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Pollution in inflow rivers seriously endangers the water environment in downstream lakes.
In this study, an inflow river system of Baiyangdian—Fuhe river system (FRS) was
investigated to display timely pollution patterns of eutrophication and heavy metals after
the establishment of Xiongan New Area, aiming to reveal the weak parts in current
pollution treatments and guide the further water quality management. The results showed
that the pollution of eutrophication was worse than the heavy metals in FRS, with serious

eutrophic parameters of ammonia nitrogen (NH,"-N) and chemical oxygen demand (COD).

There were greatly spatiotemporal variations of the pollution in FRS. 1) Concentrations of

NH,"-N and total phosphorus were all higher in summer and autumn, whereas, COD

contents were higher in spring; the water quality index (WQI) of eutrophication linearly
increased along FRS in summer and autumn, with pollution hotspots around the estuary
area. 2) The pollution levels of plumbum exceeded cadmium (Cd) and chromium (Cr) but
without strongly spatiotemporal changes, however Cd and Cr in the town area and Cd in
spring showed higher concentrations; the WQI of heavy metals showed single peak curves
along FRS, with significantly higher values around the town area. Additionally, the four
potential pollution sources: domestic sewage, traffic pollution, agricultural wastewater and
polluted sediments were identifi ed based on the pollution patterns and pollutant
associations. These findings demonstrated current treatments failed to eliminate the
pollution in some hotspot s and periods, and the in-depth understanding of the pollution
spatiotemporal patterns in this study, especially the pollution hotspots, serious periods and
potential sources, are crucial to furtherly develop spatiotemporally flexible pollution
treatment strategies.
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Abstract

Pollution in inflow rivers seriously endangers the water environment in downstream lakes. In this
study, an inflow river system of Baiyangdian—Fuhe river system (FRS) was investigated to
display timely pollution patterns of eutrophication and heavy metals after the establishment of
Xiongan New Area, aiming to reveal the weak parts in current pollution treatments and guide the
further water quality management. The results showed that the pollution of eutrophication was
worse than the heavy metals in FRS, with serious eutrophic parameters of ammonia nitrogen
(NH4"-N) and chemical oxygen demand (COD). There were greatly spatiotemporal variations of
the pollution in FRS. 1) Concentrations of NH4"-N and total phosphorus were all higher in
summer and autumn, whereas, COD contents were higher in spring; the water quality index
(WQI) of eutrophication linearly increased along FRS in summer and autumn, with pollution
hotspots around the estuary area. 2) The pollution levels of plumbum exceeded cadmium (Cd)
and chromium (Cr) but without strongly spatiotemporal changes, however Cd and Cr in the town
area and Cd in spring showed higher concentrations; the WQI of heavy metals showed single
peak curves along FRS, with significantly higher values around the town area. Additionally, the
four potential pollution sources: domestic sewage, traffic pollution, agricultural wastewater and
polluted sediments were identified based on the pollution patterns and pollutant associations.
These findings demonstrated current treatments failed to eliminate the pollution in some hotspots
and periods, and the in-depth understanding of the pollution spatiotemporal patterns in this study,
especially the pollution hotspots, serious periods and potential sources, are crucial to furtherly

develop spatiotemporally flexible pollution treatment strategies.

Introduction
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Water quality of inland waters is increasingly disconcerting for a long period due to the
hazardous impacts of water deterioration in the world (Huang et al., 2019; Tong et al., 2017;
Wang et al., 2021a). The water quality of inland waters is determined by numerous factors such
as climate, hydrologic conditions, and anthropogenic activities (Sinha et al., 2017; Wang et al.,
2021a; Zhuang et al., 2019). Generally, land use intensification and urbanization with increased
population density have been considered as the most important driving factors for the declining
water quality in inland waters (Huang et al., 2019; Tong et al., 2017; Zhou et al., 2017), which
resulted in the increased wastewater discharge from households, agriculture and industry (Meng
etal., 2021; Tong et al., 2017; Zhou et al., 2017). In China, inland waters are generally
surrounded by densely populated areas, and the severe contamination has occurred in these
inland waters, such as Taihu, Dianchi and Poyang lakes (Lv et al., 2020; Wang et al., 2021a; Wu
et al., 2017), as well as Baiyangdian (Li et al., 2021a; Meng et al., 2021; Zhang et al., 2018). The
water quality of inland waters has been extensively studied with special emphasis on topics, such
as eutrophication (Sinha et al., 2017; Tong et al., 2017) and nutrient loading (Ni et al., 2016; Tao
et al., 2020; Zhu et al., 2019). Eutrophication due to phosphorus and nitrogen pollution has posed
a risk to the health and stability of the aquatic ecosystem, and ammonia nitrogen (NH4*-N), total
phosphorus (TP) and chemical oxygen demand (COD) are three important parameters of
eutrophication in inland waters (Li et al., 2021b; Meng et al., 2021; Ni et al., 2016; Tong et al.,
2017; Zhao et al., 2020). Water pollution caused by heavy metals also has caused widespread
concern due to their health threat to aquatic biota and humans (Rajeshkumar and Li, 2018; Zhang
etal., 2017; Zhang et al., 2019). At present, heavy metal pollution displayed an increasing trend

in many lakes and reservoirs in China (Huang et al., 2019), and a large number of heavy metals
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63 were still released from historical polluted sediments, causing a high risk of contamination to the
64 aquatic ecosystem (Ke et al., 2017; Vu et al., 2017; Zhang et al., 2018).

