, and 41.96, which was due to the surface water 
runoff in the rainy season as well as the low temperature and bacterial activity in the icebound 
season. Furthermore, the PCA technique revealed that permanganate index and ammonia nitrogen 
were the primary contaminants of this watershed regardless of the season. Therefore, it is urgent 
to restore the water quality of the Mudan River Watershed by adopting powerful management 
measures and improvement methods.
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1. Introduction

The Mudan River Watershed, located in the north-
ernmost region of China, is a crucial mainstream of the 
Songhuajiang River System. It plays an important role in 
water supply, flood control, shipping, fisheries, and power 
generation [1,2]. However, human activities in the basin 
have caused various pollution problems. Among them, 
human population growth, industrialization, intensive 

agricultural activities, and rapid urbanization are the major 
sources responsible for the deterioration of the surface 
water quality [3–5]. The Mudan River Watershed, a trib-
utary of the Songhuajiang River, is one of the most seri-
ously polluted areas due to the polluted water discharged 
into the water network around the watershed. Thus, pol-
lution control and regional management in the Mudan 
River Watershed present significant challenges for China’s 
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government. It is significant to identify the water quality 
and pollution sources to restore these fragile water ecosys-
tems of the watershed.

Recently, numerous assessment methods are applied 
by researchers to evaluate water quality, such as the single-
factor index, Nemerow index, organic contamination index, 
and water quality index (WQI) [6–13]. Among them, the 
WQI method, put forward by Horton in 1965, has been 
widely applied to assess water quality [14–17]. It mainly 
transforms large quantities of water quality data into a sin-
gle number that represents the general quality of the surface 
water. For example, Hou et al. [18] applied the WQI method 
successfully in the water quality assessment of five typical 
reservoirs in the lower reaches of the Yellow River, China. 
They concluded that mercury was the main contaminant in 
five reservoirs, while TP (total phosphorus) and SO4

2– were 
the other main contaminants in mountain and Yellow River 
reservoirs, respectively. Ma et al. [19] reported a classifica-
tion ranging from “bad” to “medium” in the south coastal 
aquaculture area of Dalian, Liaoning Province, China by 
using the WQI method. Şener et al. [20] found that the 
north and south regions of the Aksu River had been heav-
ily polluted by chemical oxygen demand and Mg assessed 
by the WQI method. Furthermore, several advanced mul-
tivariate statistical techniques are also employed to eval-
uate the water quality, identify the pollution sources, and 
understand the Spatio-temporal variations in water qual-
ity, such as fuzzy math, single factor way, fuzzy matrix, 
integrated pollution index, and neural network method 
[21–23]. These multivariate statistical techniques can help 
in better interpretation of the results and make the process 
less subjective. In particular, the principal component anal-
ysis (PCA) technique can reduce the dimensionality of a 
multivariate data set and simultaneously maintain its orig-
inal variable information to the maximum extent possible 
[24–26]. Tripathi and Singal [27] applied the PCA method, 
which led to the reduction in the number of parameters 
from 28 to 9. They found this statistical technique was less 
biased and more objective in nature to appraise the water 
quality of river Ganga in India. Varol [28], Yang et al. [29], 
Unda-Calvo et al. [30], Camara et al. [31], and Sudhakaran 
et al. [32] applied different multivariate statistical tech-
niques successfully to obtain the primary polluted section 
and the principal contamination indexes. In this research, 
the WQI and PCA method were used to provide integrated 
information on the Mudan River Watershed for managers.

Based on the dataset of ten state-controlled monitor-
ing sections in 2018 during three periods (rainy season, 
non-rainy season, and icebound season), The objectives of 
the present study are to (1) appraise the variation of per-
manganate index (CODMn), ammonia nitrogen (NH4

+–N), 
total nitrogen (TN) and total phosphorus (TP) and Spatio-
temporal variations in water quality; (2) evaluate the water 
quality of the Mudan River Watershed using WQI method; 
(3) identify the severe pollution monitoring section through 
the PCA analysis. It is believed that the results of this research 
can provide a scientific basis for the Mudan River Watershed 
management and help to maintain and improve the water 
conditions of the watershed. Ultimately, this research 
will lead to the development of both effective management 
and conservation strategies for the Mudan River Watershed.

