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Editorial on the Research Topic
Water and Ecological Systems: Response, Management, and Restoration

Climate change and human activities have induced significant alterations in global
hydrological and ecological systems, leading to different hydrological responses and water
demands in different regions. In order to better manage water resources and restore
ecological systems, it is important to understand how these responses are affected by
global change. The articles in this Research Topic explore various aspects of the hydrological
and ecological response to global change and their implications for water resources
management and ecological restoration. This Research Topic features 14 articles that
cover a wide range of topics in the field of water resources and ecology. The main
themes of the issue include water supply, ecological impact, vegetation responses,
industrial structure, hydrological drought, water consumption patterns, bibliometric
analysis, allocation of water resources, river temperature analysis, effects of total
dissolved gas, food web structure and function, coal ash loaded nano iron, spatial
patterns of macrobenthos taxonomic and functional diversity, and response relationships
between environmental DNA and biomass. Some of the specific studies that address these
themes include “A new method for estimating multi-source water supply considering joint
probability distributions under uncertainty” which explores a new method for water supply
estimation, “Analysis on the ecological impact of the Xiaolangdi Reservoir on the Yellow
River Delta wetland and coastal areas” which examines the impact of a reservoir on the
environment, and “Study on the propagation probability characteristics and prediction
model of meteorological drought to hydrological drought in the basin based on copula
function” which investigates the relationship between meteorological drought and
hydrological drought. These studies demonstrate the breadth and depth of research in
the field of water resources and ecology and provide valuable insights for further exploration
and understanding and can be divided into four categories (i) water supply and distribution,
(ii) environmental impacts and evaluation, (iii) water quality and drought analysis, (iv)
biodiversity and food web analysis, and (v) bibliometric analysis and water treatment and
technology.
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Water supply and distribution

Four articles address various aspects of water management and
distribution. For instance, efficient water management strategies are
crucial for addressing water scarcity, which is a significant challenge
for many countries, as highlighted by the extensive analysis of
Kuwait’s water resources and management strategies (Tariq et al,
2022). Therefore, the findings from Wei et al. and the Kuwait study
can inform practical suggestions for water-resource planning and
management not only in China and Kuwait but also in other regions
facing similar challenges. By applying the new method for
estimating multi-source water supply in Xiong’an New Area,
China, Wei et al. demonstrate the potential of innovative
approaches to improve water management and increase the
availability of water resources. Such methods can contribute to
and the
promotion of economic and social development in regions facing

the sustainable management of water resources

water scarcity. Sun and Li explore the classification of water
consumption patterns in 110 cities in the Yangtze River
Economic Belt and provide targeted water-saving policies based
on these patterns. Understanding water consumption patterns and
identifying effective policies to promote water conservation are
critical for sustainable urban development, as shown by the
declining water consumption in some of the major Spanish cities,
which is attributed to a combination of economic, technological, and
behavioural factors, as well as the impact of contingent events such
as droughts and economic crises (Sauri, 2019). Meanwhile, Zhang
et al. focus on the optimization of water resource allocation in the
lower Yellow River area, considering the uncertainty of water
resources, water demand, and water requirements of different
users. This highlights the need to balance economic development
with environmental sustainability, which is also addressed in the
article on the stochastic convergence of ecological footprints within
BRICS countries (Wu, 2022). The findings from both articles suggest
that achieving sustainable development requires considering
ecological factors in decision-making processes, to ensure the
availability of water resources for future generations and address
public health concerns. Those articles illustrate the diverse topics
covered in this Journal Research Topic and highlight the importance
of addressing the challenges in water supply and distribution for
sustainable water management.

Environmental impacts and evaluation

In three articles, the authors are concerned with the
environmental impacts and evaluations of human activities on
the environment. Shang et al. focus on the impact of the
Xiaolangdi Reservoir on the deltaic coastal wetland ecosystem
and propose a method for quantitative analysis. The results show
that the Xiaolangdi Reservoir has had a positive effect on the
ecosystem by reducing drying up days, increasing the assurance
rate of ecological base flow, and increasing the volume of water
flowing into the sea. This study shares similarities with recent
research conducted by Mishra et al. (2021b), Mishra et al.
(2021c), Mishra et al. (2021d) in the field of shoreline changes,
which also aims to understand the impact of large-scale projects on
the natural environment. Zhou et al. evaluate the relationship
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between vegetation dynamics and meteorological drought in the
Pearl River Basin, using NDVI and SIF to assess changes in
vegetation cover and photosynthetic capacity. The authors also
that may
relationship between drought and vegetation, such as climate

explore the teleconnection factors impact the
patterns and solar activity. This research is significant, as drought
is a global concern that affects various ecosystems and has been
recently discussed in several articles, including Oliveira et al. (2022),
de Oliveira et al. (2022), Santos et al. (2017, Santos et al. (2019),
Santos et al. (2021), Silva et al. (2021), and Zerouali et al. (2021),
which highlights the need to understand the impact of drought on
vegetation and explore the factors that influence this relationship.
The insights from this research can inform the development of
policies and strategies that promote ecosystem resilience and
address the challenges of water scarcity and climate change. Bu
et al. focused on improving water environment capacity (WEC) by
adjusting the industrial structure and analysing economic changes.
The authors estimate economic efficiency, water use efficiency, and
water treatment efficiency and divide the industry into three types
based on their environmental risk. The results show that adjusting
the industrial structure has a positive impact on the WECs of various
pollutants. This study is significant, as it highlights the importance of
industrial structure adjustment for improving water environment
capacity and reducing environmental risk, which is consistent with
recent research on the mechanisms of industrial structure
optimization and population agglomeration on carbon emissions,
such as the article on carbon emissions in China (Liang et al., 2022),
which shows the direct and indirect effects of industrial structure
optimization and population agglomeration on carbon emissions
and highlights the double threshold
agglomeration on the carbon emission reduction effect of

effect of population

industrial structure optimization.

Water quality and drought analysis

The main theme of water quality and drought analysis is the
study of various factors that affect water quality and drought
conditions. In this context, several studies have been conducted
to understand and mitigate the impact of such conditions. For
example, Wang et al. studied the probability characteristics of
meteorological drought transmission to hydrological drought by
using Standardized Precipitation Index (SPI) and Standardized
Streamflow Index (SSI) and proposed a hydrological drought
prediction model based on the SPI-P(SSI|SPI) relation curve.
This research is particularly relevant, as drought and SPI have
been a recent topic of discussion in research worldwide, as
demonstrated by the recent research of Brasil Neto et al. (2020),
Brasil Neto R et al. (2021), Brasil Neto R M et al. (2021), 2022), Brito
et al. (2021), da Silva et al. (2020), and Dantas et al. (2020). These
studies have made significant contributions to the understanding of
drought and SPI, which can inform the development of policies and
strategies that promote water resource management and ecosystem
resilience in the face of climate change. Seyedhashemi et al. (2021)
investigated the thermal signatures of dams and ponds and their
impact on stream temperature at the regional scale, shedding light
on an important factor affecting water temperature dynamics.

Moulin et al, on the other hand, utilized Independent
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Component Analysis (ICA) to identify the primary factors
influencing water temperature and improve the accuracy of water
temperature forecasting, providing a complementary approach to
understanding the complex dynamics of water temperature.
Broadhurst et al. (2021) investigated the use of environmental
DNA (eDNA) in mapping mammalian distributions and diversity
in rivers. Similarly, Govindarajan et al. (2021) explored the potential
of eDNA to detect animal taxa in the mesopelagic zone. In contrast,
Huang et al. evaluated the persistence of eDNA under different flow
conditions in aquatic ecosystems with high dams, providing
important insights into the applicability of eDNA in such
environments and complementing the findings of the other two
studies. These studies demonstrate the importance of understanding
various factors that impact water quality and drought conditions
and the role of innovative techniques in improving our
understanding of these factors.

Biodiversity and food web analysis

Articles Yang et al,, Fu et al,, and Zhang et al. all focus on the
study of biodiversity and food web analysis, each exploring different
aspects of the topic. Yang et al. focus on the analysis of the food web
dynamics of Lake Baiyangdian in northern China over five
representative years (1958, 1980, 1993, 2009, and 2019) by using
a Bayesian isotope mixing model combined with a food web
energetics model. The article argues that combining unweighted
and weighted indicators is important for understanding the
of highly
hydrological regimes and water quality, and for improving the
management and restoration of shallow lake ecosystems (Lynam
et al,, 2017; Bartley et al., 2019). Fu et al. study the macrobenthos
biodiversity patterns in the river-lake ecotones along the Fu River-

responses aggregated food webs to changing

Baiyangdian Lake gradient in northern China (Wang et al., 2019;
Mishra et al., 2022b). The article found that water depth, water
transparency, TN, and TP were the main drivers of macrobenthos
taxonomic and functional diversity, while sediment Cd, Cr, Cu, Pb,
and Zn contents also had an impact on macrobenthos diversity (Li
etal,, 2019; Mosbahi et al., 2019). The article suggests that functional
diversity approaches based on biological traits can complement
taxonomic approaches in river-lake ecotones. Zhang et al. focus
on the relationship between environmental DNA (eDNA)
concentration and biomass in a typical fish species of rivers in
southwest China. The article found that water pH and temperature
had a great influence on eDNA concentration and that
environmental factors need to be considered when using eDNA
concentration to estimate biomass.

Bibliometric analysis and water
treatment and technology

Finally, Yang et al. and Zhang et al. address topics related to
water treatment and technology. Yang et al. focus on the
bibliometric analysis of Water Resources Carrying Capacity,
demonstrating the power of bibliometric analysis as a tool for
understanding the current state and progress of research in this
area. Recent studies have increasingly used bibliometric analysis as a
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powerful tool to assess trends and impacts in research, as
exemplified by the works of Mishra et al. (2020), Mishra et al.
(2021a), Mishra et al. (2022a). In their study, the authors propose a
method and
comprehensive analysis of 271 records. Their findings reveal that

four-staged bibliometric analysis conduct a
China is a major contributor to research in this area, with a focus on
modelling and system dynamics, linked to population carrying
and water

capacity, urbanization,

shortage. The authors divide the research progress into five

groundwater ~resources,
stages and suggest that the method proposed can serve as a
reference for future bibliometric studies. On the other hand,
Zhang et al. focus on the use of ceramsite composite made from
coal ash and modified by nano-iron to remove phosphorus in the
water. Maamoun et al. (2018) also seek to improve the removal
efficiency of phosphorus, an important pollutant in water. However,
the results of the study of this Research Topic show that the modified
ceramsite has a good removal effect on phosphorus, with a removal
rate of over 99%. This study provides a new method for utilizing coal
ash as a resource and a novel approach for improving filler in
bioretention facilities.

Thus, the articles in this collection are expected to provide valuable
information and insights for communities, basins, and government
agencies involved in water and ecosystem management and to support
the development of strategies for adapting to the changing world. In
conclusion, the articles present a comprehensive and multidisciplinary
approach to understanding the hydrological and ecological response to
global change and its implications for water resources management
and ecological restoration. By drawing on a wide range of sources and
methodologies, the articles offer new insights into the challenges and
opportunities associated with water and ecosystem management in the
context of global change. They offer practical guidance and support to
communities, basins, and government agencies in their efforts to
develop strategies for adapting to the changing world. These articles
are an important contribution to the field of hydrology, ecology, and
water resources management and will be of interest to researchers,
policymakers, and practitioners in these fields.
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The superiority of the environmental DNA (eDNA) method for estimating the
biomass of aquatic species has been demonstrated. However, the relationship
between eDNA concentration and biomass is difficult to clarify under the
influence of complex water flow and habitat conditions. It seriously restricts
the popularization and application of the eDNA method in estimating aquatic
biomass. In this paper, a typical fish species of rivers in southwest China,
Schizothorax prenanti, was selected as the target species. Under standardized
laboratory hydrostatic conditions, two environmental factors, water pH and
water temperature were firstly determined through pre-experiments. Then we
investigated the correlation between eDNA concentration and biomass under
different body sizes and different body size compositions. The experimental
results showed that water pH and the water temperature had a great influence
on eDNA concentration. Therefore, the effects of these environmental factors
need to be considered simultaneously when using eDNA concentration to
estimate biomass. Under the premise of consistent environmental conditions,
the biomass of Schizothorax prenanti was positively correlated with the eDNA
concentration when the individual body size was the same. For each 1%
increase in biomass of the fish, the eDNA concentration of adult (larger size)
fish increased by 0.98%, while the eDNA concentration of juvenile (smaller
size) fish increased by 1.38%. The smaller the size of individual fish, the
greater the increase of eDNA concentration with biomass, and the increase
of juvenile fish was about 1.4 times that the adult fish. When the biomass
was the same but the body size composition was different, the higher
the proportion of small body size individuals in the population, the higher
the eDNA concentration. Special attention needs to be paid to the body
size composition of the population to avoid the biomass estimation being

frontiersin.org


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.972680
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.972680&domain=pdf&date_stamp=2022-07-29
https://doi.org/10.3389/fevo.2022.972680
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fevo.2022.972680/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Zhang et al.

10.3389/fevo.2022.972680

lower than the actual value when the smaller size fish are dominant. The
experimental results provide a strong basis for a more accurate estimation
of aquatic biomass in reservoirs, lakes, and other still water areas by using the

eDNA method.

KEYWORDS

eDNA, biomass, body size, water pH, water temperature

Introduction

Environmental DNA (eDNA) refers to DNA noninvasively
extracted from any environmental sample, such as water
(Ficetola et al., 2008), sediments (Willerslev et al., 2003), or
air (Longhi et al, 2009). It is thought to be derived from
mixtures of feces (Martellini et al., 2005), skin cells (Ficetola
et al, 2008), mucus (Merkes et al, 2014), and secretions
(Bylemans et al., 2018) of organisms. As an innovative method,
environmental DNA is increasingly used to investigate and
monitor macroorganisms, especially aquatic species (Minamoto
et al., 2011; Taberlet et al., 2012; Takahara et al., 2012; Ushio
et al, 2017; Tsuji et al, 2019; Govindarajan et al, 2021).
Traditional survey methods, such as electrofishing, netting, and
snorkeling, are time-consuming and costly. The detection rate
is low and may cause harm to the target species (Bohmann
etal, 2014; Deiner et al., 2017; Kirtane et al., 2021). Studies have
demonstrated that the eDNA method has a higher detection
sensitivity than traditional aquatic species investigation methods
(Dejean et al., 2012; Thomsen et al., 2012; Mahon et al., 2013;
Krol et al.,, 2019; Afzali et al., 2020). It is less invasive and is
especially useful for rare and endangered species (Fukumoto
et al.,, 2015; Sigsgaard et al.,, 2015; Pfleger et al., 2016; Doi
et al., 2017; Sakata et al., 2017; Mizumoto et al., 2020). The
technique works even when animals are at low densities in the
wild (Goldberg et al., 2011). It has been applied extensively for
the detection of invasive and endangered species and for the
estimation of biodiversity (Goldberg et al., 2013; Pilliod et al,,
2014; Jane et al., 2015; Muha et al., 2017; Suarez-Menendez et al.,
2020).

The study on estimation of abundance and biomass by the
eDNA method is an important frontier of eDNA research (Spear
etal.,2020). Previous studies have reported a positive correlation
between eDNA concentration and species abundance/biomass
(Takahara et al., 2012; Thomsen et al., 2012; Goldberg et al,,
2013; Pilliod et al, 2013; Pont et al,, 2018). In still water,
Takahara et al. found that the concentration of eDNA was
positively correlated with carp biomass in both aquaria and
experimental ponds (Takahara et al, 2012). Under flowing
water conditions, Pilliod et al. compared sampling results
from traditional field methods with eDNA methods for two
amphibians in 13 streams in central Idaho, United States.
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They found that eDNA concentration was positively related
to field-measured density and biomass (Pilliod et al., 2013).
A significant, positive relationship between snorkel-survey
counts of the stream-dwelling fish Plecoglossus altivelis and
eDNA concentration in the Saba River, Japan. was detected
(Doi et al,, 2017). Previous studies have shown that flowing
water complicates the relationship between eDNA production,
transport, and clearance. Nevertheless, a weak but positive
relationship was still found between eDNA concentration, zebra
mussels, and biophysical parameters (Shogren et al., 2019). The
results of these and other recent studies (e.g., Tillotson et al,
2018; Ttakura et al., 2019; McElroy et al., 2020) suggest that it is
indeed possible to estimate the abundance of aquatic organisms
using the eDNA method.

The positive relationships between eDNA concentration and
fish biomass may be affected by the shedding and degradation
rate of eDNA (Pilliod et al., 2013; Eichmiller et al., 2014;
Lacoursiere-Roussel et al.,, 2016; Yamamoto et al., 2016; Jo
et al,, 2017). There are still many uncertainties regarding the
shedding and degradation of DNA in the aquatic environment
(Barnes and Turner, 2015; Civade et al., 2016; Jerde et al., 2016;
Sassoubre et al., 2016; Shogren et al., 2016; Andruszkiewicz et al.,
2017; Mathieu et al,, 2020). Existing studies have shown that
the degradation rate of eDNA may vary with water temperature
(Tsuji et al, 2016; Jo et al, 2019) and water pH (Barnes
et al,, 2014; Tsuji et al., 2016) and other environmental factors.
Therefore, before using the eDNA method to evaluate biomass,
preliminary experiments were firstly conducted to explore
how these environmental factors altered eDNA concentration,
providing a reliable basis for subsequent experimental condition
settings. Furthermore, the shedding rate of eDNA may change
with the age and body size of organisms (Maruyama et al,
2014; Thalinger et al, 2021). However, few studies have
systematically studied the relationship between biomass and
eDNA concentration from the perspective of fish body size and
body size composition of the fish population.

In this paper, two experiments were first conducted to clarify
the effects of two environmental factors, water pH and water
temperature, on eDNA concentration. Then, on the premise of
consistent environmental conditions, we systematically studied
the relationship between eDNA concentration and biomass in
still water by changing the body size and body size composition
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of Schizothorax prenanti. It provides a scientific reference for
improving the ability to accurately estimate biomass using the
eDNA method in still water such as reservoirs and lakes.

Materials and methods

In this study, we take the Schizothorax prenanti as a typical
fish representative, which is mainly distributed in the Jinsha
River, Min River, and other rivers of the upper reaches of the
Yangtze River in China. It is an important economic fish species
in southwest China. Therefore, it is of great significance to
monitor the biomass of this target fish species. However, it is
difficult to investigate the biomass of Schizothorax prenanti in
the wild, so it is necessary to explore the eDNA method to
estimate the biomass of aquatic species in the river ecosystem.

The fish used in this experiment were obtained from an
aquaculture institution in Chengdu, China. They were reared in
laboratory aquariums. The aquariums were thoroughly rinsed
and disinfected before the fish were placed. To avoid the
introduction of target species DNA from pathways outside the
aquarium water environment, no feeding was performed during
the experiment. All experiments were approved by the ethics
committee prior and performed in accordance with relevant
institutional and national guidelines and regulations.

Experimental design and sampling

Effect of environmental conditions on
environmental DNA

We conducted two experiments to explore the effect of
water temperature and water pH on eDNA concentration. For
the experimental treatment group with water temperature as
an environmental variable, six equal volume water samples
were collected from the aquarium in which the Schizothorax
prenanti were reared. The water pH of these samples was
set to six levels: pH 5, pH 6, pH 7, pH 7.6, pH 8, and
pH 9. The water of all treatments was neutral when the
experiment began; therefore, the treatment of water pH 7 was
not manipulated. Acidic and alkaline treatments were achieved
using sterile 1 M HCl or 0.5 M NaOH, respectively. We
monitored pH levels to make sure they were stable throughout
the experiment. For the experimental treatment group with
water temperature as the environmental variable, six equal
volume water samples were collected in the same way. The water
temperature of these samples was set to six levels: 12°C, 23°C,
26°C, 29°C, 32°C, and 35°C. Each treatment temperature level
was held in a separate growth chamber automated to maintain
a constant temperature. For each experimental treatment, we
collected 100 ml water samples at 0 h, 12 h, 24 h, 36 h,
48 h, and 60 h after the setting of environmental variables
reached stability.
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Relationship between biomass and
environmental DNA

The experimental fish were reared in several aquariums with
the same volume of water storage, and each aquarium was
one experimental treatment. All experimental treatments were
exposed to the same environmental conditions, where the water
temperature was 23°C = 0.2 and the water pH level was pH7.

To evaluate the correlation between eDNA concentration
and fish biomass, we implemented four experiments.
Experiments I and II investigated the correlation between
biomass and eDNA concentration when fish were of the same
body size in each treatment; Experiments III and IV investigated
the variation of eDNA concentration under different body size
compositions when biomass was the same in each treatment.

Four experimental treatments were set up in Experiment
I, in which 1, 2, 3, and 4 adult fish with an individual weight
of about 500 g were reared in four experimental aquariums,
respectively. In Experiment II, six experimental treatments
were set up, and 3, 4, 6, 8, 9, and 12 juvenile fish with an
individual weight of about 20 g were reared in 6 experimental
aquariums. In Experiment III, three experimental treatments
were set, and the biomass of each experimental treatment
was about 2,000 g/m®. There was one fish with an individual
weight of about 1,000 g in Treatment 1; two fish with an
individual weight of about 500 g in Treatment 2, and 46 fish
with an individual weight of about 20 g in Treatment 3. In
Experiment IV, three experimental treatments were also set,
and the biomass of each treatment was about 4,000 g/m3 .
There were two fish with an individual weight of about 1,000 g
in Treatment 1; two fish with an individual weight of about
500 g and one fish with an individual weight of about 1,000 g
in Treatment 2. For Treatment 3, there was one fish with
an individual weight of about 1,000 g, one fish with an
individual weight of about 500 g, and 50 juvenile fish with
an individual weight of about 20 g. The specific experimental
conditions of each experimental treatment were presented in
Table 1.

For each treatment, the fish were reared in the aquarium to
adapt to the environment for 24 h before the experiment began.
For all experimental treatments, 100 ml of water samples were
collected at 48 h, 72 h, and 96 h since the start of the experiment.

DNA extraction and qPCR

All water samples were collected in the same way and filtered
within half an hour after sampling using glass fiber filters with a
pore size of 0.45 pm (Xingya Purification Materials Company,
Shanghai, China). Deionized water was used as negative control.
All filtration equipment (i.e., filter funnels and forceps) was
sterilized using sodium hypochlorite and rinsed with deionized
water Contaminants were strictly controlled. The filters were
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TABLE 1 Experimental conditions for each experimental treatment.

Experiment Experimental  Fish Individual Fish
number treatment abundance fish biomass
number weight  (g/m?)
I 1 1 500 £ 67 g 945
2 2 1,681
3 3 2,576
4 4 3,353
I 1 3 20+68¢g 330
2 4 530
3 6 685
4 8 925
5 9 1,050
6 12 1,405
11 1 1 1214¢g 2,023
2 2 685g, 534g 2,032
3 46 20+32g 1,700
v 1 2 1218g, 1182g 4,000
2 3 818g, 891g, 4,288
864 g
3 52 1100g, 585g, 4,635
20 +3.2g(50
fish)

stored in sterile 2 ml tubes at —80°C until DNA extraction with
the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany).
The quantification of eDNA was performed using real-
time quantitative PCR. Through design and screening, we
identified the primers and probe for Schizothorax prenanti as
follows: forward primer (5-GAGTGCGGATTTGACCCAC-3'),
reverse primer (5'-TAACCCCCCCTATTCTGCTCATTC-3),
and probe (5'- TCCGCCCGCCTACCATTTTCTCTCTA -3).
The primers are highly specific to the target species. Real-time
quantitative PCR was performed in a 20 pl reaction for each
sample. QuantiNova Probe PCR Master Mix (Qiagen, Hilden,
Germany) was used following the manufacturer’s protocol. The
mixture of the reagents was as follows: 10 pl of 2 x PCR
master mix, 6 il of RNase-free water, 0.8 1 of each primer,
0.4 ul probe, and 2 pl of extracted DNA solution. The qPCR
thermal conditions were as follows: 2 min at 95°C, and 39
cycles of 5 s at 95°C and 10 s at 56°C. Quantitative real-time
PCR (qPCR) was performed in triplicate, and the mean value
was used during assays. PCR products of the target sequences
were cloned into the plasmid, and a dilution series of the
plasmid were amplified as standards in triplicate in all gPCR
assays. Three wells of a no-template negative control were
included in each qPCR plate and showed no amplification.
The R2 values for the standard curves were >0.99 for all
qPCR reactions. which met the requirements of the standard
curve required for fluorescence absolute quantitative PCR.
All samples were assayed in triplicate. Figure 1 outlines the

Frontiers in Ecology and Evolution

12

10.3389/fevo.2022.972680

experimental procedure from water sample collection to the
eDNA concentration detection.

Results

Experimental treatments of water pH
and temperature

The eDNA concentration detected in the water samples
decreased over time in all experimental treatments. The relative
eDNA concentration (C/Cy) of the water samples was obtained
by dividing the eDNA concentration C at each time point ¢
with their corresponding initial eDNA concentration Cp (at
time t = 0). The trends of relative eDNA concentration over
time for each water pH treatment were shown in Figure 2;
the trends of relative eDNA concentration over time for each
water temperature treatment were shown in Figure 3. The
results showed that both water pH and water temperature had
a significant influence on the change of eDNA concentration.
Therefore, when conducting subsequent experimental studies
on the correlation between biomass and environmental DNA,
we must ensure that all experimental treatments were conducted
under the same environmental conditions such as water pH
and water temperature. The water pH and water temperature
were monitored for each experimental treatment to eliminate
the effects of environmental variables.

Experimental treatments of the same
fish body size

According to the detected eDNA concentration of water
samples in each treatment of Experiment I, we obtained the
relationship between the biomass and eDNA concentration
of adult Schizothorax prenanti at different sampling times,
as shown in Figure 4A. According to Experiment II, the
relationship between the biomass and eDNA concentration of
juvenile fish at different sampling time can be seen in Figure 4B.

As shown in Figures 4A,B, at the same sampling time,
there was a linear correlation between the biomass and
eDNA concentration of Schizothorax prenanti in both adult
and juvenile experimental groups. The larger the biomass
(the number of individuals of fish), the higher the eDNA
concentration, which presents a linear growth trend.

The biomass and corresponding eDNA concentration data
for each of the above six experimental treatments were
collected and further analyze. The biomass of each experimental
treatment was linearly fitted to its corresponding eDNA
concentration at different sampling time points, and the
expression of the first-order function was as follows:

C=aM + b
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Primer sequence:
Forward primer (5 - GAGTGCGGATTTGACCCAC -3°).
Reverse primer(5 -Z44CCCCCTATTCTGCTCATTIC-3)
Probe sequence:
(5- TCCGCCCGCCTACCATTTTCTCIA -3°)

Flow chart of experimental operation.

>/ >i
> >
( Water sample “Water sample Exaedsnis Detecting the eDNA
‘ llecti \ At ‘ DNeasy Blood & Tissue ‘ | tration by aPCR
collection er DNA extraction kit method ~_CORcentration by q assay
FIGURE 1

100%

80%

60%

/e,

40% 4

20% A

0% T
0 10 20 30 40 50 60

Time (h)

FIGURE 2
The variation trend of relative eDNA concentration under
different water pH.
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FIGURE 3
The variation trend of relative eDNA concentration under
different water temperature.

where C is the eDNA concentration; M is the biomass of each
experimental treatment; a is the slope of the fitting line, i.e.,
AC/AM; b is the intercept. The coefficients a and b of the fitted
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FIGURE 4

Relationship between biomass and eDNA concentration at
different sampling time: (A) Adult fish experimental group.
(B) Juvenile fish experimental group.

first-order function are summarized in Table 2. As can be seen
from Table 2, the later the sampling time is, the higher the slope
of the fitting line is, regardless of the adult fish experimental
group or the juvenile fish experimental group. That is, the
greater the cumulative increase of eDNA concentration with
biomass. This may be due to the increasing adaptation of
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Schizothorax prenanti to the aquarium environment over time.
Therefore, their metabolic rate increases, and the rate of
shedding eDNA into the water increases.

Experimental treatments of the same
fish biomass

The biomass of each experimental treatment in Experiment
Il was about 2,000 g/m® and the eDNA concentration
detected in each experimental treatment in Experiment III
at different sampling times were compared, as shown in
Figure 5A. The eDNA concentration corresponding to per unit
biomass (1 g/m?) of Schizothorax prenanti in each experimental
treatment was calculated. Then the comparison of eDNA
concentration corresponding to per unit biomass (1 g/m®) of
Schizothorax prenanti was drawn, as shown in Figure 5B. The
biomass of each experimental treatment in Experiment IV was
about 4,000 g/m>. Similarly, the eDNA concentration detected
in each experimental treatment in Experiment IV at different
sampling times are shown in Figure 6A, and the corresponding
eDNA concentration per unit biomass (1 g/m>) are plotted for
comparison, see Figure 6B.

Discussion

Experimental treatments of water pH
and temperature

The concentration of environmental DNA decreased over
time for all experimental treatments. This is due to the process
of continuous degradation of eDNA in parallel with the fact
that no more organisms continue to shed eDNA into the
water after the water samples are collected from the aquarium.
Based on our experimental data, it can be observed that the
degradation of environmental DNA is very sharp in the initial
stages. The consistency of degradation patterns across a range
of environmental covariates provides evidence that the initial
sharp decline in eDNA is common across a variety of systems
and environmental conditions (Dejean et al., 2011; Thomsen
et al., 2012; Barnes et al., 2014).

