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The impact of the operation of inter-basin water diversion projects on the integrity
and stability of regional ecosystems cannot be ignored. In this study, water quality
samplings were conducted monthly at 16 national monitoring sites in the mid-
downstream of the Hanjiang River (HJR, the downstream of the water source of
the South-to-North Water Diversion Project of China) over 3years, covering seven
physiochemical water quality indicators and six heavy metal elements. The water
quality index (WQI) and multivariate statistical techniques were introduced to
comprehensively evaluate water quality status and understand the corresponding
driving factors of water quality variations. The heavy metal risks were evaluated
using the Nemerow Pollution Index (P,), the Heavy Metal Pollution Index (HPI),
and the human health risk assessment model. The results showed that after the
operation of the Middle Route of the South-to-North Water Diversion Project
of China (MRSNWDPC), water quality in the mid-downstream of the HIR was
generally at a “good” status, with the average WQI of 86.37, showing no water
quality deterioration trends. The operation of the MRSNWDPC did significantly
decrease the monthly flow in the HJR by about 4.05-74.27%, and the flow
variation processes also became more stable than before. Most water quality
indicators and WQIs have no correlations with the flow and water level changes.
The human health risks of all heavy metal elements caused by dermal exposure
and ingestion pathways increased over time. The average individual health risk
caused by carcinogenic heavy metal Cr was the highest. Chromium is the major
carcinogenic factor and should be a critical indicator to pay special attention to
for water risk management in the HJR. This study provides a scientific reference
for the water quality safety management of HIR under the influence of a water
diversion project.

water quality variation, health risk assessment, heavy metal pollution, Hanjiang River,
multivariate statistical techniques

1. Introduction

With rapid population growth, economic development, and industrialization observed in
the past few decades, the water scarcity issue in human societies has become a global challenge
of critical importance (Oki et al., 2003). It is projected that by the end of the year 2050, industrial
development and population growth alone may result in at least 1.8 billion people living under
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moderate stress of water resources shortage worldwide, 80% of which
will be in developing countries (Schlosser et al., 2014). Inter-basin
water diversion projects have been proven effective in solving the
uneven water resource distribution issue (Guo et al.,, 2020). For
instance, one of the longest world-renowned inter-basin water
diversion projects, i.e., the Middle Route of the South-to-North Water
Diversion Project of China (MRSNWDPC), which has supplied more
than 50 billion m® of water resources to North China since December
2014, benefiting more than 100 million people (Jing et al., 2022).
However, despite the significant economic and social benefits, such
mega hydro-projects have made the environmental and ecological
effects on the water source area and downstream river systems more
complicated than ever before (Zhou et al., 2014). Hence, the various
arguments have been controversial
C.etal., 2021).

Related debates above are mainly focused on the possible adverse

continuously (Zhang

impacts of the construction and operation of inter-basin water
diversion projects on the integrity of the regional environmental
ecosystem and the stability of water quality (Wang et al., 2019; Alnahit
et al., 2020; Mishra et al., 2021). It is generally believed that the
hydrodynamic condition changes of downstream rivers caused by the
water diversion activities could directly affect the riverbed topography
and the self-purification capacity of water bodies, which in turn
change the regional hydro-ecosystem (Dai et al., 2018; Jiang et al.,
2020; Zhao et al., 2020). Additionally, the downstream water resources
reduction would make it hard to improve water quality by diluting
pollutants in river systems (Yuan et al,, 2021). Many experts were
more concerned that those negative impacts or trends may be lagging
and coupling, and it is difficult to thoroughly figure them out in the
early stage of project construction and operation (Nong et al., 2020).
Therefore, the water quality regimes and related driving factors in the
downstream regions need to be systematically monitored and explored
after the project operation, which is vital for making scientific
engineering management policies and guidelines (Noori et al., 2019).

Hanjiang River (HJR) is the longest tributary of the Yangtze River
(the third longest river in the world), where the Danjiangkou
Reservoir (DJKR) was built on the HJR’s trunk stream and served as
the core water source of the MRSNWDPC. Over the years, a large
body of studies has been conducted on the water environment issues
in this typical region (Zhu et al., 2008; Qi et al., 2019). One of the most
critical concerns is the possible water quality deterioration caused by
the water diversion campaign (Xia et al., 2020). It has been reported
that the operation of the MRSNWDPC could lead to a significant
decrease in both the annual flow discharge and the water environment
capacity of the middle and lower reaches of the HJR and an increase
in the risks of ecosystem degradation and water pollution (Chen and
Zhang, 2015; Kalogianni et al., 2017; Jing et al., 2019). However,
previous studies were mainly focused on limited physiochemical
indicators and/or trace elements in specific sections of the trunk or
several tributaries, while comprehensive studies with physiochemical
indicators and heavy metals have seldom been reported (Cheng et al.,
2021; Zhang J. H. et al., 2021). In addition, owing to the limitations of
monitoring economic costs and the availability of a full suite of water
quality indicator data, most of the studies were conducted in a few
monitoring sites and sampled within a short study period or early
before the operation of water diversion (Li et al., 2008). In other
words, the above limitations of the dataset and indicators directly lead
to representativeness and comprehensiveness insufficiency of
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achievements in water quality risk analysis. There is still a lack of
comprehensive research on the water quality variations under the
influence of water diversion project operations in this typical high-
population density region (Liu et al., 2018).

The water quality index (WQI) method has been widely used to
evaluate surface water quality in different water bodies. Several WQI
models have been developed in the past decades, e.g., the Horton
index, CCME-WQI, NSF-WQI, and OWQI (Rana et al., 2018; Ashwin
et al., 2022; Maansi Jindal and Wats, 2022; Marselina et al., 2022).
Compared with the traditional water quality evaluation method, the
WQI can combine multiple parameters and effectively transforms
them into a single value reflecting the water quality status. Therefore,
the WQI method is an effective tool that can provide comprehensive
water quality information for water quality management (Wu et al,
2018). The heavy metal pollution index (HPI) has been widely used
for evaluating heavy metal pollution in different water bodies. It can
provide a comprehensive understanding of the specific impact of each
heavy metal on water quality (Sharma et al., 2020). The Nemerow
Pollution Index was widely used to convert available heavy metal
monitoring data into a classification score to evaluate the degree of
contamination. It is relatively easy to apply, and its results are easy to
interpret by professionals and nonexperts (Haque et al., 2020). The
health risk assessment method combines water pollution risk with
human health, effectively reflecting the regional water environment to
human health (Adimalla et al., 2019; Varol et al., 2021). Combining
those indicators can provide informative ways of evaluating surface
water quality (Shakeri et al., 2022).