2. Methodology

2.1. Natural geographical situation

In this study, the water quality of the Mudan River 
Watershed, which is the main tributary of the Heilongjiang 
basin, was investigated by applying different multivariate 
statistical techniques and a water quality index. The longi-
tude and latitude of this watershed are 43°15′N ~ 46°35′N 
and 126°39′E  ~  132°12′E. The average annual water tem-
perature ranges from 1°C to 22°C. The annual rainfall 
in the entire area of Mudan River Watershed is generally 
about 535  mm, and the precipitation mainly occurs in 
June to September, accounting for 76% of the total. Due 
to the favorable climate, fertile soil, and abundant water 
sources, the land is dominated by agricultural activities. 
The location of the study area is depicted in Fig. 1.

2.2. Sampling and analysis

In this study, the water samples, collected by high-density 
polyethylene bottles (previously acid-washed), were taken 
seasonally from ten state-controlled monitoring sections in 
2018. Data from these stations were collected at different 
months of the year for each parameter. And the correspond-
ing data was divided into three major typical water quality 
periods, including the rainy season (June to September), 
non-rainy season (April, May, and October), and icebound 
season (November to March). The location of the monitor-
ing sections is depicted in Fig. 1. The monitoring section 
layout and ribbon class of the Mudan River Watershed are 
listed in Table 1.

The permanganate index (CODMn), ammonia nitrogen 
(NH4

+–N), total nitrogen (TN), and total phosphorus (TP) 
were chosen for measurement to evaluate the water qual-
ity of the Mudan River Watershed. Among them, CODMn 
was quantified using a titration method by acid diges-
tion with potassium permanganate and oxalic acid [33]. 
NH4

+–N was analyzed using Nessler’s reagent spectropho-
tometric method [34]. TP and TN were measured by flow 
injection analysis (FIA, QC8500) [35]. All procedures of 
sampling, transportation, storage and chemical analysis of 
the surface water samples followed the national standard  
methods.

According to the national standard — “Environmental 
Quality Standards for Surface Water” (GB3838–2002) of 
China, the water body is classified into five types, namely 
Cases I~V. In this study, the Case III standard was cho-
sen to evaluate the water quality, which is suitable for 
drinking water. The Case III standard values for CODMn, 
NH4

+–N, TN, and TP are 6, 1, 1, and 0.2 mg/L, respectively. 
Furthermore, a one-way analysis of variance (ANOVA) and 
Pearson correlation analysis was conducted to determine if 
there were significant spatial and seasonal differences in 
water quality variables [28].

2.3. Water quality index calculations

The Canadian Council of Ministers of the Environment 
Water Quality Index (CCME WQI) is widely applied to 
appraise the water quality in recent years. It mainly calculates 
whether the water quality monitoring data exceeds the 
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water quality standard limit based on the three dimensions 
of scope, frequency, and amplitude. The CCME WQI is an 
objective-based index that compares measured water qual-
ity values with standards to produce a score ranging from 
0 to 100. The relevant computational formulas of CCME 
WQI are listed as follows [Eqs. (1)–(6)] [36–38]. The water 
quality index scoring system is presented in Table 2.

F P
N1 100= × 	 (1)

F q
M2 100= × 	 (2)

F Q
Q3 0 01 0 01

=
+. . 	 (3)

Q
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S= ∑1 	 (4)
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1 732

1
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2
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.
	 (6)

where F1 (scope) represents the percentage of the num-
ber of water quality parameters exceeding the standard 
limits in the total number of monitoring parameters; 
F2 (frequency) represents the percentage of the number 
of monitoring data exceeding the standard limits in the 
total number of monitoring data; F3 (amplitude) represents 
the amplitude; P represents the number of water qual-
ity parameters exceeding the standard; N represents the 
total number of water quality parameters; q represents 
the number of exceedances in all water quality monitor-
ing data; M represents the total number of water quality 
monitoring data; S represents the multiple of the mea-
sured value of substandard water quality index deviat-
ing from the standard value; ci represents the measured 
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Fig. 1. Monitoring sections on the Mudan River Watershed.