65 Pollution in inflow rivers seriously endangers the water environment in downstream lakes.
66 Comprehensive measures have been made regarding pollution reduction in inland waters in last
67 decades (Chen et al., 2021a; Wang et al., 2021b; Zhou et al., 2017), however, the serious

68 pollutions were still frequently observable due to the measures not taking serious consideration
69 of the water pollution in inflow rivers (Gao et al., 2021; Lv et al., 2020; Wang et al., 2021a). The
70 inflow rivers and the stream networks could collect domestic, agricultural and industrial

71 wastewater from densely populated areas in the whole watershed, which have become the main
72 reason for the water deteriorating in the downstream waters (Aubriot et al., 2020, Gao et al.,

73 2021; Lvetal., 2020; Wang et al., 2021a; Wang et al., 2021b). In addition, the dominant

74  contributor to the pollutants were presently changed from point source pollution (e.g., local

75 industries) to the diffuse source pollution and internal pollution loading, which had greatly

76  spatiotemporal variations along the inflow river systems (Huang et al., 2018; Wang et al., 2017,
77 Xiaetal., 2018; Zha et al., 2018; Zhu et al., 2019). A single pollution control method could not
78 deal with the spatiotemporally varied pollution (Huang et al., 2018; He et al., 2020). Thus, water
79 quality management strategies could hardly be successful unless the spatiotemporal variation of
80 water pollution are taken into serious consideration, and spatiotemporal flexible measures should
81 Dbe furtherly made along the inflow rivers for the greater improvement of water quality (Aubriot
82 etal., 2020; Gao et al., 2021; He et al., 2020; Wang et al., 2021a).

83 Water quality of inland waters in the North China Plain was found to be the poorest in

84 China due to the high coverage of developed land (cities and cropland) and population density

85 (Zhou et al., 2017). In addition, the relatively increased evaporation in this region created more
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protracted periods of drought in spring and early summer, which prolonged the water retention
time and amplifying the deterioration of water quality in inland waters (Piao et al., 2010; Sinha et
al., 2017). Baiyangdian is the largest lake in North China Plain, playing an irreplaceable role in
maintaining the environmental health in this region (Cheng et al., 2018; Guo et al., 2015; Yi et
al., 2020; Zhao et al., 2021). However, with the rapid development of industry and agriculture,
tons of pollutants were discharged into the water of inflow river systems and Baiyangdian since
1980s, which not only severely contaminated of the water body but also the sediments and
aquatic biota (Guo et al., 2015; Meng et al., 2021; Tao et al., 2020). The Xiongan New Area
started to be built around Baiyangdian in 2017, which aimed to establish an advanced new area
for the coordinated development of ecology and economy in China (Xia and Zhang, 2017). Since
then, the water quality of Baiyangdian has been greatly concerned (Cheng et al., 2018; Meng et
al., 2021; Zhao et al., 2021). The Chinese central and local governments have made substantial
investments to environmental remediation in order to improve the water quality in Baiyangdian
watershed to guarantee the healthy development of Xiongan New Area (Chen et al., 2021a; Xia
and Zhang, 2017; Zhao et al., 2021). Presently, point source pollution has been basically
controlled (Chen et al., 2021a; Li et al., 2021a). However, the water pollution in Baiyangdian
was still in a high level, especially the severely eutrophic parameters of NH,*-N, TP and COD,
as well as the serious heavy metal pollution of Plumbum (Pb), cadmium (Cd) and chromium (Cr)
in the water and sediments (Li et al., 2021b; Gao et al., 2019; Meng et al., 2021; Zhao et al.,
2021). The diffuse source pollution in this watershed became a main problem, such as
agricultural sewage, domestic garbage and sediment release (Li et al., 2017; Li et al., 2021a; Tao
et al., 2020; Zhu et al., 2019), which were carried by the inflow rivers from the whole watershed

to contaminate the water environment in Baiyangdian and Xiongan New Area (Meng et al.,
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2021; Tao et al., 2020; Zhao et al., 2020). Thus, eliminating the diffuse source pollution of the
inflow rivers is critically important for the improvement of the water quality in Baiyangdian (Li
et al., 2021a; Zhao et al., 2020; Zhao et al., 2021), and a flexible set of measures for water
pollution control should be adopted considering the spatiotemporal differences of the diffuse
source pollution (He et al., 2020; Huang et al., 2018; Tong et al., 2017). Surprisingly, our
literature review has found that the spatiotemporal distributions and variability of water pollution
in the inflow rivers of Baiyangdian has not been explored since the establishment of Xiongan
New Area, particularly, we lack the timely understanding about the pollution hotspots, serious
periods and potential sources in a whole inflow river system to distinguish the weak parts in
current pollution treatments.