Considering the above gaps and influencing factors, this article
takes the HJR, a typical area affected by the operation of large-scale
inter-basin water diversion projects, as a study case. Based on 16
national water quality sampling sites, 13 water quality parameters were
collected and analyzed during a 3-year monitoring period. The aims
of this research were (1) to analyze and illustrate the spatiotemporal
variations of water quality in the middle and lower reaches of the HJR
after the operation of the MRSNWDPC, (2) to identify and understand
the key driving factors affecting water quality variation, and (3) to
evaluate the human health risks and heavy metal pollution regimes for
resident drinking water from the DJKR. This study will provide a
scientific basis and informative reference for understanding the
impact of inter-basin water diversion projects on the water source area
and downstream river systems, as well as contributing to regional
water environmental and ecological protection and management for
similar projects worldwide.

2. Study area

HJR is the longest tributary of the Yangtze River, with a total river
basin area covering 168,400 km?. The DJKR, located in the dividing
point between the middle and upper reaches of the HJR, has served as
the core water source for the MRSNWDPC since December 2014. The
trunk from the DJKR to Wuhan City (capital of the Hubei Province)
is collectively referred to as the middle and lower reaches of the
HJR. The above region is one of the most critical grain-producing
regions and the hub eco-economic zone in China, with an average
annual crop production of 2.4 x 107 £, accounting for more than 12%
of the national production (Wang Y. et al., 2018). The water quality
safety of the middle and lower reaches of the HJR is directly related to
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FIGURE 1
Locations of water quality sampling sites and hydrometeorological monitoring stations in this study.

the domestic drinking water healthy of 27 million residents and the
food production security in this region (Feng et al., 2016). Especially
in the past two decades, the rapid development of agricultural and
social activities has raised the discharge of domestic sewage and
nutrient inputs, which has increased the pollution loading of the
mid-downstream of the HJR, resulting in the deterioration of the
water environment. Considering that most anthropogenic activities
are concentrated in the middle and lower reaches of the HJR and the
importance of water quality protection in these regions, this study
mainly focus on the effect of inter-basin water diversion project
operation changes on the water quality in the mid-downstream of the
HJR. Detailed information regarding the DJKR, river systems, water
quality samples sites, and hydrometeorological monitoring stations is
shown in Figure 1 and Table 1.

3. Materials and methods
3.1. Sample collection and data acquisition

In this study, water samples were monitored and collected
monthly by the Hubei Provincial Bureau of Hydrology and Water
Resources (HPBHWR) from 16 national water quality monitoring
sites in the middle and lower reaches of the HJR from January 2015 to
December 2017, with 13 water quality parameters in total (Table 2).
Additionally, four hydrological and meteorological items from three
national hydrometeorological monitoring stations (located in the SW,
HZ, and SL sampling sites) were recorded synchronously, i.e., the
discharge (Q, m?/s), water level (WL, m), rainfall (RE, mm), and air
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temperature (AT, °C). As part of the national monitoring program, the
HPBHWR has a comprehensive quality control/quality assurance
system in place to ensure that data generated by the national
monitoring program are reliable and of sufficient accuracy and
precision (see Supplementary Table SI for more detail). The
monitoring standards and methods for sampling and analyses in detail
can be found in the Ministry of Ecology and Environment of China
(in Chinese)' and (Wu et al., 2018). The season periods in this study
are defined as follows: March to May as “spring,” June to August as
“summer;” September to November as “autumn,” and December to
February of the next year as “winter,” respectively.

3.2. Methodology

3.2.1. Spatio-temporal variation characteristic
analysis of water quality

In this study, the Mann-Kendall (M-K) test was used to analyze
the temporal trends of water quality indicators (|Z|>1.96, p<0.05)
(Guclu, 2018). The one-way ANOVA (p <0.05) was used to verify the
spatial variations of water quality indicators in different sites (Tolley
et al, 2006). Cluster analysis methods were used to classify the
monitoring sections spatially and to identify spatial variations
characteristic of specific indicators (Hill and Lewicki, 2006; Wang
etal.,, 2012). Pearson correlation analysis and Spearman correlation

1 https://www.mee.gov.cn/ywgz/fgbz/bz/
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TABLE 1 Geographic coordinates and locations the water quality sampling sites and hydrometeorological monitoring stations in midstream and

downstream of the Hanjiang River.

Locations Sites/Stations Code Lat. (N) Lon. (E)
Shenwan sw 32027217 111°33721”
Xianrendu XR 32°15'19” 111°42'18”
Baijiawan BJ 32°05'40” 111°57'32”
National water sampling sites in the Vuiiah ¥
ujiahu 31°56'16” 112°09317
Midstream of the Hanjiang River )
Guoan GA 31°33'41” 112°25'11”
Zhuandou ZD 31°27'17” 112°26'18”
Huangzhuang HZ 31°11127 112°33'40”
Luohanzha LH 30°41'26” 112°35'31”
Gaoshibei GS 30°33'317 112°41°02”
Zekou ZK 30°29'43” 112°51'37”
Yuekou YK 30°29'19” 113°06'54”
National water sampling sites in the
N ) Hannancun HN 30°23'53” 113°24'54”
Downstream of the Hanjiang River
Shilou SL 30°24'417 113°30'03”
Xingou XG 30°41'09” 113°57'17”
Zongguan zG 30°3432” 114°1310”
Longwangmiao Lw 30°34'07” 114°17°09”
National hydrometeorological Huangjiagangzhan HJG 32°30°09” 111°3052”
monitoring stations of the Midstream
B Huangzhuangzhan HZ 31°11’54” 111°34°04”
and Downstream of the Hanjiang
River Xiantaozhan XT 30°22'44” 113°26'50”

TABLE 2 The 13 water quality parameters monitored in this study.

Parameters Abbreviation Units
pH pH -
Dissolved oxygen DO mg/L
Permanganate index CODy, mg/L
Chemical oxygen demand COD mg/L
Five-day biochemical BOD, mglL
oxygen demand

Total phosphorus TP mg/L
Ammonia NH,;™N mg/L
Mercury Hg pg/L
Lead Pb pg/L
Cadmium Cd pg/L
Chromium Cr pg/L
Copper Cu pg/L
Zinc Zn pg/L

analysis were applied to studying the possible correlation and
homologous/heterogeneous characteristics between multi-indicators
(Noori et al., 2010; Panda et al,, 2018). The stepwise multiple linear
regression method was used to select and determine the key factors
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affecting the water quality variations. The data used above were
pre-processed by the log transformation (i.e.,Ig(x + 1)) (Prathumratana
et al., 2008).