Table 1
The monitoring section layout and ribbon class of the Mudan River Watershed

Water area Monitoring section Mark Meaning of the monitoring section

Jingpo Lake
Laogulazi S2 Representing the inflow water quality of the Jingpo Lake
Television Tower S3 Representing the water quality of the Jingpo Lake
Fruiter Field S4 Representing the effluent water quality of the Jingpo Lake

Hailang River Hailang River estuary S5 Representing the water quality from the Hailang River flowing into Mudan River

Mudan River 
mainstream

Hailang S6 Representing the mixed water quality of the Hailang River and Mudan River
Jiangbin bridge S7 Representing the water quality of the industrial water
Chaihe bridge S8 Representing the water quality of the Mudan River
Hualiangou S9 Representing the effluent water quality of the Mudan River

Mudan River estuary S10
Representing the water quality from the Mudan River 
flowing into Songhua River

Dashanjuzi S1 Representing the inflow water quality of the Jilin Province
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value of water quality index; cs represents the standard 
limit of water quality index, and WQI represents the score 
of the comprehensive water quality index.

2.4. Multivariate statistical methods

Multivariate statistical techniques based on mathe-
matical statistics are used to study multivariate problems. 
They mainly include linear regression analysis, discrim-
inatory method, principal component analysis (PCA), 
cluster analysis, factor analysis, multivariate correspon-
dence analysis, etc. Among them, PCA is usually applied 
to appraise the water quality. The core concept of PCA is 
to reduce the dimensionality of a dataset by converting 
multiple variables into a few comprehensive variables. 
Furthermore, each principal component that reflects most 
of the information is the linear combination of the original 
variables, and they are uncorrelated with each other among 
the principal components (PCs), simplifying the complex 
problems. Algebraically, these irrelevant PCs are ordered 
to the first variance (PC1), the second variance (PC2), etc. 
Generally, the matrix can be established as follows, with 
p representing the original variables, x1, x2, …, xp [39,40].

PC1 11 1 12 2 1 1
1

= + + + =
=

∑a x a x a x a xp p p p
p

p

... 	 (7)

PC2 21 1 22 2 2 2
1

= + + + =
=

∑a x a x a x a xp p p p
p

p

... 	 (8)

PCP p p pp p pp p
p

p

a x a x a x a x= + + + =
=

∑1 1 2 2
1

... 	 (9)

where am,p is the component score coefficient for variable 
p on PC.

In this study, the water quality of the Mudanjiang River 
Watershed was evaluated by PCA with the aid of SPSS 
19.0. The main analysis steps were as follows.

•	 Standardizing the original data and converting them to 
dimensionless data to eliminate the dimensional and 
order of magnitude effects between different indicators.

•	 Determining the correlation between indicators to 
evaluate whether the original variables are suitable for 
factor analysis.

•	 Calculating the eigenvalues (λ) and eigenvectors of 
the correlation coefficient matrix.

•	 Determining the number of principal components by 
assuming that the eigenvalue is greater than 1. If λ ≥ 1, 
implies the explanatory power of the principal com-
ponent can replace the original data. If λ < 1, it implies 
the explanatory power is insufficient.

•	 Forming the principal component coefficient matrix by 
dividing the eigenvector by the absolute value of the 
corresponding eigenroot.

•	 Multiplying the principal component coefficient and the 
standardized data to obtain the scores of each principal 
component.

•	 Obtain the comprehensive score value of the principal 
component. The higher the composite score is, the more 
severe is the pollution.

3. Results and discussion

3.1. Water quality variations of the Mudan River Watershed

3.1.1. Spatial variations

The mean values of the water quality variations 
measured at ten sampling stations on the Mudan River 
Watershed are presented in Fig. 2. According to the Case 
III standard of the “Environmental Quality Standards 
for Surface Water” (GB3838-2002) of China, the thresh-
old values of CODMn, NH4

+–N, TN, and TP are 6, 1, 1, and 
0.2 mg/L, respectively. The majority of the stations met the 
requirements of the national standard, except for station 
S8 (Chaihe bridge). The mean values of CODMn, NH4

