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Knowledge of the extent of water pollution along a diversion channel is essential for
ensuring the security and effectiveness of water diversion projects. Thus, identifying the
trends in the water quality and the factors which influence the trends along a diverted river
is a prerequisite to ensuring the safety of the water diversion. As an important control unit of
the Eastern Route of the South to North Water Diversion Project, the hilly eastern region of
Nansi Lake Basin (ENLB) suffers excess water pollution in the water transferred into Nansi
Lake during the flood season. The comprehensive pollution index (CPI), the Mann-Kendall
trend test and analysis of variances were used to characterize the spatiotemporal variation
of water quality in the three main mountainous rivers of the ENLB. The contribution of
different factors which influencing the variation of the water quality parameters may be
explained using ridge regression analysis. The results showed that the CPI for the three
major rivers decreased significantly from 2000 to 2012. The rivers had problems in
compliance, and this was most noticeable in the Guangfu River. The main pollutants
exceeding the water quality standards were the chemical oxygen demand and total
phosphorus. The GDP per capita was the largest factor which influenced the changes in
the regional water quality, with the average contribution being 30%. An increase in the
water storage capacity was shown to have a positive effect on improving the water quality.
The results provided a scientific basis for establishing a regional pollution control strategy
and would give support to the planning of future water diversion projects.

Keywords: eastern region of Nansi lake basin, mountainous inflow rivers, water quality, trend variation,
spatiotemporal characteristics, influencing factors

1 INTRODUCTION

Due to the uneven spatial and temporal distribution of freshwater resources (Zhang et al.,, 2015),
inter-basin water diversion projects (IBDPs) are proving to be an increasingly popular solution to the
water distribution problem (Rollason et al., 2021). The long distance and wide coverage of IBDPs,
however, make the water quality susceptible to the influence of various factors, such as climate
change and human activity (Qu et al, 2020). Water diversion projects frequently rely on
transforming available rivers and lakes into water channels (Tang et al., 2014), which pose the
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risk of point and non-point source pollution developing at
confluence points thus affecting the quality of the water bodies
in question (Zhang et al., 2018). Therefore, the significance of
pollutant control along the water courses becomes particularly
relevant.

The Eastern Route of the South to North Water Diversion
Project (ER-SNWDP) is one of the world’s largest IBDPs and is an
essential part of China’s water network artery (Zhuang, 2016). The
first phase of the ER-SNWDP was officially put into operation in
2013, and the second phase of the project is already under planning
and has been demonstrated (China Ministry of Water Resources,
http://nsbd.mwr.gov.cn/). The ER-SNWDP is vulnerable to point
source pollution from urban sewage and industrial wastewater,
non-point source pollution from agriculture and soil erosion, and
endogenous source pollution (Liu et al., 2005). As an important
water transmission channel and storage lake of the ER-SNWDP,
the status of the water quality of Nansi Lake has been of great
concern (Wang et al, 2006; Zhang, 2009). After more than a
decade of pollution control of the watershed and ecological
protection, the water quality of the lake basically attained the
surface water Class III standard before the project commenced
operation in 2013 (Guo and Ren, 2014; Zhang et al., 2022). The
water quality of the lake is affected mainly by both exogenous and
endogenous pollution, and the inflow rivers are one of main
sources of pollution (Juan et al, 2016; Zhang et al., 2020). As
the primary supplemental water source of Nansi Lake, the inflow
rivers are still unable to meet the necessary standards in a stable
and controlled manner, and individual sections that flow into the
lake can exceed the standards to varying degrees (Zhang and Yang,
2011; Wang et al., 2014), especially the eastern region of the Nansi
Lake Basin (ENLB) (Feng et al.,, 2018). This is an urgent problem
that will be addressed in the second phase of the ER-SNWDP,
moreover there is also a need to expand the scale of water diversion,
increase the time of water transmission and be stricter with respect
to attaining the water quality requirements in the flood season.

An awareness of the characteristics of the changes in the water
quality and the factors which influence the changes is the premise
of scientific pollution control (Yaseen et al, 2018). Current
research on Nansi Lake and the inflow rivers has focused
mainly on the trends in water quality and evaluation (Gao
et al., 2013; Xu et al,, 2019; Yao et al., 2021), the water quality
response relationships of river-lake (Feng et al, 2022), the
sediment distribution (Zhuang et al., 2019; Guo et al., 2021),
the evolution of plankton (Tian et al., 2013; Meng et al., 2017),
and the nexus between water pollution and the economy (Wang
etal, 2015; Liu et al., 2020). The factors which govern the changes
in water quality are complex, with multiple factors intertwining
and interacting. Critical factors that shape river water quality are
diverse and vary greatly across geographical regions; these factors
may be categorized as natural and human factors (Huang et al.,
2021). The former typically include hydrological regimes (Xia
et al,, 2012) and are driven mainly by precipitation (Biswas and
Mosley, 2018; Nijhawan and Howard, 2022) and landscape
features of the waterway (Avigliano and Schenone, 2016;
Babayan et al, 2021). The latter have been summarized in
terms of socio-economic development (Salerno et al., 2018;
Huang et al., 2021), land use type changes (Ding et al., 2016;
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Mainali and Chang, 2018), construction of projects such as
wastewater treatment plants (WWTPs) (Luo et al.,, 2011; Tong
et al., 2020), constructed wetlands (El-Sheikh et al., 2010) and
hydraulic control engineering (Zhang et al., 2011; Yuan et al.,
2015).