3.2.2. Health risk assessment methods and water
quality evaluation models

In this study, the Nemerow pollution index ( B, ) and heavy metal
pollution index (HPI) were applied to assess the impact of heavy
metals in water bodies on human health risks (Reza and Singh, 2010;
Yangetal, 2014; Hu et al,, 2018; Yin et al., 2020). According to the B,
value, the water quality rating is classified into five levels, i.e., “safe (<
0.7), “precaution (0.7 to 1.0), “slightly pollution (1.0 to 2.0),
moderate pollution (2.0-3.0),” “heavy pollution (> 3.0),” respectively
(Yang et al, 2022). Details of P, parameters are shown in
Supplementary Tables 52, 53. The classification of water pollution can
be defined as four levels according to the HPI values, i.e., “low
pollution (<15),” “moderate pollution (15 to 30)
pollution (30 to 100),” “heavy pollution (> 100),” respectively (Qu
etal., 2018; Wu et al., 2020).

The specific human health risks of ingestion and dermal exposure

» <«
>

‘moderate to heavy

pathways for adults and children were calculated based on the health
risk evaluation models (Zhao and Li, 2022). In this study defined the
Cr and Cd as the “carcinogenic” elements, and the Cu, Zn, Hg, and Pb
as the “non-carcinogenic” elements, respectively. Details of human
health risk assessment parameters are shown in Supplementary Table S4.
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To assess non-carcinogenic risks associated with metals, hazard
quotients (HQs) were calculated. Only Cr has specific carcinogenic
slope factor among the elements in this study thus the carcinogenic
risk was calculated using the Cr (Varol and Tokatli, 2023). Detailed
information on all the parameters can be found in
Supplementary Tables S5, S6.

The water quality index method was used to evaluate the water
quality (Pesce and Wunderlin, 2000). Detailed information on weight
selection is shown in Supplementary Table S7. The classification of
water quality status can be defined as five levels according to the WQI
values, i.e., “excellent (91 to 100),” “good (71 to 90),” “medium (51 to

70);” “bad (26 to 50),” and “very bad (0 to 25),” respectively.

4. Results

4.1. Water quality indicator characteristics
in the HIJR

4.1.1. Temporal variation of water quality
indicators

Seasonal variations of the 13 water quality indicators were showed
in Figure 2. It can be found that the DO exhibited a seasonality
variation pattern of highest concentration in winter and lowest in
summer every year. Starting from the spring of 2016, the seasonal
average concentrations of BOD; continuously decreased while the
seasonal pH values raised in fluctuation. Other physiochemical
indicators and heavy metal elements showed no obvious pattern in
terms of seasonal changes by year, while the seasonal average
concentrations of Cr, Cu, Zn, and Hg in the year 2016 and 2017 were
higher than those of 2015.

The temporal trends of each water quality indicator of 16 sampling
sites based on the M-K test were presented in Figure 3. There were six
monitoring sites (XR, ZD, HZ, and three consecutive sections from
YK to SL) that have significantly increasing trends of pH, while two
sites (GA & GS) displayed decreasing trends. A total of four sites (HN
and three consecutive sections of XG to LW) showed significant
increasing trends of COD, and sites YK to LW showed significant
decreasing trends of BODs. Only one site (XR) showed a significant
upward trend of the NH; N, while most sites (11/16) showed a
downward trend. Most of the sampling sites showed significant
upward trends in Cu, Zn, Hg, and Cr (10/16, 11/16, 12/16, and 13/16,
respectively), while only five different sites have significant increasing
trends in Cd and Pb.

4.1.2. Spatial variation of water quality indicators
The statistical summary of the monitored water quality indicators
in each site can be found in Table 3. The results showed that the
highest average pH value (8.21) was observed in B] and LH, while the
lowest was in YK (7.46), indicating that the HJR was kept in a weak
alkaline status in general. The average concentrations of DO in all
sampling sites ranged from 8.12 to 9.73 mg/L, and all met Class I of
the surface water quality standard in China (China, 2002). All the
sampling sites have average COD,;, concentrations higher than
2.0mg/L, except for the SW and XR. The average COD concentrations
showed a fluctuating increase trend, and the sections from HN to LW
had higher COD (>11.30mg/L) than the others. The average
concentrations of BOD; in all sites were less than 3.0mg/L and all in
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line with Class I standard. The average concentrations of NH;"N from
BJ to LH exceeded 0.2 mg/L, while the highest average concentrations
were measured in YJ (0.31mg/L). Although the average TP
concentrations were generally higher than 0.07 mg/L from site HZ to
LW (except for YK), those of which detected samples still met the
Class II standard (<0.1 mg/L). The average concentrations of Cr, Pb,
Hg, Zn, and Cd met the Class I standard, while Cu met Class I or
II. Additionally, the one-way ANOVA results showed significant
spatial heterogeneity (p<0.01) of each water quality indicator.
Generally, each water quality indicator in the middle and lower
reaches of the HJR met the Class I or II standards.

The 16 water quality sampling sites can be divided into six spatial
cluster categories (groups), i.e., “cluster a” (sites SW and XR), “cluster
b” (sites BJ and YJ), “cluster ¢” (sites GA to HZ), “cluster d” (sites GS
to YK), “cluster €” (sites HN and SL), and “cluster f” (sites LH, ZG to
LW) based on the cluster analysis (Figure 4), respectively. All six
spatial cluster categories basically depended on the adjacent sites’
geographical locations. From the clustering results of water quality
indicators, NH;™N, TP, and six heavy metal elements were in the same
levels (< 2). CODy;, and BOD; were in another range from “2 to 57,
and the rest of the physiochemical parameters (i.e., COD, pH, and
DO) were higher than “6”, which can reflect the spatial characteristics
of regional water quality variation.