Figure 2 showed that the water pH level had a great
influence on the eDNA degradation. The degradation rate was
faster when the water pH is between 7.0 and 8.0. The reason
for this phenomenon may be that the suitable water pH for
the survival and reproduction of most microorganisms in the
experimental water body and the suitable water pH for the
extracellular enzyme to degrade eDNA were neutral and weakly
alkaline; Strong acidic and strong alkaline conditions would
inhibit the activities of microorganisms and enzymes, thus
reducing the degradation rate of eDNA.
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In this experiment, water temperature also had a great
influence on the degradation of Schizothorax prenanti
eDNA. According to Figure 3, it can be seen that the
degradation rate is highest when water temperature is
between 23°C and 29°C. The degradation rate at 12°C
was much lower than that at 26°C, which was consistent
with previous studies (Strickler et al,, 2015). The reason for
this phenomenon may be that the optimum temperature
for
the
for
the
temperature, the activities of microorganisms and enzymes
in the water are inhibited, thus reducing the eDNA
degradation rate. That is, water temperature affects the

the growth and reproduction of microorganisms in
and the suitable temperature
between 23°C and 29°C.
case of lower water temperature or higher water

experimental water

enzyme activities is In

degradation rate of eDNA by affecting the activities of
microorganisms and enzymes.

In general, water pH and water temperature significantly
affect the concentration of eDNA in an aquatic environment,
mainly by altering the activity of microorganisms and enzymes
that affect the degradation rate of eDNA. Therefore, when
using eDNA methods to predict the biomass of aquatic
species, the effects of environmental factors need to be
considered simultaneously. For example, changes in water
temperature in different seasons or differences in water pH in
different watersheds may lead to different prediction results.
The trends of environmental DNA of target species under
different environmental conditions such as water pH and water
temperature can be obtained in the laboratory before fieldwork,
which facilitates comparisons between different rivers under
different environmental conditions.

Experimental treatments of the same
fish body size

The eDNA concentration of the juvenile fish experimental
group and adult fish experimental group under different
experimental conditions was compared and analyzed, as shown
in Figure 7A. The dashed line is a linear fit of the mean eDNA
concentration for each experimental treatment under different
biomass conditions. It can be observed from the fitting line that
the eDNA concentration of the juvenile fish group is higher
than that of the corresponding adult fish experimental group
under the same biomass level. Previous studies have pointed
out that the shedding rate of environmental DNA may change
with the age and body size of organisms (Maruyama et al,
2014). Therefore, we analyzed that this may be due to the higher
activity intensity, higher metabolic rate, and greater rate of
eDNA shedding in juvenile fish than in adult fish. Therefore,
we analyzed that this may be due to the higher activity intensity
and metabolic rate of juvenile fish than adult fish, with a larger
eDNA shedding rate.
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TABLE 2 Linear fitting function coefficients of biomass and eDNA concentration.

Coeflicient Adult fish treatments Juvenile fish treatments
t=48h t=48h t =48h t=48h t=72h t =96h
A 479.40 713.33 847.98 767.08 948.45 1,142.24
23,685.02 54,278.62 9,703.46 42,051.09 128,477.34 160,576.23
R? 0.99991 0.99974 0.99939 0.98581 0.97781 0.97299

R Treatment 1
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T
5x10°

FIGURE 5

The eDNA concentration detected at different sampling times
for each experimental treatment in Experiment IlI: (A) eDNA
concentration corresponding to total biomass. (B) eDNA
concentration corresponding to per unit biomass.

In the adult fish experimental group, for each increase
of per unit biomass (1 g/m3), the eDNA concentration
increased by about 680 copies/ml. In the juvenile fish
group, of 1
biomass (1 g/m?), the corresponding eDNA concentration

experimental for each increase unit of

increased by about 953 copies/ml. In other words, the
in the
juvenile group was about 1.4 times higher than that in

increase in eDNA concentration with biomass

the adult group.
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FIGURE 6
The eDNA concentration detected at different sampling times
for each experimental treatment in Experiment IV: (A) eDNA

concentration corresponding to total biomass. (B) eDNA
concentration corresponding to per unit biomass.

The two variables depicted in Figure 7A, biomass and eDNA
concentration, were dimensionless and the results were shown
in Figure 7B. My is the maximum biomass corresponding to
all experimental treatments of Experiment I and II, and Cpay
is the mean value of eDNA concentration corresponding to
Mpax. From Figure 7B, we can obtain that for each 1% increase
in biomass of the juvenile fish experimental group, the eDNA
concentration increased by 1.38% accordingly; For each 1%
increase in biomass in the adult fish experimental group, the
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FIGURE 7
Comparison of the relationship between biomass and eDNA
concentration in the adult and juvenile fish experimental groups:
(A) Raw data; (B) Normalized data.

eDNA concentration increased by 0.98% accordingly, i.e., the
growth rate of the juvenile fish group is 0.4% higher than that
in the adult fish group.

For the adult fish experimental group, the growth rate
of biomass and the corresponding growth rate of eDNA
concentration was almost equal. However, for the juvenile
fish experimental group, the growth rate of biomass was
slightly higher than the corresponding growth rate of eDNA
concentration. Therefore, when we use the eDNA method
to evaluate the change of biomass in still water, we can
predict it according to the change rate of environmental DNA
concentration, However, the effect of age/body size composition
of biological populations on the predicted results cannot be
ignored. If the proportion of juvenile fish in the population is
greater, the rate of change in population biomass will be higher
than the rate of change in eDNA concentration.

eDNA concentration corresponding to per unit biomass
(1 g/m?®) was calculated for all experimental samples of
adult fish collected in Experiment I, and then statistical
analysis was performed to obtain the bar graphs shown
in Figure 8A. Each bar depicts the mean quantification
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FIGURE 8
eDNA concentration corresponding to per unit biomass at
different sampling times: (A) Adult fish experimental group.
(B) Juvenile fish experimental group.

value (with accompanying standard deviation) of the eDNA
concentration corresponding to per unit biomass (1 g/m?)
for the four experimental treatments at different sampling
times. The eDNA concentration corresponding to per
unit biomass (1 g/m®) was calculated for all juvenile fish
experimental group samples collected in Experiment II, and
the same statistical analysis of data was performed to obtain
Figure 8B.

As can be seen in Figure 8, under the same sampling
time conditions, the eDNA concentration released per unit of
biomass was basically the same among different experimental
treatments for both the adult and juvenile fish groups. The
dispersion of the data was slightly higher in the juvenile group
than in the adult group. The results showed that the eDNA
release rate per unit of biomass was almost the same between
the two experiments under the same body size condition. The
number of individual fish had almost no effect on the eDNA
release rate per unit of biomass.

Through the above two groups of experiments with
the same individual body size of fish but different total
biomass, we proved that when ignoring the complexity of the
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individual body size composition of fish populations in natural
basins, the eDNA concentration increases with the increase of
biomass. However, the environmental DNA concentration was
influenced by the body size of the individuals. The smaller
the body size of the individual fish, the greater the increase
in eDNA concentration with increasing biomass. For the
adult fish group, the growth rate of biomass is approximately
equal to the corresponding growth rate of eDNA, while the
juvenile fish group is slightly greater than the growth rate of
eDNA. Therefore, when using the eDNA method to assess
biomass changes in still waters, the influence of the body size
composition of the biological population on the predictions
cannot be ignored. If the proportion of fish with small
body size in the population is larger, the rate of change in
population biomass will be higher than the rate of change in
eDNA concentration.

Experimental treatments of the same
fish biomass

According to the experimental design of Experiment III,
the proportion of juvenile fish (small body size fish) reared
in Treatment 3 to the total population was much higher
than that in the other two treatments. The setup between
the three treatments in Experiment IV was the same as in
Experiment III. As can be seen from Figures 5, 6, both
for Experiment III and IV, the eDNA concentration and
the eDNA concentration per unit biomass (1 g/m®) were
significantly higher in Treatment 3 than in Treatments 1
and 2. It implies that under the same biomass conditions,
the treatment with a larger proportion of juvenile fish to
the total population, the higher the corresponding eDNA
concentration. The patterns obtained from these two
experiments were consistent, so the effect of accidental
factors could be excluded.

The above two experiments compared the effect of different
fish body size composition on eDNA concentration under the
same total biomass condition. The experimental group with
a higher proportion of small body size individuals proved to
have greater eDNA concentrations than the experimental group
with a higher proportion of large body size individuals. The
reason may be that the metabolic rate and activity of small body
size fish are significantly higher than those of large body size
fish, resulting in a higher eDNA release rate and higher eDNA
concentration in the same condition of biomass. Therefore, in
actual natural river surveys, when assessing biomass by the
eDNA method, it is advisable to investigate the population
structure characteristics of the target fish in advance, and when
the population is dominated by juveniles, quantitative eDNA
concentration data should be carefully interpreted to avoid
underestimation of biomass.
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Conclusion

In this paper, we took Schizothorax prenanti as the target
species. Firstly, the influence of water pH and water temperature
on environmental DNA concentration was determined by pre-
experiments. Under the premise of consistent experimental
environmental conditions, we investigated the correlation
between eDNA concentration and biomass under different
conditions of body size and body size composition. The main
results and conclusions are as follows.

(1). Water pH and water temperature significantly affect
the concentration of environmental DNA in fish in
aquatic environments, mainly by altering the activity of
microorganisms and enzymes that affect the degradation
rate of environmental DNA. Therefore, when using
environmental DNA methods to predict the biomass of
aquatic species, the effects of environmental factors need
to be considered simultaneously. For example, changes in
water temperature in different seasons or differences in
water pH in different watersheds may lead to different
prediction results.

(2). Under the same environmental conditions, there is
a positive correlation between biomass and eDNA
concentration when the body size of individual
Schizothorax prenanti is uniform. The smaller the
individual body size, the greater the increase of
eDNA concentration with biomass. For the juvenile
environmental group, the increase of eDNA concentration
with biomass was about 1.4 times higher than that for the
adult environmental group.

(3). The growth rate of biomass and the corresponding growth
rate of eDNA concentration was approximately equal for
the adult fish group. For each 1% increase in biomass, the
corresponding growth rate of eDNA concentration for the
juvenile fish group is 0.4% higher than that in the adult
fish group. Therefore, when using the eDNA method to
assess biomass changes in still water, the influence of the
fish body size on the predicted results cannot be ignored.
If the proportion of juvenile fish in the population is larger,
the rate of change in population biomass will be higher than
the rate of change in eDNA concentration.

(4). When the total biomass of Schizothorax prenanti was
the same but with different body size compositions, the
higher the proportion of small-sized individuals in the
overall population, the greater the environmental DNA
concentration. Therefore, the structural characteristics of
the population should not be ignored when assessing
biomass by environmental DNA methods.

In summary, when using environmental DNA methods to

estimate the biomass of aquatic species in reservoirs, lakes, and
other still water in actual river sections, the effects of factors such
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as water pH, water temperature, organism body size, and body
size composition on eDNA concentration should be taken into
account. If the proportion of small body size individuals in the
population is high, it is important to avoid biomass assessment
lower than the actual value. A model for estimating biomass
through eDNA concentration should be established under the
premise of combining environmental conditions and population

characteristics, so that biomass estimation can be more accurate.
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Environmental DNA (eDNA) technology has become an alternative tool for
monitoring aquatic communities due to its sensitive, economical, and non-
invasive properties. However, the application of this technique is often limited
by the complexity of environmental conditions, which often poses a barrier to
the transmission of biological information. Here, we conducted a series of
experiments with grass carp as the target species to evaluate the effects of total
dissolved gas (TDG) supersaturation and sediment on the persistence of eDNA
under different flow conditions. The results showed TDG supersaturation
promoted eDNA decay in still water but with no significant effect in flowing
water for rapid dissipation of TDG. For sediment, its presence accelerated the
decay of eDNA no matter the flow conditions. The grass carp eDNA showed an
exponential decay pattern in water and the decay rate constant decreased
gradually with time. Our study highlights the importance of integrating
experimental results with the natural environment and provides an important
reference for species monitoring using eDNA technology in aquatic ecosystems
with high dams built.

KEYWORDS

decay, environmental DNA, sediment, supersaturation, total dissolved gas

Introduction

The widespread environmental DNA (eDNA) technology utilizes DNA molecules
that organisms continuously release into the environment (Li et al., 2018), which consist
predominately of genetic materials in the form of cell-free DNA (Lydolph et al., 2005),
mucus, feces (Merkes et al., 2014) and cells (Turner et al,, 2014). As an emerging method,
eDNA technology combines molecular biology with species monitoring and improves the
ability of species detection by eliminating the effects of morphological characteristics
(Sansom and Sassoubre, 2017). Additionally, it has higher temporal and spatial sampling
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resolution and could improve sampling accuracy compared to
traditional biomonitoring methods (Seymour et al., 2018). Thus,
eDNA technology is gradually complementing or even replacing
the application of traditional methods (Czeglédi et al., 2021).
Nowadays, eDNA technology is used frequently for invasive
species detection (Crane et al, 2021; Whitaker et al, 2021),
endangered species monitoring (Budd et al, 2021), species
biomass estimation (Tillotson et al., 2018), and biodiversity
evaluation (Port et al, 2016; Vasutovd et al, 2021). Among
many ecosystems, aquatic ecosystems are especially
appropriate for eDNA analysis because water is a highly
efficient medium for transport and deposition, and eDNA can
be easily sampled and detected in all water bodies (Bylemans
et al., 2019; Lawson Handley et al., 2019; Djurhuus et al., 2020;
Broadhurst et al., 2021). Since eDNA technology was first applied
to investigate invasive species in French (Ficetola et al., 2008), it
has been common in research work on aquatic organisms from a
range of different ecological communities, such as fish (Dully
et al., 2021; Sales et al., 2021), crustaceans (Johnsen et al., 2020;
Crane et al,, 2021), amphibians (Valentini et al., 2016), and
mollusks (Sansom and Sassoubre, 2017).

Although eDNA technology is currently being increasingly
used in aquatic ecosystems, the biological information conveyed
by eDNA is often ambiguous at a given sampling time and site (Jo
and Minamoto, 2021). Available study shows that the removal of
eDNA in aquatic ecosystems mainly includes three processes:
degradation, sedimentation, and transport (Harrison et al,
2019). The degradation of eDNA in water is affected by
various factors, such as temperature (Eichmiller et al., 2016),
pH (Seymour et al, 2018), and UV(Machler et al., 2018), and
bacteria (Wei et al., 2018). These biotic and abiotic elements
increase eDNA degradation by disrupting DNA structure
directly and altering microbial metabolism and enzyme
kinetics indirectly (Barnes et al., 2014; Strickler et al.,, 2015).
For sedimentation and transport, different flow conditions may
cause their contribution to eDNA persistence differently. First in
the lentic environment (lakes and reservoirs), when eDNA
molecules are released into the water column, they will spread
around in a short time and some larger eDNA molecules will
settle down over time, which leads to a decrease in eDNA
concentration. However, additional removal processes occur in
a lotic environment (rivers and streams) because the eDNA
molecules might be transported downstream with the flow
before settling down. eDNA of organisms might decay more
rapidly in flowing water and could not even be detectable for a
short time (Stoeckle et al., 2017).

Although different flow conditions determine the difference
in the removal process of eDNA, sediment might be an important
influencing factor in two different aquatic ecosystems. Because
both in the lentic and lotic environment, eDNA could be
removed from the water by falling into sediment interstices
sediment.

and being adsorbed on the surface of the

Additionally, after a period of preservation in sediment,
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eDNA molecules could be resuspended into the water, which
always leads to a problem of false-positive eDNA detection
(Stoeckle et al, 2017). Therefore, the presence of sediment
may increase the complexity of eDNA technology application
and its impact on eDNA persistence in aquatic ecosystems still
needs further validation. For the complex, open and dynamic
ecosystem of rivers, in addition to their flow characteristics,
artificial structures such as dams can also have an impact on
aquatic species by altering river structures and creating a range of
environmental problems (Consuegra et al., 2021). When high
dams release water during flood season, a large amount of air
below the dams could be swept into rivers and dissolves in water
under very high pressure, leading to the supersaturation of total
dissolved gas (TDG) in water and gas bubble disease (GBD) in
aquatic organisms (Weitkamp and Katz, 1980; Wang et al., 2017).
These problems significantly affect the survival of aquatic species
(especially farmed fish) and are harmful to the maintenance of
biodiversity in rivers and reservoirs. Existing studies have focused
questions on the effects of river fragmentation and GBD on
aquatic organisms caused by high dam construction (Weitkamp
and Katz, 1980; Consuegra et al., 2021), while the effect of TDG
supersaturation on eDNA persistence is still unknown, which
leads to uncertainty in the application of eDNA technology in
affected water bodies and thus hinders the transfer of biological
information.

Here, we conducted a series of experiments to investigate the
effects of total dissolved gas supersaturation and sediment on the
persistence of eDNA in water. The grass carp (Ctenopharyngodon
Idella), an important freshwater farmed fish in China, is used as
the target species. The results are intended to provide theoretical
support for applications of eDNA technology in rivers and
reservoirs downstream of high dams.

Materials and methods
Experimental design and sampling

A total of six grass carp used in this study were kept in 100 L
tanks after being purchased from the aquaculture section of Baijia
Agricultural Products Wholesale Market in Chengdu, China. To
ensure the stability of eDNA concentration in water, the grass
carp were not fed during the experiment. We used the TDG
supersaturation generation device invented by Sichuan
University to prepare supersaturated total dissolved gas water
(Li et al,, 2010). The principle of the device is to mix the high-
speed circulating water flow (experimental water, without grass
carp eDNA) with the high-pressure gas generated by air
compressor to create the conditions for supersaturated TDG
water. TDG saturation was controlled in the experiment by
adjusting the amount of water pumped into the reactor vessel.
Previous study has shown that the TDG saturations in rivers
downstream of high dams range from 122 to 140% (Feng et al,
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TABLE 1 Abbreviations of the treatments and the corresponding influencing factor settings. NF/F means no water flow/flowing water, NS/S means no
sediment/sediment, and NTDGS/TDGS means total dissolved gas not supersaturated/total dissolved gas supersaturated.

Treatment Flow conditions
NF-S-TDGS no water flow
NF-NS-TDGS no water flow
NF-S-NTDGS no water flow
NF-NS-NTDGS no water flow
F-S-TDGS flowing water
F-NS-TDGS flowing water
F-S-NTDGS flowing water
F-NS-NTDGS flowing water

NF-S-TDGS NF-NS-NTDGS

NF-NS-TDGS NF-S-NTDGS

bubbles from total
dissolved gas.
supersaturation

grass carp eDNA

F-NS-TDGS F-S-NTDGS F-NS-NTDGS

sediment

design
A

Experimental

water flow

Eight treatments were designed based on the presence of TDG supersaturation and
sediment under different water flow conditions.
—

&= =

20 ml water was taken from each tank at 8 time points and filtered using a sand cartridge
filter with 0.45 pore size membranes, which were stored in EP tubes after filtration.

/=@

The DNeasy Blood and Tissue kit was used for DNA extraction and the qPCR assay
(triplicate per sample) was performed using the QuantiNova Probe PCR Kit.

Sampling and
filtration
A

DNA extraction
and qPCR assay

FIGURE 1

Overall flowchart for the tank experiments. Eight treatments
were carried out based on flow conditions, whether the total
dissolved gas was supersaturated, and whether the sediment was
present. 20 ml water was collected at 8 time points and

filtered with 0.45 pore size membranes. After extracting eDNA, the
copy numbers of DNA were estimated by qPCR.

2014). To keep the initial TDG saturation in water at a high level
and to maintain TDG supersaturation over a long time, the TDG
saturation of water used in the experiment was set to about 145%.
Homogeneous river sand with a particle size of 1 mm was
selected as sediment in this study, which was purchased from
a river sand manufacturer in Chengdu, China. Before the
experiment, the sediment was sifted, cleaned and dried to
remove impurities.
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Sediment conditions Total dissolved gas

sediment supersaturated
no sediment supersaturated
sediment not supersaturated
no sediment not supersaturated
sediment supersaturated
no sediment supersaturated
sediment not supersaturated

no sediment not supersaturated

To the effects of total
supersaturation and sediment, eight treatments were designed

investigate dissolved  gas
based on flow conditions, whether the total dissolved gas was
supersaturated, and whether the sediment was present (Table 1;
Figure 1). The effect of a single factor and the combined effect of
multiple factors on the persistence of eDNA was investigated
through a controlled variables approach.

The eight treatments were carried out in water tanks of the
same size, which were 50 cm in length, 10 cm in width, and 20 cm
in height and made of polyethylene plastic. Four tanks of the
flowing water condition were equipped with external short pipes
(2 cm in length and 25 cm in diameter) on both sides, and two
soft PVC rubber pipes (1 m in length and 25 cm in diameter)
were externally connected. The other end of the PVC rubber
pipes was connected with water pumps with the same power of
55W, and water in tanks was driven to circulate by water pumps
to achieve the same flow conditions. We set the sediment
thickness to 2cm and the sediment gravel was evenly
distributed at the bottom of the tanks. We added the water
uniformly and slowly to achieve a homogeneous mixture of grass
carp eDNA water and supersaturated TDG water or pure water
in tanks. The volume of the total water in one tank was 4 L and
the ratio of two different water is controlled at 1:1. To detect
changes in eDNA concentration over time, we collected 20 ml
water from each tank at the initial time and then at 1, 3, 6, 11, 23,
35, and 48 h elapsed time.

An additional experiment was conducted to investigate the
changes in TDG saturation for those TDGS treatments to
eliminate the interference of TDG saturation measurement on
eDNA concentration. The supersaturated TDG water was added
with the same dissolved gas saturation (TDG saturation changed
to about 120% after mixing the two kinds of water). Other
with the eDNA
experiment mentioned above. The TDG saturation level was
recorded with a portable TGP meter (OxyGuard, Denmark) at
eight time points: Pre, 0, 0.5, 1, 3, 6, 18, and 24 h.

experimental settings were consistent
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TABLE 2 The primers and probes for the targeted DNA designed in the experiment.

No. Primer

1 COL1-F (forward)
COI-R (reverse)

2 cytb-F (forward)

cytb-R (reverse)

Filtration and DNA extraction

The collected water samples were filtered using a sand
cartridge filter with 0.45 pore size membranes. After filtration,
filter membranes were stored in numbered 1.5 ml centrifugal
tubes and immediately followed by DNA extraction.

The DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany)
was used for DNA extraction. We added 180 pl of DNA lysate
Buffer ATL and 20 pl of Proteinase K to the centrifugal tube and
incubated it in a thermostatic metal bath at 56°C for 12 min. We
then added 200 pl of Buffer AL to the tube and vortexed it for 15s
and incubated it again at 56°C for 12 min. After short
centrifugation at 8,000 rpm, we transferred 400 pl supernatant
to a new centrifugal column and centrifuged for 1 min
(8,000 rpm) to ensure all liquid entered the collection tube of
the centrifuge column. We then added 500 pl of Buffer AW1 to
the column and centrifuged it at 8,000 rpm for 1 min. After
replacing the collection tube with a new column, we added 500 pl
of Buffer AW2 to the column and centrifuged it for 1 min
(8,000 rpm). Finally, we added 100 ul of Buffer AE to the
column and centrifuged it again for 1 min (8,000 rpm), the
solution retained in the tube was the desired eDNA sample
solution. All eDNA samples obtained were stored at —20°C for
subsequent qPCR assay.

Primer-probe design and specificity
testing

To detect and quantify the DNA of grass carp using qPCR,
primers and probe were designed with Primer3 version
4.0.0 based on the full-length sequence of grass carp mtDNA,
which is available from the National Center of Biotechnology
Information (NCBI) (GenBank, https://www.ncbi.nlm.nih.gov).
To improve the amplification efficiency of the designed primer-
probe, we selected two primer-probes for the specificity test
(Table 2).

We used the DNeasy blood tissue kit (Qiagen, Hilden,
Germany) to extract DNA from grass carp tissues and made
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Probe sequence

AGCCTCTTCTG ACAGTTTACCCACCA
GTGTTGAGG

GGTATTGGGAG CTCGCAGGCA
ATGGCTGGT

AACACGATTTTT CCTATTACCATTCT
CGCATTCCA

TGGGGTGAAGT CGTCGCCGCC
TTTCTGGGT

the extracted solution as a positive DNA sample. We then PCR-
amplified the DNA sample using two designed primer-probes
and subjected the products to electrophoresis and sequencing.
Analysis of the electrophoresis results showed the length and
sequence of the product obtained from the No.2 primer-probe
matched the expected product better. Accordingly, the No.
2 primer-probe was selected for subsequent experiments in
this study.

gPCR assay

qPCR assay was performed using the QuantiNova Probe PCR
Kit (Qiagen, Hilden, Germany). Individual qPCR reactions (in
triplicate) consisted of 20 ul of Probe PCR Master Mix, 6 ul of
RNase-Free Water, 1.6 ul of forward and reverse primers (0.8 pl
each), 0.4 ul of probe, and 2 ul of eDNA sample. The reactions
were performed with the following steps: a PCR initial activation of
95°C for 2 min, 39 cycles with 95°C for 5 s (denaturation), and 60°C
for 5 s (combined annealing/extension). The standard curve of this
experiment was determined by a series of standard samples of the
target gene with known concentration gradients. The regression
equation was y = —3.4706x+42.582 with correlation coefficient (r*)
of 0.9997 and amplification efficiency of 94% (Supplementary
Material). The eDNA concentration at each time point was
calculated by the Ct value and sampled water volume
(i.e,20 ml) combined with the standard curve. Samples were
considered as not detected if there was no exponential growth
during the 39cycles, or if only 1 amplification was detected in
triplicate QPCR assays.

Data analysis

The decay of aquatic organisms’ eDNA mostly showed an
exponential pattern in water. Accordingly, we evaluated the
decay of grass carp eDNA by a Single First-Order rate model
(SFO) in this study. The equation of the SFO model is as
follows:
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FIGURE 2

Time (hours)

The relationship between the grass carp eDNA concentration (mean value) and sampling time. The circular and prismatic dots represent the
eDNA concentration at each time point in still water (A) and flowing water (B) respectively. The colors represent different treatments: red, NF-S-
TDGS/F-S-TDGS; gray, NF-NS-TDGS/F-NS-TDGS; yellow, NF-S-NTDGS/F-S-NTDGS; blue, NF-NS-NTDGS/F-NS-NTDGS.

C(t) = Coe™ (1)

where C(t) is the eDNA concentration at time t, copies/ml;
Cy is the eDNA concentration at the initial time, copies/ml;
tis the sampling time, h; k is the decay rate constant per hour.

The decay of aquatic organisms’ eDNA is also a
multiphase process, and different forms of DNA may decay
at different rates in water. When DNA molecules that decay
more easily are removed from water, eDNA concentration
might decrease and the decay rate constant might change in
the absence of new eDNA sources, which could make the
application of the SFO model inappropriate. Therefore, a
Weibull decay model was fitted to the data to verify
whether the grass carp eDNA decay rate constant would
change with time in this study. The Weibull decay model
equation is as follows:
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C(t) = Coe ™ )

Where f3 is the Weibull parameter, allowing the decay rate
constant to vary with time, f < 1 means the decay rate
constant decreases with time; f > 1 means the decay rate
constant increases with time, when = 1, the model is
simplified to the SFO model. The goodness of fit of the
two models was compared by calculating the determinate
coefficient R%.

Multi-factor analysis of variance was used to test whether
TDG supersaturation and sediment under different flow
conditions had a significant effect on decay rate constant.
A significant effect was determined by comparing the p-value
to the significance level (a = 0.05), with p < 0.05 indicating a
significant effect and p > 0.05 indicating a non-significant
effect.
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FIGURE 3
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Fit of the SFO model (red curve) and the Weibull decay model (blue curve) for each treatment, the grey dots represent the grass carp eDNA

concentration detected at each time point.

Results

eDNA concentration detection

We quantified the changes in grass carp eDNA concentration

over time in still and flowing water and found that eDNA
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concentration decreased with time in all eight treatments
(Figure 2). In still water, grass carp eDNA concentration of
NE-S-TDGS and NF-S-NTDGS decreased more rapidly within
the first 11 h and tended to be 0 copies/ml at 48 h. For NF-NS-
TDGS, although the rate of decline in eDNA concentration was
slower than NF-S-TDGS and NF-S-NTDGS in the first 11 h, the
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TABLE 3 The Weibull parameter (p + SE) and determination coefficient
(R?) of the Weibull decay model and the SFO model.

Treatment Model B + SE R?
NE-S-TDG SEO - 0.95632
Weibull 0.54456 + 0.06172 0.99006
NE-NS-TDG SFO - 0.95479
Weibull 0.69197 + 0.0617 0.98649
NE-$-NTDG SFO - 0.93631
Weibull 0.54036 + 0.08793 0.96989
NE-NS-NTDG SEO - 0.84408
Weibull 0.60718 + 0.09317 0.94659
F-S-TDG SEO - 0.69909
Weibull 0.52535 + 0.17016 0.81983
F-NS-TDG SFO - 0.81903
Weibull 0.8859 + 0.28045 0.82267
F-S-NTDG SFO - 0.88217
Weibull 0.53296 + 0.07249 0.97238
F-NS-NTDG SFO - 0.73736
Weibull 0.51579 & 0.09661 0.92102

eDNA concentration was similarly close to 0 copies/ml in the last
detection. As expected, NF-NS-NTDGS had higher eDNA
concentration than the other three treatments at all time
points and the slowest rate of decline. Thus, it can be easily
found that TDG supersaturation and sediment contributed to
grass carp eDNA decay and eDNA decayed fastest when both
were present in still water.

The variation pattern of grass carp eDNA concentration in
flowing water was more chaotic. But in the same way, the decline
rate was faster for F-S-TDGS and F-S-NTDGS where sediment
was present in flowing water, which indicated the presence of
sediment accelerated the decline of eDNA concentration no
matter what the flow conditions were. However, for F-NS-
TDGS and F-NS-NTDGS, the eDNA concentration of both
treatments was basically at the same level during the
experimental period, and TDG supersaturation did not
promote the decrease of eDNA concentration, which showed
the effects of TDG supersaturation varied with flow conditions in
this study.