The ENLB is an area with distinct hydrological characteristics
and the watershed is heavily influenced by human activities.
Typically, the rivers are subject to flash floods in the rainy
season and tend to carry large pollution loads, and on
entering the lakes are extremely difficult to control, thus
posing a great threat to the quality of lakes downstream (Xie
et al, 2016). According to the “Water Pollution Prevention
Planning of the South-to-North Water Diversion Project (east
route) of Shandong Section”, a large number of pollution control
projects were instigated to improve water quality and ensure
safety during the diversion period, such as constructed wetlands,
pollution prevention and water diversion projects (PPWDPs),
and reconstruction of plain reservoirs in the collapsed areas. In
contrast to the above, there have only been a few studies on the
relationships between many different types of engineering
capacity and changes in water quality in the region, these
generally focusing on the effects of flood gates and dams on
water quality. As a consequence, it was proposed that extending
the engineering capacity of the hilly areas would contribute to an
improvement in water quality.

Multi-year changes and trends in the spatiotemporal
characteristics of riverine water quality in the ENLB were
analyzed using the Mann-Kendall test, and various
mathematical and statistical methods. Using ridge regression
analysis, six factors were selected from consideration of the
hydrological elements, the engineering capacity and aspects of
the social economy to explore the magnitude of contributions to
variations in the water quality. In this way, the study aims to
provide a scientific basis for the control of pollutants along the
inter-basin of a water diversion project.

2 MATERIALS AND METHODS

2.1 Study Area

The ENLB is located in Jining City, Shandong Province (35°8'N-
3549’ 116°32'E-117°36'), has an area of 4143.35km? and
accounts for about 37% of the total area of Jining City shown
in Figure 1. The eastern part of the lake is higher in the northeast
section and lower in the southwest section, with an average drop
in the slope of 1% ~ 0.3%. The eastern part of the ENLB is
mountainous and hilly with elevation above 50-100m, the
central part is characterized as a pre-hill plain with a ground
elevation of 35-60 m, and the western part consists of a lakeside
depression. There are three major rivers in the region that feed
into the upper Nansi Lake, namely, the Guangfu River (GR), the
Si River (SR) and the Baima River (BR), further, six hydrological
monitoring stations were selected, and the stations together with
specific river parameters are shown in the Supplementary Table
S1 and S2. The average annual rainfall is 701.5 mm, of which the
rainfall during the flood season (June to September) accounts for
75% of the total rain for the whole year. Due to the features of the
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TABLE 1 | Information on the data used.
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Data Types Content Time Source
Series
Topography The ASTER GDEM with a spatial resolution of 30 m 2018 http://www.gscloud.cn/
Land-use Land-use types in ENL with a spatial resolution of 30 m 2018 Yang and Huang (2021)
Water quality Annual average concentration of chemical oxygen demand (COD), total phosphorus ~ 2000-2019  Ecological Environment Department of Jining
monitoring (TP) and ammonia nitrogen (NHz-N) in the river estuary City
Monthly average concentration of COD, TP and NHz-N in the ENLB 2017-2019  China Water Huaihe Planning Design and
Research Co., Ltd
Hydrological Annual rainfall and runoff of hydrological stations 1960-2019  Hydrological Yearbook of Huaihe River Basin
elements
Engineering capacity ~ Storage capacity of reservoirs, rubber dams and sluices 2000-2019  Urban and Rural Water Affairs Department of
Jining City
Treatment capacity of WWTPs and constructed wetlands 2000-2019  China Water Huaihe Planning Design and
Research Co., Ltd
Socio-economic GDP per capita and emissions of waste water 2000-2019  Statistical Yearbook of Jining City

terrain, the rivers are typical flash flood water channels, with short
sources and high peaks, and 70-80% of the annual runoff occurs
in the flood season.

With focus being given to flood safety protection at a regional
level and optimal allocation of water resources, a large number
of water conservancy projects have been established in the
ENLB. The ENLB, is one of the regions in China with the
largest number of projects per unit area, including 6 large and
medium-sized reservoirs and 240 small reservoirs with a total
capacity of 0.6 billion m®. The ENLB covers eight administrative
counties and urban areas, including Sishui County, Qufu City,
Yanzhou District, High-tech Zone, Taibai Lake New District,
and parts of Zoucheng City, Rencheng District and Weishan
County. The region is fertile, industrially developed and rich in
mineral resources; especially there are large coal resources with
storage distribution, the area being one of the key national
development centers for energy exploitation. The total
population of the ENLB exceeds 4 million at the end of 2019,
with the total GDP accounting for about 50% of that for
Jining city.

2.2 Data Collection

The data types, contents, time series, and sources used in the
study are listed in Table 1. The statistical information of data is
listed in Supplementary Table S3 and S4.

2.3 Methods

2.3.1 Water Quality Index

The comprehensive pollution index (CPI) and the single
pollution index (PI) are the most common and widely used
water quality evaluation indices, and reflect the extent of water
pollution on a qualitative basis (Kumar et al., 2021). The CPI is
a comprehensive amalgamation of the PIs of different
pollution indicators. There are many methods available for
calculating the CPI. In this study, the more classical arithmetic
average method has been adopted. According to the Chinese
“Environmental Quality Standard for Surface Water”
(GB3838-2002) and the water quality target requirements
for water bodies, Class III is the standard in the area. The
CPI has been evaluated to obtain different single PIs for

classifying the overall water quality status of the GR, SR
and BR at the temporal scale.
The index is expressed mathematically by Eqs 1, 2 as follows:

G
pL =2 1
5 1)
CPI = liPI )
n i=1 l

where, PI; signifies the single PI of the ith parameter, S; signifies
the Class III standard of the ith parameter (COD: 20.0 mg/L, TP:
0.2mg/L, NH;-N: 1.0mg/L), C; signifies the observed
concentration value of the ith parameter, and n represents the
total number of parameters. When the PI or the CPI is less than or
equal to 1, it means that the index meets the water quality target
requirements; conversely if the indices are greater than 1, then it
means that the CPI or the PI exceeds the requirements of water
function zone.