In this study, a typical inflow river system of Baiyangdian—Fuhe river system (FRS) was
selected, which is one of the main water sources of Baiyangdian and passes through a big city, as
well as many towns and villages (Cheng et al., 2018; Guo et al., 2015). Thus, FRS received
strong impact of anthropogenic activities and was considered as one of the most seriously
polluted inflow rivers of Baiyangdian (Li et al., 2017; Liang et al., 2017). To better guide the
pollution control strategies, we measured the water eutrophication (NH4*-N, TP and COD) and
heavy metal pollution (Pb, Cd and Cr) of the FRS from the headstream to the estuary in three
seasons to investigate the spatiotemporal pollution pattern, identify the pollution hotspots and
periods, and make a timely assessment of the water quality after the establishment of Xiongan
New Area. We aimed to reveal the weak parts in current pollution treatments, and provide
scientific basis to make spatiotemporally flexible measures for water quality improvement in
Baiyangdian watershed. This study could be a reference for the water pollution treatment and

ecological restoration in other inland waters.
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Materials & Methods
Study Area
Baiyangdian Lake, located in north latitude 38°43'—39°02', east longitude 115°38'—

116°07', lies in the semiarid warm temperate continental monsoon climate zone with four distinct
seasons. The average annual precipitation is 539.7 mm, and 80% of the precipitation is
concentrated in June to August (Cheng et al., 2018; Yi et al., 2020). Baiyangdian stays in the
middle reaches of Daqing River System in Haihe River Basin, undertaking the floodwater
storage of nine rivers, with a total area of 366 km? and an average annual water storage capacity
of 1.32 billion m? (Xia and Zhang, 2017; Zhao et al., 2021). Baiyangdian is the biggest natural
wetland in the North China Plain and locates in the south part of the Xiongan New Area, which
has direct and significant influences on the ecological health of this region (Cheng et al., 2018;
Xia and Zhang, 2017; Zhang et al., 2018). However, due to the influence of anthropogenic
activities in recent decades, a large number of point and diffuse source pollutants flowed into
Baiyangdian lake through the upstream river systems, endangering the water ecological
environment and causing serious eutrophication and heavy metal pollution (Guo et al., 2015; Li
etal., 2021a; Meng et al., 2021; Zhao et al., 2020).

Sample collection

A typical inflow river system of Baiyangdian—Fuhe river system (FRS) was selected to
study the spatiotemporal pollution patterns and assess the water quality. Sampling was carried
out sequentially along FRS from the headstream to the estuary area, taking into account of the
topographic distribution, flow path distance and surrounding land uses, and a total of fourteen

sampling sites were set up (Fig. 1). The source of FRS is located in the Mountain area in the west
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of Baoding. The area of “headstream” in Fig.1 is located near the Mountain area and before the
densely populated areas, thus we considered it is a part of the headstream of FRS. The water
quality in FRS would not change too much during the water transformation in the Mountain area
due to the low anthropogenic activities and wastewater discharge. Therefore, we started our
sampling from the “headstream” area in Fig.1. River water was sampled in three seasons: spring
(May, headstream was not collected), summer (July) and autumn (October) of 2020,
respectively. In order to reduce experimental errors, at least four sample points were randomly
selected in different areas in each sample site, and water samples at each sample point were

taken at two depths: ~0.1 m below the water surface (surface samples) and ~0.3 m below the

water surface (deep samples). Each sample was collected 150 ml water into a brown
polyethylene bottle, which was acid cleaned and rinsed with surface water before sampling. The
water samples were stored in a cooler with ice bags and then placed in a refrigerator at 4°C after
returning to our laboratory.

Pollutant concentration measurement

When water samples were transported to our laboratory, they were filtered using GF/F
filters (Whatman, Kent Great Britain). Then each water sample was separated into 100 ml and 50
ml two parts. The 100 ml water sample was immediately used to determine concentrations of
COD, NH4*-N and TP by the potassium dichromate method, nesslerization spectrophotometry
and Mo-Sb Anti spectrophotometric method, respectively, according to the procedures of surface
water quality measurements (HJ 828-2017, HJ 535-2009 and GB 11893-89) in China. The other
50 ml water sample was stored with 1.5 ml 68% HNO; at 4°C for the analysis of heavy metal in
two weeks. Pb, Cd and Cr were determined using Atomic Absorption Spectrometry (AAS

ZEEnit-700P). The precision of the instrument was checked through the chemical standards
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(Merck, Germany) with control blanks yielding a quantitative value of 100+4.1% (Rajeshkumar
and Liu, 2018). Five-point calibration curves were used for the concentration measurement, and
R? values of calibration curves greater than 0.99 were accepted. Two replicates were measured
for each sample, and the heavy metal concentrations in the blanks were subtracted from the
sample values (Xia et al., 2018).

Water Pollution Evaluation

Considering the applicability of the evaluation methods, the water quality index (WQI)
method (Gao et al., 2019; Wang et al., 2017) was used to analyze the comprehensive pollution
conditions of FRS, and the water quality conditions were classified as Table S1. WQI of
eutrophication (WQIg) was calculated according to Class III water standard (GB3838-2002) due
to it being the present water quality requirement of Baiyangdian; and most of heavy metal
pollutants were lower than Grade III water standard and needed to meet Grade I water standard

as a natural reserve in future (Table S2), WQI of heavy metals (WQIy\) was calculated
according to these two water standards in this study.

WQI was computed as follows:

=, 0

Wor=134
" @

A, —Pollution index of a certain pollutant (i);
C. —Measured concentration of a certain pollutant (i);

C, —Water quality standard of a certain pollutant;
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n—Number of elements.
Spatiotemporal variation analysis

The remote sensing images of Fuhe River watershed in 2019 growing season were obtained

from Landsat (www.gscloud.cn), and then ENVI Classic was used to classify the land use types.

Based on the characteristics of surface feature spectrum and remote sensing image, as well as the
distribution characteristics of the research object, we established training samples for supervised
classification and visual interpretation of land use types with the reference of the national land
use/cover classification system. We continuously optimized the classification results to ensure
the accuracy of the data. After the data of pollutant concentrations in three seasons were
combined with the GPS positioning of each sampling site, Arc-GIS was used to analyze the
spatial and temporal changes of eutrophication and heavy metal pollution in FRS.