+–N, 
TN, and TP at the station S8 were 6.34, 0.96, 1.13, and 
0.135  mg/L. Compared to the other monitoring sections, 
the S8 station had the highest values, which indicated the 
inferior water quality at this section. This is mainly due 
to the numerous factories distributed around the Chaihe 
bridge, which discharge large quantities of sewage into 
the Mudan River. Moreover, agricultural activities, anthro-
pogenic activities, and municipal wastewater also play an 
important role in causing severe pollution of the Chaihe 

Table 2
Water quality index scoring system of CCME WQI

Rank Score Description

Excellent 95~100 Water quality was not threatened or harmed by any pollution; Water quality conditions are very close to 
the natural pristine levels

Good 80~94 Water quality is only slightly threatened or impaired by pollution; Water quality conditions are basically 
maintained at a natural and satisfactory level

Acceptable 60~79 Water quality is occasionally threatened or damaged by pollution; Water quality conditions are some-
times unable to maintain the natural or satisfactory levels

Bad 45~59 Water quality is often threatened or damaged by pollution; Water quality conditions are often not main-
tained at the natural or satisfactory levels

Poor 0~44 Water quality is always threatened or damaged by pollution; Water quality conditions are usually not 
maintained at the natural or satisfactory levels
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bridge section. To further throw light on whether CODMn, 
NH4

+–N, TN, and TP have significant variation among dif-
ferent sampling stations or not, data were analyzed by 
one-way ANOVA and Pearson correlation analysis. The 
results are shown in Table 3, which indicate that there are 
no significant differences among the ten sampling stations 
for CODMn (PANOVA  =  0.307  >  0.05, PPearson  =  0.278  >  0.01), 
NH4

+–N (PANOVA = 0.053 > 0.05, PPearson = 0.095 > 0.01) and TP 
(PANOVA = 0.086 > 0.05, PPearson = 0.091 > 0.01). However, only 
TN shows a significant difference at different sampling 
sites (PANOVA  =  0.000  <  0.05, PPearson  =  0.000  <  0.01), which 
indicates there is a remarkable station-variable correlation 
between the sampling stations and the concentration of 
TN. It means that nitrogen pollution cannot be ignored by 
the government of the Mudan River Watershed, especially 
the Chaihe bridge section.

3.1.2. Seasonal variations

The mean values of the four water quality variables 
measured during the three seasons (rainy season, non-rainy 
season, and icebound season) are depicted in Fig. 3. All four 

water quality variables showed significant seasonal differ-
ences. Only the CODMn had higher values in the rainy season 
for all sampling sites. The average value of the CODMn was 
6.28  mg/L, which significantly exceeded the Case III stan-
dard. This is largely due to the abundant rainfall causing 
the organic pollutants to flow into the river through sur-
face water runoff. Especially at the sampling sites of S1, S2, 
S8, S9, and S10, sewage discharge from the surrounding 
factories also made a great contribution. However, in the 
non-rainy season and icebound season, the high CODMn 
load was relieved. All in all, the CODMn variation reaches 
a peak from June to September, while tends to be stable in 
the other period.

For NH4
+–N, TN and TP, there existed an interesting 

variation compared to that of CODMn. NH4
+–N, TN, and 

TP displayed high values in the icebound season. This is 
largely due to the low dissolved oxygen content at low 
temperatures, which results in the low activity of bacte-
ria. The pollution is mainly from the release of bottom 
sludge and the weak dilution capacity in the icebound 
season. Especially in the middle sections of the Mudan 
River Watershed, such as S4~S9, the NH4

+–N, TN, and TP 

Table 3
One-way ANOVA (p < 0.05) and Pearson correlation (p < 0.01) for station-water quality variables and season-water quality variables

Water quality 
indexes

Station Season

One-way ANOVA Pearson correlation One-way ANOVA Pearson correlation

P F P r P F P r

CODMn 0.307 1.279 0.278 0.205 0.000 11.834 0.000 –0.662
NH4

+–N 0.053 2.357 0.095 0.310 0.173 1.872 0.073 0.333
TN 0.000 21.544 0.000 0.714 1.000 0.000 1.000 0.000
TP 0.086 2.056 0.091 0.314 0.353 1.083 0.224 0.229
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Fig. 2. The water quality variations at different sampling stations.
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variation showed higher values in comparison with the 
other sampling sites. For example, NH4

+–N, TN, and TP 
displayed high values of 1.80, 1.05, and 0.24  mg/L at S8 
in the icebound season, which are evidently beyond the 
limit of the Case III standard. On one hand, the strong 
dilution capacity of sampling sites S1 and S10 plays 
an important role in their positions as the head and tail 
catchment of the Mudan River Watershed. On the other 
hand, the sewage discharge of the surrounding factories 
and human activities increased the background values.