2.3.2 Standard Normal Homogeneity Test
Before trend analysis, the homogeneity of the data should be
checked (Demir and Keskin, 2020). The standard normal
homogeneity test (SNHT) developed by (Alexandersson, 1986)
is used to study inhomogeneities in the form of abrupt shifts in
the mean value of the observations.

The T test statistic is expressed mathematically by Equation
(3), (4) and (5) as follows:

Ty = max {T,} = {nax[véf + (n-v)z3] (3)
<v<n <v<n

S0i-5)e

zZ) =

(4)
v
n —

P (yi=y)]o

=1+

L= ©)

n—v

where the value of v corresponding to T is the most probable
time point of change, n is the number of data, y is years, o is the
sample standard deviation of this series, z is the standardized
work series of length #, z; and z, are the averages of the z; values
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before and after the shift. If T, is larger than a certain critical
level the series should be classified as non-homogeneous at a
certain level. T test values depend on the number of data and
95% confidence level based on the literature (Khaliq and
Quarda, 2007).

2.3.3 Mann-Kendall Test
Trend analysis was performed to detect whether the values for the
data were increasing, decreasing or invariant over time (Kisi and Ay,
2014). The Mann-Kendall (M-K) test (Mann, 1945; Kendall, 1975)is
a non-parametric test based on rank correlation. The method does
not require the sample to obey a specific statistical distribution and
has good fault tolerance for individual observed outliers; the method
is frequently used to test the trend of water quality and
hydrometeorological variables over a time series (Luo et al., 2019).
The M-K test statistic (S) is calculated in the following Eqs 6, 7

n-1 n

S = Z z sgn( —xk) (6)

k=1 j=k+1
where sgn () is the judgment function, and the expression is
Lxj—x;>0

0,x j—x,=0
—Lx;—x;<0

sgn(xj—xk): (j<k;j=1,2,3,-n-1)  (7)

where x; and x; are the data values at times j and k, # indicates the
length of the data set. While a positive value of S indicates an
increasing trend, negative of S indicates a decreasing trend.
According to the data length (n > 10), as an assumption, § is
approximately the standard normal distribution. Its mean and

variance can be defined as
E(S) = (8)

n(n-1)(2n+5) - th( 1)(2t, +5)

var (S) = T 9)

In this equation, m is the number of tied groups, and ¢, is the
number of data values in the mth group. If there are not the tied
groups, this summary process can be ignored. After the
calculation of the variance of time series data with Eq. 9, the
standard Z value is calculated according to the following Eq. 10.

S-1
——— $>0
VV(S)

Z= 0 $=0 (10)
S+1

VV(S)

The calculated standard Z value shows the statistical trend. If Z <
0, it indicates a decreasing trend and if Z > 0, it indicates an increasing
trend. Meanwhile, it is compared with the standard normal
distribution table with two-tailed confidence levels (a« = 10%, o =
5% and a = 1%). The corresponding |Z; | values are 1.64, 1.96 and
2.58, respectively. If the calculated Z is greater than |Z|>|Z, o, the
null hypothesis (Hy) is invalid and the trend is statistically significant.
Otherwise, the Hy hypothesis is accepted that the trend is not
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statistically significant. In this study, two-tailed confidence levels
(¢ = 5% and « = 1%) were used for the M-K trend test.

2.3.4 Modified Mann-Kendall Test

Although the M-K test is used widely, it still has a basic
requirement that the data should be independent, which
means the M-K test is not robust against serial correlation
(Wasserstein et al, 2019). The existence of positive serial
correlation increases the probability that the M-K test detects
a trend when no trend exists (Cox and Stuart, 1955). The
modified Mann-Kendall (MM-K) test is a modified
nonparametric trend method suitable for autocorrelated data
based on the modified value in the variance of the test statistic
(Yagbasan et al.,, 2020). Adjusted variance value is calculated as
given in Eqs 11, 12 (Hamed and Ramachandra Rao, 1998; Yue
et al., 2002).

n(n—l)(2n+5) n

Var(S) _— (11)

1%
(8) = 18 g

S
n—;—l n(n_l)(n 221 i) (n—i-1)(n—i-2)ps(i)

(12)

where n/ng" represents a correction due to the autocorrelation in
the data, n is the actual number of observations and ps(i) is the
autocorrelation function of the ranks of the observations.

2.3.5 Ridge Regression Analysis

Multiple regression analysis is used mainly to study the
interdependence between an explained variable and several
explanatory variables. The degree of influence of different
explanatory variables is obtained by using statistical analysis
methods as well as functions to analyze and interpret the
pattern of changes in this relationship, and to describe it
formally (Edwards, 1985). However, the problem of
collinearity of the independent variables often arises, making
the accuracy of the estimation significantly lower than would
otherwise be.