4.1.3. Relationships between different indicators
based on correlations analysis

According to the spatial clustering, the results of Pearson
correlations of different water quality indicators were shown in
Figure 5. The pairs of “Cr-Hg,” “Pb-Cu,” and “Zn-Cd” in “cluster a”
showed a significantly strong positive (r=0.656 to 0.993) correlations;
The pair of “Pb-Cd,” “Pb-Hg” in “cluster b” showed a significant
strong positive (r=0.997) and negative (r=-—0.817) correlation,
respectively. Similar significant strong positive and/or negative
correlations of heavy metal elements can also be found from “cluster
¢’ to “cluster f; e.g., the pair of “Pb-Cd” (r=0.950, cluster d), “Zn-Cd”
(r=0.989, cluster f). For another aspect, the correlations between the
physiochemical water quality indicators of each cluster varied with
weak and/or moderate coefficients, e.g., the pair of “NH,"N-pH” from
“cluster a” to “cluster £

4.2. Spatio-temporal variation of water
quality and key driving factors

4.2.1. Water quality assessment using the WQlI
methods

The spatiotemporal variations of water quality regimes using the
WQI model are presented in Figure 6 and Supplementary Table S8. In
general, the water quality of each sampling site was kept in a “good
(71-90)” status, with the overall average WQI in the study area being
86.37, and the maximum (88.47) and minimum (83.53) WQI in the
sites SW and HZ, respectively (Figure 6A). During The seasonal
characteristics of WQIs were the same during the monitoring periods,
i.e., the WQI values of spring and winter were relatively higher than
those of summer and autumn, indicating water quality degradation
events is more likely to occur in summer or autumn. When the WQI
model parameters without heavy metal elements, the overall average
WQI decreased to 83.42, and the station WQIs ranged from 81.08 to

frontiersin.org


https://doi.org/10.3389/fevo.2023.1159187
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Nong et al.

10.3389/fevo.2023.1159187

o&%?éb&%vé&&%v$

L L
K3 & o
$ S B

FIGURE 2

respectively).

pH DO CODy, COD
14 5.
* x 45 % 22 %
85 T 20
P 4.
1 T 12 o x 18
80 ‘-‘ L x % X% [ 35 « x 6
l 10 X 3.0 X - 14 - T
. oz \ 3
75 « 1 ) 225 . 1 12 O
x 20 1 far] ; 10 .
x &% 8 . .} - L1
70 o s I 8
1 1 o .
s 6 l 10 o 1
05 )
4
R R P T O R I R R A N A S R T )
& & A& o o &K & & o o o
W N N & & & & N & s & &
> > > N > V> A o N
o > - $ - -
E BOD; F NH,-N G TP H Cr
0. 2
3.0 07 « 018 x x 244 X
g x 2 «
25 X 0.6 0.16 20
0.14 184
x 0.5 x N
20 x % 012 16 x
T 14 X
i;) :;)0‘4 X @0.10 ?ﬂly X X X X
ELs _ £ X H 212 X X
" 03 x 0.08 10 x x X
. x x X X
10 I 006" el 84 % X X
L] 02 %% x x
l l [w] 0.04 l BRI b4 k%
05 1 o [ T oy - om o F S
- T 0.02 ] L]
1 - ——= X
X
AR A AR A R A N A R R N 2 A I
a & o a & o & & l Gl & &
N S N
< B + S o o 3 B ~ S B P
| Cu J Pb K Zn L Hg
55 %0
50 X X X X X X X X 25 X X - 0.10 x
45 70
40 20 0.08
35 60 x .
15
30 B 50 — 006
s 2 2 | H x X x % x
10 X X X X 40 ® B D D
20 X o X 5 u|al|a 0.04 = e
15 | X X X
& | -
20 =
10 . s om EEEB ¥ éf = 7 R 1 uvzlmil X X Q
. @ 0is . ldfgmmsg 0 x | ; DR
=] ol e il il A
S & & 2 & @ & o L 5 L) L ) L L)
%qé& o && L 4 «é%qo\ea S v oQ %Q(\\% L4 «é(f\% A4 «é%qo\éa LR %Q\(& v Q\%;&» A4 a\&\(& v Q %Qo‘& A4 \\%Q(ga A4 «X%‘(@ v Q
S « & S W« & & N & o S &
B B B B S B B B B $ B §
55
5.0 X
45
4.0
” [ ]25%~75%
30 T 1.5IQR
- .
2 xox — Median
20 X X X
.
s Average
10%&&'&éxxxx < Qutlier
0.5
= . .
LI I =

Seasonal variations of 13 water quality indicators in the Hanjiang River from 2015 to 2017 at 16 sampling sites: (A) pH, (B) DO, (C) CODy,, (D) COD,
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87.79, which can be attributive to the low concentrations of the heavy
metal elements measured in the HJR and the relatively high assigned
weight (“2” or “4”). In this situation, the parameter degradation was
hidden or “eclipsed” by the aggregation process and increased WQI
values (Figure 6B).

4.2.2. Correlation of water quality and water
diversion operations in the HIR

The hydrological condition changes before and after water
diversion operations from three national monitoring stations are
presented in Figure 7. It can be seen that the operation of the
MRSNWDPC has significantly changed the hydrological situation
in the middle and lower reaches of the HJR. Before the project’s
operation, the trunk’s peak flow discharge generally occurs from
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August to September yearly. However, after the MRSNWDPC
operation, the peak flows of HJR will be advanced or delayed due
to the joint regulation of the project. After the project began to
supply water regularly in 2016 (December 2014 to December
2015 was the trial operation period), except for the extreme flood
(reservoir discharge event) in October 2017, the monthly average
flow from 2016 to 2017 in HJR decreased by about 4.05-74.27%.
In addition, it can be found that there is no significant correlation
between the WQI and the hydrometeorological factors (i.e., flow
discharge, water level, rainfall, and air temperature) in the three
sites SW, HZ, and SL based on the Spearman correlation matrix
in Supplementary Tables S9-S11. Only a few water quality
indicators were significantly correlated with the changes of flow
discharge and/or water levels (e.g., “DO-W” in SW, —0.41%),
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while those pairs of indicators were not consistent at
different stations.

The critical driving factors affecting water quality variations
were identified based on the stepwise multiple regression method.
The data from 2015 to 2016 were used for model training, and the
data from 2017 were used for testing. The results of indicator
selections and model evaluations are shown in Table 4, and the
corresponding  regression model can be found in
Supplementary Table S12. The DO and NH;™N were selected as the
key indicators explained for water quality changes at three sampling
sites, while the whole combinations of driving factors at different
locations were not consistent. It can be seen that the water quality
of the sites HZ and SL, located in the downstream and densely
populated areas, was more significantly affected by the combination
of heavy metals Cd, Hg, Zn, Cu, and/or Cr. The regression model of
SW, located at the DJKR, was more concise than those and only
contained one heavy metal Zn. The WQI,,;, model, which was
composed of the selected key indicators, showed good prediction
performance of water quality evaluation in all three sites, indicating
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the best combinations of “DO, NH;™N, Zn, and BODs” in SW, “DO,
Cd, Zn, and Hg” in HZ, and “DO, Cd, NH;™N, Cu, CODy,,, and pH”
in SL based on the evaluations of the coeflicient of determination
(R*), Root Mean Square Error (RMSE), and Percentage Error (PE),
respectively. Additionally, no hydrometeorological factors could
be selected into any regression model and explain the
WQI variations.