Data analysis

One-way analysis of variance (ANOVA) was conducted to compare the differences of the
pollution parameters in FRS (least-significance difference, LSD), using SPSS 16.0 for Windows
(SPSS Inc., Chicago, IL, USA, 2002). We checked the normality and homogeneity of variances
for the ANOV As using Shapiro-Wilk and Levene tests. Data were transformed to meet the
assumptions of normality and homogeneity of variance where necessary. The significance of the
differences among the median values of sampling areas were tested by Kruskal-Wallis One Way
Analysis. Pearson’s correlation analysis was used to perform correlations between the eutrophic
parameters and heavy metals (Chen et al., 2021b; Guo et al., 2020). Principal component
analysis (PCA) could explore the possible sources of heavy metals by reducing the
dimensionality of the multivariate water pollutant dataset to 2—3 principle influencing factors,

which commonly occurs in hydrochemistry (Guo et al., 2021; Ismail et al., 2016; Zhuang et al.,

Peer] reviewing PDF | (2022:01:69494:2:1:NEW 13 Apr 2022)



Peer]

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

2019). In this study, Pearson’s correlation analysis and PCA were employed to identify potential
sources and hotspots of heavy metal pollution in FRS. The average values of surface samples and
deep samples in each sample site were used for the Pearson’s correlation analysis and PCA. All
the Pearson’s correlation and PCA analyses were performed in the R platform (R Core Team,
2018). R package of ‘‘FactoMineR” (L¢ et al., 2008) was used to calculate the principle
components, and the ‘‘factoextra” package (Alboukadel and Fabian, 2017) was used to extract

and visualize the results.

Results

Extreme pollution in individual sampling site of FRS in three seasons

The changes of eutrophication and heavy metal pollution along the sampling route in FRS
are showed in Fig. 2. Three season average concentrations of eutrophic parameters (NH;*-N, TP
and COD) were higher in the sampling sites of out-of-city area and farmland area, whereas, the
higher average concentrations of heavy metals (Pb, Cd and Cr) were concentrated in the out-of-

city city area and town area. Pollution of eutrophication was generally worse than the heavy
metal in FRS (Fig. 2). In spring, NH4*-N in F6 and COD in F6, 11 were worse than Class V
water standard (Table S2); the other parameters higher than Class III standard were: NH;"-N in
F7, TP in F7-8, COD in F7 and Cd in F8-9, 11, 14. In summer, NH;"-N in F5, 7-14 were worse
than Class V standard; the other parameters higher than Class Il standard were: NH4*-N in F2-
4, TP in F8, 13, COD in F8 and Cd in F9. In autumn, NH,*-N in F7, 13-14 and TP in F7, 9 were
worse than Class III water standard. Overall, the pollution hotspots (>Class I standard) in FRS

were mostly (>94%) appeared after the water flowing over the city.
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Variation of water pollution among different classified areas

Sampling sites in FRS could be classified into five areas: Headstream, City, Towns,
Farmland and Estuary (Fig. 1). There were greatly spatiotemporal changes in each pollution
parameter among these five areas (Fig. 3): (1) NH4"-N (average 4.59+0.15 and 0.98+0.04 mg-L-
) and TP (average 0.14+0.01 and 0.11£0.02 mg-L") were all higher in summer and autumn, and
increased dramatically from the city area to the estuary; (2) NH4*-N and TP had higher
concentrations in city area in spring; (3) concentrations of COD (average 42.07+6.93 mg-L!)
were higher in spring with the severe pollution in the city and farmland areas, whereas, COD in
summer and autumn was higher in the city area; (4) Cd (average 4.58+0.40 pg-L!") also showed
higher concentrations in spring than those in summer and autumn in each area in FRS, however
there was no significant temporal variation in Pb and Cr; (5) Pb in spring and summer
(16.65+0.85 and 13.07+0.39 pg-L-") was worse than Cd and Cr; and (6) there was no significant
spatial variation in Pb after the headstream, whereas, Cd (5.65+1.27, 2.83+0.64 and 2.73+0.32
ug L") and Cr (20.00+4.15, 15.4542.43 and 21.1443.71 pg-L") in the town area in three seasons

were all higher than other places in FRS.
Effects of different regions of city on the water pollution in FRS

When water flowed out of the city, Middle River had four significantly highest pollution
parameters among the three rivers: NH;™-N and Cd in summer, and NH4*-N and Cr in autumn (p
were <0.001, <0.001, <0.001, and 0.007), whereas, North River only had two highest parameters
(p were <0.001 and 0.003) and there was none in South River (Table 1). Furtherly, Middle River
had more than 83% of parameters significantly increased when water flowed through the city,

with nearly 5/6 highest increments: NH;*-N (>6 times), TP (>25 times), COD (>7 times), Cr (>3
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times) and Cd (>3 times). Contrastingly, North River had none highest increment, and South

River had one: Pb (>2 times).
Relationships among water pollution parameters in FRS