To illustrate the seasonal variations of the four water 
quality variables, data are also evaluated through sea-
son variable correlation analysis (Table 3). Results show 
that only CODMn shows pronounced correlation with 
PANOVA  =  0.000  <  0.05, PPearson  =  0.000  <  0.01, compared 
to that of NH4

+–N, TN, and TP. It means that attention 
should be paid to organic pollution in the rainy season.

3.2. Assessment of the water quality index

It is very meaningful to comprehensively evaluate 
the water quality. In this work, CCME WQI was applied 
to distinguish the water quality of the Mudan River 
Watershed from the two aspects of season and sampling 
sites. The results are presented in Fig. 4. It can be seen 
that the WQI scores of the Mudan River Watershed in 
the rainy season, non-rainy season, and icebound season 
are 69.4, 71.0, and 42.0, which are rated as “Acceptable”, 
“Acceptable” and “Poor”, respectively. The river exhibits 
poor water quality in the icebound season because NH4

+–N, 
TN, and TP are the primary control water quality indexes, 
while the main water quality index is only CODMn in the 
rainy season and non-rainy season. This indicates that 
enhanced treatment measures should be carried out to 
improve the water quality of the watershed.
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Fig. 3. The seasonal variations of the water quality at different sampling stations: (a) CODMn, (b) NH4
+–N, (c) TN, and (d) TP.
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The WQI scores at different sampling sites are shown 
in Fig. 4b. Stations S3, S4, S5, S6, and S7 showed scores of 
100, 100, 100, 97.04, and 100, categorized as “Excellent”, 
which indicated that the water quality of these regions had 
no anthropogenic impacts. The WQI scores of S1, S2, S9, and 
S10 were 84.8, 84.8. 82.7, and 84.8, rated as “Good”, which 
indicated that the water quality of these regions was slightly 
polluted. Interestingly, the WQI score of S8 was 32.8, rated 
as “Poor”, which indicated that the water quality of this 
region was severely damaged. A detailed explanation is 
given above. Therefore, it is urgent to curb the pollution 
of the Chaihe bridge section of the Mudan River Watershed.

3.3. Principal components analysis for 
the assessment of water quality

In this work, The PCA method was conducted to iden-
tify the correlated parameters used in WQI calculations 
and ascertain which one was responsible for most of the 
variance observed in the water quality data. After stan-
dardizing the original data, the correlation coefficients of 
CODMn, NH4

+–N, TN, and TP in the rainy season, non-rainy 
season, and icebound season were calculated, as listed in 
Tables 4–6. The correlation coefficient between the major-
ity of pollutant indexes is high. The correlation coefficients 
between NH4

+–N and CODMn, TN, and TP are 0.525, 0.840, 
and 0.810. It indicates that the direct correlation between 
many variables is very strong, verifying that there is 
information overlap between these variables, making them 
suitable for the PCA method.

According to the calculation, there are two princi-
pal components screened out by the assumption that the 
eigenvalue is greater than 1, which are labeled as F1 and 
F2. The eigenvalue, variance contribution and the accu-
mulative variance contribution of the studied indexes in 
the three seasons are presented in Table 7. The accumu-
lative variance contributions in the three seasons were 

92.919, 88.583, and 91.114, which imply that the principal 
components were CODMn and NH4

+–N regardless of the 
season. It indicates that the Mudan River Watershed has 
the characteristics of organic pollution. According to the 