Simulation of eDNA decay models

By comparing the fitting curves and determination
coefficient (R?) of the two models (Figure 3; Table 3), it can
be found that the Weibull decay model had better goodness of fit
and can better describe the removal process of grass carp eDNA
in water. Additionally, the parameter 8 for each treatment was
less than 1, which indicated the decay rate constant of grass carp
eDNA gradually decreased with time.
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Although the Weibull decay model indicated the decay rate
constant varied with time, we chose to further analyze the decay
rate constant (mean value) calculated by the Weibull decay
model as it was more applicable than the SFO model. The
results (Figure 4) showed the k value increased due to the
existence of TDG supersaturation or sediment and reached a
maximum when both factors were present (NF-S-TDGS, k +
SE = 0.61229 * 0.05838) in still water. But in flowing water, only
the presence of sediment increased the decay rate constant, and
TDG supersaturation did not accelerate the decay of grass carp
eDNA. It can be seen that the effects of sediment in still and
flowing water were consistent, but TDG supersaturation showed
different effects with different flow conditions.

Multi-factor analysis of variance

The effects of TDG supersaturation, sediment and flow
conditions on the decay rate constant (k, the Weibull decay
model) were variable (Table 4). The main effect of TDG
supersaturation on the decay rate constant was not significant
(p = 0.569), but the main effect of sediment and flow conditions
was significant (p < 0.001). The interaction effect of TDG
supersaturation with sediment was not significant (p = 0.275),
but the interaction effect of TDG supersaturation with flow
conditions was significant (p = 0.001). There was also a
significant interaction effect between sediment and flow
conditions (p = 0.011), but the interaction effect between
TDG supersaturation, sediment, and flow conditions was not
significant (p = 0.364).

On the premise of significant interaction, we conducted a
simple effect test to analyze the different effects of TDG
supersaturation and sediment on decay rate constant under
different flow conditions. The results (Table 5) showed that
the decay rate constant of eDNA in still water was
significantly higher than that in flowing water when dissolved
gas was supersaturated and sediment existed in water (mean
difference (I-J) = -0.263, p < 0.001; mean difference
(I]) = —0.233, p < 0.001).

Taken together, TDG supersaturation had a significant
contribution to eDNA decay in still water but not in flowing
water. The effect of sediment, although slightly different
depending on the flow conditions, showed a significant effect
on grass carp eDNA decay in general.

Discussion

Effect of total dissolved gas
supersaturation

TDG is a gas mixture with the same composition as the
atmosphere (Weitkamp and Katz, 1980), in which the partial
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FIGURE 4
The decay rate constant (k) estimated from the Weibull decay model for each treatment, the error bars represent standard error (SE).

TABLE 4 Results of multi-factor analysis of variance. Analysis of the main effect and interaction effect of TDG supersaturation, sediment and flow
conditions on the decay rate constant (k). Significant p-values are indicated in bold.

Variables Dependent variable p-value
TDG supersaturation decay rate constant (k) 0.569
sediment <0.001
flow conditions <0.001
TDG supersaturation*sediment 0.275
TDG supersaturation*flow conditions 0.001
sediment*flow conditions 0.011
TDG supersaturation*sediment*flow conditions 0.364

*Interaction between variables.

TABLE 5 Results of simple effect test. Analysis of the different effects of TDG supersaturation and sediment on decay rate constant under different
flow conditions. Significant p-values are indicated in bold.

Variables Flow conditions(I) Flow conditions(J) Mean difference Std Error p-value
-5
TDG supersaturation flowing water no water flow -0.263* 0.035 <0.001
no water flow Flowing water 0.263" 0.035 <0.001
sediment Flowing water no water flow -0.233* 0.035 <0.001
no water flow flowing water 0.233° 0.035 <0.001

“The mean difference is significant at the 0.05 level.
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FIGURE 5

Variation of TDG saturation in TDGS treatments during the experiment period. The dots indicate the TDG saturation at each time point for
different treatments: black, NF-NS-TDGS; red, NF-S-TDGS; blue, F-NS-TDGS, yellow, F-S-TDGS. The gray dashed line represents the minimum

standard limit of 110% for TDG supersaturation.

pressure of oxygen is about 21%. As a biologically active gas, a
change in oxygen content affects microbial metabolism in
water (Barnes et al., 2014). Existing studies have shown DNA
can be rapidly degraded in the aquatic environment due to
oxidation and microbial activity (Lindahl, 1993; Torti et al,,
2015). However, when oxygen content and microbial action
are reduced or absent, these genetic materials can last for a
long time (Seymour et al., 2018). Accordingly, for this study,
the effect of TDG supersaturation which accelerated the decay
of eDNA in still water was likely to alter the oxygen content of
water and thus ultimately enhanced the microbial metabolism.
However, in flowing water, TDG supersaturation did not have
the same effect. Combined with the results of dissolved gas
saturation monitoring (Figure 5), it can be found that the rate
of TDG dissipation in flowing water was faster than in still
water, and the gas dissolved saturation was already below the
standard limit of TDG supersaturation (110%) (Engineers,
2005) within half an hour. This suggested that water flow
affected the rate of total dissolved supersaturated gas
dissipation, which was consistent with the previous study
(Li et al, 2013). If the turbulence intensity of the flow
the TDG dissipation will increase.
Consequently, it be that TDG
supersaturation in flowing water did not significantly affect

increases, rate

can hypothesized

the decay of eDNA can be attributed to the rapid dissipation of
TDG caused by flow turbulence, eventually failing to
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significantly affect microbial metabolic activities as in still
water.

Effect of sediment

Unlike the effect of TDG supersaturation, sediment played
a crucial role in the persistence of grass carp eDNA both in still
and flowing water, which is in line with previous research
(Stoeckle et al., 2017). When biological DNA molecules and
cells are released into the water column, in addition to their
gradual decay, they will settle under the force of gravity and
eventually attach to the sediment surface or fall into the
sediment interstices. When these eDNA molecules come
into contact with sediment particles, they will bind to
gravel particles due to electrostatic interactions and other
forces (Hou et al, 2014) and adhere to biofilms on the
sediment surface. eDNA from organisms will be degraded
by components such as heterotrophic microorganisms in
biofilm as a carbon source (Jerde et al., 2016), eventually
reducing the detectable eDNA concentration in the water
column. Therefore, even though a small fraction of eDNA
molecules in this study will be resuspended into water under
the disturbance of water flow (Turner et al, 2015), the
of still the
concentration of eDNA in water.

presence sediment significantly reduced
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Weibull decay model better reflects the
eDNA decay pattern

The SFO model suggests the decay processes for
intracellular DNA and extracellular free DNA fragments
occur on similar time scales, and the rate of cell
decomposition and DNA decay in water is the same (Saito
and Doi, 2021). Therefore, researchers can use different
combinations of experiments to quantify the decay rate
constant under different conditions and compare their
difference (Bylemans et al., 2018). However, in this study,
the Weibull decay model was proved to have a better
description of the decay pattern of grass carp eDNA, with a
rapid decay period at the initial time and then the decay rate
constant decreasing with time. Previous studies have also
shown that the decay rate decreases with time in a model
that better reflects the decay process of biological DNA in
water (Bylemans et al., 2018; Eichmiller et al., 2016; Shogren
et al., 2018). Thus, it can be inferred that eDNA does exist in
water with different decay rates (e.g., nuclear and
mitochondrial DNA, long fragments and short fragments of
DNA). Some eDNA fragments decay at a faster rate, and the
DNA concentration in water decreases gradually with time,
ultimately resulting in a decrease in the total decay rate
constant. Therefore, when considering the persistence of
eDNA in natural environments, the use of the Weibull
decay model can more accurately predict the residence time
of biological eDNA in water or more accurately predict the
initial eDNA concentration in this area based on the
concentration of eDNA detected at a certain moment. This
allows researchers to better apply eDNA analysis methods and
more accurately understand the basic information of eDNA in
the natural environment.

Relationship between experimental
results and natural environment

Experimental variables in this study, including total dissolved
gas supersaturation, sediment, and flow conditions, had
measurable effects on the eDNA persistence of grass
carp. However, all the results were obtained under controlled
experimental conditions, which did not fully reflect the patterns
in the natural environment. Because in aquatic ecosystems, these
factors may play a more complex role in biological eDNA. For
TDG supersaturation, the experiment was conducted to explore
its effect on eDNA persistence by adding dissolved gas
supersaturated water. Rapid dissipation of TDG resulted in
almost no effect on eDNA decay in flowing water. But in the
natural environment, TDG supersaturation continues to occur in
rivers downstream of high dams, and it is difficult to release
quickly into the atmosphere and could be transported over long
distances (Yuan et al., 2020). Accordingly, in natural rivers, the
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effect of TDG supersaturation on biological eDNA might be
similar to that in still water of this study. Secondly, this study
demonstrated the presence of sediment can improve the
removal of eDNA from water through adsorption and
biofilms. But at the same time, sediment can also protect
eDNA molecules from nuclease degradation and chemical
damage (Romanowski et al.,, 1991; Hou et al.,, 2014) and
protect cell and tissue fragments from shear forces and
microbial degradation (Bradford et al., 2013). These
effects tend to make the persistence of eDNA much
higher in sediment (Troth et al, 2021), thus creating an
opportunity for resuspension of eDNA and blurring the
inference of spatial and temporal scales of eDNA in water
columns (Turner et al., 2015). Finally, the flow conditions in
this study are fundamentally designed to simulate the
turbulence of natural rivers, where the dynamic processes
of DNA molecules in water are dominated by dilution,
degradation, sedimentation, retention, and resuspension.
However, eDNA in rivers could also be affected by long-
distance transportation along with water flow (Shogren et al.,
2017), which tends to reduce the detectable concentration of
eDNA at the original location and increases the uncertainty
of eDNA technology application. Given the above, results
based on controlled experiments must be carefully
interpreted and analyzed in close relation to factors in the
natural environment, only in this way can eDNA technology
be applied to species monitoring properly.

Conclusion

This study investigated the effects of TDG supersaturation
and sediment on the persistence of grass carp eDNA in still and
flowing water, and the results showed:

1) the effect of TDG supersaturation varied with flow
conditions, with TDG supersaturation promoting eDNA
decay in still water, but with no significant effect in
flowing water due to rapid dissipation of TDG.

LS
~

The effect of sediment on eDNA persistence is consistent in
different flow conditions. The presence of sediment
accelerated the decay of grass carp eDNA in water.

The Weibull decay model with decay rate constant varies
with time can better describe the decay process of eDNA
than the Single First-Order rate model (SFO model),
which suggested grass carp eDNA decayed rapidly

3

~

during the initial period, and then the decay rate
constant decreased with time.

In conclusion, TDG supersaturation and sediment can
affect the persistence of aquatic eDNA in different ways
under still and flowing water conditions, and all factors
interact with each other and act together. Meanwhile, it is
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worth noting that results based on controlled experiments
might deviate from the true patterns in the natural
environment. Therefore, in practical applications, the
interpretation of sampling results should always be
integrated with the prevailing environmental conditions to

get the most accurate species information.
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Macrobenthos taxonomic and functional diversity are key indicators of
ecosystem health. River—lake ecotones are key macrobenthos habitats.
However, we don't fully understand macrobenthos biodiversity patterns
in these ecotones. We studied water environment, sediment heavy metal
contents, and macrobenthos community, which we sampled simultaneously
from 29 sampling sites along the Fu River—Baiyangdian Lake gradient in
Northern China with five field surveys from 2018 to 2019. Six trait classes
resolved into 25 categories were allocated to macrobenthos through a
binary coding system. We used the RLQ framework (R, environmental
variables; L, species of taxa; Q, traits) and fourth-corner analyses to evaluate
the relationship between environmental variables and macrobenthos traits.
Finally, we carried out variance partitioning to assess the contributions of
environmental variables to variation of macrobenthos diversities. As the
results, TN and TP contents in the river and lake mouths were lower
than those in the adjacent river and lake, indicating that the river—lake
ecotones played a role in purifying the water and buffering pollution.
High taxonomic diversity of macrobenthos in the lake mouth and the
presence of unique taxa in the two ecotones revealed edge effects, but the
macrobenthos abundance and biomass were extremely low compared with
those in the adjacent river and lake. We found no significant correlation
between the taxonomic and functional diversity indices in the river and lake
mouths. Water depth, water transparency, TN, and TP were the main water
environmental drivers of macrobenthos taxonomic and functional diversity,
explaining up to 45.5% and 56.2% of the variation, respectively. Sediment
Cd, Cr, Cu, Pb, and Zn contents explained 15.1% and 32.8%, respectively, of
macrobenthos taxonomic and functional diversity. Our results suggest that
functional diversity approaches based on biological traits can complement
taxonomic approaches in river—lake ecotones. Furthermore, improving water
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depth, transparency, eutrophication, and heavy metal pollution will improve
macrobenthos diversity in these ecotones and maintain ecosystem health.

KEYWORDS

taxonomic diversity, functional diversity, macrobenthos, environmental factors,
river-lake ecotone, Baiyangdian lake-river system

Introduction

River-lake systems (i.e., rivers flowing through or into
the lakes) can be regarded as continuous aquatic ecosystem,
and are affected by the hydraulic exchanges and hydrological
connectivity (Hillbricht-Tlkowska, 1999). As a result, they
provide multiple ecological functions, such as material cycling,
energy flows, and biotic exchanges (Zhang et al., 2020). Ecotones
are zones of transition between rivers and lakes, and are key
parts of a river-lake system (Holland, 1988; Gosz, 1993; Kolasa
and Zalewski, 1995). They can exhibit edge effects (Odum, 1971;
Murcia, 1995), with elevated species abundance and biodiversity
in some parts of the ecotone (Winterbourn, 1971; Willis and
Magnuson, 2000) and the presence of taxa specific to different
parts of the ecotones (Poznanska et al, 2010). In addition,
ecotones are sensitive to environmental variations (Risser, 1995;
Allen and Breshears, 1998), which play important role in
purifying water and buffering pollution (Risser, 1995; Ward and
Tockner, 2001).

The macrobenthos community show a range of life
history characteristics (e.g., relatively long lifespans, sedentary
existence), and play a central role in energy flows and material
circulation in aquatic ecosystems (Li et al., 2019a; Mosbahi
et al,, 2019). In general, the macrobenthos have been regarded
as key biological indicators of freshwater ecosystem health
because these organisms are in direct contact with the sediment
and are highly sensitive to changes in physiochemistry of
the environment (Soldner et al., 2004; O’Brien et al.,, 2016;
Pilo et al, 2016; Eriksen et al, 2021). Most recent studies
that documented the macrobenthos biodiversity have focused
solely on rivers (Azrina et al., 2006; Gonzalo and Camargo,
2013; Li Z. F. et al, 2020; Buffagni, 2021) or on lakes
(Van De Meutter et al., 2006; Li et al., 2016; Cai et al,
2017; Zhang et al,, 2019). Only few studies have accounted
for both the river and lake components of these systems
(Obolewski et al., 2014; Jakubik et al., 2015). However, to
date, limited work has been conducted on the macrobenthos
community structure and diversity in river-lake ecotones
(Szkokan-Emilson et al.,, 2011; Patrick, 2014). These results
have suggested that the environmental characteristics and
macroinvertebrate assemblages of ecotones differ from those in
adjacent lakes and tributaries (Krebs et al., 2018; Salvo et al,
2020).

Previous studies on macrobenthos biodiversity typically
focused on species richness and taxonomic diversity (Li
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et al., 2016; Wu et al, 2019; Lento et al., 2020), but such
a focus conceals ecological differences among species and
ignores specific roles they play in the ecosystem (Heino et al.,
2007). As a result, they cannot effectively guide biodiversity
conservation (Cadotte et al., 2011; Gagic et al, 2015). Each
species of macrobenthos is a collection of individuals with
multiple functional traits (including phenotypic and behavioral
traits) that determine their performance and fitness (Steneck
and Dethier, 1994; Violle et al., 2007). More generally, these
characteristics determine the compatibility of species with the
characteristics of their environment (Martello et al.,, 2018;
Brumm et al., 2021). Recent studies have considered the role
of species functional diversity based on biological traits (e.g.,
body morphology, physiology, trophic habits, and life-history
strategies) in a community (Schmera et al., 2017; Espinoza-
Toledo et al, 2021; Paz et al, 2022), which may provide a
more mechanistic perspective on the community—environment
relationships than is possible with approaches based purely on
taxonomic diversity (Violle et al., 2007; Cadotte et al., 2011).
More importantly, some studies have shown that macrobenthos
taxonomic and functional diversity indices respond differently
to the same environmental gradients (Heino and Tolonen, 2017;
Lietal, 2019b,c; Baker et al., 2021). This suggests that functional
diversity metrics complement the information provided by
classical taxonomic diversity metrics (England and Wilkes, 2018;
Zhang et al., 2021).

Baiyangdian Lake is the largest shallow lake in Northern
China. Most previous studies of the lake’s macrobenthos
communities focused on the lake, with few studies in the
tributaries. These studies showed that the macrobenthos
richness and biodiversity in Baiyangdian Lake and its rivers
have decreased significantly since the 1960s (Zhang et al., 2018;
Yang et al,, 2020). In the present study, we selected China’s
Baiyangdian Lake-Fu River system as a case study, with the
goals being to (1) compare the spatial distributions of the
macrobenthos community structure among the river, river-
lake ecotones, and lake; (2) explore the spatial patterns and
differences of multiple aspects of macrobenthos biodiversity
(including taxonomic and functional diversity) in different
ecosystem types (the river, river and lake mouths, and
lake); and (3) determine which functional traits respond to
specific environmental factors and quantify the effects of
the water environment and sediment heavy metal contents
on the macrobenthos taxonomic and functional diversity in
the river-lake system. We hypothesized that macrobenthos
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FIGURE 1
Location of Baiyangdian Lake in China and distribution of sampling sites in the study area.

community characteristics would differ significantly along
gradients in the above mentioned environmental factors.

Materials and methods

Study area

Baiyangdian Lake (38°43'N to 39°02'N, 115°45'E to
116°07'E) is the largest shallow lake in the North China
Plain (Figure 1). The region has a typical warm-temperate
monsoon climate, with monthly mean water temperatures of
2-29°C; the average annual precipitation and pan evaporation
are approximately 550 and 1,637 mm, respectively. The lake
plays an important role in providing habitats for native plants
and animals, in water purification, as well as in protecting
against floods. Historically, nine upstream rivers flowed into
Baiyangdian Lake. Prior to 1960, the lake was dominated by
natural flows. However, upstream dams and reservoirs have
greatly reduced inflows to the lake, and left insufficient water
to sustain the lake’s environmental flows. In recent years, the
inflows of Baiyangdian Lake have come from three main rivers:
Fu River, Xiaoyi River, and Baigouyin River. The Fu River is
the main source of inflows, and includes water from upstream
rivers, reclaimed city water, and storm runoff.

Our study focused on quantifying the spatial differences
of macrobenthos diversity among the lake, the lake-river
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ecotones, and the main tributary (the Fu River). Based on our
preliminary field investigations, combined with measurements
of the distribution of the water area in Baiyangdian Lake, we
chose 13 sample sites (B1 to B13) that covered the entire lake.
We chose three representative sampling sites (F1 to F3) in the
downstream of the Fu River. In addition, we chose nine (R1 to
R9) and four (L1 to L4) sampling sites from the river mouth
and lake mouth zones, respectively (Figure 1), with the category
defined by using the hydrologic boundaries of the ecotone
between the Fu River and Baiyangdian lake (Tian et al., 2020).
We performed five field surveys: in July and November 2018,
and in April, June, and September 2019. We simultaneously
collected samples of the water, sediments, and macrobenthos
from the 29 sampling sites for each field survey in the river—
lake system.

Samples for environmental factors

Water environmental factors

Water depth (H) and water transparency (the Secchi depth,
SD) were measured on-site using a plumb-line (measured in
centimeter) and a Secchi disk, respectively. We also measured
the water temperature (Tw), dissolved oxygen (DO), and pH
in situ with a multiparameter handheld probe (YSI Professional
Plus; YSI, Yellow Springs, OH, United States). Moreover,
we collected 2-L water samples for physicochemical analysis
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from the surface water (50 c¢cm below the water surface)
and then preserved the samples in pre-cleaned polyethylene
bottles according to standard protocols (China Bureau of
Environmental Protection [CBEP], 2002). These samples were
transported in a portable refrigerator, and were carried back
to the laboratory for further analysis. We measured total
suspended solids (TSS), chemical demand oxygen (COD), total
nitrogen (TN), total phosphorus (TP), phosphate (PO437) and
ammonium nitrogen (NH4 ) in the laboratory. Total suspended
solids (TSS) were measured by gravimetric methods. Chemical
oxygen demand (COD), total nitrogen (TN) and ammonium
nitrogen (NH4") were determined using the potassium
dichromate method, the alkaline potassium persulfate digestion
UV spectrophotometric method and the Nessler’s reagent
(TP)
and phosphate (PO4>~) were both measured by means of

spectrophotometry, respectively. Total phosphorus

ammonium molybdate tetrahydrate spectrophotometry.

Heavy metals in sediments

We collected three random sediments samples (to a depth
of 10 cm) at each sampling site using a Van Veen grab
sampler, and composited them into a single bulk sample. The
composited samples were sealed in pre-labeled polyethylene
zipper bags and stored in a portable refrigerator, and then
brought back to the laboratory to determine the concentrations
of As, Cd, Cr, Pb, Cu, and Zn. The sediment samples were
air-dried and ground to a fine powder in the laboratory. We
digested about 50 mg subsample of sediment samples using
HCI-HNOj3 solution (v/v; 3:1) to determine the total As content
using reduction gasification-atomic fluorescence spectroscopy
method according to standard protocol (HJ 680-2013). To
determine the Cd, Cr, Pb, Cu, and Zn contents, we completely
digested sediment subsamples (approximately 100 mg) with a
1:2:1:1 mixed acid solution (HCI-HNO3;-HF-HCIOy4) in closed
Teflon bombs, evaporated to near dryness (DigiPrep HotBlock;
SCP Science, Baie d'Urfé, QC, Canada), and then diluted to
50 mL with Milli-Q water for further analysis. We determined
the heavy metal contents (Cd, Cr, Pb, Cu, and Zn) in the diluted
extracts using inductively coupled plasma mass spectrometry
(X Series; Thermo Electron, Waltham, MA, United States)
according to standard protocol (DB37/T 4435-2021).

Macrobenthos samples

We collected three random subsamples of the macrobenthos
at each sampling site using a Van Veen grab sampler with
a mouth area of 1/16 m? following the general protocol by
Chiasson and Williams (1999). Three subsamples were grouped
into one composite sample to describe the macrobenthos
community of each sampling site. Samples were sieved through
a 0.425-mm mesh, and we manually removed impurities
such as aquatic plants and gravel in the field. The sieve
contents were then placed in white trays to let us manually
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remove the organisms. All macrobenthos were preserved in
75% ethanol. The organisms were identified to the lowest
possible taxonomic level (i.e., species or genus) in the laboratory
using a stereomicroscope (Nikon SM2, Nikon Ltd., Japan)
based on appropriate identification guides (e.g., Liu et al,
1979; Morse et al., 1984; Tong, 1996; Wang, 2002; Tang,
2006), and were then counted and weighed to determine
the fresh weight.

Taxonomic and functional diversity
indices

Taxonomic diversity

To describe the taxonomic diversity of the macrobenthos
community, we used the Shannon-Weiner diversity (H),
Simpson diversity (D), Pielou evenness (E), and Margalef
richness (d) indices. The four indices were calculated as follows:

H = > pilnp; (1)
1
S
D=1-— ZP,? 2)
1
E=H /In () 3)
d=(S—1)/In(N) (4)

where P; is the probability of occurrence of the i species in a
community; S is the total number of species in a community;

and N is the total number of individuals in a community.

Functional diversity

We considered six functional trait classes to characterize
macrobenthos, consisting of adult body size, longevity,
voltinism, swimming ability, locomotion, and feeding habit
(Supplementary Table 1), which have been widely used to
characterize functional diversity (Coccia et al., 2021; Edegbene
et al, 2021; Akamagwuna et al, 2022). For each trait, a
set of attributes were used to categorize the macrobenthos
species (Supplementary Table 1). These trait classes and their
associated attributes are related to morphology, life history,
and behavior of macrobenthos (Usseglio-Polatera et al., 20005
Akamagwuna et al., 2022), and showed sensitively response to
various environmental stress (Li et al., 2019¢; Li Z. F. et al., 2020;
Juvigny-Khenafou et al, 2021). Additionally, they reflect the
macrobenthos-related ecological functions, such as secondary
production, energetic transference, and the nutrients cycle
(Hébert et al,, 2016; Braghin et al., 2018). We further used
a binary coding approach (i.e., 1 if a species displays a trait
attribute, 0 if not) to encode trait attributes of the macrobenthos
collected in the river-lake system (Supplementary Table 2; Li
etal.,2019a,c; Li S. H. et al., 2020; Juvigny-Khenafou et al., 2021).
Information regarding the functional traits of macrobenthos
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was mainly obtained from the published literature on freshwater
ecosystem (Li et al., 2019a; Zhang et al., 2019; Li Z. F. et al,,
2020; Dolédec et al., 2021; Juvigny-Khenafou et al., 2021; Peng
et al,, 2021). Where the trait attributes of a given species were
not available, we used information from other species within
the same genus or family (Sivadas et al., 2021; Paz et al., 2022).
We used the following functional diversity indices:
(FRic), (FEve),
functional divergence (FDiv), and Rao’s quadratic entropy

functional richness functional ~evenness
index (RaoQ). FRic indicates the functional niche space
occupied by a given community, and in general, a lower value
implies low utilization of the ecological space (Villéger et al,
2008; Liu et al., 2021). FEve corresponds to the evenness of the
distribution of species abundance within the functional trait
space, and higher FEve indicates high utilization efficiency of
the niche space (Mason et al., 2005; Villéger et al., 2008). FDiv
(the functional divergence) describes the distribution of species
abundance across the niche space, which reflects the degrees
of niche differentiation and resource competition within the
community. High FDiv entails a high degree of species niche
complementarity and low resource competition (Villéger et al.,
2008). RaoQ measures pairwise differences in trait composition
between taxa weighted by their relative abundance (Botta-
Dukat, 2005). It combines both FRic and FDiv, and therefore
considers potential redundancy or complementarity between

these diversity indices (Péru and Dolédec, 2010).

RLQ and fourth-corner analysis
methods

We combined the RLQ method (Dolédec et al., 1996), which
uses environmental variables (R), species of taxa (L), and traits
(Q), with the fourth-corner method (Kleyer et al., 2012; Dray
et al, 2014) to assess the responses of macrobenthos traits
to environmental gradients. The RLQ method is a three-table
ordination analysis that accounts for environmental variables in
the R table (environment X site), for species abundance in the
L table (species x site), and for functional traits in the Q table
(trait x species). First, we conducted correspondence analysis
(function dudi.coa) on the L table, and principal-components
analysis (function dudi.pca) on the R and Q tables. We then
combined these separate analyses using RLQ analysis (function
rlg in R package ade4, Dolédec et al,, 1996). We assessed the
overall significance of this relationship using a global Monte
Carlo test with 49,999 random permutations of both model 2
(H1: assuming no relationship between R and L) and model
4 (H2: assuming no relationship between L and Q). Since the
global test could not test the bivariate relationship between
individual environmental variables and functional traits, we
used fourth-corner analysis with an adjusted p value (i.e.,
p-values were corrected using the false discovery rate adjustment
method to limit bias due to multiple-test comparisons) to
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test their relationships (function fourthcorner in R package
ade4, Benjamini and Hochberg, 1995; Dong et al., 2021).
Furthermore, we used a combination of RLQ and fourth-corner
analyses to evaluate the significance of the associations between
environmental variables (or functional traits) and the RLQ axes
(Dray et al., 2014).

Data analysis

We calculated the taxonomic and functional diversity
indices of the macrobenthos community in each of the four
ecosystem types (river, river mouth, lake mouth, lake) using

<

version 2.5-7 of the “vegan” package! and version 1.0-12
of the “FD” package? for the R software (version 4.1.2%),
respectively. We used version 1.7-18 of the “ade4” package* for
the RLQ and fourth-corner analysis. In addition, to evaluate
the contributions of the water environmental variables and
sediment heavy metals to variation of the taxonomic and
functional diversities, we carried out variance partitioning
analysis using the “vegan” package.

Our primary goal was to detect relationships between
environmental factors and macrobenthos diversity; because of
this goal and limitations on our budget, we did not collect large
enough samples on different dates to robustly test for changes
in macrobenthos communities between sample dates. We used
one-way ANOVA to test whether there were significant spatial
differences in environmental variables, taxonomic diversity
indices, and functional diversity indices. If the result was
significant, we used a post hoc test (the least-significant-
difference test) for pairwise comparisons of variables between
pairs of ecosystem types. To identify relationships between
the taxonomic and functional diversity metrics, we calculated
Pearson’s correlation coefficient (r) for each ecosystem type.
These statistical analyses were conducted using version 26.0 of
the SPSS software®.

Results

Spatial variations of water
environmental variables and sediment
heavy metals

Table 1 shows the values (mean =+ SE) of the water
environmental variables and sediment heavy metals in the

https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/FD/index.html
http://www.r-project.org/
https://cran.r-project.org/web/packages/ade4/index.html
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four ecosystem types. There were significant differences among
the four ecosystem types in SD (F = 4.681, p < 0.05), TSS
(F=7.872,p < 0.05), DO (F = 3.095, p < 0.05), TN (F = 11.428,
p < 0.05), and TP (F = 7.617, p < 0.05). Water transparency
(SD) increased moving downstream from the river (with an
average depth of 0.63 £ 0.06 m) to the lake (with an average
depth of 0.88 £ 0.03 m), but was only significantly lower
in the river than in the other sites. Mean DO was much
greater in the lake mouth (8.39 £ 1.20 mg/L) and river mouth
(8.39 £ 0.85 mg/L) than in the river (5.29 £ 0.61 mg/L) and
lake (6.87 £ 0.43 mg/L), and the differences were significant.
The highest and lowest values of TSS, TN, and TP were observed
in the river and lake mouth, respectively, and the differences
were significant. In addition, TN concentrations exceeded the
fourth grade (IV) in the environmental quality standards for
surface water of China (i.e, had water quality sufficiently
bad that it was only suitable for industrial water supply and
recreation in which there is no direct human contact with the
water) at 80.0%, 55.6%, 54.6%, and 53.8% of sampling sites
in the river, river mouth, lake mouth, and lake, respectively.
The average TP ranged from 0.05 mg/L to 0.21 mg/L, and
the concentrations of 88.2%, 75.9%, 66.7%, and 67.3% of
the sampling sites along the river-lake gradient, respectively,
exceeded grade IV.