4.3. Risk assessments of heavy metal
pollution and human health

Based on the calculation results of the Nemerow index ( B, ) and
HPI (Figure 8), it can be seen that the maximum single-factor
pollution index of the six elements was 0.85 (Hg), appeared in the
“cluster €’ and “cluster f” (the year 2017) and located on the
downstream, while the minimum was 5x107° (Cu), appeared in
“cluster a” and “cluster d” (the year 2016), respectively. The P, showed
no significant increasing or decreasing trends, with a maximum value
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TABLE 3 Water quality summarized as the average and standard deviation for the 16 sampling sites in the middle and downstream of the Hanjiang River (Avg.: Average; S.D.: standard deviation).

Sampling Water quality indicators (Avg. + S.D.)
SIES COD,,  COD BODs  NH;N TP cr Pb Cu Zn Hg cd
(mg/ L) (mg/L) (mg/L) (mg/L) (mg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L)
SW 8084010 | 8.17+1.61 1.82+034 6.23+1.71 134£060 | 017+0.08 | 0.03+0.01 300+1.00 | 2.00+239 0.69 +0.42 9.05 +9.38 0.03 +0.01 022 +0.22
XR 7624037 | 859+1.19 1.59 +0.38 556 + 2.05 1284028  013+0.07 | 0.03+0.01 3174099 | 587+3.19 13.04 +21.34 3446+1585 | 004+002  0.56+0.35
BJ 8214006 | 9.00+140 | 2.09+033 6.74 +2.56 1564056 | 021+0.10 | 004+003 | 400+3.52 | 2.05+241 0.99 +1.58 10.67 £12.46 | 0.03+0.01 0.23+0.23
Y] 8.19 +0.08 8514142 | 239+036 7.58 +3.05 158057 | 031+0.10 | 0.04+0.02 3784365 | 2.08+234 0.84 £0.53 9.86 +9.60 0.03 +0.01 022 +0.22
GA 7734034 | 8.13+091 2.64+0.38 9.75 +2.53 1564042 | 0214012 | 0054002 | 647+392 5824327 0.79 +0.25 322641800 | 0.03+0.01 0.56 +0.35
ZD 7.82 038 8.83+1.33 2.04 +0.46 9.89 +2.02 0914034 = 022+010 | 006+002  456+200  3.33+1.99 4.50 +4.22 11.09 +8.28 0.03 +0.01 0.24 +0.26
HZ 7.55 +0.28 8.76 + 1.53 225+0.37 9.75+2.14 1.31+041 026 +0.11 008+0.02  586+300  575+336 347 £3.56 2678 +17.39 | 0.04+0.01 0.74 +0.90
LH 8214023 | 973121 2124061 11.01 +3.09 113 £0.45 023+0.11 0.07 +0.03 3254126 | 3.69+6.50 4.98 +3.02 3114351 0.03 +0.01 0.31+0.66
GS 8.14 +0.21 896+1.79 | 2.19+0.57 9.86 +2.89 1854049 | 0.18+0.13 | 0.08+0.03 3.17 +0.99 117 +0.87 37.5 + 14.80 3750 £1479 | 0.02+0.01 0.14+0.15
7K 8184019 | 932+175 | 230%050 938 £2.83 1.88+048 | 015+0.09 | 0.07+0.01 317 +£0.99 117 +0.87 375+ 14.80 3750 £1479 | 0.02+0.01 0.14+0.15
YK 7464042 | 9394122 | 246+0.64 9.97 +1.97 1554058 | 0.15+0.10 | 0.05+0.02 341+ 146 | 4.83+634 0.96 + 0.66 3214+17.74 | 0.03+0.01 0.47 + 0.64
HN 7.48 +0.39 8.08+1.09 | 2.69+0.44 11.37 + 1.56 2504050 | 0.18+0.08 | 0.08+0.02 300+£098 | 2.09+1.14 11.31+6.18 36.11+1502 | 0.03+0.01 0.56 + 0.54
SL 7.52+0.39 8124110 | 260+0.36 1155 + 1.16 2.60 +0.23 0.18+0.07 | 0.08+0.02 325+ 1.11 2344140 1111 +7.20 3806+ 1450 | 0.03+0.01 0.56 + 0.57
XG 8164030 | 9.18+207 | 2.54+0.74 11.71 +3.42 1.06+0.19 | 0.12+0.08 | 0.08+0.02 3174098 | 092+0.19 6.36 +3.11 3750 +1479 | 0.04+0.01 0.08 +0.02
7G 8.05 +0.29 8904216 | 2574072 1142323 1.08+027 | 013+0.08 | 0.9+ 0.02 300+£1.00 | 092+0.19 6.44 +3.00 35.00+15.00 | 0.04+0.01 0.08 +0.03
W 806+036 | 9.06+222 | 254+0.76 11.69 + 3.38 1094027 | 012£008  0.09+0.02 3174099 | 0.94+026 636 +3.12 37.50+1479 | 0.04+0.01 0.08 +0.02
One-way p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
ANOVA
Class I standard 6~9 >75 <2 <15 <3 <0.15 <0.02 <10 <10 <10 <50 <0.05 <1.00
Class II standard 6~9 >6 <4 <15 <3 <050 <0.10 <50 <10 < 1,000 < 1,000 <0.05 <1.00
Class IIT 6~9 >5 <6 <20 <4 <1.00 <020 <50 <50 < 1,000 < 1,000 <0.10 <5.00
standard
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Cluster analysis results of water quality indicators and sampling sites.

0f 0.62 (2017) and a minimum value of 0.141 (2016). The HPI ranged
from 2.56 to 8.87 (Class I, low pollution), and the downstream (cluster
f) had significantly higher HPI than that of the others from the year
2016 to 2017.