Ridge regression is a popular estimation method used to
address the collinearity problem frequently arising in multiple
linear regression (McDonald, 2009). The regression technique is
actually a modified least squares method that obtains more
realistic and reliable regression coefficients at the cost of losing
some information and reducing accuracy by giving up the
unbiased nature of the least square method. The ridge
regression method can be usefully applied to the analysis of
the factors which influence the water quality parameters.

3 RESULTS

3.1 Multi-Year Variation of Water Quality

The homogeneity of trends was tested by SNHT and the results
were shown in the Supplementary Table S5. The H,, hypothesis
was rejected because Ty for all water quality monitoring stations
was lower than the critical T, value as the data had an
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inhomogeneous change point. The changes in the single PIs and
CPI of the GR, SR and BR estuaries are shown in Figure 2, and the
changes were assessed using the M-K test and the MM-K test as
outlined in Table 2. The data for the TP index started from 2009,
so the CPI from 2000 to 2008 did not include the TP in the
calculation. The CPI for all three rivers showed a significant
decreasing trend (a < 0.01), and the water quality improvement
effect was remarkable from 2000 to 2019. Since the official
commissioning of the first phase of the ER-SNWDP in 2013,
the CPI for all three rivers was less than 1, meaning that the water
quality target requirements were met for the water supply. The
pollution of the GR was the most serious at the beginning of water
treatment, with the CPI reaching 14.15 in 2000, and accounting
for 75% of the three rivers. Overall, there was a great downward
trend for all three pollution indicators, from 14.15 to 0.75.
However, there were still fluctuations during the period in
question, and with slight increases in 2005, 2006 and 2009,
due to variations of TP and NH;-N. The SR and BR were
relatively less polluted, decreasing from 2.46 to 0.59 and 2.18
to 0.7, respectively. The COD index for the SR has caused some
concern in recent years, the Z value being greater than 0 and
exhibiting an increasing trend but not outstanding. The BR was
slightly different to previous in that the CPI increased and then

decreased from 2000 to 2012, reaching a peak of 2.18 in 2007,
thereafter from 2013, the CPI decreased significantly as reflected
in the TP values (« < 0.05). It can be seen clearly that the pollution
control measures implemented after 2013 had a strong impact on
the improvement in water quality in the BR.

3.2 Spatiotemporal Variation of Water
Quality

To analyze accurately the changes and differences in current
water quality for the study area, the water quality parameters
may be described on a statistical basis using the monthly data
from January 2017 to March 2019 (see Table 3). In addition, the
differences in the average concentrations of the water quality
parameters at 13 monitoring sites during the flood season (June-
September) and non-flood season (October-May) were analyzed
by using one-way ANOVA (see Figure 3). S2 was not analyzed
because only measured values were available after September
2018 due to upstream disconnection and the fact that less data
were available.

The overall differences between the mean concentrations of
the parameters for the flood and non-flood periods were small,
prominent differences at individual locations being located
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FIGURE 2 | Trends for the CPI and single Pls in the river estuaries (S1: GR, S6: SR, $12: BR, (A) COD, (B)TP, (C) NHz-N).

TABLE 2 | Mann-Kendall test for the CPI and single Pls in the river estuaries (* and** indicate significant correlation at the « = 0.05 and 0.01 levels, respectively).

M-K/MM-K M-K/MM-K

Index M-K/MM-K
Z-value (2000-2019)
St s6 s12 s1
CPI _5.20"/ —4.32%/ -4.19"/ -4.09/
-3.86™ —4.32" —4.19" —6.21™
PI(COD) ~5.29"/ -4.32"/ -3.47%/ -4.33"/
-3.33" —4.32" —2.67* -3.20"
PICTP) ~2.80"/ —2.96"/ -2.80"/ -1.70/
-2.80™ -2.96™ ~2.80" -1.70
PINHs—-N) ~4.96/ -3.03™/ —3.67/ ~3.36"/
-3.31* -3.03" -3.67 -3.36™

mainly in the GR basin. The COD and the TP values for the
different periods of the year was not a rule whereas the NH;-N
concentrations for the non-flood periods were greater than those
for the flood period at a total of 8 points, accounting for 2/3 of all.
The concentrations of NH;-N at all of the monitoring points of
the SR showed a clear pattern of higher concentrations in the
non-flood period compared with the flood period, indicating that
concentrated rainfall in the abundant water period played a

Z-value (2000-2012) Z-value (2013-2019)

S6 S§12 S1 S6 S$12
—-2.49%/ -1.16/ -0.60/ -0.60/ -2.707/
—2.49% -1.16 -0.60 -0.60 -2.70™
—-2.96/ -0.43/ 0.00/ 0.15/ -1.20/
-2.96™ -0.43 0.00 0.15 -1.20
-0.34/ 0.00/ -0.30/ -1.80/ -2.107

-0.34 0.00 -0.30 -1.80 -2.10%
-0.16/ -0.92/ -0.90/ -0.60/ -0.90/
-0.16 -0.92 —0.90 -0.60 -0.90

dilution role to some extent. As the water quality of the whole
river had the most direct impact on the lake, the conditions of
water quality at the river estuary deserved particular attention.
The COD concentrations exceeded the water quality standard to
differing extents at points S1, S6, and S12, and the concentrations
in the flood season were greater than those in the non-flood
season, that is 22, 4, and 9% higher, respectively, a finding which
is consistent with an independent study (Zhang et al., 2022). The
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TABLE 3 | Variations in the water quality parameters for the study area from 2017 to 2019 (Avg: Average; SD: Standard deviation, SE: Standard error, FS: Flood season,

NFS: Non-flood season).