The values of Cd (F = 9.473, p < 0.05), Cr (F = 4.941,
p < 0.05), Cu (F = 12.539, p < 0.05), Pb (F = 13.205, p < 0.05),
and Zn (F = 29.733, p < 0.05) differed significantly among
the four ecosystem types. The average Cd, Cr, Cu, Pb, and Zn

10.3389/fevo.2022.922539

concentrations were significantly higher in the river and river
mouth than in the lake mouth and lake.

Macrobenthos community structure

Macrobenthos abundance and biomass

We identified a total of 30 macrobenthos taxa across all
sampled areas (Supplementary Table 3): 12 Insecta (40.0%),
11 Gastropoda (36.7%), three Oligochaeta (10%), two Bivalvia
(6.7%), one Crustacea (3.3%), and one Hirudinea (3.3%). The
numbers of species in the different ecosystems were 13, 17,
12, and 25 in the river, river mouth, lake mouth, and lake,
respectively. Among these taxa, only eight species (Limnodrilus
hoffmeisteri, Bellamya aeruginosa, Bellamya purificata, Bithynia
fuchsiana, Bithynia misella, Einfeldia dissidens, Propsilocerus
kamusi, and Orthocladius sp.) appeared in all the four ecosystem
types. Tubifex tubifex was only observed in the river. Seven
species (Cipangopaludina cahayensis, Parafossarulus eximius,
Semisulcospira cancellate, Stenothyra glabra, Unio dongtasiae,
Glyptotendipes tokunagai, Microchironomus tener) were found
only in the lake, but not in the other three study areas.
Glossiphonia sp. and Polypedilum sp. were found only in the
river mouth, and Dicrotendipes nervosus and Hyale changi were
found only in the lake mouth.

Figure 2A shows that the total of the average abundance
of all macrobenthos taxa in the lake (373.91 + 77.79

TABLE 1 Mean and standard error (mean + SE) of the water environmental variables and sediment heavy metals in the four ecosystem types.

Variables Ecosystem types

River River mouth Lake mouth Lake
Water environmental variables
Water depth (H, m) 1.87 +0.22° 2.19 4 0.08* 241+ 021 2.36 = 0.09*
pH 8.13 £ 0.11% 8.32 & 0.04% 8.35 = 0.06* 8.26 = 0.05
Water temperature (Tw, °C) 21.00 + 1.98 24.09 =+ 1.00* 25.10 £ 1.45% 22.69 £ 0.94*
Secchi depth (SD, m) 0.63 = 0.06" 0.77 = 0.04° 0.79 = 0.05% 0.88 £ 0.03
Total suspended solids (TSS, mg/L) 15.13 + 1.80° 6.54 + 0.81° 6.47 +1.23° 7.18 + 1.02°
Dissolved oxygen (DO, mg/L) 5.29 +0.61° 8.39 = 0.85 8.39 = 1.20% 6.87 & 0.43%
Total nitrogen (TN, mg/L) 5.96 + 0.81° 248 £ 0.41° 2.14£0.35" 2.46 £ 0.28"
Total phosphorus (TP, mg/L) 0.21 £ 0.05° 0.08 + 0.02° 0.05 % 0.01° 0.07 £ 0.01°
Ammonium nitrogen (NH4 T, mg/L) 0.82 £+ 0.29* 0.36 £ 0.09* 0.45+0.11* 0.43 + 0.06*
Phosphate (PO4>~, mg/L) 0.07 % 0.02 0.06 + 0.01° 0.04 % 0.01° 0.04 % 0.01°
Chemical oxygen demand (COD, mg/L) 30.63 £ 4.992 20.71 £2.21* 27.15 £ 7.30% 27.50 £ 2.712
Heavy metals in sediments
As (mg/kg) 9.40 = 0.58° 10.16 & 0.54° 9.75 = 0.90% 10.72 4 0.55°
Cd (mg/kg) 1.67 £ 0.13? 1.95 + 0.35 0.68 + 0.13" 0.56 % 0.10°
Cr (mg/kg) 104.76 + 15.36° 82.42 + 4.40° 60.85 = 2.93¢ 73.03 + 4.475¢
Cu (mg/kg) 62.63 £ 2.10° 53.40 + 2.42° 37.19 + 2.60° 38.59 +2.41°
Pb (mg/kg) 50.35 £ 2.12° 47.41 £2.97° 34.25 £ 2.60° 31.83 £ 1.59°
Zn (mg/kg) 311.00 & 14.89* 269.65 £ 20.64* 122.83 + 11.87° 113.95 + 10.68°

Values of a variable labeled with different letters differed significantly (ANOVA followed by least-significant-difference test, p < 0.05).
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(A) Abundance and (B) biomass of macrobenthos communities in the four study areas. Values are mean =+ SE. Values of a variable labeled with
different letters differed significantly (ANOVA followed by least-significant-difference test, p < 0.05).

ind./m?, mean + SE) was significantly greater than that in
the river mouth (142.48 + 28.68 ind./m?) and lake mouth
(110.55 + 35.74 ind./m?), but not significantly different from the
abundance in the river (327.38 % 92.56 ind./m?). Limnodrilus
hoffmeisteri was the most abundant species in the river
(153.85 + 54.91 ind./m?) and river mouth (64.00 + 16.49
ind./m?), whereas Propsilocerus kamusi and Bithynia misella
were the most abundant taxa in the lake mouth (37.82 + 23.26
ind./m?) and lake (155.13 + 44.15 ind./m?), respectively
(Supplementary Table 4). The highest average macrobenthos
biomass occurred in the river (164.64 & 124.78 g/m?), followed
by the lake (132.06 + 38.58 g/m?), with the lowest biomass
in the river mouth (8.41 &+ 5.52 g/mz, Figure 2B); however,
due to high variation, these differences were not significant.
Bellamya aeruginosa was the species with the highest biomass
both in the river and lake mouths (4.98 & 3.89 g/m?
and 23.44 + 16.09 g/m?, respectively), whereas Anodonta
woodiana and Bithynia misella were the species with the
highest biomass in the river (7523 £ 75.23 g/m?) and
lake (58.29 =+ 23.89 g/m?), respectively (Supplementary
Table 5). In addition, Supplementary Figure 1 shows the
temporal changes in the species richness of macrobenthos in
Baiyangdian Lake.

Macrobenthos biological traits

Figure 3 shows the proportions of the macrobenthos
communities in the four study areas. The macrobenthos
functional traits in the river-lake system was mainly
characterized by very small body size (< 10 mm, BSI).
The proportions of short-lived taxa (AL1) were higher than
those of long-lived taxa (AL2) in the river, river mouth, and
the lake, but equal in the lake mouth. The proportions of taxa
with a univoltine life cycle (V2) were much higher than those
of bi- or multivoltine (V3) and semivoltine (V1) taxa, and
the proportion of univoltine taxa increased along the gradient
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from the river to the lake, with proportions of 61.5%, 64.7%,
66.7%, and 68.0%, respectively. More taxa were characterized
as having no mobility (SA1) and weak mobility (SA2) in all
four ecosystem types, but a few taxa with strong mobility
(SA3) occurred in the lake mouth. Higher proportions of
burrowers (H1, > 50%) appeared in the river and river mouth
ecosystems, whereas climbers (H2) dominated the lake mouth.
We found the same proportions (48%) of burrowers (H1) and
climbers (H2) in the lake. Most taxa were scrapers (FH3) and
collector-filterers (FH2) in all four ecosystem types. Among the
25 biological trait categories, we observed no semivoltine taxa
(V1), swimming taxa (H5), and parasitic taxa (FH6) in the four
ecosystem types.

Macrobenthos taxonomic and
functional diversity

Taxonomic diversity

We found significant differences among the four ecosystem
types in the Pielou evenness (F = 4.149, p < 0.05, Figure 4C).
The peak and minimum values of the Pielou evenness were
recorded at the lake mouth (0.99 + 0.01, mean + SE) and
the river mouth (0.67 & 0.07), respectively, and this difference
was significant. The highest values of the Shannon-Wiener
diversity and Simpson diversity both occurred at the lake mouth,
followed by the lake, with the lowest values in the river mouth
(Figures 4A,B); however, these differences were not significant.
The average value of the Margalef richness was higher in the
lake and river than that of in the river mouth and lake mouth
(Figure 4D); however, these differences were not significant.

Functional diversity
FRic differed significantly among the four studied ecosystem
types (F = 10.381, p < 0.05), with significantly higher values
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FIGURE 3
Proportion of the trait values for the macrobenthos communities in the four ecosystem types: (A) River, (B) River mouth, (C) Lake mouth, and
(D) Lake. Trait values are defined in Supplementary Table 1.

in the river (3.13 = 0.54, mean =+ SE) than in the lake mouth
(0.94 £ 0.46) or the lake (0.87 £ 0.17, Figure 5A). FEve in the
lake mouth and river mouth (0.68 and 0.71, respectively) were
slightly greater than those in the river and lake (both about 0.62),
but did not differ significantly among the locations (Figure 5B).
FDiv showed the opposite pattern compared with FEve, and
the differences were not significant (Figure 5C). For RaoQ, the
greatest value (1.15 £ 0.23) was observed in the river, and the
lowest value (0.61 £ 0.18) was in the river mouth (Figure 5D),
but the differences were not significant.

Correlation between taxonomic and functional
diversity indices

Figure 6 shows the significant correlations between each
pair of biodiversity indices for the four ecosystem types. Overall,
the taxonomic diversity indices had stronger correlations with
each other than with the functional diversity indices. There
were significant positive relationships between the Shannon-
Wiener diversity and the other three taxonomic diversity indices
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in the river, river mouth, and lake, whereas Simpson diversity
was significantly positively correlated with the Shannon-Wiener
diversity and Margalef richness in the lake mouth. In addition,
the Simpson diversity was positively correlated with all other
taxonomic diversity indices in the river and lake. Among the
functional diversity indices, RaoQ was significantly positively
correlated with FEve in the river, FDiv was significantly
positively correlated with FRic and RaoQ in the river mouth, and
FRic was significantly negatively correlated with FEve in the lake.
There was no significant relationship between pairs of functional
diversity indices in the lake mouth. RaoQ was significantly
positively correlated with all taxonomic diversity indices in the
river. Pielou evenness and FDiv were significantly negatively and
positively correlated in the river and lake, respectively. Among
the taxonomic diversity indices, Simpson diversity and Pielou
evenness were significantly positively correlated with FEve in
the river but not in the lake, whereas Pielou evenness and
Margalef richness were significantly positively and negatively
correlated (respectively) with FEve in the lake. We found no
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significant correlation between the taxonomic and functional
diversity indices in the river mouth and lake mouth.

Relationships between macrobenthos
traits and environmental variables

show the
relationships between the macrobenthos traits and the

Figure 7 and Supplementary Table 10

environmental variables. Overall, these were significant (Model
2, p < 0.01; Model 4, p < 0.01). The first two axes of the RLQ
multivariate analysis explained 98.9% of the total inertia of the
three tables, with the first and second RLQ axes explaining
93.4% and 5.5% of the total variance, respectively.

The left (negative) part of the first RLQ axis (Figure 7A)
included Oligochaeta species (i.e., Limnodrilus hoffmeisteri,
Branchiura sowerbyi, and Tubifex tubifex), which were
with
gatherers (Figure 7B). These taxa were mostly found

characteristics of large body size and collector-
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in the river (Figure 7D), with higher TN, TP, and Cr
concentrations (Figure 7C). The left (negative) part of the
first RLQ axis also showed that the trait states (e.g., burrower,
no mobility) largely matched the characteristics of the Insecta
species (e.g., Tanypus villipennis, Chironomus plumosus,
Polypedilum sp.), which was related to the increasing heavy
metal concentrations for Pb, Zn, Cu, and Cd, and tended
to emerge in the river mouth. The right (positive) part
of the first RLQ axis indicated trait states (e.g., univoltine
life cycle, climber, weak mobility) were associated with the
physical variables H and SD. The most representative species
were Gastropoda (e.g., Semisulcospira cancellata, Stenothyra
glabra, Gyraulus convexiusculus) and tended to emerge in
the lake. The positive (top) part of the second RLQ axis
showed trait states (e.g., medium body size and long life)
associated with higher concentrations of NH, T, TSS, COD,
and As. These trait states largely matched the characteristics
of the Gastropoda and Bivalvia. Furthermore, the negative
(bottom) part of the second RLQ axis illustrated that Hirudinea
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(Glossiphonia sp.) and Insecta (e.g., Propsilocerus kamusi,
Procladius sp., Dicrotendipes nervosus) with a short life and
a scraper feeding mode were more susceptible to PO3~, Tw,
DO, and pH, and tended to emerge in the river mouth and
lake mouth areas.

The fourth
bivariate associations between a single trait state and a single
environmental factor (p-adjusted < 0.05). Therefore, we further

corner analysis showed no significant

examined the relationships between individual trait states and
the two RLQ environmental axes, as well as those between
individual environmental variables and the two RLQ trait axes
(Supplementary Figure 2). The first RLQ trait axis (AxcQ1) was
significantly positively correlated with two physical variables
(H and SD, p-adjusted < 0.05) and significantly negatively
correlated with TN and TP (p-adjusted < 0.05). In addition, all
heavy metals except As were significantly negatively correlated
with the first RLQ trait axis (p-adjusted < 0.05). We found
no other significant relationships between the two RLQ
environmental axes and individual trait states.
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Partitioning of the influences of
environmental variables on
macrobenthos diversities

Variance partitioning revealed that the water environmental
variables and sediment heavy metals both played important
roles in the macrobenthos taxonomic and functional diversity
in the river-lake system (Supplementary Figure 3). Water
environmental variables accounted for a larger proportion of
the variation than sediment heavy metals for both taxonomic
and functional diversity. The combination of both variable
categories explained the taxonomic diversity well (66.8% of
the variance; Supplementary Figure 3A), which was higher
than the sum for the individual environmental variables
(60.5%). The variability of taxonomic diversity explained
by the interaction between water environmental variables
and sediment heavy metals was 6.2%. For functional
diversity (Supplementary Figure 3B), the sum of the
individual environmental variables (89.0%) explained more
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than the combination of water environmental variables
and sediment heavy metals (77.6%). The variability of
functional diversity explained by the interaction between
water environmental variables and sediment heavy metals
was —11.4%. Remarkably, the amount of the variation
explained by water environmental variables and sediment
heavy metals were both higher for functional diversity than for
taxonomic diversity.

Discussion

Spatial patterns of macrobenthos
taxonomic and functional diversity

Functional diversity measures are increasingly being
incorporated into making better conservation and restoration
decisions for freshwater ecosystems (Cadotte et al, 2011;
Schmera et al, 2017; Coccia et al, 2021). Using several
functional trait indices is likely to provide more insight into
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functional attributes of the ecosystem than relying only on
species-based indices (Gagic et al, 2015; Sotomayor et al,
2021). In the present study, we investigated the spatial patterns
of macrobenthos taxonomic and functional diversity along
the gradient from the Fu River to Baiyangdian Lake. Our
results support our hypothesis that macrobenthos community
characteristics would differ significantly along gradients
in the environmental factors. The average abundance of
all macrobenthos taxa was significantly greater in the lake
than that in the river and lake mouths. Pielou evenness
was significantly higher in the lake mouth than in the
river mouth and lake. Similarly, Poznanska et al. (2010)
found that the higher taxonomic diversity (e.g., Pielou
eveness) but extremely lower abundance of macrobenthos
in a transition zone (i.e., the sandy substrata) compared
with that found at the adjacent reservoir ecosystem.
Functional richness was significantly higher in the river
than in the lake mouth and lake, which can be interpreted
as a sign of functional redundancy in the lake mouth and
lake (Arenas-Sanchez et al., 2021).
functional evenness in the river and lake mouths indicated

In addition, greater
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Results of the RLQ analysis represented by the first and second axes based on data for the four ecosystem types combined: (A) species scores,
(B) trait states, (C) coefficients for the environmental variables, (D) projection of sampling sites. The d value represents the grid size of the graph.
Species codes in panel (A) are defined in Supplementary Table 3; trait codes in panel (B) are defined in Supplementary Table 1

that functional traits were distributed more evenly across
the trait space than that in the river and lake, which was
associated with greater response diversity and resilience
in aquatic ecosystems (Gagic et al, 2015; Schriever et al,
2015; England and Wilkes, 2018). Differences other three
taxonomic diversity indices (i.e., Shannon-Weiner diversity,
Simpson diversity, and Margalef richness) were not significant
among the four ecosystem types. These can be related to
the fact that the collected communities were dominated
by few taxa with high abundances in each ecosystem
type
2021).
We found significant positive correlations among the

(Supplementary Table 4; Arenas-Sanchez et al,

taxonomic diversity indices in our study area, which
was consistent with previous studies (Heino et al, 2007;

Gascén et al, 2009; Tolonen et al, 2017). Moreover,
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there was significant positive relationship between the
Rao’s quadratic entropy and functional evenness in the
river, whereas Raos quadratic entropy was significantly
positively correlated with functional divergence in the
river mouth. In contrast, De Castro-Catala et al. (2020)
indicated that
correlated with functional evenness and functional divergence

Rao’s quadratic entropy was negatively
of macrobenthos in European river basins. In addition,
the relationships between the taxonomic and functional
diversity indices were complex and differed among the four
ecosystem types. In the river, Rao’s quadratic entropy was
significantly positively correlated with the four taxonomic
diversity indices, which corresponded with findings of De
Castro-Catala et al. (2020). Similarly, Feld et al. (2014)
revealed a

strong positive relationship between Rao’s

quadratic entropy and three taxonomic diversity indices
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(Shannon-Weiner diversity, Simpson diversity, and Pielou
evenness) of benthic macroinvertebrates along a gradient
of hydromorphological alteration across 65 lowland river
sites. In the lake, Pielou evenness was significantly positively
correlated with functional divergence and functional evenness.
Similar results have been reported for macroinvertebrate
communities in a large lake undergoing eutrophication,
where Pielou evenness was found to be significantly positively
correlated with functional divergence and functional evenness
(Tolonen et al., 2017).

Some studies on the relationships between taxonomic
and functional diversity indices of freshwater macrobenthos
suggest that even if some taxonomic and functional diversity
indices are correlated, the correlation is not sufficient to
guarantee that they can replace each other (Heino et al,
2008; Cadotte et al., 2011; Gallardo et al., 2011; Feld et al,,
2014). In particular, despite these significant correlations
between macrobenthos taxonomic and functional diversity
indices, this trend is not universally supported. We found
no significant correlation between taxonomic and functional
diversity indices in the river mouth and lake mouth ecosystems.
Some studies on macrobenthos also indicated that functional
diversity fluctuates independently from taxonomic diversity
(Cadotte et al., 2011; Reynaga and Dos Santos, 2013). These
results highlight and support the importance of functional
diversity as complementary to, rather than a replacement for,
taxonomic biodiversity in river-lake ecotones. The different
indices quantify different and unique aspects of biodiversity,
so using complementary and uncorrelated diversity indices
can provide a more thorough understanding of the multiple
facets of biodiversity (Wilsey et al, 2005; Gallardo et al,
2011).

Effects of water environmental
variables and sediment heavy metals
on the macrobenthos community

In the present study, ecotones are transitional areas between
a river (a lotic environment) and a lake (a lentic environment).
In such river-lake systems, ecotones can function as water
purification areas and pollution buffers. Nutrient concentrations
(i.e., TN and TP) in the river mouth and lake mouth were
both lower than those in the adjacent river, and the lake
mouth values were lower than those in the adjacent lake.
The sediment Cr, Cu, Pb, and Zn concentrations in the
river mouth were generally lower than those in the adjacent
river but higher than those in the adjacent lake mouth.
The RLQ and fourth-corner results clarified the relationships
between environmental factors and functional traits in the four
ecosystem types. They not only indicated that the functional
traits of macrobenthos communities can respond to different
environmental variables, but also support previous research,
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in which the functional traits of these communities are not
randomly spatially distributed (Pilo et al., 2016; Kuzmanovic
etal., 2017; Hu et al., 2019).

The
macrobenthos community might be complex and indirect,

effects of water environmental variables on
which might work by the alterations in their water habitat
conditions. Even so we still tried to explore the statistical
relationship between water environmental variables and
macrobenthos the field survey. We
found that physical conditions (H and SD)

correlated with the abundance and traits of many of

community from
strongly

the macrobenthos in Baiyangdian Lake, which confirms
previous studies in this region (Yi et al, 2018; Yang et al,
2020). In addition, the RLQ analysis showed that with
increasing eutrophication as a result of high TN and TP,
a community dominated by macrobenthos with climber,
scraper, and weak mobility functional traits changed to a
community dominated by burrowers, collector-gatherers,
and organisms with no mobility. These results support
the hypothesis that spatial variation of the macrobenthos
community structure can be largely attributed to a gradient
from eutrophic to oligotrophic conditions in a freshwater
ecosystem (Birk et al, 2020; Faghihinia et al., 2021). In
addition, semivoltine and univoltine species were more
common in Baiyangdian Lake than in the ecotones and the
Fu River, which were lotic environments and were constantly
disturbed by hydraulic exchanges. The semivoltine and
univoltine macrobenthos require a longer period with a
stable water environment to reach maturity and reproduce,
whereas bi- or multivoltine species can reach maturity
faster and maintain their populations despite constant
disturbance (Weiher, 2011; Saito et al., 2015; Dolédec et al,,
2021).

Our variance partitioning analysis results revealed that
sediment heavy metals contributed more to the variation of
functional diversity than to the variation of taxonomic diversity,
which suggests that the functional diversity can serve as a good
indicator for monitoring heavy metal pollution. In particular,
the dominant trait modalities (burrower, no swimming ability,
bi- or multivoltine life cycles) may be indicators of the
effects of heavy metal pollution. Our results therefore provide
information on the responses of functional traits to heavy metal
pollution in river-lake ecotones. In addition, adult body size
has been proven to be important in previous studies of the
effects of heavy metal pollution on changes in macrobenthos
functional traits (Gusmao et al., 2016; Odume, 2020; Dong
et al,, 2021). Adult body size is a direct and intuitive trait of
macrobenthos (Edegbene et al, 2020; Odume, 2020) and is
usually associated with environmental gradients. The present
results indicated that a large adult body size (BS4) was
a dominant trait state in areas with high sediment heavy
metal contents (e.g., Cr, Pb, Zn, Cu, and Cd). These results
support the common hypothesis that large adult body size
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is a more prevalent functional trait than small or very small
adult sizes in areas contaminated with heavy metals (Gusmao
et al, 2016; Dong et al,, 2021). This may be because of a
higher content of organic matter with high concentrations
of heavy metals (Zhang et al,, 2014). Areas rich in organic
matter may represent a large food resource and, therefore,
may increase the potential for certain organisms that feed on
organic detritus to grow and attain greater body size, despite
any toxic effects from heavy metals (Ryu et al., 2011; Hu et al,
2019).

Management insights

Eutrophication and heavy metal contamination have
attracted much attention in Baiyangdian Lake (Zhao et al,
20115 Ji et al, 2019a,b). Although ecotones between the Fu
River and Baiyangdian Lake functioned as a water purification
and pollution buffer, the contents of nutrients (i.e., TN and
TP) and heavy metals in the ecotones were still high. In
addition, the macrobenthos abundance and biomass in the
two ecotones were extremely low compared with those in the
adjacent river and lake. A current dredging project aims to
reduce the load of endogenous pollution (heavy metals and
nutrients) in the sediments and thereby improve water quality
in Baiyangdian Lake (Li et al., 2021; Zhou et al., 2021). However,
previous studies of other shallow lakes (Dabkowski et al.,
2016; Meng et al,, 2018, 2020; Zou et al., 2019) showed that
dredging can cause a significant reduction in the macrobenthos
species richness, abundance, biomass, and taxonomic and
functional diversity indices. These negative consequences could
be due to the direct removal of macrobenthos in the sediment
(Meng et al, 2018, 2021; Pilé et al,, 2019) combined with
alterations of physical environmental conditions (e.g., water
depth and turbidity), thereby making the environment less
suitable for these organisms (Robinson et al, 2005; Meng
et al, 2018). We therefore recommend that dredging be
stopped until studies can be conducted to confirm that this
activity will not adversely affect the macrobenthos community
in the long term.

Our results show that macrobenthos taxonomic and
functional diversity responded strongly to water depth,
water transparency, TN, TP, and sediment heavy metals
in the river-lake system. Therefore, we recommend that if
dredging continues, managers define an appropriate dredging
depth to protect the macrobenthos and maintain high
water transparency, thereby mitigating the consequences for
the macrobenthos community composition. Furthermore,
most studies indicated that macrobenthos species richness,
abundance, and taxonomic diversity can eventually recover after
dredging, and may even surpass the pre-dredging levels during
the recovery period (Aldridge, 2000; Dabkowski et al., 2016;
Zawal etal., 2016; Pil6 et al., 2019; Meng et al., 2021). Thus, it will

Frontiers in Ecology and Evolution

46

10.3389/fevo.2022.922539

be necessary to provide a recovery period to promote restoration
of the macrobenthos taxonomic and functional diversity.

Conclusion

In this study, we investigated the spatial patterns of
macrobenthos taxonomic and functional diversity along a river—
lake gradient for a shallow lake in Northern China. We found
that nutrient concentrations (i.e., TN and TP) in the river mouth
and lake mouth were both lower than those in the adjacent
river and lake. Cr, Cu, Pb, and Zn contents in the river mouth
and lake mouth were generally lower than those in the river.
These results indicated that the river-lake ecotones functioned
as a water purification and pollution buffer. The macrobenthos
abundance and biomass in the two ecotones (river mouth and
lake mouth) were both lower than those in the river and lake.
The highest values of three macrobenthos taxonomic diversity
indices (Shannon-Wiener diversity, Simpson diversity, and
Pielou evenness) occurred in the lake mouth, with the lowest
in the river mouth; however, the differences between ecosystem
types were only significant for Pielou evenness. Moreover,
the highest macrobenthos functional evenness occurred in
the lake mouth, whereas the lowest values of functional
divergence and Rao’s quadratic entropy index occurred in the
river mouth. We also found that the first RLQ trait axis was
significantly positively correlated with two physical variables
(H and SD) and significantly negatively correlated with TN
and TP. All heavy metals except for As were significantly
negatively correlated with the first RLQ trait axis. Furthermore,
the proportions of variation explained by the taxonomic and
functional diversity were 66.8% and 77.6%, respectively, which
reflect the combined effects of water environmental variables
and sediment heavy metals. Overall, our results suggest that
studies of macrobenthos functional diversity in ecotones will
complement the information provided by classical taxonomic
diversity indices, and can therefore provide useful data to
support the management of river-lake systems. Because we
combined samples from multiple dates in our analysis, it was
not possible to test whether the environmental values and
macrobenthos community varied over time. Improving our
understanding of these variations will be an important area
of future research. In addition, the macrobenthos are only
one component of biodiversity. In future research, it will be
important to sample other components of biodiversity, such as
the plant and fish communities.
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The frequent occurrence of drought events in recent years has caused
significant changes in plant biodiversity. Understanding vegetation dynamics
and their responses to climate change is of great significance to reveal the
behaviour mechanism of terrestrial ecosystems. In this study, NDVI and SIF were
used to evaluate the dynamic changes of vegetation in the Pearl River Basin
(PRB). The relationship between vegetation and meteorological drought in the
PRB was evaluated from both linear and nonlinear perspectives, and the
difference of vegetation response to meteorological drought in different
land types was revealed. Cross wavelet analysis was used to explore the
teleconnection factors (e.g., large-scale climate patterns and solar activity)
that may affect the relationship between meteorological drought and
vegetation dynamics. The results show that 1) from 2001 to 2019, the
vegetation cover and photosynthetic capacity of the PRB both showed
increasing trends, with changing rates of 0.055/10a and 0.036/10a,
respectively; 2) compared with NDVI, the relationship between SIF and
meteorological drought was closer; 3) the vegetation response time (VRT)
obtained based on NDVI was mainly 4-5 months, which was slightly longer
than that based on SIF (mainly 3—4 months); 4) the VRT of woody vegetation
(mainly 3—4 months) was longer than that of herbaceous vegetation (mainly
4-5 months); and 5) vegetation had significant positive correlations with the El
Nifio Southern Oscillation (ENSO) and sunspots but a significant negative
correlation with the Pacific Decadal Oscillation (PDO). Compared with
sunspots, the ENSO and the PDO were more closely related to the response
relationship between meteorological drought and vegetation. The outcomes of
this study can help reveal the relationship between vegetation dynamics and
climate change under the background of global warming and provide a new
perspective for studying the relationship between drought and vegetation.
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1 Introduction

In the context of global warming, the frequency and intensity
of droughts will increase (Wang et al., 2021). In many parts of an
increasingly globalized world, drought can have devastating
agricultural, environmental, and socio-economic impacts (Shi
H.Y. et al., 2018; Zhou et al., 2020a; Xu et al., 2020). Therefore,
monitoring the impacts of drought on vegetation health will be
increasingly important for agricultural production, ecological
restoration and water resource planning and management.