Table 4
Correlation coefficient matrix of the indexes in the rainy season

CODMn NH4
+–N TN TP

CODMn 1.000 0.525 0.345 0.355
NH4

+–N 0.525 1.000 0.840 0.810
TN 0.345 0.840 1.000 0.873
TP 0.355 0.810 0.873 1.000

Table 5
Correlation coefficient matrix of the indexes in the non-rainy 
season

CODMn NH4
+–N TN TP

CODMn 1.000 0.311 0.499 0.583
NH4

+–N 0.311 1.000 0.941 0.446
TN 0.499 0.941 1.000 0.498
TP 0.583 0.446 0.498 1.000
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Fig. 4. Water quality index (WQI) for the Mudan River Watershed: (a) season and (b) sampling site.

Table 6
Correlation coefficient matrix of the indexes in the icebound 
season

CODMn NH4
+–N TN TP

CODMn 1.000 0.603 0.389 0.586
NH4

+–N 0.603 1.000 0.790 0.888
TN 0.389 0.790 1.000 0.709
TP 0.586 0.888 0.709 1.000
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survey, there are numerous factories distributed on both 
sides of the Mudan River Watershed, which discharged 
large quantities of industrial effluents. Moreover, domes-
tic wastewater and agricultural wastewater containing 
nitrogen and phosphorus also play an important role 
in the deterioration of water quality. Thus, it is urgent 
to vigorously develop the treatment of industrial efflu-
ents, enhance the treatment capacity of domestic sewage 
and agricultural wastewater, and improve the treatment  
facilities.

The component score coefficient matrix for the three 
seasons is shown in Table 8. According to these coefficients, 
the corresponding principal component expressions are as 
follows.

In the rainy season:

F x x x x1 1 2 3 40 100 0 160 0 158 0 156� � � �. . . . 	 (10)

F x x x x2 1 2 3 40 158 0 001 0 169 0 160� � � �. . . . 	 (11)

F F F� �
73 508
92 919

19 411
92 9191 2

.

.
.
.

	 (12)

In the non-rainy season:

F x x x x1 1 2 3 40 132 0 161 0 174 0 142� � � �. . . . 	 (13)

F x x x x2 1 2 3 40 327 0 281 0 190 0 247= − − +. . . . 	 (14)

F F F= +
66 513
88 583

22 070
88 5831 2

.

.
.
.

	 (15)

In the icebound season:

F x x x x1 1 2 3 40 120 0 159 0 140 0 154� � � �. . . . 	 (16)

F x x x x2 1 2 3 40 531 0 074 0 325 0 040� � � �. . . . 	 (17)

F F F� �
75 288
91 114

15 827
91 1141 2

.

.
.
.

	 (18)

Based on the above comprehensive evaluation func-
tion, the comprehensive scores of water pollution in all 
monitoring sections are presented in Fig. 5. The results 
indicated that the comprehensive ranking of the water 
pollution was S8 > S10 > S5 > S6 > S9 > S7 > S1 > S3 > S4 > 
S2 in the rainy season, S8 > S10 > S9 > S1 > S5 > S2 > S7 > 
S6  >  S3  >  S4 in the non-rainy season, and S8  >  S7  >  S6  > 
S3 > S5 > S2 > S4 > S10 > S9 > S1 in the icebound season. 
It is obvious that sampling site S8-Chaihe bridge section is 
the most polluted monitoring section regardless of the sea-
son. This is mainly due to the numerous nearby factories, 
which discharge sewage into the river. In the rainy season, 
the F1 score of S8 (2.269) was higher than that of the other 
sites, which indicated that the primary pollution of Chaihe 
bridge section was based on CODMn. The F2 score of S2 
(0.278) was maximum at all the sites, which indicated that 
NH4

+–N was the primary pollution indicator of the Fruiter 
Field section. Hence, CODMn of the Chaihe bridge section 
and NH4

+–N of the Fruiter Field section was the major con-
trol indexes in the rainy season. In the non-rainy season, 
the F1 score of S8 (2.566) was the maximum among the 
studied sites, which showed CODMn was the primary pol-
lutant of Chaihe bridge section. The F2 score of S10 (0.425) 

Table 7
The eigenvalue, variance contribution and the accumulative variance contribution of the studied indexes in the three season