Monitoring Period coD
Section Avg sD SE
S1 FS 20.69 8.76 3.10
NFS 16.92 6.41 1.55
S3 FS 16.06 4.79 1.69
NFS 16.50 415 1.01
S4 FS 26.54 6.35 2.24
NFS 22.81 7.66 1.86
S5 FS 15.19 5.59 1.98
NFS 156.62 5.82 1.41
S6 FS 156.27 3.73 1.32
NFS 14.86 1.85 0.45
S7 FS 18.54 4.78 1.69
NFS 17.49 5.51 1.34
S8 FS 19.16 6.31 2.23
NFS 20.40 6.71 1.63
S9 FS 17.61 4.21 1.49
NFS 19.02 15.43 3.86
S10 FS 17.39 5.36 1.89
NFS 15.03 3.29 0.80
S11 FS 15.31 4.10 1.45
NFS 16.76 4.95 1.20
S12 FS 18.49 11.48 4.06
NFS 16.99 2.54 0.62
S13 FS 18.24 6.13 217
NFS 20.49 4.46 1.08

maximum concentrations of COD were 32.59 mg/L, 20.65 mg/L
and 46.07 mg/L, respectively, for waters collected in June-
September 2017.

There was a marked pattern of spatial variability in the water
quality conditions in the ENLB (see Figure 4). In general, the
problem of non-compliance in meeting the water quality
standards in the GR was more apparent; in the main, this
watershed accepted industrial and urban sewage, and where
there was longstanding structural pollution problems. The
degree of urbanization and development was comparatively
high, and the proportion of developed land reached 30.3%.
Pollution was most concentrated in the upper tributaries of
the GR, such as S3, S4 and S5. S4 was located in the Jining
high-tech zone, and the site was affected mainly by urban sewage
treatment plants, untreated domestic sewage from urban areas
and domestic sewage from the surrounding villages and towns.
The SR basin was characterized as having better water quality
conditions in the upper reaches (S11) and at the entrance to the
lake (S6) compared with the middle and lower reaches (S7-S9).
The differences in elevation between the upper and lower reaches
of the SR basin were large, the upper reaches being recharged by
groundwater from springs, which had good water quality. The
region was primarily cropland with large areas of forestland and
grassland, and the river was affected by non-point pollution
sources to a certain extent. The middle and lower reaches of
the river flowed through the urban areas of Yanzhou District and
Qufu City and took on a large amount of domestic sewage and
industrial wastewater, which represented most pollution sources
in the river. The maximum COD value for S13 in the BR was

TP NH3-N
Avg SD SE Avg SD SE
0.18 0.09 0.03 0.58 0.25 0.09
0.14 0.10 0.02 0.56 0.25 0.06
0.17 0.07 0.02 1.08 0.53 0.19
017 0.54 0.13 0.96 0.67 0.16
0.22 0.10 0.04 0.83 0.31 0.11
0.27 0.17 0.04 1.12 0.83 0.19
0.14 0.04 0.01 1.24 0.51 0.18
0.15 0.10 0.02 1.13 1.12 0.26
0.06 0.03 0.01 0.16 0.10 0.03
0.05 0.04 0.01 0.23 0.12 0.03
0.08 0.03 0.01 0.32 0.16 0.06
0.10 0.08 0.02 0.38 0.18 0.04
0.16 0.10 0.04 0.42 0.07 0.02
0.08 0.03 0.01 0.47 0.27 0.06
0.12 0.07 0.02 0.50 0.10 0.03
0.13 0.07 0.02 0.54 0.30 0.07
0.06 0.02 0.01 0.27 0.12 0.04
0.07 0.06 0.01 0.35 0.24 0.06
0.10 0.03 0.01 0.30 0.13 0.04
0.10 0.07 0.01 0.33 0.21 0.05
0.10 0.04 0.01 0.35 0.30 0.11
0.13 0.20 0.05 0.28 0.12 0.03
0.12 0.05 0.02 0.46 0.32 0.11
0.11 0.05 0.01 0.72 0.58 0.13

30.15 mg/L which was observed in the non-rainy period; this
COD value well exceeded the water quality standard and was
caused by sewage discharge from Zoucheng City.

3.3 Analysis of Factors Influencing Water

Quality

3.3.1 Hydrological Elements

As the basic elements of the water cycle in the basin, the historical
time series for the annual runoff and rainfall at six selected
hydrological stations are depicted in Figure 5. Analysis of the
SNHT results showed that the data of runoff were inhomogeneous
while the data of precipitation were the opposite. According to the
results of the M-K test and the MM-K test (see Table 4), rainfall
showed a non-significant decreasing trend (« > 0.05) from 1960 to
2019. In contrast, the runoff volume was the opposite, with a highly
significant decreasing trend in the runoff volume (& < 0.01) for the
same time period. Compared with 1960-1979, the runoff volume
of the GR declined from 104 million m? to 45 million m® and the
runoff volume of the SR decreased from 301 million m’ to
176 million m” in the last 2 decades, decreasing by 57 and 41%,
respectively. The statistics for the average values of the hydrological
elements in each of the 2 decades showed that the rainfall at first
decreased and then increased, showing a relatively consistent trend
with the measured runoff values, indicating that precipitation
controlled the evolution of runoff to a certain extent. The
rainfall in the last 2 decades did not differ much from the
overall trend from 1960 to 2019, while the trend for the runoff
volume varied slightly. The considerable decline (¢ < 0.01) in
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FIGURE 3| Average concentrations and statistically significant differences of water quality parameters at monitoring sections in the different seasons from 2017 to
2019 (One-way ANOVA, p < 0.01; GR Basin: S1-S5; SR Basin: S6-S11; BR Basin: S12-S13, (A) COD, (B) TP, (C) NHs-N).

runoff of the GR was due to the construction of four inflatable
rubber dams downstream and the withdrawal of water from the
main urban area of Jining City, despite the fact that, the reservoirs
of the SR and BR were built in the period 1960 to 1980.