Drought is very difficult to observe, and the definition of
drought is inconsistent due to different application needs. In
drought be divided types,
i.e., meteorological drought, hydrological drought, agricultural

general, can into four
drought, and socio-economic drought (Zhou et al., 2021a).
Meteorological drought is usually defined as a long-term
shortage of precipitation in an area. Since it is difficult to
monitor the onset and termination of drought, many scholars
have developed drought indices to evaluate drought
characteristics. For example, Shahabfar and Eitzinger (2013)
evaluated the temporal and spatial changes in meteorological
drought in Iran by using six meteorological drought indices.
Rahmat et al. (2015) evaluated meteorological drought

characteristics in Australia by wusing the standardized
precipitation index (SPI) and the reconnaissance drought
index (RDI). Fu et al. (2018) evaluated the spatiotemporal
variation characteristics of meteorological ~drought in
Northeast China by using the SPI. Zhou et al. (2020a) used
the standardized precipitation evapotranspiration index (SPEI)
to evaluate the relationship between meteorological drought
characteristics and maize yield in Northeast China.
Understanding how vegetation responds to drought is a
challenge because the effects of drought on vegetation growth
are not immediate and linear. Normally, the time required for
vegetation to respond to drought is called the vegetation response
time (VRT). Previous studies have shown that there is a lag in the
response between vegetation and drought (Jiao et al., 2019; Zhao
et al,, 2020; Zhong et al,, 2021). In addition, many studies have
demonstrated that there is a nonlinear relationship between
drought and vegetation. For instance, Hu et al. (2021) studied
the nonlinear changes in climate change, vegetation growth and
the coupling between vegetation growth and precipitation during
1982-2015 and showed that the nonlinear response between
vegetation and drought became more obvious with the
aggravation of drought. Xu et al. (2021) found that differences
in vegetation types and their adaptation and vulnerability to
drought led to nonlinear responses of vegetation to drought. Ji
et al. (2021) found that there was an obvious nonlinear response
between the vegetation growing season and drought. Although
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previous studies on drought have shown the effectiveness of
satellite data, they still have inherent limitations in drought
monitoring and assessment. Reflectance-based vegetation
indices, e.g, the normalized difference vegetation index
(NDVI) and the enhanced vegetation index (EVI), have been
widely used in dynamic vegetation monitoring (Zhao et al., 2020;
Zhou et al., 2020b; De Souza et al., 2022; Li et al., 2022; Yang et al.,
2022). When water stress occurs, the spectral characteristics of
the vegetation canopy do not change immediately, so the
response of vegetation to drought is obviously delayed
(Dobrowski et 2005).
fluorescence (SIF) is different from the traditional vegetation

al., Solar-induced  chlorophyll
reflectance index and provides an alternative method for global
vegetation spatial monitoring. SIF is directly related to
photosynthesis of vegetation and may reflect the rapid change
in canopy water stress. Recent studies have successfully extracted
high-precision global time series of SIF from satellite
observations (Li and Xiao, 2019).

The Pearl River Basin (PRB), which is of great significance for
socio-economic development of China, has become the major
source of carbon dioxide emissions in China (Zhang et al., 2015).
As the PRB is located in a humid area, it has a complex vegetation
ecosystem, which is of great significance for local biological
carbon sequestration to partially offset fossil fuel emissions
(Zhou and Zhou, 2021). However, Deng et al. (2018) showed
that both drought frequency and severity increased in the PRB,
which might weaken the absorption of carbon by vegetation.
Therefore, this study evaluated the vegetation changes in the PRB
based on NDVI and SIF and assessed the responses of vegetation
to meteorological drought from both linear and nonlinear
perspectives. The differences in the two indices (NDVI and
SIF) in evaluating the relationship between drought and
vegetation were compared. Moreover, this study analysed the
teleconnection factors that might influence the response
relationship between meteorological drought and vegetation.
The objectives of this study are to 1) evaluate the dynamic
changes in vegetation in the PRB, 2) evaluate the VRT of
different vegetation types from both linear and nonlinear
perspectives, 3) explore the differences between SIF and
NDVI responses to meteorological drought and 4) explore the
factors that may influence the relationship between vegetation
and drought. The outcomes of this study can help reveal the
relationship between vegetation dynamics and climate change
under the background of global warming and provide a new
perspective for studying the relationship between drought and
vegetation. In addition, studying the responses of vegetation to
drought at different time scales can aid in identifying ecosystems
that are vulnerable to meteorological drought, which can provide
a basis for drought mitigation and land planning.
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FIGURE 1

The land cover types of the Pearl River Basin (PRB) in China.

2 Study area and data sources

2.1 Study area

The PRB is located in the tropical and subtropical climate
zone of South China (Figure 1). The PRB is the third largest river
basin in terms of drainage area and the second largest river in
terms of streamflow in China. Water resources in the PRB are
relatively abundant. However, precipitation is unevenly
distributed in both space and time, which is mainly
distributed in the wet season (i.e., from April to September)
and accounts for about 80% of the annual total. Therefore,
drought and flood events occur frequently in the PRB. The
land cover types in the PRB mainly include evergreen
broadleaf forest (EBF), mixed forest (MF), cropland (CP) and

woody savannas (WS) (see Figure 1).

2.2 Data sources

The precipitation data (2001-2019) used to calculate the SPI
are derived from the ERA-5 Land Reanalysis Dataset provided by
the European Center for Medium Range Weather Forecasts
(ECMWEF), with a spatial resolution of 0.1° and a temporal
resolution of 1°month. Several studies have evaluated the
applicability of ERA-5 Land Reanalysis precipitation data in
China. Jiang et al. (2021) compared the ERA-5 reanalysis
precipitation data and the precipitation data of satellites and
observation stations in mainland China. They found that the
spatial patterns of annual precipitation were consistent with the
gauge observations, and ERA-5 reanalysis precipitation data
performs better than other satellites products (e.g., Tropical
Rainfall Measurement Mission and Climate Prediction Center
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Morphing technique bias-corrected product). Xu et al. (2022)
showed that the spatial patterns of annual precipitation of ERA-
5-Land and ERA-5 in mainland China were similar, but their
statistical indicators (e.g., correlation coefficient, root mean
square error, probability of detection, and false alarm ratio) of
ERA-5-Land reanalysis precipitation data were superior to ERA-
5. Xin et al. (2021) explored the applicability of ERA-5-Land
reanalysis data in the Greater Bay Area based on precipitation,
and the results showed that ERA-5-Land reanalysis precipitation
data could better describe the spatial distribution and temporal
variation trend of monthly precipitation. Zhang et al. (2021)
showed that although ERA-5 reanalysis precipitation data
overestimated precipitation, it had high simulation accuracy in
the monitoring of drought and heat wave events in South China.
Zhou et al. (2021a) showed that the meteorological drought
events based on ERA-5-Land reanalysis precipitation data
were basically consistent with the historical observed drought
events, and could well represent the drought events in the PRB.
Therefore, ERA-5-Land reanalysis precipitation data was selected
in this study.

Both the NDVI and land use data were derived from the
Model Resolution Imaging Spectroradiometer (MODIS). The
NDVI product (MOD13C2) has a spatial resolution of 0.05°
and a temporal resolution of 1 month, while the land cover type
product (MCDI12C1) has a spatial resolution of 0.05°. In this
study, the MCDI12C1 product in 2019 was selected to classify
different land use types without considering the land cover
change during the study period. Combining the Orbiting
Carbon Observatory (OCO-2) SIF with machine learning and
other higher resolution data, Li and Xiao (2019) constructed the
global OCO-2 SIF (GOSIF) dataset. For this dataset, the spatial
resolution is 0.05°, and the time resolution is 1 month. To match
data with different spatial resolutions, this study resampled both
the NDVI and SIF to 0.1°. The 0.1° land cover data were derived
from the 0.05° land cover map based on the main land cover types
in the 0.05° pixels in each 0.1° grid cell (Zhou et al.,, 2022).
Moreover, this study analysed the effects of large-scale
circulation patterns and solar activity on vegetation in the
PRB. The monthly El Nifio Southern Oscillation (ENSO) and
the Pacific Decadal Oscillation (PDO) data are provided by the
National Oceanic and Atmospheric Administration. The
monthly sunspot data are provided by the International
Council of Scientific Unions (ICSU) world data system (WDS).

3 Methodology
3.1 Drought indices

In recent decades, an increasing number of drought
indicators have been developed to meet different application
needs. This study chose the SPI to represent meteorological
The SPI is a index

drought. widely used drought
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recommended by the World Meteorological Organization. It is
widely used in drought monitoring and impact assessment (Fu
et al., 2018; Fang et al, 2020; Shi et al., 2022). The main
advantages of SPI include low data requirements, simple
calculation, time and space comparability and multi scalar
characteristics, which can study the impacts of drought at
different time scales (Patel et al., 2007; Fang et al., 2019, 2020;
Zhou et al,, 2021a). The main purpose of this study is to explore
the relationship between meteorological drought and vegetation.
Drought indices at multiple time scales are useful for evaluating
vegetation responses to short-, medium-, and long-term drought.
Therefore, the SPI was chosen to represent meteorological
drought in this study. The SPI series over cumulation periods
varying from 1 to 12°months were calculated to access the
vegetation responses to meteorological drought. For the
specific calculation process, please refer to McKee et al. (1993)
and Fu et al. (2018).

3.2 Trend analysis method

In this study, Mann-Kendall trend analysis method and
Sen’s slope method were used to analyze the changes of
vegetation. These two methods are usually used together to
evaluate the variation characteristics of hydrometeorological
time series (Fu et al., 2018; Zhou et al., 2020a; Zhou et al,,
2021a). Mann-Kendall trend analysis method can be used to
evaluate the change trend and significance of time series, and
Sen’s slope method is usually used to evaluate the change
magnitude of time series. The specific calculation process of
SPI can be found in the studies of Fu et al. (2018).

3.3 Pearson correlation coefficient(PCC)

The PCC has been widely used to test the linear correlation
between two random variables. The use of the PCC requires the
basic assumption that the random variables under investigation
are linearly dependent. In this study, the PCC was used to
calculate the correlation coefficients between meteorological
drought (SPI1-SPI12) and vegetation (NDVI and SIF). The
specific calculation process is shown as follows:

Ry, =corr (NDVI,SPI,),i=1,2,...,12
Rg; = corr (SIF,SPI;),i=1,2, ...,12

(1)
)

where Ry; and Rg; represent the PCC between NDVI/SIF and
SPI, i is the accumulated time from one-month to twelve-month
SPI (SPI1-SPI12). The time scale of meteorological drought (e.g.,
i) corresponding to the maximum PCC (MPCC) was considered
as the VRT.
MPCCN = maX{RN,,‘}, i= 1, 2, ey 12
MPCCS = max {RS,i}) i=1, 2,...,12

3)
(4)
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3.4 Directed information transfer index

The assumption of linear correlation is often challenged in
hydrological systems. Due to the effects of climate change and
human activities, there is not only a linear relationship but also a
nonlinear relationship between vegetation and meteorological
drought (Papagiannopoulou et al., 2017; Hu et al, 2021).
Ignoring the nonlinear relationship between meteorological
drought and vegetation may not obtain the accurate VRT.
The limitations of linear correlation analysis have driven the
Mutual

information is an important method in information theory

development of another dependency measure.
and is commonly used to test the nonlinear relationship
between two sequences (Shi B. et al., 2018; Fang et al., 2020).
The DITT is used to represent the directional information transfer
quantity of a specific information source by information entropy
based on mutual information and is used to characterize the
relationship between the information source and information
function points (Zhou et al., 2021b). In this study, meteorological
drought and vegetation change were taken as the information
source and the information function point, respectively. The
accumulation period of the SPI corresponding to the maximum
value of the DITI is taken as the VRT from a nonlinear
perspective.

For two time series X and Y, their domain of definition is S.
The information entropy of X and Y can be defined as follows:

H(X) = =) fx(x)log fx (x) )
H(Y) =-) fr(y)log fy(y) (6)
i=1

where fx(x) and fy(y) are the marginal distributions of X and Y,
respectively.
Mutual information (MI) can be defined as follows:
fxy (% y)
I1(X;Y) = J J v (3 y)log—=22 2 gxd
Jxr () 8 0 fr () Y
where fyy (x, y) is the joint distribution of X and Y.
the DITI from
information function point Y can be defined as follows:

I(X;Y)
H(Y)

%

Therefore, information source X to

DITI(X;Y) =

®)

3.5 Cross wavelet transform

XWT is an effective tool to study the correlation between two
correlation time series. It combines wavelet transform and cross
spectrum analysis, which can show the correlation between two
time series in the time domain (Han et al,, 2019; Zhou et al.,
2021a). In this study, XWT is used to analyse the relationship
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FIGURE 2
The changing characteristics of meteorological drought (SPI1-SPI12) in the PRB.
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FIGURE 3

Spatial distributions of annual mean (A) NDVI and (B) SIF and trend in (C) NDVI and (D) SIF in the PRB from 2001 to 2019.
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between vegetation and drought. Moreover, XWT is also used to
explore the relationship between large-scale climatic patterns
(ENSO and PDO) and solar activity (sunspot) and vegetation.
For two time series x(t) and y(t), the cross wavelet power
spectrum can be defined as follows:

Wxy (a> T) =Cx (a’ T)C;’ (a> T) (9)

where Cx (a, 1) is the wavelet transform coefficient of x(t) and
Cy (a,7) is the complex conjugate of the wavelet transform
coefficient of y(f). The codes are available at https://noc.ac.uk/

using-science/crosswaveletwavelet-coherence.

4 Results

4.1 Spatiotemporal variations in
meteorological drought and vegetation

Figure 2 shows the variation characteristics of meteorological
drought at different time scales. Known from Figure 2, severe
drought events occurred in 2004, 2007, 2009, and 2011. Drought
statistics of the Pearl River Water Resources Commission
(https://www.pearlwater.gov.cn/xxcx/szygg) showed that, in
2003, 2004, 2007, 2009, and 2010, severe drought events
occurred in the PRB, and our research results are basically
consistent with them.

Figures 3A,B shows the spatial distributions of the annual
mean NDVI and SIF in the PRB from 2001 to 2019. The spatial

distribution  characteristics of  vegetation cover and
photosynthetic capacity in the PRB were similar, with low
spatial ~ characteristics in the west and high spatial

characteristics in the east. The western PRB has a higher
elevation and is dominated by karst topography. Compared
with the central and eastern plain regions, the vegetation
coverage and photosynthetic capacity were lower. In
particular, compared with the vegetation coverage and
photosynthetic capacity in the western PRB, the vegetation
coverage and photosynthetic capacity in the Guangdong-Hong
Kong-Macao Greater Bay Area were lower, which may be due to
the rapid economic development, rapid urbanization and human
activities affecting the change in vegetation. Figures 3C,D shows
the spatial distributions of the trend of NDVT and SIF in the PRB
from 2001 to 2019 after performing a 95% significance test.
Known from Figure 3A that the change trend of NDVT in the
middle of the PRB was relatively large, and only 4.6% of the
regions do not exceed the significance test. In the regions
exceeding the significance test, the NDVI of 99.87% of the
PRB showed an increasing trend, and that of 0.13% of the
PRB

minimum

showed a decreasing trend. The maximum and
15.9%10 /yr ~4.8107%/yr,
respectively. For the trend of SIF, only 2.2% of the regions do

trends were and

not exceed the significance test. In the regions exceeding the
significance test, the SIF of 99.85% of the PRB showed an
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FIGURE 4

Trends in annual vegetation cover and photosynthetic
capacity in the PRB from 2001 to 2019.

increasing trend, and that of 0.15% of the PRB showed a
decreasing trend. The maximum and minimum trends were
8.6%107%/yr and —2.7%107*/yr, respectively.

Figure 4 shows the trends of annual vegetation cover and
photosynthetic capacity in the PRB from 2001 to 2019. As shown
in Figure 4, the NDVI showed a slow increasing trend from
2001 to 2019, with a change rate of 0.055/10a. The maximum
NDVI value (0.69) appeared in 2017, the minimum NDVT value
(0.60) appeared in 2004, and the annual average value of NDVI
was 0.64. The SIF also showed a slow increasing trend from
2001 to 2019, with a change rate of 0.036/10a. The maximum SIF
value (0.26) appeared in 2017, the minimum SIF value (0.19)
appeared in 2004, and the annual average value of SIF was 0.22.
In general, the vegetation cover and photosynthetic capacity of
the PRB showed an increasing trend from 2001 to 2019.

It is worth noting that both NDVI and SIF have shown
increasing trends since 2011. Due to the severe drought events in
2009 and 2011, the annual precipitation was less than 1,200 mm,
so the continuous recovery of precipitation since 2011 led to the
rapid growth of vegetation. However, the increase of NDVI was
much larger than that of SIF, which might be caused by the
seasonal characteristics of NDVI and SIF. Solar radiation has
obvious seasonal characteristics, increasing in spring and
summer and decreasing in autumn and winter. SIF represents
the photosynthetic capacity of vegetation, and thus, is closely
related to solar radiation (Ma et al., 2020) and also has similar
seasonal characteristics (Liu et al.,, 2019; Wu et al., 2021). The
study of Jeong et al. (2017) showed that the phenological time
determined based on NDVI was longer than that based on SIF,
and the change of vegetation greenness may be decoupled from
seasonality. Xie et al. (2016) showed that the air temperature in
the PRB showed an increasing trend. The increase of temperature
in winter and spring will lead to an earlier onset of greenness,
while the increase of temperature in autumn will delay the
decrease of greenness (Jeong et al., 2011). This may result in a
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FIGURE 5

Spatial distributions of the MPCC (A) and the DITI (B) and corresponding VRT (C,D) are based on the NDVI.

high level of vegetation greenness variation in the inter-annual
variation. Therefore, the increase of NDVI was greater than that
of SIF.

4.2 Spatial distribution of the
meteorological drought-vegetation
correlation

To explore the response of vegetation dynamic changes to
meteorological drought, the PCC and the DITI were used to
determine the response relationship and VRT from linear and
nonlinear perspectives, respectively. The values of the PCC and
the DITI between the NDVTI or SIF and the SPI at different scales
were calculated. The time scale corresponding to the maximum
SPI-NDVT and SPI-SIF relationship characteristics was defined
as the VRT. Figure 5 shows the spatial distribution of the MPCC
and DITT and the corresponding VRT based on the NDVIL.

As shown in Figure 5A, there was a close relationship
between meteorological drought and the NDVI in the PRB,
with the MPCC ranging from 0.41 to 0.94 and passing the
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significance test at 95%. The MPCC was larger in the western
PRB. The spatial distribution characteristics of VRT were similar
from the linear perspective (Figure 5C). The VRT was larger in
the middle of the PRB and decreased from the middle of the PRB
to other directions. The VRT based on the NDVI from linear
perspectives ranged from 2 to 8 months, and the VRT in most
(93.2%) areas ranged from 4 to 6 months, accounting for 36.5%
(4 months), 40.4% (5 months) 16.3% (6 months),
respectively. As shown in Figure 5B, there was also a close

and

nonlinear relationship between meteorological drought and
the NDVI in the PRB, with the DITI ranging from 0.83-0.90.
Figure 5D shows that the VRT determined from nonlinear
perspectives was relatively discrete, among which the VRT at
1 month accounted for the largest proportion (17.17%).

Figure 6 shows the spatial distribution of the MPCC and the
DITI and the corresponding VRT based on SIF. Compared with
the NDVI, there was a closer relationship between meteorological
drought and SIF, with the MPCC ranging from 0.41 to 0.94 and
passing the significance test at 95%. The MPCC was also larger in
the western PRB (Figure 6A). The VRT based on SIF from linear
perspectives (ranging from 2 to 6 months) was shorter than that
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Spatial distributions of the MPCC (A) and the DITI (B) and corresponding VRT (C,D) are based on SIF.

based on the NDVI, and the VRT in most areas (89.4%) ranged
from 2 to 4months (Figure 6C), accounting for 15.3%
(2 months), 42% (3 months) 32.1% (4 months),
respectively. As shown in Figure 6B, there was also a close

and

nonlinear relationship between meteorological drought and
SIF in the PRB, with the DITI ranging from 0.82-0.90.
Figure 6D shows that the VRT determined from nonlinear
perspectives was also relatively discrete, among which the
VRT at 1 month accounted for the largest proportion (16.57%).

4.3 Spatial distribution of the final
vegetation response time

The SPI-SRI correlation quantified above represents the
dependence of runoff anomalies on precipitation anomalies.
Two candidate VRT can be obtained from linear and
the VRT more
reasonably, the water deficit of meteorological drought

nonlinear perspectives. To determine

corresponding to the linear and nonlinear VRT of each grid
was calculated. In general, a precipitation deficit is an important
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factor that causes vegetation dynamic changes (Khosravi et al.,
2017; Fang et al, 2019; Wu et al,, 2019). Therefore, this study
takes the accumulation period corresponding to meteorological
drought with a greater deficit as the VRT of this grid. Figure 7
shows the spatial distributions of the final VRT based on the
NDVI and SIF. As shown in Figure 7, the VRT based on the
NDVT in most areas ranged from 4 to 5 months, accounting for
36.41% (4 months) and 39.95% (5 months), respectively. The
VRT based on SIF in most areas ranged from 3 to 4 months,
accounting for 36.58% (3 months) and 30.75% (4 months),
respectively.

To reveal the link between vegetation and meteorological
drought, XWT was used to analyse the relationship between
meteorological drought and vegetation. According to the results
of subsection 4.2, the VRT with the largest proportion of grids
(5 months for the NDVI and 3 months for SIF) was selected to
analyse the relationship between meteorological drought and
vegetation (Figure 8). The darker and lighter colours indicate
higher and lower energy densities, respectively. The solid black
line represents the wavelet influence cone, and the area within the
cone line represents more than 95% in the significance test. The
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Spatial distributions of the final VRT based on (A) the NDVI and (B) SIF.
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The cross wavelet transforms between meteorological and vegetation factors in the PRB: (A) NDVI and SPI5; (B) SIF and SPI3.

direction of the arrow represents the phase change in the two
variables. The arrow to the right indicates that the two variables
show a positive correlation, and the arrow to the left indicates
that the two variables show a negative correlation. The arrow
pointing up indicates that the change in variable 1 lags variable 2,
and the arrow pointing down indicates that the change in
variable 1 leads variable 2 (Chang et al, 2017). Figure 8A
shows that the SPI5 and the NDVI had an obvious positive
phase relationship in the 8-16 months resonance period from
2001 to 2019. Similarly, Figure 8B shows that SPI3 and SIF had an
obvious positive phase relationship during 8-16 months of the
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resonance period from 2001 to 2019. In general, there was a
stable
vegetation in the PRB. In addition, the phase angle is almost
0°, the arrow direction points horizontally to the right, the two

relationship between meteorological drought and

variables are in the same phase, and there is no lag phenomenon;
thus, the VRT determined in this study is reasonable.

To further study the response of vegetation dynamic changes
to meteorological drought, the VRT corresponding to different
vegetation types was counted. For the VRT-NDVI, the VRT of
different vegetation types decreased from MF (525 =+
1.21 months), EBF (5.11 #* 0.76 months), WS (4.51 =+
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The XWT between monthly NDVI series (A—C)/SIF series (D—F) and large-scale climate patterns and solar activity in the PRB.

0.75 months), and CP (4.47 + 0.95 months). For VRT-SIF, the
VRT of different vegetation types decreased from MF (4.13 +
1.42 months), EBF (4.05 + 1.07 months), WS (3.44 +
1.13 months), and CP (3.58 + 1.18 months). Xu et al. (2020)
showed that herbaceous plants had a shorter response time to
drought than woody plants, and our results were consistent with
those results. In general, SIF was more responsive to
meteorological ~drought than the NDVI In practical
applications, according to the different responses of SIF and
the NDVI to meteorological drought, SIF is more suitable for
early drought monitoring and vegetation management, while the
NDVT is more suitable for regional long-term disaster prevention
and vegetation management.

4.4 The influences of teleconnection
factors on the response relationship

The XWT was used to investigate the impacts of large-scale
climate patterns and solar activity on vegetation. Figures 8A-C
shows the influences of the ENSO, PDO and sunspots on the NDVT,
and Figures 8D-F shows the influences of the ENSO, PDO and
sunspots on SIF. As shown in Figure 9A, there was a significant
positive correlation between the NDVI and ENSO in the period of
8-16 months during the whole study period. During 2001-2007 and
2008-2017, there was a significant negative correlation between the
NDVI and PDO in the period of 8-16 months (Figure 9B). There
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was a significant positive correlation between the NDVI and
sunspots in the period of 8-16 months during 2001-2005 and
2010-2014 (Figure 9C). The influences of the ENSO, PDO and
sunspots on SIF were similar to those of the NDVI. SIF had a
significant positive correlation with the ENSO and sunspots and a
significant negative correlation with the PDO.

According to the VRT determined by the NDVI and SIF in
subsection 4.3, the VRT with the largest proportion of grids
(5months for the NDVI and 3 months for SIF) was selected.
Figure 10 shows the XWT between the monthly SPI5 (a-c)/
SPI3 series (d-f) and large-scale climate patterns and solar activity
in the PRB. As shown in Figure 10, meteorological drought had a
significant positive correlation with the ENSO and sunspots and a
significant negative correlation with the PDO. Therefore, large-scale
climate patterns and solar activity can affect vegetation growth in the
PRB by influencing meteorological drought. In addition, the ENSO
and PDO were more closely related to meteorological drought and
vegetation growth in the PRB.

5 Discussion

5.1 Possible reason for the difference in
the response relationship

From subsections 4.2, it is found that the linear relationship
was larger in the western part of the PRB and smaller in the eastern
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part of the PRB; on the contrary, the nonlinear relationship was
smaller in the western part of the PRB and larger in the eastern part
of the PRB. Some studies have proved that the spatial distribution
characteristics of linear relationship between meteorological
drought and vegetation are mainly related to land cover types.
Zhou et al. (2022) showed that the response relationship between
meteorological drought and vegetation was larger on WS and CP
than on EBF and MF. Xu et al. (2020) showed that herbaceous
plants responded faster to drought than woody plants. Known
from Figure 1, WS and CP are the main land use types in the
western part of the PRB, so the MPCC was relatively larger in the
western part of the PRB. The EBF and MF have complex vertical
structures (mainly in the eastern part of the PRB), and EBF and MF
have deeper roots and stronger water storage capacity (Wang et al.,
2014; Tania and Irma, 2020; Kilic, 2021), so the nonlinear
relationship was relatively larger in the eastern part of the PRB.
In addition, some studies have proved that climate change (such as
changes in precipitation and temperature) and human activities
(such as irrigation) are also important factors affecting the
relationship between meteorological drought and vegetation
2005; 2016;
Papagiannopoulou et al,, 2017; Ding et al., 2021), which can be

response (Fang et al, Hennekam et al,
further explored in future studies.

From subsections 4.2, and 4.3, the VRT's that were determined
based on the NDVI and SIF were different, and the VRT
determined based on SIF was shorter than that based on the

NDVI, which might be caused by the different monitoring
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principles of the NDVI and SIF. The NDVI and SIF monitor
vegetation based on the reflectance of vegetation leaves to radiation
and the intensity of vegetation photosynthesis, respectively.
Drought can affect vegetation photosynthesis and leaf area (Xie
etal., 2020). When a short-term drought occurs, the NDVI can still
maintain a high level, while SIF is directly related to vegetation
photosynthesis and can reflect the rapid change in canopy water
stress (Wang et al., 2016). When a long-term drought occurs, the
water deficit makes the stomata of vegetation leaves close, leading
to water loss and contraction of vegetation leaves. The
photosynthetic capacity of leaves is also weakened, which leads
to the contraction of leaves due to water shortage. Leaf atrophy of
vegetation will lead to a decrease in the vertical projection area of
vegetation, so the NDVI will also decrease (Gitelson et al., 2021).
Therefore, different VRTs may reflect the physiological
performance of leaves during a drought event, and the change
in photosynthetic capacity occurs earlier than the change in leaf
area, so the VRT based on the NDVT is larger than that based on
SIF. In practical applications, according to the different responses
of SIF and the NDVI to meteorological drought, SIF is more
suitable for early drought monitoring and vegetation management,
while the NDVT is more suitable for regional long-term disaster
prevention and vegetation management.

As shown in subsection 4.3, there were differences in the
VRT among the different vegetation types. In general, when a
drought event occurs, vegetation can absorb water from the soil
to help it grow. The reason why the VRT of woody vegetation was
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longer than that of herbaceous vegetation might be due to the
higher drought tolerance of woody vegetation. The ability of trees
to resist drought comes from their deep root and xylem systems
for water storage and long life (McDowell et al., 2008). The roots
and stems of woody vegetation can utilize more soil water
content (Xu et al, 2020). Due to the complex vertical
structure, the performance of MFs in water and soil
conservation was better than that of pure forests (Kilic, 2021),
and their drought resistance may be stronger. Therefore, the VRT
in the MF was greater than that in the evergreen broad-leaved
forest.

5.2 Possible physical mechanisms for the
correlation between vegetation and
teleconnection factors

ENSO was closely correlated with precipitation, temperature,
and meteorological drought in the PRB (Huang et al., 2017; Li et al.,
2019). In general, large-scale climatic patterns influence vegetation
growth by influencing water vapour and heat conditions. The ENSO
can influence vegetation growth by redistributing water vapour and
heat (Yeh et al., 2014). The PDO is also an important factor affecting
drought in the PRB, and different types of droughts in the PRB are
closely related to large-scale climate patterns (Han et al, 2019). The
phase change in the PDO (cold and warm) was closely related to
regional temperature and precipitation changes and significantly
affected the interannual and seasonal changes in vegetation growth
by controlling the regional climate (Zhang et al., 2017).

Vegetation cannot grow without the Sun, and the activity of
sunspots has periodic characteristics and will change the solar
radiation intensity (Balasubramaniam and Henry, 2016). Solar
radiation also provides necessary energy for evapotranspiration,
and the change in evapotranspiration intensity can affect
precipitation by influencing the content of water vapour in
the atmosphere and then indirectly affecting the growth of
vegetation (Dong et al., 2017). Zhou et al. (2013) showed that
solar energy can influence regional climate (such as precipitation
and temperature) and then affect vegetation growth by
influencing circulation movement.