Pearson’s correlation analysis showed there were many strongly positive relationships in the
eutrophic parameters and heavy metals (Fig. 4 A). Eutrophic parameters: NH,*-N significantly
correlated with TP (p=0.0003). Eutrophic parameters and heavy metals: NH,*-N, TP and COD
all significantly correlated with Pb (p were 0.0129, 0.0485 and 0.0044), and COD significantly
correlated with Cd (p<0.0001). Principal component analysis (PCA) showed that the first and
second principal components (PCs, denoted as Dims in Fig. 4 B) explained 42.6% and 33% of
the total variance of the heavy metal concentrations in FRS, respectively. Pb and Cd were both
positively associated with PC1 with correlations of 66.6% and 79.2%, and Pb was negatively
associated with PC2 (correlation: -54.9%); Cr was positively associated with PC2 (correlation:

83%), but also partly associated with PC1 with a correlation of 45.4% (Table S3).
Water quality assessment: changes of WQI with the distance to Baiyangdian
In spring, WQI mostly exceeded 1.5 in the areas of out-of-city and farmland in FRS (Fig. 5
A), which indicated the water was moderately eutrophic based on Class Il water standard in
China (Table S1). In summer and autumn, WQI increased gradually from the headstream to the
estuary area, which both had a significantly negative linear correlation with the distance to the
estuary area (p were <0.001 and 0.009). WQIg in summer significantly increased from about 0.25
(unpolluted level) to around 2.5 (serious pollution) along FRS with a correlation curve slope of
0.027 (p <0.001), which were dramatically higher than those in autumn.
Based on Class I water standard, WQIy\ were all higher than 2.0 (moderate pollution,

Table S1) when FRS flowed over the city in spring, and WQIyv even significantly exceeded 2.5
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in the middle areas of FRS (Fig. 5 B). WQIy\ showed relative lower values in summer and
autumn compared with spring, with significantly single peak curve patterns from the headstream
to the estuary area (p were 0.002 and 0.021). The curves increased significantly from about 1.0

(unpolluted level) at both ends of FRS to more than 2.0 around the town area (p <0.001). Based
on Class Il water standard, WQI, showed similar spatiotemporal variations along FRS, but all

sampling sites were in unpolluted levels (Fig. S1).

Discussion

The eutrophication showed an overall improvement in many China's inland waters in recent
decades (Huang et al., 2019; Zhou et al., 2017). However, the nutrient pollutants were not fully
eliminated: the moderate to heavy eutrophication were also found (Guo et al., 2020; Wang et al.,
2017; Wu et al., 2017), and the continuous water quality improvement is needed to effectively
control the water pollution in their inflow rivers (Lv et al., 2020; Wang et al., 2021a; Wang et al.,
2021b; Gao et al., 2021). Our study found a considerable improvement of eutrophication in the
inflow river system of Baiyangdian comparing with previous studies, particularly after the
establishment of Xiongan New Area in 2017. In the city area of FRS, NH,"-N dramatically
decreased from 17.97~36.92 (2009), 11.34 (2013), 13.33~27.18 (2014) and 11.89+1.26 (2017)
to 1.98+0.28 mg-L! in our study (Fig. 3); TP decreased even more greatly: from 2.34 (2008),

1.53 (2013), 1.23~2.15 (2014), 2.25+0.28 (2015) and 2.90+0.18 (2017) to 0.19+0.04 mg-L"!;

whereas, COD (17.65+6.89 mg-L-") moderately decrease comparing with 33.84+4.47 (2005),
31.4 (2013), 54.63 (2014) and 56.93+10.91 mg-L-! (2017) (Dong et al., 2018; Jia, 2015; Li,
2014; Qiu et al., 2009; Wang et al., 2010). Similar changes of eutrophication were also observed

in town and farmland areas (Dong et al., 2018; Li, 2014; Wang et al., 2010). Eutrophication in
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the estuary area was not improved so much: NH,"-N from 13.20~17.27 (2005-2009) to

3.51+0.37 mg-L-!, TP from 0.34 (2008) to 0.14+0.01 mg-L-! and COD from 23.13+4.81 (2005)
to 13.17+3.20 mg-L-! (Qiu et al., 2009; Li et al., 2017; Wang et al., 2010). However, the
eutrophic parameters in nearly half of the sample sites in FRS still did not reach the present
water quality requirement of Baiyangdian (Class III water standard, Fig. 3), and the NH;*-N and
TP in summer and COD in spring in FRS were all higher than those in Baiyangdian (Li et al.,
2021b; Meng et al., 2021; Zhao et al., 2020), which were great threats to the water quality of
Baiyangdian (Table S2). In addition, the seriously eutrophic parameters were also observed in

many sampling sites, particularly, the NH;*-N and COD in spring and the NH4"-N in summer
significantly exceeded the Class V water standard in some hotspots (p<0.001, Fig. 2), which

may have tremendous influences on the water quality of the whole FRS and Baiyangdian. Thus,
eutrophication, especially NH4"-N and COD, did not improved in the whole FRS, and the current
water quality treatments in Baiyangdian watershed only alleviated the eutrophic pollution in
FRS. Furthermore, the eutrophication of Baiyangdian needed to be greatly improved to meet the
higher water quality requirement as a natural reserve (Class I water standard, Table S2). All
these demonstrated that more precise pollution remediations are needed to deal with the
eutrophic pollutants in FRS in the future.