3.3.2 Engineering Capacity
The regional engineering capacity comprises facilities for water
storage, water conservancy and wastewater treatment. By the end
0f 2019, 246 water storage reservoirs, 34 sluices and rubber dams were
constructed in the ENLB. For the purposes of studying changes in the
past 20 years, only the storage capacity of sluices and rubber dams
were considered in this paper. Given the requirements for navigation
in the BR, no control engineering facility was built except for a barrage
upstream, so the factor concerning the water storage capacity was not
considered. The water storage capacity of the rivers rose year by year
(see Figure 6), and it was most apparent in the SR basin, which had
grown by about 3.6 times. The pollution prevention and water
diversion project (PPWDP) of Jining City built in 2010 was the
driving force in the GR basin. The total storage capacity of the project
was 13 million m?, which can effectively store and reuse the recycled
water discharged to the standard, so that it did not enter or much less
water entered the water transfer trunk line to ensure water quality.
Wastewater treatment plants (WWTPs) reduced the
concentration of industrial and domestic wastewater pollutants

that were discharged; moreover, and wetlands were constructed to
further improve the quality of water entering the river. As of the end
of 2018, 15 domestic WWTPs and 3 industrial WWTPs had been
built in the region, and conformed to the Class A of the “Discharge
standard of pollutants for municipal wastewater treatment plant”
(GB18918-2002); the treatment plants had a daily treatment capacity
of nearly 780,000 m>. The constructed wetlands covered a total area
of 33.8 km® and ensured the protection of the water quality.

3.3.3 Social Economy

The GDP per capita is one of the most reflective indicators of the
social economy in the area of interest, the metric reflecting the
combination of the size of the population and the regional GDP. The
ENLB is a centralized area of human activity and industrial
production with 48% of the population and 50% of the GDP
originating in 37% of the area of Jining City. By the end of 2019,
the GDP per capita grew from 7,032 CNY to 52,331 CNY, a 6.4-fold
increase. The local wastewater emissions included domestic
wastewater and industrial wastewater, which were closely related
to the size of the population and the magnitude of industrial
development, as well as economic parameters that had a direct
impact on the water quality of the water bodies. There was a rising
trend in the volume of domestic wastewater year by year as a result of
the continuous increase in population; with respect to industrial
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FIGURE 4 | Spatial distribution of average concentrations from 2017 to 2019 (A): COD, (B) TP, (C) NHs-N) and percentages of land-use types in 2018 (D).

wastewater, there was an upward and then a downward trend, the
peak discharge occurring in 2011, which was inseparable from the
adjustment of industrial structure (see Figure 7). At the beginning of
the 21st century, the ENLB was dominated by secondary industries
that caused high pollution levels, such as coal mining, and the
chemicals and paper industries (Wang et al., 2015), which reached a
peak output of 53.8% in 2008 and then declined to 40.3% in 2019.
The proportion of tertiary industry tended at first to be relatively low
but then began to increase, as can be seen in the regional industrial
structure becoming tilted towards the tertiary industries; 2008 was
the inflection point for this structural adjustment.

4 DISCUSSION

4.1 Relationships Between the Changes in
the Water Quality and the Influencing

Factors

Ridge regression analysis was used to test quantitatively the
response relationship between the changes in the water quality
and the six factors in the ENLB; the weight contribution of each

factor was calculated by taking the ratio of the absolute value of
each factor to the sum of the absolute value of the total
standardized regression coefficient (see Table 5 and
Figure 8). In fitting the model, it was found that the TP
and the NH;-N indices in the SR and the NH;-N index in
the BR did not pass the F-test (p > 0.05), which meant that six
factors could not reasonably explain the changes in the water
quality from a statistical standpoint, thus these three
parameters are not included in the subsequent discussion
and analysis. Conversely, it can be seen that the changes in
the different indicators for the different watersheds were
subject to a variety of factors, and these were required to be
further explored and studied. The rest of the regression model
for each influencing factor and the results for the regression
calculation of a single PI indicated that the adjusted R values
of the model were above 0.6 (p < 0.05), indicating that the six
influencing factors can better explain the trend of the PIs and
can impact on their changes.