In general, ENSO and PDO affect vegetation dynamics by
influencing regional climate characteristics. The process of solar
activity affecting vegetation dynamics is indirect. Solar activity first
affects circulation, then affects regional climate characteristics, and
finally affects vegetation. The process is more indirect, which may
be the reason why the ENSO and PDO are more closely related to
drought and vegetation in the PRB.

5.3 Limitations and extensions

In general, different definitions of drought will lead to
different drought characteristics. Previous studies have shown
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that when calculating the drought index, if more variables are
considered, such as temperature, evaporation and soil moisture,
the trend in drought will change (Sohrabi et al., 2015; Liu et al.,
2021). In this study, the SPI, with multiple time scales and easy
calculation, was selected to represent meteorological drought. In
future studies, meteorological drought indices with multiple
factors could be selected to evaluate the relationship between
meteorological drought and vegetation. The effect of drought on
vegetation is a complex process. This paper only studied the
response between meteorological drought and vegetation.
Agricultural drought is closely related to soil moisture, and
hydrological ~drought is closely related to watershed
hydrological conditions and may also affect the dynamic
change in vegetation. Previous studies have shown that
vegetation growth is closely related to soil water content and
runoff (Peel, 2009; Zhang et al., 2016). Therefore, future studies
on the relationship between drought and vegetation should fully
consider the impact of different types of droughts on vegetation.
Notably, the feedback between different types of droughts and
vegetation would be an interesting study. Causal analysis has
been applied in environmental science in recent years. Wei et al.
(2022) used the Granger causality test to analyse the feedback
relationship between vegetation and soil moisture on the Loess
Plateau. Shi et al. (2022) used convergent cross mapping to study
the causal relationship between meteorological drought and
hydrological drought. Wang et al. (2018) used convergent
cross mapping to study the feedback relationship between
precipitation and soil moisture. Therefore, future studies on
the feedback relationship between vegetation and drought
based on causal analysis can be carried out. In addition, due
to the impacts of climate change and human activities, more
people have begun to pay attention to the nonlinear impacts
caused by climate change. This study introduces the DITI in
theory to study the
meteorological drought and vegetation. Some studies have

information relationship  between
explored the effects of drought on vegetation using machine
learning methods (Ribeiro et al, 2019; Lees et al, 2022).
However, these methods are used to explore the relationship
between drought and vegetation from the perspective of
statistical algorithms. The impacts of drought on vegetation
can be further explored based on plant physical models in the
future.

6 Conclusion

In this study, the relationship between meteorological
drought and the dynamics of vegetation was evaluated from
both linear and nonlinear perspectives in the PRB, and the
differences between the VRT based on the NDVI and SIF
were compared. Moreover, the influences of teleconnection
factors on the response relationship were analysed. The results
can aid in understanding the mechanism of vegetation dynamic
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response to meteorological drought and provide a good reference
for regional drought prevention. The main conclusions are

summarized as follows:

(1) The spatial distribution characteristics of vegetation cover
and photosynthetic capacity in the PRB were similar, with
low spatial characteristics in the west and high spatial
characteristics in the east. The vegetation cover and
photosynthetic capacity in the PRB showed an increasing
trend from 2001 to 2019.

Compared with the NDVI, SIF was more closely related to
meteorological drought. The VRT based on the NDVI was
typically 4-5 months, accounting for 36.41% (4 months) and
39.95% (5 months), respectively. The VRT based on the
NDVI was typically 3-4 months, accounting for 36.58%
(3 months) and 30.75% (4 months), respectively. The VRT
on woody vegetation was longer than that on herbaceous

(@)

vegetation.
(3) Large-scale climatic patterns and solar activity can affect
vegetation growth by influencing meteorological drought in
the PRB. Compared with sunspots, the ENSO and PDO were
more closely related to the response relationship between

meteorological drought and vegetation in the PRB.
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How to formulate scientific and effective water-saving policies is of great
significance for the sustainable water consumption. As a country with the
largest water consumption in the world, China has been committed to
formulating scientific and effective water-saving policies. However, due to
geospatial variations of water consumption in different regions, how to
formulate targeted and efficient water-saving policies which suit for different
local characteristics has always been a key issue to be solved. In a quest to
understand the water consumption patterns, this study first adopted a dual
evaluation index system combining Gini coefficient and Global Moran'’s Index to
classify different types of water consumption. Taking 110 cities in the Yangtze
River Economic Belt as research objects, the water consumption of 110 cities
was divided into nine types. According to each type, a targeted water-saving
policy is given. This study provides important theoretical support for the
efficient management of water resources in the Yangtze River Economic
Belt, and provides reference for water resources management in other
regions at the same time.

KEYWORDS

water consumption, Yangtze River Economic Belt, Global Moran I, Gini coefficient,
water resources management

Introduction
Research background

China is a country with severe drought and water shortage. China’s per capita water
resources is only one quarter of the world average. It has been listed by the United Nations
as one of the 13 countries with the most water stress. However, China is also a country
with the largest water consumption in the world, accounting for about 13% of the world’s
annual consumption (UN-water, 2018). China’s water resources situation is severe,
therefore effective water resources management is of great significance to China’s
sustainable development.

In response to the current problems of over-exploitation of water resources, China
strictly controls the excessive growth of total water consumption. To address the current
problems of over-exploitation of water resources, China proposed to limit its total water
consumption to 700 billion cubic meters by 2030 (CPGPRC (The Central People’s
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Government of the People’s Republic of China), 2010). The
situation of water resource consumption reduction is severe. It
is important to carry out refined management of water resources
and formulate appropriate policies to efficiently and effectively
reduce water consumption.

The Yangtze River Economic Belt is one of China’s most
developed regions with an area of about 2.05 million square
kilometers. Its population and GDP are more than 40% of the
total (EPMC (Environmental Protection Ministry of China),
2017). Working out effective policies to reduce water
consumption in the Yangtze River Economic Belt is critical to
China achieving its stated goal of controlling total water
consumption to 700 billion cubic meters per year by 2030. In
addition, the Yangtze River Economic Belt is an important water-
out area in China’s South-to-North Water Diversion Project. The
research on the patterns of water resource consumption in the
Yangtze River Economic Belt is conducive to the formulation and
implementation of more effective water-saving policies in this
region, which is of great significance for ensuring China’s water
security and improving the spatial equilibrium of water resource
in China.

Literature review and research gap

In academia, water resources management has always been a
research hotspot, and has received widespread attention from
scholars worldwide (Bian et al., 2022a). According to the existing
literature, research on water resources management mainly
focuses on the following four aspects: 1) water resources
development and protection, 2) optimal allocation of water
resources, 3) watershed non-point source pollution control,
and 4) water carrying capacity. Comparatively, there is
relatively little research on water consumption. This is because
research on water consumption requires a large amount of data
on a small scale, which is often difficult to obtain. However,
research on water consumption is very important and can
provide important support for the development of more
targeted water resources management policies.

When it comes to water consumption, there is a large degree
of confusion between these concepts: water consumption, water
use, water withdrawal and water demand. One has to be careful
when using these concepts (Bian et al., 2022b). The contents of
these concepts are slightly different. Water use refers to the actual
amount of water resources used at a certain period of time or in a
region or for a specific production activity. Water withdrawal
generally refers to the amount of water extracted from a water
source within a certain period of time or in an area for a specific
production activity. Water demand refers to the amount of water
resources required for a specific time or in a region for a specific
production activity (Gleick, 2003).

Water consumption has two separated meanings: 1) The
relatively narrow understanding, which refers to the amount of
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water resources that evaporate and infiltrate in an irreparable
loss. 2) The widely understood concept of water consumption
which refers to the actual water usage at a certain period of time
for a specific production activity. The concept of water
consumption used in this study refers to the later one.

In order to find out the factors that affect water consumption,
some researches in recent years have focused on the driving
factors of water consumption. Jaramillo and Destouni (2015)
studied the relationship between the extensive use of dam
construction and irrigation facilities and the consumption of
water resources based on the hydrological and climatic
observations of 100 large hydrological basins around the
world. Compared with the years from 1901 to 1954, the per
capita consumption of fresh water resources increased
significantly from 1955 to 2008. Long et al. (2019) used the
logarithmic mean Divisia index to decompose the driving factors
of water consumption in China’s provinces from 2000 to 2015.
The results are as follows: 1) In the agricultural field,
technological progress and population mobility are the main
reasons for the decline in water consumption. 2) In the industrial
sector, advances in industrial technology have contributed to the
decline in water consumption. 3) In the residential sector,
technological advances in household appliances have
contributed to the decline in water consumption. At the same
time, per capita income is a major factor that affects water
Studies that
consumption is strongly related to the level of economic
development (Fercovic et al., 2019). Sauri (2019) has studied

the driving factors of the significant decline in water

consumption. have also shown water

consumption in some major Spanish cities between 2003 and
2016. The study believes that the driving factors that caused the
decline in water consumption are multifaceted. The study also
discussed the different degrees of economic, technological, and
behavioral aspects driving the decline in water consumption.

Another research area of water consumption is water use
efficiency. For example, Hu et al. (2006) applied data
envelopment analysis to study the efficiency of water
resources use in China from 1997 to 2002, taking the
provincial level as the research scale. They found that water
efficiency in central areas of China is the worst. In central China,
more efficient production processes and advanced technologies
are needed to improve water efficiency. Deng et al. (2016)
evaluated water efficiency of 31 provinces in China from
2004 to 2013 by using slack based measure-data development
analysis. Wang et al. (2015) studied the relationship between the
water efficiency of China’s regional industrial systems and the
emission reduction costs of related pollutants based on the
relaxation variable method.

Other studies have focused on two parts. On one hand, water
consumption research is concentrated in some special industries,
such as water consumption in aquaculture (Lebel et al., 2019),
rice planting (Silalertruksa et al., 2017), and power generation
(Chang et al, 2015). On the other hand, water consumption
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research focuses on water consumption and other related fields,
such as virtual water (Zhang et al., 2019), water use efficiency
(Freire-Gonzalez, 2019), sewage treatment (Risch et al., 2014),
water footprints (Hoekstra and Chapagain, 2006; Boulay et al.,
2018), spatial imbalance (Cole et al., 2018), and other studies.
However, research on water consumption is very limited.
The only few studies on water consumption focused on
households and studied the water consumption in various
parts of the household (such as showers, toilets, washing
machines, and garden irrigation). Keshavarzi et al. (2006)
collected water consumption from 653 households in
33 villages from 1999 to 2004 through a questionnaire
survey. They found that household water consumption was
significantly related to the number of households and the age
of the head of household. The study also found that in rural
households, water consumption is related to the area of the
garden and the greenhouse, and the frequency of watering.
Jethoo and Poonia (2011) used a questionnaire method to
the
consumption and household income in Jaipur City, India.

investigate relationship between household water
The study found that these two aspects are highly correlated.
Willis et al. (2013) used a combination of both actual
monitoring and questionnaires to study the different
performances of water consumption in households located
in different socioeconomic states and those with different
number of users of facilities such as the kitchen, toilet,
washing machine, shower etc., and gave out a number of
water conservation recommendations.

Even though, research on water consumption is very
limited, based on the analysis of the existing literature
above, we find that research on water consumption has
attracted more attention in recent years. Furthermore,
research on water consumption is mostly focused on the
study of driving factors, water efficiency, water consumption
in some special industries, water consumption and other
research in related fields, and very little research on the
patterns of water consumption. From the view of research
scale and data acquisition methods, the research on water
consumption driving factors and water efficiency are mainly
concentrated on the provincial scale or industry scale. The
data is generally obtained through national statistical
yearbooks, while for research on water consumption
patterns concentrated on the household scale, the data is
obtained by questionnaires or combined with actual
monitoring.

However, research on water consumption at the
provincial and industry scales is generally difficult to
formulate water resources management policies for
different regions due to the large research scale. The
research on water consumption on a household scale does
not take into account other aspects such as agricultural water
use, industrial water use, and eco-environment water use. It

also has no reference value when formulating water
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management policies for different regions. Therefore,
because studying the consumption of water resources at
the city scale takes into account all the water consumption
channels in the city, it can provide a reliable basis for
effective water resources management, help to formulate
targeted policies, and be more targeted, thus can reduce
water consumption.

Because the characteristics of water consumption in
different cities vary, it is very necessary to figure out the
key differences in water consumption in different cities and
clarify the water consumption patterns, so that more
effective localized policies can be formulated and
implemented. When studying water consumption patterns
in different cities, it is necessary to take the differences in
water consumption in different areas of the city into account,
in order to formulate water resources management policies
for the main water consumption areas. And in order to
formulate water resources management policies with
different regional characteristic, it is also necessary to take
full account of the spatial distribution characteristics of
regional water consumption. In other words, both the
quantitative and spatial differences in water consumption

in different areas of the city should be fully considered.

The main work and innovations

This study evaluates the water consumption patterns of
110 cities in the Yangtze River Economic Belt and compares
the difference in the amount of water resources as well as the
spatial variations in water use within the cities. We used Gini
coefficient to characterize the amount of water resources in
different areas of the city and Global Moran’s I (index) to
characterize the regional differences in water consumption in
different regions of the city. Based on the calculation results of
Gini coefficient and Global Moran’s I, the water consumption
patterns of 110 cities in the Yangtze River Economic Belt are
divided. For different types, more specific water resource
which  will

minimizing  water

management recommendations are given,

provide important support for
consumption in the Yangtze River Economic Belt. At the
same time, this study can provide reference for water

resources management and control in other regions.

Materials and methods
Study area

The research area in this study is the Yangtze River
Economic Belt. The Yangtze River Economic Belt is one of

the most developed regions in China. It is a strategic water
source for China’s water resources allocation, an important
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strategic base for clean energy, and a natural treasure house of
rare aquatic life (EPMC (Environmental Protection Ministry
of China), 2017). It has a very important strategic position in
environmental protection. The Yangtze River Economic Belt
covers 11 provincial-level administrative regions including
Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Hunan,
Chongging, Sichuan, Yunnan and Guizhou, including the
Yangtze River Delta wurban agglomeration, urban
agglomeration in the middle reaches of the Yangtze River,
and the Chengdu-Chongqing urban agglomeration. The
eastern region of the Yangtze River Economic Belt includes
Shanghai, Jiangsu, and Zhejiang. It is the core component of
the Yangtze River Delta and the most economically developed
region in the Yangtze River Economic Belt. The central region
includes Hubei, Hunan, Jiangxi, and Anhui. The region has
abundant natural resources and convenient transportation.
The central region has obvious advantages in grain
production, strong industrial foundation, and good
conditions for accelerating economic and  social
development. Western region includes Chongqing, Sichuan,
Yunnan, Guizhou, and is rich in hydropower, minerals, and
biological resource. The Yangtze River Economic Belt plays an
extremely important role in China’s economic and social
development and ecological environment protection.

The Yangtze River Economic Belt covers 11 provincial-level
administrative regions including 130 prefecture level cities.
Considering the accuracy of Global Moran’s I, a city needs to
have at least 4 second-tier cities. In this study, we chose 110 of

10.3389/feart.2022.969991

130 cities in the Yangtze River Economic Belt as research objects
as presented in Table 1.

Data collection

Data on water resources planning and management
normally comes from Statistical Yearbooks or Water
Resources Bulletins. However, the data in the Statistical
Yearbook and Water Resources Bulletin is on city scale, but
in order to formulate more targeted and localized policies,
smaller level, like sub-cities level data has been required. But
this data is usually not available in Statistical Yearbooks and
Water Resources Bulletins. Data in the study is the water
consumption data of all sub-cities of the 110 cities in the
Yangtze River Economic Belt in 2015. This data has been
obtained by an investigation among the water resources
planning and management department of the local
government of these 110 cities. After we obtained the water
consumption data of all the sub-cities of the 110 cities in the
Yangtze River Economic Belt in 2015, we obtained water
consumption data of the 110 cities at the same time. And
then, a comparison between water consumption data of the
110 cities in 2015 that we obtained and water consumption
data of these 110 cities that in the Water Resources Bulletin
have been carried out. If they are not equal, we reinvestigated.
The amount of water collected included agricultural water,
industrial water, domestic water, and ecological water.

TABLE 1 110 selected cities and 20 unselected cities in the Yangtze River Economic Belt.

Provinces Cities selected
Zhejiang Hangzhou, Huzhou, Jiaxing, Jinhua, Lishui, Ningbo, Quzhou, Shaoxing, Taizhou (Z), Wenzhou
(10/11)

Jiangxi (8/11)
Hubei (10/16)

Guizhou (9/9)

Fuzhou, Ganzhou, Ji’an, Jiujiang, Nanchang, Pingxiang, Shangrao, Yichun

Enshi, Huanggang, Jingmen, Jingzhou, Shiyan, Wuhan, Xianning, Xiangyang, Xiaogan, Yichang

Unselected cities
Zhoushan
Jingdezhen, Xinyu, Yingtan

Huangshi, Suizhou, Xiantao, Qianjiang, Tianmen,
Shennongjia

Anshun, Bijie, Guiyang, Liupanshui, Qiandongnan, Qiannan, Qianxinan, Tongren, Zunyi —

Sichuan (18/21)  Abazhou, Bazhong, Chengdu, Dazhou, Deyang, Garze, Guang’an, Guangyuan, Leshan, Liangshan, ~ Zigong, Suining, Panzhihua
Luzhou, Meishan, Mianyang, Nanchong, Neijiang, Ya’an, Yibin, Ziyang

Shanghai (1/1)  Shanghai
Chonggqing Chonggqing
(1/1)

Yunnan (14/16)  Baoshan, Chuxiong, Dali, Dehong, Honghe, Kunming, Lijiang, Lincang, Nujiang, Puer, Qujing,

Wenshan, Yuxi, Zhaotong
Jiangsu (13/13)
Xuzhou, Yancheng, Yangzhou, Zhenjiang
Anhui (13/17)
Suzhou (A), Xuancheng

Hunan (13/14)
Yongxing, Yueyang, Changsha, Zhuzhou

Changde, Chenzhou, Hengyang, Huaihua, Loudi, Shaoyang, Xiangtan, Xiangxizhou, Yiyang,

Diging, Xishuangbanna

Changzhou, Huaian, Lianyungang, Nnanjing, Nantong, Suzhou (J), Taizhou (J), Wuxi, Suqian, —

Anging, Bengbu, Chizhou, Chuzhou, Fuyang, Bozhou, Hefei, Huangshan, Lu’an, Maanshan, Wuhu, ~ Huaibei, Huainan, Tongling, Chaohu

Zhangjiajie

1) Shanghai and Chongqing are municipalities directly under the Central Government. 2) In the brackets of the first column, there are two numbers. The first number is the number of cities

selected from this province and the latter number is the total number of cities in this province.
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FIGURE 1
Classification method for water consumption patterns.

Patterns classification of water
consumption by adopting two statistics

In order to achieve better management of water resources,
the common way is to evaluate water carrying capacity or water
efficiency. The core of water resources carrying capacity
evaluation is to find the population or economic scale of the
largest amount of water that can be carried by the water resources
in a certain area. The core of water efficiency is to find the way to
obtain the maximum output with the least water resources input.
When evaluate water resources carrying capacity, both the
consumption and the supply of water resources have been
taken into consideration comprehensively. While assess water
efficiency, the relationship between the consumption of water
resources and the output (generally economic benefits) has been
comprehensively considered.

Both water carry capacity and water efficiency provide a
solid foundation and theoretical basis for water resources
The
carrying capacity is to pay attention to whether the overall
state of the city exceeds the threshold that the regional water

management. research focus on water resources
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resources can bear. Although the unevenness of the spatial
distribution of water resources has been considered by water
carrying capacity evaluation, the quantitative dimensions
have not been researched. Water efficiency focuses on the
relationship between water consumption and the output

(generally refers to economic benefits). It takes the
quantitative unevenness of water consumption into account
without considering the spatial imbalance of water

consumption. Neither water carrying capacity nor water
efficiency has taken full account of water consumption
patterns. However, water consumption patterns in different
regions are not the same. Only by fully researching water
consumption patterns in different regions, can more effective
comprehensive water resources management and control
strategies be formulated.

Therefore, we adopt the method proposed by Liu et al.
(2019) when studying the carbon dioxide emission patterns.
Two indicators have been selected in their research. The two
indicators are Gini coefficient and Global Moran’s 1. Gini
coefficient is used to represent the unevenness in quantity;
Global Moran’s I is used to represent the special unevenness.
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FIGURE 2

Water consumption of sub-cities in the Yangtze River Economic Belt (2015). Unit: 10,000 cubic meters.

Based on these two indicators, it is possible to study the water
consumption patterns of 110 cities in the Yangtze River
Economic Belt. By classifying different urban water
consumption patterns, targeted measures are given for each

category.
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Gini coefficient

Gini coefficient is a term of economics, which refers to a
common indicator used internationally to measure the
income gap of residents in a country or region. The
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Consumption of water resources at the city scale in the Yangtze River Economic Belt (2015) Unit: 10,000 cubic meters.
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maximum Gini coefficient is “1” and the minimum is equal to
“0”. In economics: the closer Gini coefficient is to 0, the more
equal the wealth distribution is; when Gini coefficient is larger,
the gap between the rich and the poor is larger. Gini coefficient
has been introduced in other research fields, such as carbon
dioxide emissions, water resources and other fields, to study
the quantitative distribution characteristics. The larger Gini
coefficient, the more uneven the distribution, and vice versa.
We also use water consumption of sub-cities to fit the Lorentz
curve, assuming that the area enclosed by the Lorentz curve
and the two axes is Sg. And assuming that the area enclosed by
diagonal and the two axes is S5 , p. Since the range of the
coordinate axis is 0-1, the area of S, , g is 0.5. Gini coefficient

10.3389/feart.2022.969991

is defined as (Sa 1 —Sp)/Sa - . In this study, it is assumed that
the Lorentz curve satisfies LC = aPP. Then, regression analysis
is performed through water consumption data to obtain the
values of a and . Suppose the values of a and { are x and y,
respectively. Then, Sp can be calculated by the following
formula:

1

S, = rdp = > 1
B Jmp P= 1
0
Gini coefficient can then be expressed as:
4B = 2
Gini coefficient = Sars =S —1- = 2)
S A+B y+ 1
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FIGURE 4
Gini coefficient of 110 cities (2015).
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Gini
consumption in each city is calculated by a python program.

From the formula above, coefficient of water
In general, the larger Gini coefficient, the more polarized the
quantity of water consumption.

Global Moran's |

Global Moran’s I is an index that reflects spatial
autocorrelation, and it has been widely used. Global Moran’s I
is a maximum of “1” and a minimum of “~1”. If Global Moran’s I
is greater than 0, indicating a positive spatial correlation. The
larger the value is, the more obvious the spatial correlation. When
Global Moran’s I is less than 0, it indicates a negative spatial
correlation. And the smaller the value is, the greater the spatial
difference is. If Global Moran’s I is equal to 0, it means that the
spatial distribution of data is random. Global Moran’s I has been
calculated by spatial autocorrelation analysis in the ArcGis
software toolbox.

The method for classification

In order to classify water consumption patterns of
110 cities in the Yangtze River Economic Belt, both Gini
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coefficient and Global Moran’s I of the water consumption
of 110 cities in the Yangtze River Economic Belt have been
calculated, by adopting Natural Breaks, Gini coefficient and
Global Moran’s I has been divided into 3°. Then, based on a
two-dimensional Cartesian coordinate system, we have
obtained nine types of water consumption patterns (see
Figure 1). Natural Breaks is a grading and classification
method the of
numerical statistics. It can maximize the difference between

according to statistical ~ distribution
classes. It is worth noting that among these 9 types, there is

none that is better than the others.

Results and discussion

Water consumption of 110 cities in the
Yangtze River Economic Belt in 2015

Figure 2 shows the location of the three major urban
agglomerations of the Yangtze River Economic Belt and the
water consumption of the 877 sub-cities in the Yangtze River
Economic Belt in 2015. It can be seen that water consumption
is related to the distribution of urban agglomerations.

Figure 3 shows the water consumption of 110 cities in the
Yangtze River Economic Belt in 2015.
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Global Moran’s | of 110 cities (2015).

The quantitative pattern of water

consumption

The calculation results of Gini coefficients of 110 cities in the
Yangtze River Economic Belt are shown in Figure 4. On the
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whole, Gini coefficients of 110 cities are almost all less than 0.5.
From this result, we can draw two conclusions. Firstly, because
Gini coefficient varies from 0 to 1, and Gini coefficients of
110 cities are almost in the range of 0-0.5, indicating that
Gini coefficients of water consumption in 110 cities are not
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much different. Secondly, it can be seen that the water
consumption of each region in each of the 110 cities does not
vary greatly in quantity, and there is no one area or several areas
that consume the entire city plays a decisive role, so we cannot
reduce the overall water consumption of the city by controlling
the water consumption of certain areas in the city.

Although Gini coefficients of the 110 cities are not much
different, Gini coefficients of water consumption in different
cities still have the following differences. For example, Gini
coefficient of water consumption in Liangshan is the largest,
slightly exceeding 0.5, and is 0.5082, indicating that the water
consumption in various areas within the city of Liangshan
has the largest difference in quantity. In 110 cities, with the
Gini
consumption in other cities are all less than 0.5. The top

exception of Liangshan, coefficient of water
10 cities with the highest Gini coefficients are Liangshan,
Leshan, Zhenjiang, Nujiang, Wuhan, Xiangyang, Yichun,
and Chizhou. the

Shanghai and Chongqing, Gini coefficients of water

Shanghai, For two municipalities
consumption are 0.4545 and 0.3420 respectively. Gini
coefficients of water consumption of 13 cities in Hunan
Province are almost in the range of 0.1-0.3.

From the perspective of the spatial distribution of water
consumption in 110 cities, the regions with severely polarized

water consumption in 110 cities in the Yangtze River Economic
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Belt are concentrated in the east and west of the Yangtze River
Economic Belt, as shown in Figure 5. The highly polarized areas are
almost all concentrated within the three major urban agglomerations
of the Yangtze River Economic Belt (the locations of the three major
urban agglomerations in the Yangtze River Economic Belt are shown
in Figure 2). Such distribution characteristics may be one of the effects
of the implementation of the Yangtze River Economic Belt strategy by
the Chinese central government in 2014. In addition, it can be seen
from Figure 5 and Figure 2 that the polarization phenomenon and
water consumption have a great correlation with the location of the
three major urban agglomerations in the Yangtze River Economic
Belt. In 2018, General Secretary of China Xi Jinping pointed out, “the
Yangtze River has a unique ecosystem and is an important ecological
treasure trove of our country. For a long period of time now and in the
future, we must put the restoration of the Yangtze River ecological
environment in an overwhelming position.” This shows the Chinese
government’s determination to improve the restoration of the
ecological environment of the Yangtze River.

The spatial pattern of water consumption
Judging from the results of Global Moran’s I on the water

consumption of 110 cities in the Yangtze River Economic Belt,
Global Moran’s I is between 0-1 and 0-1. The city with the
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largest Global Moran’s I is Yichang, it is 0.6443; the second is
Ji’an, it is 0.6205; and the third is Lishui, it is 0.6028. There are
44 cities with a positive Global Moran’s I. The larger Global
Moran’s I indicates that the city’s water consumption is
agglomerated the city’s water consumption. In other words, as
the spatial distribution of the location is gathered, the correlation
of water consumption is more significant. There are 66 cities with
negative Global Moran’s I, the smallest are Dazhou, Dehong,
Jingmen, and their Global Moran’s I
-0.969401, —0.96612, —0.91164, which are all close
to —1.0, indicating that the water consumption situation

are

shows a discrete phenomenon meaning as the spatial
distribution location is discrete, the correlation of water
consumption becomes significant. Because Global Moran’s I of
110 cities in the Yangtze River Economic Belt is distributed in the
range of 0-1 and 0-1, we can draw the conclusion that the water
consumption of these 110 cities in terms of water consumption
spatial autocorrelation is different, but this different trend of
spatial autocorrelation is temporarily uncertain (Figure 6). To
determine this trend, one needs to obtain water consumption
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data on the sub-cities scale of these 110 cities over a long period
of time.

The spatial distribution of Global Moran’s I of water
consumption in 110 cities in the Yangtze River Economic
Belt is shown in Figure 7. As can be seen from Figure 7, the
regions with high, medium, and low global Moran indices are
scattered. The areas with high Global Moran’s I and low areas
are distributed in the east, middle and west of the Yangtze
River Economic Belt, while the areas with medium Global
Moran’s I are mainly distributed in the central and western
regions of the Yangtze River Economic Belt. The distribution
of Global Moran’s I is not significantly related to the
distribution of the three major urban agglomerations in the
Yangtze River Economic Belt.

City type and policy implications

Based on the classification method given in Part 2, we
divided Gini coefficient and Global Moran’s I of the 110 cities
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TABLE 2 City types and corresponding policy recommendations.