The maximum individual human health risks caused by the six
heavy metals for adults and children were observed at “cluster ¢’ (Cr)
in the year 2015 (Supplementary Tables S13-515), with the risks of
1.1x107*/yr. and 1.7x107*/yr., respectively, which exceeded the
maximum “acceptable” level of 1.00x 10~*/yr. recommended by the
US EPA (Tengan and Akoto, 2022). The average health risks of all
elements were followed by the order: Cr>Cd>Pb>Cu>Hg>Zn,
which basically maintained at an “acceptable” level. In general, the
human health risks caused by the ingestion pathway were higher than
those by the dermal exposure pathway, and the health risk of adults
was lower than that of children. The risks of non-carcinogenic
elements, i.e., the Pb, Cu, Zn, and Hg, varied in the range of 10~ to
107", which were relatively lower than those of carcinogenic elements.

The hazard quotients (HQs) and carcinogenic risk (CR) of heavy
metals in the HJR were listed in Supplementary Tables S16, S17. In
general, the highest average HQs of the six elements was in Cd (0.11,
ingestion pathway), which was way below the acceptable threshold
(<1). For all heavy metals, the HQs of the two pathways of adults were
lower than that of children. Since only the Cr has a carcinogenic slope
factor in this study, thus the total carcinogenic risk (TCR) was
calculated based on the Cr (Supplementary Table S18). The results
showed that the TCR value was 2.45 x 10~°/yr., within the “acceptable”
range of 1x107° to 1x107*/yr. In addition, the CR values of the
ingestion pathway were significantly higher than that of the dermal
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exposure, which was consistent with previous research. The Cr and Cd
should be considered important health risk factors to be monitored
from both sites GA to HZ and sites HN to SL sections.

5. Discussion

5.1. Holistic characterization of water
quality regimes in the HJR

In general, after the operation of the MRSNWDPC, the water
quality indicators in the middle and lower reaches of the HJR met the
national Class I or II standards and showed no water quality
deterioration trends compared with the status before the project
operation (Table 5). Some observed water samples were slightly worse
in downstream sites (e.g., ZG and LW) though still met the Class III
standard. Nonetheless, since the HJRs tributaries flow through several
large cities with more than one million residents, the urban industrial
and domestic activities could cause the nutrient loadings of the
tributaries of the HJR raised up. For instance, the overall NH;"N
concentration at the Y] site located in Xiangyang City, a large city with
a population of more than 5 million, was kept at a high level, with the
contribution of surrounding pollutants exceed 50% (Zeng et al., 2014).
Those flows contained with high concentrations of COD, BODs,
NH;™N, and/or TP finally input the HJR (Wang P. et al., 2018).
Therefore, under the joint influence of anthropogenic activities and
natural processes, the water quality variations at different monitoring
sites showed spatial differences (Kuo et al., 2019).
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FIGURE 5
Pearson correlation analysis of water quality indicators based on different cluster groups: (A) SW and XR, (B) BJ and YJ, (C) GA, ZD and HZ, (D) GS, ZK
and YK, (E) HN and SL, (F) LH, ZG, XG and LW.

From the aspect of the spatial geographical influence on water
quality changes, the cluster analysis results showed proximity
classifications of the geographical consecutive sampling sites, except
for the “cluster f” (site LH was geographically close to “cluster ¢”). This
phenomenon revealed the intensity difference of human activities
along the HJR (Wang et al., 2016). For instance, in “cluster b,” TP was
negatively correlated with pH (p <0.01) and positively correlated with
CODy, and COD (p <0.01). In another cluster, TP has almost no
correlation with other water quality parameters, and other water
quality parameters have similar phenomena, indicating that water
quality indicators are significantly affected by regional factors. The
pair of “Pb-Cd” were positively correlated in all six cluster groups,
indicating that those two elements may have the same or similar
anthropogenic activities input sources from industrial discharges and
urban traffic pollutions (Wang et al., 2020). Additionally, some pairs
such as “Cr-Hg” (“cluster €¢”) and “Zn-Hg” (“cluster {”) also showed
high positive correlations, indicating the same source or compound
pollution and similar transformation or transport processes, which
could be ascribed them to intensive anthropogenic inputs such as
fertilizers, and paint and mineral industries in the downstream of HJR
(Kukrer et al., 2014). In contrast, the low correlation (r <0.6) between
Cu and different heavy metals suggests that they may not have a
common source of contamination (Hao et al., 2021). The
concentrations of specific indicators such as the CODy, and TP
basically showed an increasing trend on the downstream side,
indicating that the self-purification capacity of the water body
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decreased and pollutants accumulate along the trunk and are
vulnerable to cause non-point source pollution (Zhang J. H. et al,,
2022). Another phenomenon that needs to be focused on is that all six
heavy metals showed a significant increasing trend at downstream
(sites XG to LW), indicating that the accumulation of heavy metals on
those sides may be related to the intensive human activities in the
cities along the HJR.

There were significant seasonal variations of some physiochemical
and/or nutrient indicators have been observed in many rivers and
lakes around the world (Ouyang et al., 2006; Daneshvar et al., 2010;
Olkowska et al., 2014; Wu et al., 2018), while most heavy metal
elements generally did not show significant seasonal variation in river
and lake water bodies (Cukrov et al., 2008). In this study, except for
the DO, most of the water quality indicators did not show clear
seasonality patterns, a reasonable explanation is that the natural
turnover of the river ecosystem in the study case has been changed by
human activities, i.e., the natural flow variations are no longer the
main driving factors compared to the influences of hydro project
operations and nutrient input loadings (Hayes et al., 2018).

5.2. The effects of environmental driving
factors on water quality variations

Another critical issue that needs to be discussed is whether the
change in hydrological conditions caused by water diversion activities
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Evaluation of water quality using the WQI methods in the HIR during the year 2015 to 2017: (A) WQl-stations, (B) WQI-stations without heavy metals,
(C) WQl-seasons, (D) WQI-seasons without heavy metals.

has significantly impacted the water quality deterioration in the
HJR. Some researchers pointed out that high flows can improve water
quality in the HJR by diluting pollutants and enhancing the self-
purification capacity of the water column (Liu et al., 2021). Still, it has
also been suggested that during the reservoir water discharge, high-
flow pulses could promote the suspension and release processes of
heavy metals from sediments, resulting in concentration raised in the
water column, causing ecological risks in downstream (Zhang J. et al,,
2022). Previous studies have reported both phenomena, and the final
result depends on the research scale and which role is dominant.
Fortunately, in this study, during the flood period (July to October) of
the HJR, the concentrations of heavy metal elements did not increase
simultaneously, indicating that the HJR flow regulated by the DJKR
had no significant effect on the heavy metal concentration variations
in the water column, reflecting the special characteristics of the water
environment in the middle and lower reaches of the HJR. This study
also proves that although the operation of the MRSNWDPC did
significantly reduce the flow in the middle and lower reaches of the
HJR, the flow variation processes also became more stable than that
before. Therefore, it can be seen that most water quality indicators and
WQIs have no correlations with the flow and water level changes. For
this typical intensive human activity area, the water quality
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deterioration caused by non-point source pollution is a more critical
factor (Zhang J. H. et al., 2022).