Overall, the GDP per capita, the wastewater treatment
capacity, and the water storage capacity were the main
factors influencing the water quality, followed by wastewater
discharge and runoff effects, and to a lesser extent, regional
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FIGURE 5 | Historical precipitation and runoff time series on an annual basis observed at the selected hydrological stations (A): GR, (B) SR, (C) BR).
TABLE 4 | Trend analysis for the precipitation and runoff series observed at the hydrological stations (G: GR, S: SR, B: BR, P: Precipitation, R: Runoff).
Test Items Unit 1960-2019 1960-1979 1980-1999 2000-2019
Avg M-K/MM-K Avg M-K/MM-K Avg M-K/MM-K Avg M-K/MM-K
Z Value Z Value Z Value Z Value
PG mm 694.31 -0.46/-0.46 730.55 -0.68/-0.68 643.28 0.23/0.31 714.77 -1.23/-1.23
PS mm 718.10 -0.57/-0.57 748.71 -0.88/-0.88 678.58 0.94/0.94 727.13 —1.49/-2.36*
PB mm 692.28 -1.31/-1.31 774.05 -0.28/-0.28 613.33 1.20/1.20 693.56 -1.85/-2.23*
RG 10%m® 0.53 —2.75"/-2.75"* 1.04 -2.20"/-2.20" 0.13 2.42%/2.42¢ 0.45 -3.76"/-2.76**
RS 108m?® 2.10 -2.86*/-2.86** 3.01 -1.78/-1.78 1.54 0.23/0.23 1.76 -1.4/-1.4
RB 10%m® 0.27 —4.99%/-3.77** 0.57 -1.61/-1.61 0.10 -0.55/-0.55 0.04 1.12/1.12

precipitation effects. Precipitation can determine the inflow of
water from urban areas or from agricultural lands through
surface and subsurface processes and may significantly
regulate the extent of nutrient loading from nonpoint sources
(Stockwell et al., 2020). Runoff as the most direct manifestation
of rainfall at the surface was not evident in this region; however,
it was impacted by changes in the underlying surface, by
regulation as a result of water conservation projects, and by
withdrawal of water in urban locations, with some variations in
the amount of water entering the lake and from rainfall. In this
study, it was found that the contribution of rainfall and runoff to
water quality conditions showed a weak positive correlation.
The trend of the variation in precipitation in the last 2 decades

was not clear and in a normal year there was periodic variation
in the precipitation patterns. Recent studies have shown that
climate change is not a prominent factor in influencing water
quality, but the occurrence of extreme climates, such as drought,
flooding or heavy rainfall events, can have a strong impact on
the water quality (Biswas and Mosley, 2018). A negative
correlation was seen in the COD index of the GR. The runoff
was maintained at a high level from 2003 to 2007, which was
twice the average annual runoff, indicating that for high flow
cases, organic pollution was further diluted. Such a conclusion
was also observed for the COD index in the SR, while the BR
exhibited a different pattern mainly due to the absence of runoff
data from 2000 to 2009.
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TABLE 5 | Ridge regression of the Pls and influencing factors (— indicates the model is not applicable: p > 0.05).

Basin Index R? Adjusted R? F P
GR COoD 0.74 0.62 6.25 0.00
P 0.98 0.96 36.69 0.00
NHg-N 0.92 0.88 24.76 0.00
SR COoD 0.66 0.60 3.63 0.03
P 0.71 0.26 1.59 0.34
NHz-N 0.59 0.37 2.64 0.08
BR COD 0.93 0.84 10.28 0.02
P 0.89 0.74 6.14 0.05
NHz-N 0.74 0.42 2.33 0.22

The factors, the water storage capacity and the wastewater
treatment capacity, which are a focus of research in this study,
were well presented in the regression model, especially in the GR.

Standardized Regression Coefficient

X1 X2 X3 X4 X5 X6
-0.14 -0.26 -0.30 -0.05 -0.15 —0.47
0.06 0.08 -0.18 -0.41 -0.15 -0.17
0.00 0.21 -0.26 0.00 -0.26 -0.26
0.07 -0.20 0.10 -0.25 -0.20 -0.52
0.10 0.21 -0.19 -0.32 -0.39
0.05 0.13 -0.22 -0.08 -0.57

The water storage capacity had a large impact on the reduction of
COD and NH3;-N concentrations, with contributions of 22 and 26%,
respectively. In the early stage of pollution control, the rivers
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remained the main destination for the flow of wastewater. Although
controlling the source of pollution is the most effective measure to
reduce pollutants, it takes a long time for its effect to have impact.
Reasonable scheduling through existing gates and dams and the
construction of new control projects can go some way towards
improving water quality downstream, as evidenced in other areas
of the Huaihe River Basin which have the similar pollution control
challenges (Xia et al, 2011; Yuan et al, 2015). In particular, the
implementation of the PPWDP has played an indispensable role in
improving water quality at the GR estuary and even in the eventual
operation of the ER-SNWTP. As a neighbor of the GR, a different
outcome was realized for the SR, a positive correlation occurring
between the water storage and the PI for the COD. This was mainly
due to the relatively light pollution of the SR and the fact that
development of water resources in the basin had mostly commenced
after 2013. As shown in Table 2, even though the quality of water
bodies in recent years had steadily reached the Class III standard, the
concentration of COD has had a tendency to increase, which to some
extent may be associated with unreasonable scheduling of the stepped
gates and dams, an insufficient ecological flow and the concentrated
release of pollutants during the flood season (Jiang et al., 2011).
The wastewater treatment capacity was another predictor
considered to reproduce the variability of the riverine quality,
particularly in the TP index of the GR and the BR. Given that
the engineering capacity of the BR was limited, the construction of
the WWTPs played an influential role in improving the water quality
standards, and where the first WWTP was established in the ENLB.
It was the epitome of China’s vigorous construction of WWTPs,
reaching a daily treatment capacity of nearly 200 million m*/d (Qu
et al, 2019). The constructed wetlands has been shown to be a
proven method for treating wastewater and ecological restoration
(Zhang et al., 2008; Ge et al., 2012), and having the beneficial effect of

removing N and P (Woltemade, 2000), which was reflected in the TP
index of the GR. The dramatic reduction of COD and NH;-N
differed from the time taken to complete the wetlands project, with
2010 as the split point, thus the corresponding relationship was weak.