Water pollution caused by heavy metals has caused widespread concern due to their health
effects on aquatic animals and humans (Ismail et al., 2016; Rajeshkumar and Li, 2018; Zhang et
al., 2017). Whereas, many previous studies only concerned the eutrophication in the water of
FRS and Baiyangdian (Jia, 2015; Li et al., 2021b; Liang et al., 2017; Zhao et al., 2020), and only
one research has reported the pollution of heavy metals in the estuary area of FRS: Pb (0.91

ug-L1), Cd (0.08 ug-L-") and Cr (3.75 ug-L") in summer of 2016 (Gao et al., 2019). Our study
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showed that the pollution of heavy metal in FRS was much better than the eutrophic pollution:
heavy metals in many sampling sites have nearly reached the Class I water standard (Fig. 3).
The average concentrations of Pb, Cd and Cr in FRS stayed in a relative moderate level
compared with other aquatic systems globally. In the Dan River drainage, the average
concentrations of Cr and Cd were 0.10 and 0.70 ug-L-' (Meng et al., 2016), which were
dramatically lower than we found in FRS. Heavy metal pollution in rivers of Greece increased
from 1999 to 2019, however, the recent contents of Pb, Cd and Cr were still comparable to the
concentrations in FRS (Karaouzas et al., 2021). Whereas, in Houjing River of Taiwan, the
average concentrations of Pb, Cd and Cr were 569, 8 and 96 pug-L! (Vu et al., 2017), in which Pb
and Cr were significantly higher than those in FRS. In Huaihe River, the average Pb, Cd and Cr
concentrations were 155.60, 69.54 and 22.13 pg-L! (Wang et al., 2017), and Pb and Cd were
significantly higher than Class V water standard and also dramatically higher than what we
found in FRS. Furthermore, the similar concentration distributions of heavy metals could
indicate the long-distance transportation of heavy metals from the inflow rivers to the
downstream lakes (Guo et al., 2020; Meng et al., 2016). Our results displayed the mobility and
influence of heavy metals in FRS to the water of Baiyangdian (Fig. 3): the concentrations of
heavy metals Cr, Cd and Pb in FRS showed the similar concentration distributions but were all
significantly higher than those in water of Baiyangdian (Gao et al., 2019; Meng et al., 2021;
Zhao et al., 2020). The inflow rivers could collect heavy metals from the whole watershed and
severely contaminate themselves and downstream lakes (Guo et al., 2020; Meng et al., 2016; Lv
et al., 2020). Therefore, in order to completely ameliorate the pollution of heavy metals in
Baiyangdian, the sources and routes of heavy metals entering the inflow rivers should be

concerned and eliminated.
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We did not find any previous study that has shown the spatiotemporal pattern of water
pollution in FRS, whereas, the present study displayed dramatically spatial and temporal
variations of eutrophication and heavy metal pollution (Fig. 2, 3 and 5), which were consistent
with other aquatic ecosystems (Chen et al., 2021b; Guo et al., 2020; Wang et al., 2021a). The
captured spatiotemporal patterns would allow us to identify the pollution hotspots and seriously
polluted periods in FRS. The eutrophication in FRS showed that NH;*-N and TP increased
significantly from the city area to the estuary area in summer and autumn, and NH4"-N and TP in
these two seasons were all higher than those in spring (Fig. 3), which could be mainly due to the
domestic sewage (Li et al., 2017; Wang et al., 2017) and runoffs from intensive agricultural
activities (Tao et al., 2020; Wang et al., 2017). Whereas, COD contents in spring were higher
than those in summer and autumn in FRS, which may be caused by the deteriorated stagnant
wastewater and sediment release due to the low flow rate of FRS in spring (Ni, et al., 2016; Piao
etal., 2010; Zhu et al., 2019). Regarding water quality assessment, WQIg revealed pollution
hotspots around the middle area of FRS in spring, and WQIg in summer and autumn linearly
increased from unpolluted levels to serious pollution along FRS, showing the pollution hotspots
in these two seasons were in farmland and estuary areas (Fig. 5 A). The seriously eutrophic water
accumulated in the end of FRS could directly enter Baiyangdian and cause contamination, which
demonstrated a great influence of inflow rivers’ eutrophic pollutants to the eutrophication in
lakes. In contrast to eutrophication, different spatiotemporal variations of the heavy metals were
observed in FRS. The contents of Pb were mostly higher than Cd and Cr but without clear spatial
variations in FRS (Fig. 3), which indicated Pb could be mainly originated from a constantly line
sources along FRS—traffic pollution (Ewen et al., 2009; Vu et al., 2017). Whereas, Cd and Cr in

the town area were all higher than other places in three seasons, which indicated Cd and Cr were
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likely due to the release from historical polluted sediments in the town area (Peng et al., 2009;
Vu et al., 2017) or the industrial wastewater in the town and city areas (Chen et al., 2021a; Li et
al., 2021a). The higher concentrations of Cd in spring additionally confirmed that Cd pollution
was tremendously influenced by the accumulation effect in stagnant water originating from
sediments (Meng et al., 2016; Peng et al., 2009; Wang et al., 2017). WQIy\ showed single peak
curves along FRS, and increased significantly from unpolluted levels at both ends of FRS to the
highest level of pollution just after the city area (around the town area), furtherly demonstrating
the pollution hotspots of heavy metals were caused by the sources in the high population density
regions (Fig. 5 B). Meanwhile, different regions in the city area also greatly affected the water
quality of FRS (Table 1): the water flowing through the middle of city was seriously polluted,
whereas, the waters flowing through the edges of the city were only slightly polluted. Overall,
these spatiotemporal distribution characteristics above clearly clarified the varied pollution
hotspots, the seriously polluted periods and the potential sources in FRS. Water quality
managements in the future should take serious considerations of these weak parts in current
pollution treatments, and formulate and conduct spatiotemporally flexible treatments based on
this study to furtherly improve water quality in the Baiyangdian watershed.