10.3389/feart.2022.969991

Type Cities Policy recommendations
1 Zhenjiang, Nujiang, Xianning, Shanghai, Wubhan, Chizhou, Wuhu, Wenzhou, Guiyang, Meishan, To develop water-saving policies for large water users in all
Ningbo regions
I Liangshan, Yichun, Nantong, Nanjing To develop water-saving policies for large water users in some
regions
I Leshan, Lu’an, Mianyang, Shanxing, Xuancheng To develop water-saving policies for major water users in several
key locations
v Dazhou, Suzhou(J), Mananshan, Wuxi, Yangzhou, Yongxing, Jiujiang, Yiyang, Xiaogan, To develop water-saving policies for key water users in all regions
Kunming, Taizhou(Z), Zhuzhou, Huaian, Yueyang, Chenzhou, Guangyuan, Jinhua, Huangshan,
Jingzhou, Qianxinan, Qiandongnan, Huanggang, Changsha, Chuxiong, Puer, Nanchang,
Quzhou, Chengdu, Chengde
A% Taizhou(J), Anshun, Chongging, Zhaotong, Fuzhou, Hengyang, Honghe, Luzhou, Anqing, To develop water-saving policies for major water users in some
Ganzhou, Changzhou, Yibin regions
VI Shangrao, Yichang, Xiangtan, Dali, Hangzhou, Garze, Ya’an, Zunyi, Lishui, Ji’an To develop water-saving policies for key water users in several
key locations
VII Dehong, Guang’an, Ziyang, Suqian, Enshi, Huzhou, Xianning, Suzhou(A), Jingmen, Loudi, Hefei, ~To develop water-saving policies for all water users in all regions
Neijiang, Lianyungang, Deyang, Wenshan, Chuzhou, Jiaxing, Bengbu, Lijiang, Bazhong
VIIT Tongren, Fuyang, Nanchong, Qujing, Abazhou, Yuxi, Qiannan, Yancheng, Bozhou, Xiangxizhou, ~To develop water-saving policies for all water users in some
Pingxiang, Liupanshui, Bijie, Huaihua, Shaoyang regions
IX Baoshan, Xuzhou, Shiyan, Lincang To develop water-saving policies for all water users in several key

in the Yangtze River Economic Belt into three levels by
adopting Natural Breaks. Then, in the two-dimensional
Cartesian coordinate system composed of Gini coefficient
and Global Moran’s I, water consumption patterns of
110 cities in the Yangtze River Economic Belt are divided
into nine types, and the classification results are shown in
Figure 8. In the image below, each rectangle represents one
type. Each pie shape in Figure 8 represents a city, and the
colors of the different pie shapes represent the provinces to
which the city belongs. The names of the provinces
corresponding to each color are shown in Figure 8.

As can be seen from Figure 8, each type contains at least one
city. Cities tend to be located in the middle of the rectangular
coordinate system. The distribution of 110 cities in the Yangtze
River Economic Belt in nine types is shown in Table 2. 11 cities
belong to type I, four cities belong to type II, five cities belong to
type III, and there are 29 cities belong to type IV. Twelve cities
belong to type V, 10 cities belong to type VI, 20 cities belong to
type VII, 15 cities belong to type VIII, and four cities belonging to
type IX.

It is important to note that when formulating effective policies to
reduce water consumption according to different types of
consumption patterns, the following principles need to be followed:

1) When Gini coefficient of the city’s water consumption is high, it
indicates that the polarization of water consumption in the city is
more obvious. In order to effectively reduce water consumption,
effective water saving policies needs to be formulated for large
water users.
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locations

2) When Gini coefficient of the city’s water consumption is low, it
indicates that the polarization of water consumption in the city is
not obvious. To effectively reduce water consumption, it is
necessary to formulate effective water saving policies for all
water users.

3) When the city’s water consumption is in a medium Gini
coefficient, it indicates that the polarization of water

in the «city is between

In order to effectively

consumption obvious and

inconspicuous. reduce water
consumption, develop effective water-saving policies for major
water users (broader users than large water users).

4) When Global Moran’s I of the city’s water consumption is at a
high level, it indicates that the city’s water consumption has a
significant autocorrelation in space meaning, with the
accumulation of spatial distribution locations of the water
consumption, the correlation becomes more significant.
Therefore, in order to effectively reduce the consumption of
water resources, effective water conservation policies should be
formulated in several key positions as a priority.

5) When Global Moran’s I of the city’s water consumption is low, it
indicates that the city’s water consumption is in a discrete form
in space, that is, as the spatial distribution location is discrete, the
correlation of water consumption is more significant. In order to
effectively reduce the consumption of water resources, priority
should be given to effective water conservation policies in some
regions.

6) When Global Moran’s I of the city’s water consumption is in a
medium state, it indicates that the city’s water consumption is
randomly distributed in space. Therefore, in order to effectively

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.969991

Sun and Li

reduce water consumption, it should be formulated in all regions.
This is targeted water-saving policy.

Based on the principles above, we provide policies that can
effectively reduce water consumption for nine different urban water
consumption modes, as shown in Table 2. For example, in the cities
of type I, water consumption is the most polarized in terms of
quantity and the spatial autocorrelation is the worst. Therefore, in
order to reduce water consumption to the greatest extent, it is
necessary to formulate water conservation for large water users in all
regions. When a city is located in type II, water consumption is
highly polarized in quantity, and the spatial autocorrelation is in a
medium state. It is necessary to formulate water-saving policies for
large water users in some areas.

From the perspective of the provinces, the cities of Hunan
Province are mainly distributed in Type IV, indicating that the
polarization of water consumption in various cities in Hunan
Province is at a medium level. Cities need to prioritize water
conservation policies for key water users in all regions. However,
the distribution of cities in other provinces in the two-dimensional
rectangular coordinate system does not show obvious distribution
rules.

Conclusion

Water consumption patterns of different regions are not the
same. Only by fully researching water consumption patterns in
different regions can more effective comprehensive water resources
management and control strategies be formulated. According to the
characteristics of different regions, it is necessary to formulate
different and more effective water—saving policies.

Consequently, this study introduced Gini coefficient and Global
Moran’s I, and divided each index into three levels by adopting
Natural Breaks. In this way, all cities in the two-dimensional Cartesian
coordinate system composed of Gini coefficient and Global Moran’s I.
The water consumption patterns can be divided into nine types. On
the one hand, from the perspective of Gini coefficient: cities with high
Gini coefficients indicate that there is a significant polarization in the
amount of water consumed. Therefore, by effectively managing large
water users, it is possible to achieve overall reductions in water
consumption. For cities with lower Gini coefficients, it means that
the water consumption in those cities is less quantitative in quantity,
because in order to effectively reduce water consumption, it is
necessary to formulate water conservation policies for all water
users. On the other hand, from the perspective of Global Moran’s
I: cities with a high Global Moran’s I indicate that there is a clear
spatial autocorrelation phenomenon in water consumption, and
therefore effective water conservation policies need to be
formulated in several key locations and for cities where Global
Moran’s T is low, it shows that the city’s water consumption is
spatially discrete. In order to effectively reduce water consumption,
priority should be given to effective water conservation policies in
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some areas. This study uses the above methods to divide the water
consumption patterns of 110 cities in the Yangtze River Economic
Belt into nine types in 2015. Based on the above principles, targeted
water conservation is given to cities that belong to each type of water
consumption pattern.

At the same time, through the visualization of nine types of water
consumption patterns of 110 cities in the Yangtze River Economic
Belt, it was found that 110 cities belonged to the largest number of
types IV, VII, and VIIL A large number of cities are located in the
lower left corner of the two-dimensional Cartesian coordinate system,
indicating that these cities belong to a state where the polarization
phenomenon is not obvious and the spatial distribution is discrete. For
this type of city, it is necessary to formulate sections for all water users
in all regions.

This study provides important technical and theoretical support
for effectively reducing water consumption in cities in the Yangtze
River Economic Belt. At the same time, this research can provide
reference significance for the formulation of policies on water
consumption in other regions or cities. It is hoped that the
methods used in this research can be widely applied in future
research.
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Water Resources Carrying Capacity is an important indicator of water
sustainable and economic development, yet few studies investigated a
bibliometric analysis of Water Resources Carrying Capacity research. In this
research, we proposed a four-staged bibliometric analysis method for Water
Resources Carrying Capacity studies following the René Descartes'’s Discourse
on the Method guidelines which makes the bibliometric analysis process more
systematic. Our four-staged bibliometric analysis method contains a refined
screening process of the records, which can successfully delete poorly
correlated data from tens of thousands of data within a short period of time
and determined the subject-related data. The screening results shortlisted
271 records from an initial 16,769. We further conducted a complete
bibliometric, statistical and meta-analysis of the 271 records. The results
showed that China is the major country that conducts research on Water
Resources Carrying Capacity. Modeling in various forms and system
dynamics are the mainstream methods of Water Resources Carrying
Capacity research. Water Resources Carrying Capacity is intrinsically linked
to population carrying capacity, groundwater resources, urbanization and water
shortage. Based on a comprehensive analysis of the research of Water
Resources Carrying Capacity, we divided the research progress into five
stages lastly. The method proposed in this research can provide reference
for future bibliometric studies.

KEYWORDS

water resources carrying capacity, screening method, bibliometric analysis, water
carrying state, VOSviewer
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1 Introduction
1.1 Research backgound

Water resources are an important part of the natural
environment and guarantee the development of the human
society and economy. However, the distribution of water
resources in space and time is often uneven. Rapidly
developing and densely populated areas need more water
resources but due to their uneven distribution, water resources
in some areas cannot satisfy the local human population and
economic demand for water (Yu et al., 2017). In this regard, it is
important to pay attention to the relationship between the supply
and consumption of water resources to be able to balance
interaction between the two. Studying the relationship
between water supply and consumption, that is, focusing on
the water resources carrying capacity, is of great significance for
the sustainable use of water resources within a certain region.
Concern on sustainable use of water resources has increased due
to the unprecedented growth and expansion of global economies
within the last 3 decades that has placed an insatiable demand on
water resources (Wu et al., 2020; Bian et al., 2022a). Hence, it
important to comprehensively study Water Resources Carrying
Capacity (WRCC) to be able to achieve an efficient water related
sustainable management.

1.2 Literature review and research gap

The concept of carrying capacity began in the study of
physics and refers to the maximum load that an object can
bear before any irreversible deformation occurs (Dhondt, 1988).
Carrying capacity was however introduced from biology where it
was applied in the study of wild animals (Young, 1998; Malthus,
1798). In 1921, Park and Burgess (Park and Burgess, 1921) re-
invented the idea to calculate the maximum population that can
be carried by a specific area from an ecological perspective based
on the supply of objects and the state of natural and social
resources in a specific period. From hence, carrying capacity has
been applied in the field of ecology (Mcnaughton and Wolf, 1970;
Kessler, 1994).

From early 1970, population and economic expansion, which
sustained for 30 years, created a contradiction between social
development and environmental sustainability and this triggered
a worldwide exploration of the issue of Resources and
Environmental Carrying Capacity (RECC). Afterwards, other
concepts such as Land Carrying Capacity (Shi et al, 2013),
Environmental Carrying Capacity (Li et al, 2019), and
Resource Carrying Capacity (Wang et al, 2020) emerged,
peaking research on carrying capacity.

In 1985, the United Nations Educational, Scientific and
Cultural Organization (UNESCO) (UNESCO&FAO, 1985)
proposed the definition of Resources Carrying Capacity.
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Onwards, from then, carrying capacity has become one of the
main contents of the concept of sustainable development (Bolis
et al.,, 2017). In 1995, Arrow, the Nobel laureate in economics,
and other well-known economists and ecologists (Arrow et al.,
1995) published an article “Economic Growth, Carrying Capacity
and Environment” in “Science”, which greatly improved the
sustainable development and cataloged carrying capacity
research in the scientific community.

WRCC is an extension of the concept of carrying capacity in
the field of water resources, and belongs to a research aspect of
Resources Carrying Capacity. WRCC research mainly originated
in China. Though studied in other parts of the world at the time,
scholars elsewhere regarded WRCC as part of the contents of
sustainable development research and described it with terms
such as available water and limits of river development
(Falkemark and Lundqvist, 1998; Jonathan, 1999; Rijisberman
and Frans, 2000; Gleick and Palaniappan, 2010; Zhu et al., 2010).
An official scientific study of WRCC began in the late 1980’s
when the Xinjiang Water Resources Research Group met to
discuss WRCC (XWRSSRG (Xinjiang Water Resources Soft
Science Research Group), 1989). In 1990s, the concept of
WRCC  was forward by Shi
Academician of the Chinese Academy of Sciences (Shi and
Qu, 1992). WRCC is about the relationship between the

<

clearly put Yafeng, an

carrying “subjects” and the ‘objects’ in the “water resources-
ecological environment-social economy” system, and whether
the load generated by the objects exceeds the supporting capacity
of the subjects.

After nearly 30 years of exploration and development, a large
number of scientific research results have been discovered in the
research of WRCC which has increasingly become a hot issue in
regional water resources management. Early researches on
WRCC mostly focused on cities (Yue et al,, 2015; Dai et al,
2019; Yang et al., 2019), provinces (Huang et al., 2014; Yang and
Ding, 2018; Deng et al., 2019; Zhu et al., 2019) and river basins
(Yangetal,, 2010; Wu et al., 2018a; Meng et al., 2018; Wang et al.,
2018; Kang et al, 2019). With the continuous deepening of
research on WRCC, especially in recent years, its research
objects have also changed. More and more researches have
begun to focus on the study of WRCC of some typical regions
including arid and semi-arid areas (Wang et al., 2010; Xie et al.,
2014; Li and Zhang, 2016; Qi et al, 2016; Xiao et al.,, 2017),
urbanized regions (Gao, 2017), lake basins (Lei et al.,, 2013),
water-deficient regions (Wang et al., 2014), karst regions (Bo
et al,, 2016; Yang et al., 20165 Li et al., 2018), mining areas (Chi
et al., 2019), industrial park (Kang and Xu, 2012), islands (Cao
et al.,, 2014; Kuspili¢ et al.,, 2018) and wetlands (Wang et al.,
2017). While other studies have shown interest in WRCC
research for certain specific periods, for example, some studies
concentrate on WRCC of arid rangelands during the droughts
(Accatino et al., 2017).

Calculation methods of WRCC have evolved over the study
period. New methods including back propagation model (Yang
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and Han, 2011), matter element analysis (Gao et al., 2013), grey
clustering (Gao and Sun, 2018), state-space method (Tang et al.,
2016), support vector machines (Zhang et al., 2008), analytic
hierarchy process (Zhang et al., 2014; Chi et al., 2019), set pair
analysis (Fu et al, 2008; Liu et al, 2018), multi-objective
programming model (Wang and Zeng, 2013), metabolic
theory (Ren et al,, 2016), ecological footprint (Zhang and Li,
2012; Wangetal,, 2017; Li et al., 2018; Dai et al., 2019; Yang et al.,
2019), system dynamic model (Wang et al., 2014; Yang et al,,
2015; Song, 2016; Fang, 2018; Sun and Yang, 2019), catastrophe
theory (Chen et al., 2010; Song et al., 2020), cloud model (Cheng
et al,, 2018) and neural network (Lu et al., 2009; Wang, 2015)
have been discovered. Some methods are a combination of two or
three, such as, neural network and projection pursuit (Zhao,
2012); inexact fuzzy and multi-objective programming model
(Wang and Zeng, 2013); analytic hierarchy process and fuzzy
discrimination method (Chi et al., 2019); set pair analysis and
entropy weight method (Cui et al., 2018); maximum entropy and
entropy weight (Li et al., 2019); fuzzy set pair analysis model (Liu
et al,, 2018); combination weights and entropy principles (Zhou
et al,, 2017) and grey neural network model (Zheng et al., 2016).

The development and expansion of WRCC also witnessed
the evolution of another concept of WRCC known as Water
Resources Carrying State (WRCS) (Jiao and Liang, 2006; Ye et al.,
2018). WRCC and WRCS are similar but differ slightly. Although
the research on WRCC and WRCS both focus on the supply and
demand of water resources within a certain area, WRCC tends to
pay more attention on the larger economy and population that
water resources in a certain area can support, making WRCC a
threshold concept, while WRCS focuses on the balance between
water supply and demand in a region.

1.3 The main work and innovations

Although the research on WRCC has increasingly become a
hot topic in regional water resources management, bibliometric
analysis of literature on it are still very limited (Zhang and Wang,
20125 Jin et al., 2019). Bibliometric analysis of the research on
WRCC can clarify the development context and knowledge base,
understand the development process, clarify the research
progress, define research trends
reference of WRCC studies.

To do a philosophical and scientific review of literature, we
adopted René Descartes’s (1596. 3. 31-1650. 2. 11) method of
philosophical thinking expressed in his book, “Discourse on the
Method of Rightly Conducting One’s Reason and of Seeking Truth
in the Sciences” (Discourse on the Method, in French: Discours de

and provide scientific

la méthode pour bien conduire sa raison, et chercher la vérité dans
les sciences) (80). Based on his philosophical concept, René
Descartes proposed a four-staged method of researching a
problem which he categorized into the following: 1) The
doubt stage, 2) The partition of problem stage, 3) Sequencing
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and 4) The
(Wikiquote

of thoughts
comprehensive

and problem-solving stage,

inspection and review stage
contributors, 2020b). These four stages have important
guiding significance for both scientific research and social
practice, and thus have been widely researched and used in
other studies, however, to our knowledge, no study has yet
applied this thinking in bibliometric analysis. The basis of
theoretical analysis is lacking in most bibliometric studies.
While

researchers often have to deal with thousands of records,

conducting studies on bibliometric analysis,
some, not closely related with the topic under study. Some
researchers perform manual screening of records directly (Tao
et al., 2020), which consumes large quantities of time. And some
of the studies even lack the process of screening (Huang et al.,
2020; Mallawaarachchi et al., 2020; Secinaro et al., 2020), which
will lead to less credibility of the results. Since finding out the
subject-related records can be very time consuming, an efficient
method that can quickly and precisely sort-out topic-related
records within a short period of time is necessary.
Consequently, we proposed a refined literature screening
process to effectively and efficiently sort out relevant from
irrelevant literature.

This article aims to sort out and summarize the research on
WRCC through bibliometric analysis. The remaining parts of the
article are structured as follows: the second part introduces the
retrieval process, the records screening method and the analysis
process; the third part analyzes and discusses the results of the
bibliometric analysis and statistical analysis of WRCC; the fourth
part summarizes the full text, and prospects for future

development of research on WRCC.

2 A four-staged bibliometric analysis
for WRCC

René Descartes’s Discourse on the Method has been used as a
general guideline, by which we build the framework of this
research. Section 2.1 shows how we applied Descartes’s four-
staged methodology. Due to the macroscopic nature of
Descartes’s methodology, it is difficult to guide the specific
steps (Wikiquote contributors, 2020b). According to the
specific process of bibliometric analysis, and based on
Descartes’s methodology, we also divided the concrete steps of
in this research

bibliometric analysis into four

(Section 2.2).

stages

2.1 René descartes’s Discourse on the
Method and application

In Descartes’s book Discourse on the Method, he proposed

the true method by which to arrive at the knowledge of whatever
lay within the compass of his powers, and he summarized this
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Knowledge is only based on what is read.

The existing bibliometric analysis of WRCC has been examined,
and there was initial doubt about the accuracy and rationality.

I'hie sequencing of thoughts and problem solving stage:

For casy understanding, difTiculties are broken down into picces.

From the statistical point of view, our research was further divided °

Our application of
Descartes's Method

d arc { in an

explicit way by smninE from the simple to the complex.
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1 The comprehensive inspection and review stage:
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' presented in an orderly and concise review.

Yang et al.
Stage 1
The doubt stage:
Stage 2
I'ne partition of problem stage:
Discours de la méthode pour
bien conduire sa raison, ot
chercher la vérité dans
les sciences
René Descartes
(1596 ~ 1650) :
(in English: Discourse on the Method ) Stage 3
For casy under
FIGURE 1

Framework and application of René Descartes’'s Discourse on the Method. Source of René Descartes’s portrait: image.baidu.com.

method into four stages (Figure 1). These include: 1) The doubt
stage in which ideas are scattered and uncoordinated, and
knowledge is based only on what is read; 2) The partition of
problem stage, where difficulties are broken down to pieces for
easy understanding; 3) The sequencing of thoughts and
problem solving stage, where by starting from the simple to
the complex, difficult situations are organized in an explicit way

The
where

for easy understanding and problem-solving; 4)

comprehensive  inspection and review stage
enumerations are completed while ideas and thoughts are
presented in an orderly and concise review (Wikiquote
contributors, 2020b).

Putting René Descartes’s study into perspective, in the first
stage (Figure 1.) of this study where we examined the existing
bibliometric analysis of WRCC, there was initial doubt about the
rationality and accuracy of existing bibliometric research on
WRCC. We found that the existing bibliometric analysis of
WRCC were not systematic, lacked coherency and were not
comprehensive. This confirmed our earlier assertion that
bibliometric research on WRCC is limited. Only two studies
by Zhang and Wang (2012) and Jin et al. (2019) have done a
bibliometric analysis of WRCC. Zhang and Wang (2012) only
conducted a bibliometric analysis of Chinese literature, and
ignored the bibliometric analysis of English literature. Their
paper is archaic ((Zhang and Wang, 2012), was published
8 years ago), and does not reflect the bibliometric analysis of
current WRCC research. Even though Jin et al. (2019) was
published recently, their work lacks a detailed screening

process of the records (data) and also lacks rationality and
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accuracy of the results. The above two scenarios are part of
the foundations of this research.

In the second stage of applying René Descartes’s philosophy,
we broke the WRCC bibliometric analysis into several units
consisting literature retrieval, records screening and analysis.
From the statistical point of view, our research was further
divided into two parts, statistical analysis and bibliometric
analysis.

In the third stage, though we needed to rank the steps, since
literature retrieval, records screen and records analysis cannot be
re-ranked as literature retrieval should always come first followed
by records screening and then analysis records, we chose rather
to rank the statistical and bibliometric analysis. We found that
statistical analysis was easier compared to bibliometric, so we
finished the statistical analysis and then conducted a bibliometric
analysis.

In the fourth stage, we analyzed the results, checked
whether we met our target and then proceeded to finish the
article.

2.2 Four stages of bibliometric analysis of
WRCC

Because it can be better understood and thus can be widely
used, staged method has attracted more researchers’ attention in
recent years (Wu et al, 2018b2018; Bian et al., 2022b). René
Descartes’s method can be concluded into four stages, therefore,
we divide our research process also into four stages. Since each of
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Website: Web of Science Core Collection (SCI-E)
| Advanced research: TS=(water carrying capacity OR water resources carrying capacity

o= ‘OR water resource carrying capacity OR water bearing capacity OR water resources
bearing capacity OR water resource bearing capacity).
Specifying the period: 1989-2019 16769 records

Research Domains: Limit to “Environmental Science”, “Water Resources”, “Engineering
environmental”, “Ecology”, “Green sustainability science technology”, “Multidisciplinary

sciences”, “Environmental studies”, “Computer science interdisciplinary applications”,
Stage 2. Records Screening] | “Mathematics applied”, “Urban studies”, “Management”. 5678 records

Topic Relevance Analysis: On the website of “Web of Science”, sort all the records by
“Relevance”. Find out the last record of which the title or the abstract (or both) contains
“water”, “carrying/bearing”, “capacity” at the same time. And up to this one, all the
records are quite relevant to out topic. 500 records

Stage 3. Analysis

»

Even though all the records have “water”, “carrying/bearing”, “capacity” in their title or
abstract at the same time, there are still many cases that the records are not about water
Stage 3-1. Excel File Export carrying capacity. Therefore, manual scrutinizing is needed. 271 records

Add all these 271 records to “Marked List” on the website, and export all the basic
_ , information (which contains Authors, Article Title, Source, Document Type, Keywords,
' Abstract, Times Cited, Addresses, Publication Year and Date etc.) to an excel file.

1 Count the number of articles published by year, country, periodical, and author, then
 visualization. Find out the top 30 most cited articles. Extract the methods that used from
| the titles to make word-cloud.

[T

g C— S
Step 3-2. WoSfFile Export
and sis Export data (Full records and references) of the 271 records to a plain text file.

VOSviewer adjustments

Create a map based on bibliographic data. Type of analysis: Co-occurrence.
Unite of analysis:All keywords. Counting method: Full counting. And then, exclude
irrelevant terms by considering the relevance scores and occurrences .

Map creation: Network, Overlay, Density Visualizations.
- I

Analysis and interpretation
Further analysis of the results obtained from the bibliometric analysis of WRCC. Check
whether we met our target, which is that whether we have completed a systematic and

comprehensive bibliometric analysis - review of WRCC. Interpret the results and
complete the bibliometric analysis - review of WRCC research lastly.

FIGURE 2
Details of application process of four-stage bibliometric analysis method.

literature retrieval, records screening and records analysis stages analysis of WRCC into four stages. And the details of our four-
are very complicated and contain several steps, we treated them staged bibliometric analysis proposed in this research is shown in
separately. We further divide the concrete steps of bibliometric Figure 2.
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The four stages of bibliometric analysis are elaborated as
follows:

Stage 1: The choice of search terms and search strategies is
very important, and directly determines whether the
search results are comprehensive. Many terms can be
used to express the meaning of WRCC, therefore,
using a single term will not present comprehensive
results. In order to acquire more comprehensive
search results, in the first stage, multiple search
terms should be selected.

Stage 2: In the search process, files with poor relevance to the
topic will inevitably be retrieved. The search results
need to be accurately and carefully screened. In order
to obtain more accurate topic-related results, this
study proposed a refined literature screening
process, which is a three-stepped screening method
(Figure 2. Stage 2: The screening methods are done
through records category, relevance, and manual. By
adopting this three-stepped screening method, we
can extract the topic-related records from even
tens of thousands of records in a short period of time.

Stage 3: We analyzed all the topic-related records by using
both statistical analysis and bibliometric analysis at
the same time.

Stage 4: We analyzed all the results comprehensively, we
checked whether we meet our target and finished
this article.

2.2.1 Literature retrieval

In this study, the Web of Science Core Collection Database
was explored in advanced search page, using Boolean Logic to
search TS = (water carrying capacity OR water resources carrying
capacity OR water bearing capacity OR water resources bearing
capacity OR water resource bearing capacity) in which the
subject contains “water carrying capacity”, “water resources/

» o«

resource carrying capacity”, “water bearing capacity” or “water
resources/resource bearing capacity”. The retrieval year ranges
from 1989 to 2019 (in 1989, WRCC was discussed for the first
time, but the concept of WRCC was not yet proposed). A total of
16769 records were obtained. The retrieval time is August

15, 2020.

2.2.2 Records screening

During the search process, some files irrelevant to the topic
will inevitably be retrieved. Therefore, the search results need to
be accurately and carefully screened. In order to obtain more
accurate search results, this study adopted a three-stepped
screening method. The specific screening steps were applied
as follows: 1) The first screening explored 16769 results through
Web of Science and selected the category that is related and
similar to WRCC, For example, in this research, we click “Result
Analysis” on the search results interface of Web of Science, and
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“Water
“Ecology”,

selected “Environmental Science”, Resources”,

“Engineering environmental”, “Green
sustainability science” in the “Web of Science category on
the result analysis interface technologyv”, “Multidisciplinary
“Environmental studies”, science

sciences”, “Computer

interdisciplinary  applications”,  “Mathematics  applied”,

Management”, 5678 records were obtained.

» o«

“Urban studies”,
2) The second step is to screen 5678 search results through the
relevance function of the Web of Science webpage. The
5678 search records obtained after screening were sorted in
order of relevance, and it was found that the top 500 records all
contained “water”, “carrying”, “capacity” or “water”, “bearing”,
“capacity” in their topics. After the first 500, the records no
longer contained, in relevant application, usage of the words

» o« . »

, “capacity” or “water”,

» o« .

“water”, “carrying bearing”, “capacity”.
Therefore, we concluded that the content after first 500 files
does not contain relevant literature related to WRCC. 3) The
third step of screening was to manually check the contents of
the first 500 records one after the other. During the search, the

» o« . » o« . » o«

fact that “water”, “carrying”, “capacity” or “water”, “bearing”,
“capacity”, appears in the title of an article doesn’t necessarily
mean its research content belongs to the research category of
WRCGC, therefore the 500 records need to be manually checked,
For example, “tourism water resources carrying capacity”,

» o«

“groundwater carrying capacity”, “water resources and water

. . oo «
environment carrying capacity”, and “agricultural water

»

resources carrying capacity 7 all belong to the research
category of WRCC. However, though “soil water carrying
capacity”, “sediment carrying capacity of river flow”,
“carrying capacity of fishpond”, “stock carrying capacity”,
“recreation carrying capacity”, “mineral resources carrying
all the “carrying”,
“capacity” or “water”, “bearing”, “capacity” in their topics,
they do not belong to the research of WRCC. We can see

that due to the similarity of some research content, in order to

capacity”, include words  “water”,

obtain more accurate data in bibliometric research, it is very
necessary to finely screen results. After the three-stepped
screening process, a total of 271 records were obtained
(Appendix A).

2.2.3 Records analysis

The data export of this study is divided into two parts: 1) In
the first part, we added the 271 records to the Marked List on the
Web of Science website, and then exported important
information such as “title”, “author”, “source publication”,
“cited frequency”, “document type” and “keywords” to an
excel file. 2) In the second part, we directly exported the “full
records and cited references” of 271 records on the Web of
Science website to plain text files.

In processing of excel file data, we first sorted out the
information in the exported excel file starting with the year,
country, journal and number of author’s publications. We then
sorted out the top 30 highly cited articles, extracted the methods
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Number of Publications

Number of Publications

Number of articles published by countries, periodicals, and authors.

used in the articles and finally marked the time these methods
were first used.

In dealing with the plain text files, we first analyzed the
exported text file through the VOSviewer software. The results of
keywords co-occurrence analysis, inter-year changes of keywords
and heat maps were obtained. VOSviewer is a software tool for
constructing and visualizing bibliometric networks, which has
been developed by Nees Jan van Eck and Ludo Waltman at
Leiden University’s Centre for Science and Technology Studies
(CWTS) (http://www.vosviewer.com/).

2.2.4 Comprehensive analysis

In order to have a more comprehensive understanding of the
nature of research progress and current research state of WRCC,
we adopted the comprehensive analysis method to further
analyze the results obtained from the bibliometric analysis of
WRCC in this stage. We also checked whether we met our target,
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which means that whether we have completed a systematic and
comprehensive bibliometric analysis-review of WRCC in this
stage. The volume of published literature and research progress
have been analyzed, and stages of the development process of
WRCC divided.