Additionally, it should be noted that within 30 years from 1990 to
the present, nearly more than 20 algal bloom events have been
recorded in the study region, including two algal bloom events that
happened in the XT stations from 22nd February to 2nd March and
24th February to 9th March 2016 during our monitoring period (Xin
etal,, 2020), corresponding to which the concentrations of COD, TP,
and CODy, on the downstream were also significantly higher than
those on the upstream side, showing increasing trends. It has been
reported that the low flow discharge (< 900 m*/s) and high water level
(> 14m) conditions of the HJR can provide a suitable environment for
diatom blooms (dominant species: Stephanodiscus hantzschii) (Shen
et al,, 2021), and the increased concentrations of COD, NH;"N, and
TP due to human activities could also simultaneously increase the risk
of algal bloom outbreaks (Whitehead et al., 2009). Our study revealed
that the flow discharge in the XT station in the HJR after the water
diversion active was 5.65 to 39.20% lower than that before from
January to March every year (Figure 7), and it happened to be in the
low discharge condition of algal bloom (Wang et al., 2011), indicating
that the HJR should strength the prevention and control of water
quality deterioration caused by eutrophication in specific month.
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FIGURE 7
Comparison of hydrometeorological conditions before and after the operation of the MRSNWDPC: (A) the year 2015, (B) the year 2016, (C) the year
2017 (Note: "HJIG" station locates in the sampling site "SW", "HZ" station locates in the sampling site "HZ", and "XT" station locates in the sampling site
“SL", respectively).

5.3. Strategy of heavy metal pollution and
human health risk management

The single-factor pollution index based on the Nemerow pollution
index method of all heavy metals was less than 1.0, and the P, was
less than 0.7, indicating that the heavy metal pollution in the HJR was
ata “clean” level (Yang et al., 2022). Notably, the single factor pollution
index of Hg on the downstream side relatively increased over time.
Since the Hg in water bodies is easily transferred and accumulates in
the food chain of aquatic systems and may threaten human health
(Nong et al,, 2019), the changes of Hg concentrations in the HJR still
need special attention (Wu et al., 2020).

The human health risks of two exposure pathways, i.e., ingestion
and dermal exposure, showed increasing trends and had a relatively
high degree of the downstream side. The average ingestion risk for
children was 1.55 times higher than for adults, indicating that children
are more vulnerable to heavy metal pollution in water drinking,
consistent with previous findings (Li and Zhang, 2010; Shukla et al,
2022). The average annual human health risk of carcinogenic heavy
metal Cr was the highest, with the overrate of 16.67% (> 107*/yr.) for
children and 5.56% for adults, respectively, indicating that Cr is the
major carcinogenic factor and is a crucial indicator for decision
management of regional water environment risk, which is consistent
with the results of Huang et al. (2021). The health risk levels of all
non-carcinogenic heavy metals are still in the order of 107" to 10~%/
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yr., which were way below the threshold (10~%/yr.) of acceptable risk
levels (recommended by the Swedish EPA, the Ministry of
Construction and Environmental Protection of the Netherlands, and
the Royal Society of the UK), and indicating almost negligible
non-carcinogenic heavy metal risks in the HJR (Zhao et al., 2019). The
HQs values in this study were all less than 1, indicating that heavy
metals in this area had no obvious non-carcinogenic risk to humans.
The carcinogenic risk is increasing yearly, especially on the
downstream side (“cluster f”). The region is located in Wuhan City,
i.e., the capital of Hubei Province, serving as a core political and
economic center and an industrial base of 10 million population.
Therefore, further monitoring the concentration of carcinogenic
heavy metals and ensuring drinking water safety is the focus of
future research.

5.4. Novelty, challenges, and future work

From the perspective of water quality and quantity, our research
can explain and respond to some criticisms of the water diversion
project, proving reliable evidence that the water quality of downstream
rivers after the project operation is excellent and stable, which is
different from some conclusions of previous studies that only rely on
the water quality investigation without hydrological data monitoring.
Certainly, as with all scientific research, this study has obvious
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TABLE 4 The indicator selection results of the WQl,,;, models using the stepwise multiple linear regression.

Stations | Indicator selection Training data (n=24) Testing data (n=12)
Models R? RMSE = PE (%) P R? RMSE = PE (%) P
value value
N DO, NH,N, 1 0.718 9.90 9.36 <0.05 0.774 9.12 8.67 <0.05
DO, NH, "N, Zn 2 0.812 6.38 5.92 <0.05 0.808 512 432 <0.05
DO, NH:"N, Zn, BODs 3 0.876 458 433 <0.05 0.939 4.06 3.92 <0.05
DO, NH: "N, Zn, BOD;, TP 4 0.901 452 441 <0.05 0.955 421 434 <0.05
HZ DO, Cd, Zn 1 0.821 8.34 8.99 <0.05 0.881 10.08 11.30 <0.05
DO, Cd, Zn, Hg 2 0.901 5.15 4.82 <0.05 0.965 2.90 2.94 <0.05
DO, Cd, Zn, NH, N, 3 0.827 431 347 <0.05 0.910 3.55 341 <0.05
DO, Cd, Zn, NH, "N, Cr 4 0.853 2.86 271 <0.05 0.950 458 4.87 <0.05
SL DO, Cd, NH,"N, Cu 1 0.822 275 247 <0.05 0.738 5.02 525 <0.05
DO, Cd, NH; "N, Cu, CODy, 2 0.803 2.67 2.74 <0.05 0.738 3.10 3.05 <0.05
DO, Cd, NH,™N, Cu, CODy, pH 3 0.804 242 241 <0.05 0.868 2.82 2.95 <0.05
DO, Cd, NH; "N, Cu, CODy, 4 0.760 1.92 1.93 <0.05 0.878 3.82 431 <0.05
pH, Pb

The “R?” is the “coefficient of determination,” “RMSE” is the “Root Mean Square Error,” and “PE (%) is the “Percentage Error”.