Trace elements exhibiting high correlations may share similar analogous behaviors during
transformation and migration (Ke et al., 2017; Wang et al., 2017), which can suggest their
potential sources and pathways in the water environment (Chen et al., 2021b; Guo et al., 2020;
Ke et al., 2017). Pearson’s correlation showed NH,-N, TP and COD all significantly correlated
with Pb (p were 0.0129, 0.0485 and 0.0044) and COD significantly correlated with Cd
(»<0.0001, Fig. 4 A), indicating Pb, Cd and eutrophic pollutants were likely originated from

similar sources in FRS, such as inflows from domestic sewage and traffic activities (Chen et al.,
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2021b; Ewen et al., 2009; Guo et al., 2021), runoff from intensive applications of fertilizers and
pesticides (Wang et al., 2017; Xia et al., 2018) and release from historical polluted sediments (Ni
et al., 2016; Peng et al., 2009; Zhu et al., 2019). PCA showed that Pb was positively associated
with PC1 but negatively associated with PC2 (Table S3), which furtherly indicated Pb in FRS
could be attributed to the sources of traffic pollution, agricultural practices and historical polluted
sediments rather than industrial wastewater discharges (Ewen et al., 2009; Wang et al., 2017).
This is consistent with the finding in the spatiotemporal analysis that Pb could be originated from
a constantly line sources along FRS (Fig. 3). Cd was also positively associated with PC1,
confirming Pb and Cd have similar hydro-chemical characteristics and common sources in the
water of FRS (Chen et al., 2021b; Zhuang et al., 2019). In addition, Cd significantly correlated
with COD, which could more accurately attribute Cd pollution to the agricultural practices and
polluted sediments as COD. In contrast to Pb and Cd, Cr positively associated with PC2 but also
partly associated with PC1, which thus can attribute Cr to the sources of sewage releases from
industrial activities and polluted sediments (Peng et al., 2009; Vu et al., 2017). All heavy metals
partly attributed to the historical polluted sediments were consistent with the results that the
WQIyw were relatively higher in the stagnant water in spring (Fig. 5 B). Industrial wastewater
was imported into Baiyangdian water system since the 1980s, which caused two-thirds of this
region to be contaminated and a large amount of pollution has accumulated in the sediments
(Zhang et al., 2018; Zhu et al., 2019). Heavy metals released from these sediments could cause a
long-term threat to the water quality and aquatic biota health in this region (Ismail et al., 2016;
Ke et al., 2017; Rajeshkumar and Li, 2018).

With environmental remediations and increased government financed investments, the

water quality (particularly eutrophication) in Chinese inland waters was improved markedly over
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recent decades (Huang et al., 2019; Zhou et al., 2017; Zhuang et al., 2019). However, in order to
completely mitigate the water pollution from Chinese inland waters (include Baiyangdian
watershed) in next decades, the importance of controlling the inflow river pollution and
understanding its spatiotemporal variations was gradually recognized (He et al., 2020; Tong et
al., 2017). We should deeply understand about the pollution sources of inland waters, the main
pollutants deteriorating the water quality and the spatiotemporal variations of these pollutants
(Huang et al., 2018; He et al., 2020; Wang et al., 2021a). Then, more effective water pollution
treatments can be taken with focalizations to reduce the pollution from industrial activities,
traffic pollution and agricultural practices, as well as the remediation of polluted sediments. For
instance, specific constructed wetlands could be built based on this information for the water
quality restoration of the targeted area and pollutants. Therefore, the spatiotemporal changes of
the water pollution showed in this study, including the pollution hotspots, serious periods and
potential sources, provided important scientific basis for making effective and flexible water

quality treatments in the whole watershed of Baiyangdian.

Conclusions

Our study demonstrated a considerable improvement of the eutrophication and a good
condition of the heavy metals in the water of FRS after the establishment of Xiongan New Area.
However, the eutrophic parameters in nearly half of the sites in FRS still did not reach the
present water quality requirement of Baiyangdian, and the heavy metals were mostly associated
with traffic pollution, agricultural practices and historical polluted sediments, which were not
easily to be controlled and eliminated. In addition, dramatically spatiotemporal changes of

pollution in FRS were found in this study, allowing the conclusions: the eutrophication was
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highest in summer, and the severely eutrophic pollution concentrated around the estuary area;
whereas, the pollution of heavy metals was relatively similar among three seasons with the
prominent pollution around the town area. The serious contamination in these varied pollution
hotspots and periods in FRS may have tremendous influences on the water quality of the
downstream Baiyangdian. All these findings revealed the weak parts in current pollution
treatments, and provided scientific basis for conducting more precise water quality managements

to fully eradicate the water pollutants in future.
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Figure 1

Manuscript to be reviewed

Distribution of sampling sites in one of inflow river systems of Baiyangdian—Fuhe river

system (FRS)

Sampling sites in FRS were classified into 5 areas according to their different positions and

surrounding land-use conditions along the sampling route: Headstream (F1-3), City (F4-8),

Towns (F9-10), Farmland (F11-13) and Estuary (F14).
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Figure 2

Distributions of average concentration of each water pollution parameter in three

seasons in FRS: NH,"™-N (A), TP (B), COD (C), Pb (D), Cd (E), Cr (F)