Contrary to the relatively minor role played by the hydrological
factors, the GDP per capita was clearly the factor that most influenced
riverine water quality in the ENLB, negative correlation effect being
exhibited, with an average contribution of 30%. Following the launch
of the ER-SNWDP and the “Water Pollution Prevention Planning of
the South-to-North Water Diversion Project (east route) of Shandong
Section”, a series of the strictest policies and measures to control
pollution were implemented, such as “treatment, recycling, and
restoration” of the basin pollution control strategy (Wang et al,
2015). Between 2003 and 2010, heavily polluting enterprises in Nansi
Lake Basin were shut down and transferred to compliance
management to address the source of pollution. Accordingly,
people became more aware of the importance of protecting the
water environment for the purposes of improving living standards
(Ren et al, 2014). The impact of the governments policy for
management of riverine water quality, such as the River Chief
Policy (RCP), has been striking, hence it is imperative to
consolidate the pollution control achievements (She et al., 2019).
Meanwhile, the optimization of industrial structure and progress in
environmentally-based technologies has led to an enhancement of the
aquatic and lakes environment in spite of the continuous increase in
wastewater emissions (Sheng and Tang, 2021).

4.2 Challenges in the Management of River
Water Quality

It has been evident that the overall condition of the rivers in the
ENLB noticeably improved from 2000 to 2019, and the status of
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pollution control has shifted from concentrated attack to
consolidation and improvement. However, it was worth noting
that while our description of the general trend based on the
annual averages paints a good picture on the water quality of the
three rivers, the reality is that there are often cases where pollutant
concentrations have been too high to consistently meet the water
quality standards.

The water environment is a complex and challenging system,
and trends in the changes in water quality can only be explained to
some extent by consideration of the six factors examined in this
paper. Some of the drivers have certain problems and risks along
with positive impacts. The construction of gates and dams is a
double-edged sword for the water environment. The first flood in
the abundant water period will carry the pollutants which
accumulated in the river downstream to the lakes, and this
process is highly susceptible to risking water pollution. Due to
the limitations of engineering design and the lack of effective
utilization pathways, the PPWDP is faced with the threat of
recycled water entering the water transmission trunk line of the
ER-SNWDP. Therefore, it is vital to reduce the amount of
pollutants entering the river from source in order to
fundamentally solve the problem of pollutants entering the
rivers and lake during the rainy season. While this finding
briefly addressed the importance of treatment capacity of the
WWTPs, it could also reflect the fact that high leakage rate of
sewer network, overload operation in the flood season, disparity
between the effluent discharge standards and the local conditions
and environmental protection demands. Substantive improvement
in the treatment capacity and the setting of appropriate discharge
standards are considered to be one of the next water management
priorities. In addition, the issues of constructed wetlands that
mitigate and reduce the effects of pollution spikes, low
efficiency of wetland land use, poor wetland operation and
management maintenance need to be addressed. The results of
relevant studies have shown that the natural wetlands can generate
better biodiversity and are suitable to use as artificial means to
promote the restoration of wetlands when farmlands are converted
in the Nansi Lake region (Ge et al., 2012).

5 CONCLUSION

The changes in water quality and the factors associated with
inflow rivers which influence pollutant control in the ENLB have
been studied. The main conclusions are as follows:

1) Inthe past 20 years, the water quality of the GR, the SR and the BR
in the ENLB has improved significantly. With the opening of the
ER-SNWDP as a time separation point, the most obvious
reduction in pollutant concentrations occurred before 2013,
and after that the main focus has been on consolidation and
improvement. Improvement in the water quality of the GR was
most apparent with a great downward trend for CPI from 14.15 to
0.75, whereas improvements in the SR and the BR pollution were
relatively modest. The water quality condition of the three rivers
which flowed into the lake was basically stable and met the Class
III standard after water diversion.

Water Pollution Control

2) All three rivers exceeded, to varying degrees, the water
quality standards for COD and TP which were the key
pollutants examined. Non-compliant results were most
noticeable for the GR basin, and these were located
mainly in sections of the upper tributaries. The average
concentration of COD at river estuaries was higher in the
flood season than in the non-flood season, that is 22, 4, and
9% higher, respectively in the GR, SR and BR. The NH;-N
index in the SR basin was more sensitive to the incoming
water on a seasonal basis and exhibited a characteristic
pattern in the non-flood period. Spatially, the overall
water quality of the upper reaches and the lake inlet was
better than that of middle reaches, and this was closely
related to land use types and pollution control projects.
The GDP per capita was the most striking driver of changes in
the regional water quality. Enhancement of the water storage
capacity proved to be most important for securing an
improvement in the COD and NH;-N in the GR with
contributions of 22 and 26%, respectively, and the TP was
more influenced by the wastewater treatment capacity. The
construction of WWTPs and constructed wetlands were shown
to be essential, in the case of sites with limited water storage
capacity. The influencing factors selected in this study had some
limitations and hence these factors do not account for all the
changes observed in the pollutant indicators.

To ensure further improvements in water quality along the
diversion routes, it is necessary to focus on the existing
problems associated with the pollution control projects, such
as capacity limitation of the PPWD project, high leakage rate of
the sewer network and the unstable pollution reduction effects of
the constructed wetlands.

3)

4)
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