Season Principal  
component

Eigenvalue  
(λ)

Variance  
contribution (%)

Accumulative variance  
contribution (%)

Rainy season
F1 5.881 73.508 73.508
F2 1.553 19.411 92.919

Non-rainy season
F1 5.321 66.513 66.513
F2 1.766 22.070 88.583

Icebound season
F1 6.023 75.288 75.288
F2 1.266 15.827 91.114

Table 8
Component score coefficient matrix in the three seasons

Index Season

Rainy season Non-rainy season Icebound season

F1 F2 F1 F2 F1 F2

CODMn 0.100 0.158 0.132 0.327 0.120 0.531
NH4

+–N 0.160 –0.001 0.161 –0.281 0.159 –0.074
TN 0.158 –0.169 0.174 –0.190 0.140 –0.325
TP 0.156 –0.160 0.142 0.247 0.154 –0.040
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was higher than all the sites, which implied NH4
+–N was 

the main pollution indicator of the Mudan River estuary 
section. Therefore, CODMn of the Chaihe bridge section and 
NH4

+–N of the Mudan River estuary section was the major 
control indexes in the non-rainy season. Furthermore, in 
the icebound season, the F1 score of S8 (1.237) was the peak 
value of the studied sites, which showed CODMn was the 
key pollutant of the Chaihe bridge section. The F2 score 
of S3 (1.199) was the maximum among all the sites, which 
indicated NH4

+–N was the primary pollution indicator of 
the Television Tower section. These results revealed that 
CODMn of the Chaihe bridge section and NH4

+–N of the 
Television Tower section was the major control indexes 
in the icebound season. In addition, the comprehensive 
scores in the rainy season, non-rainy season, and icebound 
season were 0.038, 1.96, and 1.023, respectively. This 
indicated that enhanced treatment should be considered 
in the non-rainy season and icebound season due to the 

low water body self-purification and bacterial activity. 
Therefore, CODMn of the Chaihe bridge section and NH4

+–N 
of the beginning and end sections of the watershed are the 
major control objectives to improve the water quality of 
the Mudan River Watershed, especially in the non-rainy 
season and icebound season.

Overall, the results obtained by the PCA method are 
consistent with the actual results and reflect the actual 
water quality of the Mudan River Watershed. Moreover, 
the pollution degree of different sections can also be more 
intuitively acquired by the PCA method, which can pro-
vide a more accurate basis for the protection and treatment 
of the Mudan River Watershed in the future.

4. Conclusions

This study was undertaken to evaluate the water qual-
ity of major monitoring sections located in the main stem 
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Fig. 5. The comprehensive evaluation result of water quality of each monitoring section: (a) in the rainy season, (b) in the non-rainy 
season, and (c) in the icebound season.
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of the Mudan River Watershed. Four water quality indexes 
(CODMn, NH4

+–N, TN, and TP) were considered in this 
work, which may be useful for watershed management and 
aquatic body monitoring. The findings showed that there 
existed spatial and seasonal variations in the water qual-
ity of the different sampling stations on the Mudan River 
Watershed. Organic pollutants were the main contaminants 
of this watershed regardless of the monitoring section or 
season because of the numerous industrial effluents and 
surface water runoff. The WQI values in the rainy season, 
non-rainy season, and icebound season were calculated as 
69.4, 71.0, and 42.0, which indicated that the water qual-
ity was “Acceptable”, “Acceptable”, and “Poor”, respec-
tively. Surface water runoff in the rainy season and low 
temperature and bacterial activity in the icebound season 
plays an important role. However, among the ten moni-
toring sections, the Chaihe bridge section had the lowest 
WQI value of 32.8, rated as “Poor” water quality. It is clear 
that industrial effluents, domestic discharge, and agricul-
tural activities were major threats to the water quality of 
the watershed. Furthermore, the PCA was also applied to 
identify pollution sources and determine Spatio-temporal 
changes in the water quality of the watershed and make 
the data more objective in nature.

All the results reveal that the Mudan River Watershed is 
in a state of severe pollution, especially the Chaihe bridge 
section. Powerful management measures and improve-
ment methods are necessary to ensure the water quality of 
this watershed.
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