The size of pie chart in each sampling site indicated the average concentration of each
pollution parameter of three seasons, and different colors in the pie chart indicated the
contributions of different seasons to the average concentration of individual pollution

parameter.
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Figure 3

Distributions of individual water pollution parameters in different areas of FRS in three
seasons

In each graph, solid line indicated Class Il surface water quality standard, and dash line
indicated Class | surface water quality standard in China (Table S2). Box plots indicated
median and first and third quartiles, with whiskers extending to the farthest values within 1.5
times the upper and lower quartiles. Outliers beyond this range were shown as points. The
significance of the differences among the median values of sampling areas were indicated by

the “**” and “*” in the graph at the level p-values of <0.01 and <0.05, respectively. Sample

size N=8.
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Figure 4

Correlation matrix of eutrophic parameters and heavy metals in the water of FRS (A),
and principal components of heavy metals in FRS (B)

In graph (A), the distribution of each variable was shown on the diagonal; the correlation
values were shown in the upper triangular portion of the matrix; bivariate scatter plots with
fitted lines were displayed in the lower triangular portion of the matrix; statistical significance
levels were denoted as ‘¥, “**x” " and ““-” corresponding to p-values of <0.001, <0.01,

<0.05 and <0.1.

A B
5 15 25 ,
T N Variables - PCA
% 1.0
023 =
- ™
o
o
o
a 0.14 0.21 oz
o
= -
% % Fa contrib
- © —
0.49 e C o 2 l a7s
iy S 00— E——— 350
2 ’ g 25
0.23 ani A B 30.0
e Lo ||
- oo '
Cd R e /o
S .0’ L \ 0.15 - = '
. s M, ' '
e : . z - e |
. - il , :
3, o % 8 o :
e .‘ v Al i : $ ?c.‘_ 000 o -1.0- H
3 E ol SR T B . f I ! '
N s BF 0o 10 05 0.0 05 10

L OH Dim1 (42.6%)
0 40 &0 120 2 4 6 8

Peer] reviewing PDF | (2022:01:69494:2:1:NEW 13 Apr 2022)



Peer]

Figure 5

Correlation between WQI of eutrophication (WQI;, A) and heavy metals (WQl,,,, B) with
the distance to the Baiyangdian estuary

WQI. and WQI,, were calculated based on Class Il and | of surface water standards,

respectively. Filled points in the two graphs were measured in this study, and unfilled points

in the graph (A) were measured by Environmental Protection Bureau of Baoding. Dash line

was the correlation curve of summer WQI with the distance to the estuary and solid line was

the correlation curve of autumn WQI in the two graphs, which were all statistical significance

(p<0.05). Dotted line indicated the mean of all WQI values in each graph, and shaded area

indicated the city area.

3.5

3.0 A

WQI of eutrophic pollution

0.5

0.0

2.5

2.0

1.5 1

1.0 A

T T T T
-60 -40 -20 0

Distance from estuary (Km)

Peer] reviewing PDF | (2022:01:69494:2:1:NEW 13 Apr 2022)

WQI of heavy metals

35

3.0 A

2.5 -

2.0 -

1.6 1

1.0 4

0.5

0.0

-60 -40 -20 0

Distance from estuary (Km)




Peer]

Table 1l(on next page)
Changes of individual water pollution parameter when FRS flowed through the city area

North River: F2 and 8, Middle River: F3 and 7, South River: F1 and 6 in Fig. 1. SE = standard
error of the mean. Superscript lowercase letter and capital letter of mean value indicated the

differences among three rivers were statistical significance at the level p<0.05 and p<0.01,

respectively.
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NH,*-N TP COD Pb Cd Cr
Summer (mg-L) (mg-L) (mg-L) (ng'L™h (ng'L) (ng'Lh
mean S.E. mean S.E. mean S.E. mean S.E. mean S.E. mean S.E.
North In 228 024 0074 0.00 8.080 235 8.88 0.81 1.094  0.11 1743§8 0.88
river Out 295 027 0.31B 0.08 2538 3.00 9.79 0.37 1.74B  0.13 b 3.99
13.67
Middle In 1.894 023 0.124 0.01 5934 1.21 9.01 046 1.404 0.19 A 1.23
river Out 3.688 024 0.198 0.01 16408 225 9.84 091 2.71B 031 2313 548
B
A a A 10.582
South In 0.28 0.07 0.03 0.02 4.01 0.45 9.77 0.63 1.01 0.08 19.10 1.76
river Out 0.872 0.09 0.05> 0.02 11.798 220 1152 142 1.27 0.09 b 2.82
NH,+-N TP COD Pb Cd Cr
Autumn (mg-L) (mg-L™) (mg-L™) (ng'Lh (ng'Lh (ng'Lh
mean SE. mean SE. mean SE. mean SE. mean S.E. mean S.E.
A
North In 0.29 0.11 0.014 0.00 4.0l 0.69 6.64 141 0.674  0.05 ?'26; 0.54
River Out 027 0.04 0.072 0.01 6.17 0.84 9.78 1.83 1.72B  0.29 B 1.67
A
Middle In 024 0.07 0.014 0.00 2.04* 044 5.89 0.69 0454 0.04 %9;4 0.78
River Out 1478 0.16 0.268 0.05 15.61B 3.29 8.65 1.17 1.548  0.14 B 2.28
A
South In 0.20¢  0.04 0.034 0.01 244~ 030 ?6224 1.07 0.43 0.05 7.18 1.09
River Out 0.33* 0.03 0208 0.08 15918 2.88 B 1.50 1.56 0.15 9.40 1.75
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