2015 2016 2017
0.9
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FIGURE 8
Inter-annual variation of the Nemerow pollution index ( P ) and heavy metal pollution index (HPI) in the Hanjiang River from 2015 to 2017 (Note:
a=sites SW and XR, b=sites BJ and YJ, c=sites GA, ZD, and HZ, d=sites GS, ZK, and YK, e=sites HN and SL, f=sites LH, XG, ZG, and LW).

limitations. Due to the relevant government confidentiality permission ~ with the latest data from January 2021 to December 2022 of the
and the actual operation of the project, there is an interval and time =~ Hanjiang River (Supplementary Table 519), the water quality of the
lag from the monitoring period to the year 2023. However, compared ~ Hanjiang River is well maintained at an excellent status, similar to the
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TABLE 5 Comparison of water quality regimes before and after the operation of the MRSNWDPC.

Water quality After (This study) Before (References)
Indicators . . . .
Midstream of = Downstream of Danjiangkou Danjiangkou Danjiang Upper
the Hanjiang the Hanjiang Reservoir? Reservoir® River® stream of
River River the Hanjiang
River®
NETIETaY January 2015— November July 2013 July 2013- July 2013-
2015- December 2017 2004-Jduly October 2014 October October
December (Monthly 2006 (8 (Monthly 2014 2014
2017 (Monthly samples) samples) samples) (Monthly (Monthly
samples) samples) samples)
DO (mg/L) 8.58 + 1.38 8.97 + 1.74 10.30 9.40 + 1.90 8.81 +2.87 8.36 +2.40
COD,, (mg/L) 2.12£0.49 245 £0.62 1.90 2.00 £0.30 2.10 £ 1.10 3.10 £ 1.95
COD (mg/L) 7.94 +2.86 10.88 + 2.83 N/A N/A 16.37 £ 6.58 22.60 + 12.05
BOD; (mg/L) 1374052 1.64+0.70 N/A 1.50 £ 0.29 1.10 £ 1.10 2.80 £ 3.60
NH; N (mg/L) 0.21 £0.14 0.16 £0.10 0.20 0.136 + 0.07 0.336 + 0.560 112+ 1.85
TP (mg/L) 0.048 + 0.027 0.076 + 0.023 N/A 0.016 + 0.005 0.06 + 0.05 0.08 +0.14
pH 7.88 +0.37 7.92 +0.44 N/A 8.12+0.22 8.00 +0.18 7.89 +0.37
Cu (ng/L) 3.48+9.36 13.61 + 1537 13.32+21.58 N/A 7.00 +2.80 12.00 + 9.00
Zn (pg/L) 19.20 +17.23 32.71+17.93 202+7.13 N/A 27.00 + 14.00 23.00 £ 23.00
Cd (ng/L) 0.40 + 0.47 0.27 +0.46 1.17£1.93 N/A N/A N/A
Pb (ug/L) 3.85+3.28 2.01+3.39 10.59 + 16.67 N/A 8.00 £ 8.00 9.50 £ 6.40
Cr (ug/L) 4.40 £3.09 318+ 111 6.29 £ 8.21 N/A N/A N/A
Hg (ng/L) 0.033 +0.013 0.031 +0.013 N/A N/A N/A 0.01 +0.027

“Danjiangkou Reservoir is the water source for the MR of the SNWDPC (Li et al., 2008).

"The Danjiang and Hanjiang Rivers are the headwaters of the Danjiangkou Reservoir (Liu et al., 2018).

year 2015 to 2017 in this article, indicating the continuous efforts and
management made by China government in protecting the water
quality of Hanjiang River. Meanwhile, despite the data’s time lag, this
study can still provide a valuable reference for studying relationships
between water quantity and quality with abundant indicators. More
in-depth studies on water quality changes combined with long-term
monitoring of hydrological data are needed in future research design.

6. Conclusion

Based on multivariate statistical techniques and health risk
assessment methods, this research comprehensively studied the spatial
and temporal variation characteristics of water quality and evaluated
human health risks in the middle and lower reaches of the HJR from
2015 to 2017 after the operation of the Middle Route of the South-to-
North Water Diversion Project of China. The main conclusions are
as follows:

(1) After the operation of the MRSNWDPC, the annual average
concentrations/contents of 13 water quality indicators at 16
water quality sampling sites still met the Class I or II of the
national surface water quality standard. The overall water
quality in the middle and lower reaches of the HJR was kept in
“good” status, with the average WQI in the study area being
86.37 and ranging from 83.53 to 88.47, showing no water
quality deterioration trends.
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(4)

All water quality indicators showed significant spatial
heterogeneity, but the intra- and inter-annual temporal
variation patterns were not significant; Cu, Zn, Hg, and Cr of
all sampling sites basically showed a significant upward trend,
while Cd and Pb showed a significant downward trend, and
there were significant homology characteristics of the heavy
metal elements in different sampling sites. The water quality of
the downstream and densely populated areas was more
significantly affected by the combination of heavy metals Cd,
Hg, Zn, Pb, and/or Cr.

The operation of the MRSNWDPC has significantly changed
the hydrological situation in the middle and lower reaches of
the HJR. The monthly average flow from 2016 to 2017 in HJR
decreased by about 4.05-74.27%. There are no significant
correlations between the WQI and the hydrometeorological
factors, and only a few water quality indicators were
significantly correlated with the changes of flow discharge and/
or water levels. There is no significant result to prove that the
reduction of water quantity caused by diversion regulation
directly leads to the deterioration of water quality.

The heavy metal pollution in the HJR was at a “clean” level and
“low pollution,” with the P, <0.7 and HPI < 15, respectively. The
degree of human health risks from dermal exposure and the
ingestion pathway for all six heavy metals showed an increasing
trend over time. The average individual health risk caused by
the carcinogenic heavy metal Cr was the highest. The Cr and
Cd should be priority monitored from both sites GA to HZ and
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sites HN to SL sections for regional water environment
risk management.

This study can provide a scientific reference for the
eco-environmental protection and water quality safety management
under the operation of inter-basin water diversion projects.
Considering the long-term nature and importance of inter-basin water
diversion project operation, local governments should take more
preventive measures to strictly control the total amount of industrial
pollutant emissions, and construct the basin-scale water
environmental database and emergency water environment early-

warning system for the HJR of future research.
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