3 Results and discussion

In this section, both statistical and bibliometric results have
been fully analyzed and discussed, and a comprehensive analysis
has also been conducted lastly. 3.1 presented the number of
articles published by country, periods and authors, and statistical
analysis of methods; Section 3.2 analyzed the highly cited papers;
3.3 analyzed the keywords co-occurrence and research hotspots
dynamics; and Section 3.4 analyzed WRCC development
comprehensively.
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GIS-based Analysis System
Partial Least-squares Regression

Optimal Water Cycle Theory

Variable Fuzzy Evaluation Model

Support Vector Machines

Analytic Hierarchy Process

Multi-objective Programming Model

Back Propagation Model
Coupled System Dynamics
Grey Clustering Evaluation
State-space Method
Sustainable Development Theory

Data Envelopment Analysis

Vague Method

Driving Forces-Pressures-States-Impactes-Responses (DPSIR) Framework

Non-Linear Dynamics Model

Analytic Hierarchy Process-Fuzzy Discrimination method

Binary Index Method Tchebycheff Theory

Set Pair Analysis and Improved Entropy Weight Method

Catastrophe Theory

Maximum Entropy and Entropy Weight

Fuzzy Comprehensive Assessment
Neural Network

Integrated System Dynamics Model

FIGURE 4
Summary of WRCC methods.

Cloud Model

10.3389/feart.2022.970582

Matter Element Analysis
Reduction Index Method Osculating Value Method

Principal Component Analysis

Neural Network and Projection Pursuit

Water Resources Balance Sheet

TOPSIS Methods

Set Pair Analysis
Inexact Fuzzy Multi-Objective Programming Model

Metabolic Theory Ecological Footprint

Genetic Algorithm Optimized Wavelet Neural Networks

System Dynamics Model

Multi Level Fuzzy Comprehensive Evaluation

Back Propagation Neutral Network
Variable Sets
Fuzzy Set Pair Analysis Model

Combination Weights and Entropy Principles
Grey Neural Network Model

3.1 Statistical analysis of articles and
methods

Number of articles by country, periods and authors are
shown in Figure 3.

Number of publications by country indicates that China
published the highest number of papers followed by
Indonesia, Germany, Algeria and other (Figure 3A) in that
order. China has the largest number of publications for two
reasons: firstly, WRCC was put forward by the Chinese, and
Chinese scholars have shown more research interest in this area.
Secondly, due to rapid infrastructural and economic expansion
witnessed by China in the last 30 years, demand for water
resources has tripled and placed a huge deficit on water need.
To avert this situation, the Chinese government attached great
importance on WRCC research by setting up a number of
National Natural Science Foundation Projects including
“Innovative Research On Water Resources Carrying Capacity
Based On Water Scarcity Risk Model” (approval number:
40771044), “Research On the Dynamic Mechanism And
Sustainability Of the Evolution Of Water Resources Carrying
Capacity Under the Framework Of Quality-Energy” (approval
number: 41061053), “Risk Analysis Of Economic Development
Planning Based On Water Resources Carrying Capacity Under
Uncertain Conditions” (approval number: 41271536). The
establishment of these National Natural Science Foundation
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Projects directly and vigorously promoted the research and
development of WRCC.

Results of number of papers published by journals indicated
that, the top 30 journals with the most papers on WRCC research
are in the order shown in (Figure 3B). They include ADV
MATER RES, APPL MECH MATER, IOP C SER EARTH
ENV, AER ADV ENG RES, ] CLEAN PROD, WATER-SUI,
WATER RESOUR MANAG, ECOL INDIC, ] GROUNDW SCI
ENG and PROCEDIA ENVIRON SCI. The number of articles
published in the order in which the journals are listed above are:
26,11, 10, 9, 8, 8, 7, 4, 4, and 4 respectively.

From number of articles published by authors perspective,
the top 30 authors with the most articles and the number of
articles published are shown in (Figure 3C). The top 10 authors
with the most articles include Feng, Lihua, Lei, Kun, Meng,
Lihong, Berezowska-Azzag, Ewa, Fu, Qiang, Gao, Yang, Luo,
Gaoyuan, Su, Haimin, Wang, Xin, Wang, Zilong. Among them,
Feng, Lihua, Lei, Kun, Meng, Lihong published 4 articles each
while the remaining 7 authors published 3 articles each.

By analyzing the excel files exported from the Web of Science
website, we discovered 47 methods from 271 articles used in
WRCC calculation and evaluation (Figure 4).

In Figure 4, the methods include TOPSIS, system
dynamics model, support vector machines, state-space, set
pair analysis, neural network, ecological footprint, cloud
model, analytic hierarchy process-fuzzy discrimination,
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TABLE 1 TOP 30 highly cited papers (as of August 14, 2020).

10.3389/feart.2022.970582

Article title Authors Publication Source title Times
year abbreviation cited

Fuzzy comprehensive evaluation for carrying capacity of Gong, L; Jin, CL 2009 WATER RESOUR 109

regional water resources MANAG

Assessment of water resources carrying capacity in tianjin city ~ Song, XM; Kong, FZ; Zhan, CS 2011 WATER RESOUR 91

of China MANAG

Application of system dynamics in analyzing the carrying Feng, LH; Zhang, XC; Luo, GY 2008 MATH COMPUT 76

capacity of water resources in Yiwu City, China SIMULAT

Development tendency analysis and evaluation of the water ~ Zhang, Z; Lu, WX; Zhao, Y; Song, WB 2014 ECOL MODEL 73

ecological carrying capacity in the Siping area of Jilin Province

in China based on system dynamics and analytic hierarchy

process

A risk assessment model of water shortage based on Feng, LH; Huang, CF 2008 WATER RESOUR 70

information diffusion technology and its application in MANAG

analyzing carrying capacity of water resources

Fuzzy comprehensive evaluation model for water resources Meng, LH; Chen, YN; Li, WH; Zhao, RF 2009 CHINESE GEOGR SCI 61

carrying capacity in Tarim River Basin, Xinjiang, China

Analysis of temporal and spatial differences in eco- Zhu, YH; Drake, S; Lu, HS; Xia, ] 2010 WATER RESOUR 56

environmental carrying capacity related to water in the Haihe MANAG

River Basins, China

Assessment of water ecological carrying capacity under thetwo ~ Wang, S; Xu, L; Yang, FL; Wang, H 2014 SCI TOTAL 49

policies in Tieling City on the basis of the integrated system ENVIRON

dynamics model

Dynamic successive assessment method of water environment ~ Wang, TX; Xu, SG 2015 ECOL INDIC 48

carrying capacity and its application

Multi-scale analysis of the water resources carrying capacity of ~ Wang, S; Yang, FL; Xu, L; Du, J 2013 J CLEAN PROD 46

the Liaohe Basin based on ecological footprints

An innovative method for water resources carrying capacity Ren, CF; Guo, P; Li, M; Li, RH 2016 JENVIRON MANAGE 43

research-Metabolic theory of regional water resources

Assessment of Water Resources Carrying Capacity for Yang, JF; Lei, K; Khu, S; Meng, W 2015 WATER RESOUR 42

Sustainable Development Based on a System Dynamics Model: MANAG

A Case Study of Tieling City, China

Optimization of industry structure based on water Li, N; Yang, H; Wang, LC; Huang, XJ; Zeng, 2016 ] CLEAN PROD 39

environmental carrying capacity under uncertainty ofthe Huai CF; Wu, H; Ma, XX; Song, XT; Wei, YN

River Basin within Shandong Province, China

Assessment of water environmental carrying capacity for Yang, JF; Lei, K; Khu, S; Meng, W; Qiao, F 2015 ENVIRON 36

sustainable development using a coupled system dynamics EARTH SCI

approach applied to the Tieling of the Liao River Basin, China

Water resources carrying capacity of wetlands in Beijing: Wang, CH; Hou, YL; Xue, Y] 2017 J CLEAN PROD 34

Analysis of policy optimization for urban wetland water

resources management

Water Resources Carrying Capacity Evaluation and Diagnosis ~ Cui, Y; Feng, P; Jin, JL; Liu, L 2018 ENTROPY-SWITZ 33

Based on Set Pair Analysis and Improved the Entropy Weight

Method

Carrying capacities and standards as bases towards urban Joardar, SD 1998 HABITAT INT 33

infrastructure planning in India: A case of urban water supply

and sanitation

Water ecological carrying capacity of urban lakes in the context ~ Ding, L; Chen, KL; Cheng, SG; Wang, X 2015 PHYS CHEM EARTH 31

of rapid urbanization: A case study of East Lake in Wuhan

Comprehensive evaluation and scenario simulation for the Yang, ZY; Song, JX; Cheng, DD; Xia, J; Li, Q; 2019 JENVIRON MANAGE 26

water resources carrying capacity in Xi'an city, China Ahamad, MI

Evaluating Beijing’s human carrying capacity from the Zhang, YX; Chen, M; Zhou, WH; Zhuang, 2010 J ENVIRON SCI 26

perspective of water resource constraints CW; Ouyang, ZY

Water resources carrying capacity assessment: The case of Ait-Aoudia, MN; Berezowska-Azzag, E 2016 HABITAT INT 25

Algeria’s capital city

Regionalization of water environmental carrying capacity for  Jia, ZM; Cai, YP; Chen, Y; Zeng, WH 2018 RESOUR CONSERV 20

supporting the sustainable water resources management and
development in China

RECY

(Continued on following page)
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TABLE 1 (Continued) TOP 30 highly cited papers (as of August 14, 2020).

Article title Authors Publication Source title Times
year abbreviation cited

Advances in Study on Water Resources Carrying Capacity in ~ Mei, H; Liuyuan; Duhuan; Yangxiaoyan 2010 PROCEDIA 20

China ENVIRON SCI

Water environment carrying capacity in Bosten Lake basin Wang, YM; Zhou, XD; Engel, B 2018 ] CLEAN PROD 17

Water Environmental Carrying Capacity Assessment of an Kang, P; Xu, LY 2012 PROCEDIA 17

Industrial Park ENVIRON SCI

Algiers carrying capacity with respect to per capita domestic =~ Naimi-Ait-Aoudia, M; Berezowska- 2014 SUSTAIN CITIES SOC 14

water use Azzag, E

Integrated modeling framework for evaluating and predicting ~ Wu, L; Su, XL; Ma, XY; Kang, Y; Jiang, YA 2018 J CLEAN PROD 13

the water resources carrying capacity in a continental river
basin of Northwest China

Comprehensive Evaluation of Water Resources Carrying Du, M; Xu, ZH; Peng, LM; Zhu, YH; Xu, XF 2011 ENRGY PROCED 13
Capacity of Jining City

Research on the Risk of Water Shortages and the Carrying Feng, LHH; Zhang, XC; Luo, GY 2009 HUM ECOL RISK 13
Capacity of Water Resources in Yiwu, China ASSESS

Quantitative evaluation and optimized utilization of water Zhang, J; Zhang, CL; Shi, WL; Fu, YC 2019 J HYDROL 12

resources-water environment carrying capacity based on
nature-based solutions
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inexact fuzzy multi-objective programming model, etc. have
been used in WRCC research.

3.2 Analysis of highly cited papers

In sorting citations of the 271 articles retrieved, we first
checked the title of the article, author, publication year, journal
source, and number of citations of the top 30 articles with the
most citations (as of August 14, 2020) Table 1.

From Table 1, the top 5 documents were all within the
period from 2008 to 2014. This period belongs to the research
and development stage of WRCC study. Two of the five articles
were published in 2008, and one each in 2009, 2011 and 2014.
The number of citations of the 5 articles are in the order 109,
91, 76, 73, 70. Among the 5 articles, 3 are from WATER
RESOUR MANAG, MATH COMPUT SIMULAT and ECOL
MODEL, indicating that the journal WATER RESOUR
MANAG plays an important role in publishing WRCC
papers, and papers published in this journal have a greater
impact. It can be seen intuitively from the titles that three of
the articles are studied in cities in China including Tianjin,
Yiwu, and Siping and the other two articles equally studied in
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China (Feng and Huang, 2008; Gong and Jin, 2009) in
Lanzhou and Jinhua Cities. This confirms results of earlier
analysis that China was the country with the highest number
of research work on WRCC.

3.3 Keywords co-occurrence and
hotspots dynamics analysis

Keywords can reflect the main content of the article, and the
analysis of keywords can understand the general status of the
research field. When using VOSviewer software to analyze the
co-occurrence of keywords, the larger the node means the more
frequently the keyword appeared (Figure 5). The width of the
connection between nodes can reflect the frequency of two
connected keywords. The wider the connection indicates that
the two keywords appear more frequently.

The results shown in Figure 5 indicate that the most
frequently occurring keywords are “water resources carrying

capacity”,  “carrying capacity”, “management’, “water
resources”, “system dynamics”, “model”, and “sustainable
development”, “Sustainability”, “china”, “river-basin” etc.

From the perspective of the width of the connection between

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.970582

Yang et al.

10.3389/feart.2022.970582

FIGURE 7
Connection of key nodes.

nodes, the connection between water resources carrying capacity
and management and sustainable development is wider, and the
connection between China and river-basin is wider. It shows that
these two groups of keywords appear more frequently at the
same time.

From the clustering results, the water resources carrying
capacity node is the largest among all, which is shown in
green. The yellow node emphasizes the methods, the main
two yellow nodes are model and system dynamics. The blue
node focuses on the research objects, and the two main blue
nodes are China and river-basin. The red nodes focus on
management, and the main red nodes are management,
sustainability, sustainable development, carrying capacity and
water resources.

In the analysis of keywords co-occurrence in papers related
to water resources carrying capacity, the most frequently
occurred keyword is “water resources carrying capacity”.
Many nodes are directly connected to “water resources
carrying capacity”, and other nodes are connected to this
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node through intermediate nodes. The nodes that are most
closely connected to the water resources carrying capacity node
are the management node and the sustainable development
node (Figure 6.). The carrying capacity of water resources is an
important means for water resources management and an
important measure for achieving sustainable development of
water resources.

From the results of cluster analysis, the red nodes
emphasize water resources management. The number of
and the
sustainable development node is greater than the number of

nodes connected to the management node
nodes connected to the water resources node and the carrying
capacity node (Figures 7A-D). This is because more nodes are
connected to the water resources carrying capacity node, the
number of nodes connected to the water resources node and
the carrying capacity node is relatively reduced. It is worth
noting that the largest node connected to the management
node and the sustainable development node is the water
resources carrying capacity node, and the width of the
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FIGURE 8

Method and object node analysis.

connection with this node is the widest, indicating that they
have the largest frequency of co-occurrence.

Analysis results of research methods indicates that the
most frequently occurring research methods in the keyword
co-occurrence graph are model and systems dynamics. This
means that building various models and adopting system
dynamics in the research process of WRCC are mainstream.
Many nodes are closely connected to these two nodes (Figures
8A,B). Water resources carrying capacity, carrying capacity,
and management are the nodes that are most closely
connected to the model node and the system dynamics
node. At the same time, the model node and the system
dynamics node are also the most closely connected nodes
to each other. This shows that these nodes appear more
frequently at the same time. In the analysis of keywords co-
occurrence, China is the only country that appeared. River
basin is the only node closely connected to China (Figure 8C).
Furthermore, China is the only node closely connected to the
river-basin node (Figure 8D). It can be seen that the number of
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nodes connected to the China node and the river-basin node is
significantly less than the number of nodes connected to the
model node and the system dynamics node, indicating that
more research on WRCC tends to be methodological
innovation and application, while research on WRCC in
some specific areas is relatively lacking.

From the keywords co-occurrence density map, we can
clearly find research hotspots in the field. The density map of
WRCC keywords co-occurrence in this study is shown in
Figure 9.

In Figure 9, apart from water resources carrying capacity,
there is also carrying capacity, water resources, management,
sustainable development, model, China, system dynamics, and
other hot spots in the field of WRCC research. WRCC is an
important method to realize the sustainable use of water
resources and an important means to realize the effective
management of water resources. Therefore, these three words,
sustainable development, management, and water resources
often appear in the keywords of research papers on WRCC.
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FIGURE 9
Hotspot analysis.

These three words are hot topics in the research of WRCC.
WRCC and land resources carrying capacity belong to the
research category of resources carrying capacity, therefore
carrying capacity is also a hot vocabulary in the research
scope of WRCC. China was the only count name of a country
that appeared in Figure 9, which again confirms the assertion that
China is the main country in the study of WRCC. It can also be
seen from Figure 9 that model and system dynamics are the
commonest vocabularies, meaning that a lot of research is carried
out by building models or using system dynamics methods to
study WRCC.

The time sequence analysis of keywords can reflect the
changes of researchers’ interest in some aspects to a large
extent. Therefore, time sequence analysis of keywords helps
to clarify the development context and knowledge base of the
concept. This study conducted a time series analysis on the
keywords of WRCC. The analysis results are shown in
Figure 10. The darker the color of the node, the longer
the research time in this area. The lighter the color of the
node means that the research in that area is the current
hotspot.

From the perspective of time series analysis of the keywords
of WRCC, WRCC is gradually generated and developed from
scholars’ attention to population carrying capacity, groundwater
resources, urbanization, water shortage, risk assessment, etc,
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(Figure 10 regions A, B). From the perspective of the spatial
scale of WRCC research, the evaluation of WRCC initially
focused on the study of cities and provinces. As the research
continued to deepen, scholars began to pay more attention to the
impact of WRCC on regional water resources. The guiding
significance of the deployment, is that the research scale of
WRCC has begun to gradually shift to the basin scale (regions
C and D in Figure 10).

3.4 Comprehensive analysis of WRCC
development

The overall situation of the number of papers retrieved
in the core database of Web of Science is shown in
Figure 11.

From Figure 11, we can see that although the search period
is set from 1989 to 2019, the search results indicated that the
earliest literature on WRCC from Web of Science Core
Database was published between 1997 and 1998. Within this
period Joardar and other scholars comprehensively considered
natural resources and social resources, established a set of index
system for calculating water supply capacity, and used it for the
calculation of urban carrying capacity to provide help for the
formulation of urban development plans (Joardar, 1998). As
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Keyword evolution process.

research advanced, the number of published papers increased
by the year. At the concept proposition stage as well as the early
exploration stage, the number of articles published was
relatively few and almost all were written in Chinese.
Therefore, no articles were retrieved in the Web of Science
Core Database for this time. From 2000 to 2010, the number of
articles published increased. This however decreased slightly in
2011 compared with 2010, and maintained a steady upward
trend from 2011 to 2016. In 2017, both the number of articles
and the number of proceeding papers decreased significantly.
From 2018 to 2019,
significantly and the types of articles became more diverse.

the number of papers increased

Articles on editorial materials and review papers appeared at
this stage. In general, the number of articles published on
WRCC has been increasing meaning that studies on WRCC
has received attention over the past 3 decades. From the WoS
(Web of Science) Categories analysis result shown in
Figure 11, we can see that most of the WRCC research
belong to two categories, Environmental Sciences and
Water Resources.

Results on types of papers published indicates that 41.7%
are articles while editorial materials and reviews account for
1.5%. Conference and other meetings proceedings papers
account for a large proportion of papers published on

Frontiers in Earth Science

;,m_,p,, method water resoutc‘rylng.c

94

dpsir

2012 2014 2016 2018

WRCC research. The period from 2007 to 2016 recorded the
most numerous proceeding papers published per year,
indicating that a large number of proceeding papers
published have played an important role in the development
of WRCC.

Based on research progress, the volume of published
literature, period at which calculation methods were
proposed, and our knowledge in WRCC research, this paper
divides the research progress of WRCC into five stages
(Figure 12).

These five stages have been further elaborated as follows:

o The concept formation stage (-1990). Park and Burgess
(1921) took the lead in 1921 and proposed the idea to
calculate the maximum population that a region can carry
based on regional endowments. Later, other scholars and
institutions have successively proposed concepts that are
closely related to the WRCC, such as resources carrying
capacity, environmental carrying capacity. In 1989, the
Xinjiang Water Resources Research Group (XWRSSRG
(Xinjiang Water Resources Soft Science Research Group),
1989) completed the first discussion on the issue of
WRCC which laid a solid foundation for the concept
of WRCC.
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Analysis of publication on WRCC studies.

o The second stage is the qualitative analysis period
(1990s decade). Most of the research in this period
focused on the qualitative description stage, while the
number of papers on quantitative research is relatively
limited. Qualitative research mostly elaborates its
theoretical basis and important significance. In 1992,
Academician Shi Yafeng clearly put forward the
concept of WRCC for the first time (Shi and Qu,
1992). Wang et al. (1999) conducted an in-depth
discussion on the concept and theory of WRCC. Cai
(1994) elaborated on the issues that needed attention
in the study of WRCC in Xinjiang.

o At the methods exploration stage (2000s decade), many
quantitative analysis methods have been proposed and
applied, For example, Qu and Fan (2000) analyzed and
calculated the WRCC in the middle reaches of the Heihe
River Basin based on available water resources as well as
social and economic water requirements. Li et al. (2009)
used an improved fuzzy matter-element model to
evaluate water resources carrying capacity. However,
in the 10-year exploration stage of the method, only
9 of the 47 methods (47 methods extracted in Section
3.1) were proposed and applied at this stage.

o During the method development period (2011-2016), a
large number of research methods have been introduced
into the evaluation and research process of WRCC, For
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example, Zhang et al. (2012) used the ecological
footprint method to study the WRCC of the Shule
River Basin; Xing et al. (2013) used the principal
component method to
WRCC of Xian from 7 indicators. At this stage,
which extends 6 years, 20 methods out of 47 methods

analysis evaluate ground

have been proposed and applied. The speed of progress
at this stage was much faster than the method
exploration stage. This study defines this stage as the
method development stage.

The fifth stage is referred as the all-round development
stage (2016-). On one hand theoretical system of WRCC
has been further enriched and improved, For example,
Wang et al. (2017) first constructed an evaluation index
system for WRCC from the four aspects of “quantity,
quality, region and flow”. At the other hand, application
of the methods has also been expanded to a greater
extent. Among the 47 methods, 18 methods have been
proposed and applied at this stage, and the time limit
from this stage to the study of this review is only 3 years.
This explains that more methods were applied at this
stage. At the same time, most of the subtle changes
(Introduction paragraph 6) that occurred in the
evaluation objects of WRCC all occurred at this stage.
Based on this precept, this stage is defined as the all-
round development stage of WRCC.
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Development stages division of WRCC.

4 Conclusions and prospects

In this review, a four-staged bibliometric analysis method was
used based on the René Descartes’s Discourse on the Method. This
makes the bibliometric research process more systematic and
efficient compared to previous studies. The four-staged
bibliometric analysis method proposed in this research is
equipped with a records screening stage, in which we proposed
a three-stepped screening method, that solved the problem of large
file sorting. Through the three-stepped screening method
proposed in this research, it was possible to finally determine
the document records highly related to the research topic from tens
of thousands of records within a short period of time.

The bibliometric analysis - review results show that a total of
47 methods including system dynamics, cloud model, set pair
analysis, neural network and ecological footprint have been
introduced into the evaluation process of WRCC. Through
keyword co-occurrence analysis, we found that building
various kinds of models and adopting system dynamics
methods are the mainstream methods in the research of
WRCC. We also found that China is the only country that
appears in the keywords co-occurrence analysis chart, which
shows that China is the main country in the study of WRCC.
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According to the published
literature, the research mainly
focuses on two aspects at this

Through time series analysis of keywords, we found that the
research on WRCC originated from scholars’attention to
population  carrying  capacity, = groundwater
urbanization, water shortage and risk assessment. From the

resources,

perspective of research objects, previous studies have focused
more on some provinces and cities. In recent years, more and
more scholars have begun to study the WRCC of some typical
regions, such as arid and semi-arid regions, urbanized areas and
water-deficient regions. Based on the research status, the amount of
published literature over time, the analysis of the time when the
method was first adopted, and our knowledge in this area, this study
divided the development process of WRCC into the concept
formation stage, qualitative analysis stage, method exploration
stage, method development stage and all-round development stage.
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Studying the probability characteristics of meteorological drought transmission
to hydrological drought can help alleviate drought and optimize the allocation
of water resources. This study takes the Yiluo River as the research object, and
Standardized Precipitation Index (SPI) and Standardized Streamflow Index (SSI)
were used to represent meteorological and hydrological drought, respectively.
First, the stability of the precipitation and stream flow sequence is tested by
using the heuristic segmentation algorithm. The correlation between
meteorological and hydrological watershed was analyzed using cross
wavelet transform and lag correlation to study the transmission time of
meteorological drought to hydrological drought. Second, the characteristics
of drought such as drought duration, drought intensity, and drought intensity
are discussed by using the run theory. Finally, the joint distribution of the SPl and
SSI sequence is constructed using Copula function. From the perspective of
conditional probability, the propagation probability and propagation threshold
from different levels of meteorological drought to hydrological drought are
calculated. A hydrological drought prediction model based on the SPI—P(SSI|
SPI) relation curve is proposed. The model is also validated based on the
historical data. The results show that the model is suitable for light and
middle hydrological drought prediction.
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hydrological drought, meteorological drought, Copula function, conditional
probability model, drought propagation
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1 Introduction

Drought is one of the most widespread natural disasters that
may cause persistent and adverse consequences for sustainable
development (Lesk et al, 2016). It seriously endangers the
development of economy and society and the stability of
ecological environment. Large-scale droughts occur worldwide
(Mishra and Singh, 2010). Also, the frequency of occurrence has
increased significantly in recent years. Drought is usually defined
as long-term no or little rain and water not being enough to meet
the climatic phenomena of human survival and economic and
social development (Sadeghipour and Dracup, 1985). In a certain
river basin or area, evaporation demand is large and less
precipitation, that is, water expenditure is greater than
income; this state of long-term persistence will lead to the
occurrence of drought. At present, the international drought
types are generally divided into four categories, namely,
meteorological drought, hydrological drought, agricultural
drought, and social and economic drought. Meteorological
the
phenomenon, and hydrological drought refers to the decrease

drought  refers to long-term less  precipitation
of surface water, groundwater, or river stream flow (Zhu et al,,
2019). From the perspective of water cycle, meteorological
drought with precipitation as the main factor will occur first,
and the occurrence of meteorological drought will propagate the
water deficit signal to stream flow, groundwater, soil water, and
other factors, thus leading to hydrological drought (Yuan et al.,
2017). Therefore, the risk of meteorological drought is
propagated to hydrological drought with water cycle after a
certain lag time (Zhu et al, 2019). As an important link in
water circulation, the propagation process of meteorological
elements to hydrological elements is of great significance to
the propagation
hydrological drought for the management of water resources

study of meteorological drought to
and the forecast and early warning of drought (Van Loon et al,,
2016).

Risk propagation between different types of drought mainly
includes the propagation mechanism and process, propagation
time, propagation threshold, and influencing factors. Previous
studies have shown that the propagation threshold from
meteorological to hydrological drought is a key feature of
drought propagation and is important for drought prevention
and mitigation (Lorenzo-Lacruz et al., 2013). At present, a large
studied the
meteorological drought to hydrological drought, most of
which threshold,
influencing factors. At the time of drought propagation, there
three
characterization methods: run theory (Zhao et al, 2014),

number of scholars have propagation of

study the propagation time, and its

are many mature research results, including
correlational analysis method (Barker et al, 2016), and
nonlinear corresponding method (Lorenzo-Lacruz et al,
2013). In terms of propagation threshold, Guo et al. (2020)

used Bayesian theory to study the duration and severity of
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meteorological drought in the three sub-basins from the
meteorological basin of the Weihe River. Wu et al. applied the
logarithm function to establish the response relationship model
of hydrological drought to meteorological drought characteristics
and obtained the critical conditions of meteorological drought
evolution into hydrological drought. Gao et al. (2014)proposed
the concept of climate threshold caused by drought and flood
based on the study of precipitation disaster factors and crop
disaster bearing body damage degree. Leasor, Quiring, and
Svoboda (Lesk et al, 2016) used objective drought severity
definition thresholds for improving drought monitoring
(Leasor et al., 2020). Peters et al. (2003)used linear reservoir
theory to study the spread of drought in groundwater. Sattar et al.
(2019)analyzed the probability characteristics of the propagation
of meteorological drought to hydrological drought in Korea
using the Copula function and Bayesian theory. In terms of
propagation influencing factors, Pandey and Ramasastri, (2001)
believe that the corresponding propagation time depends on the
local landscape conditions. Huang et al. (2017)used the Fu’s
equation in the budyko hypothesis to study the relationship
between propagation time and the actual evapotranspiration and
El Nifio-Southern Oscillation (ENSO) and the Atlantic
Oscillation (AO). Hudgins research found that the Arctic
Oscillation activity is closely related to the climate in the
middle and high latitudes (Hudgins and Huang, 1996). Talace
et al. (2014)found that meteorological, agricultural, and
hydrological droughts are closely related to climate indices
such as El Southern Nino (ENSO) and Atlantic Oscillation (AO).

However, in the previous studies on drought transmission
and prediction, more quantitative characteristics of drought
events such as drought duration, intensity, and severity were
adopted as variables, but the calculation of these features is often
based on a complete drought event. That is to say, only after the
end of a complete meteorological drought can the duration,
intensity, and severity of the meteorological drought be
obtained. But in actual circumstances, the process of a
meteorological drought not yet being ended may have led to
the occurrence of hydrological drought. In this case, it is difficult
to describe the hydrological drought according to the
characteristic amount of meteorological drought in a timely
manner. As a result, it is unable to carry out hydrological
drought caused by meteorological drought in a timely
manner. Therefore, this study used the month-by-month SPI
and SSI values as variables, which are relative in a timelier
manner, such as the SPI value obtained in this month and the
SSI value of the next month can be predicted. Also, as far as
known, most of the scholars will focus on some aspect of drought
transmission process or drought prediction, and this study is to
combine the two on the basis of a drought prediction model so as
to form a complete system to provide a new idea and inspiration
for later research. At present, how to predict the occurrence of
to real-time monitored

hydrological drought according

meteorological drought index value? This is an unclear
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problem in the spread of meteorological drought to hydrological
drought. Therefore, the Standardized Precipitation Index (SPI)
and the Standardized Streamflow Index (SSI) were used to
characterize
respectively (Shukla and Wood, 2008). Directly using the
drought index as the calculation condition and using the

meteorological and hydrological ~droughts,

Copula function (Kolesarova et al, 2015), the conditional
probability of different levels of hydrological drought under
meteorological calculated, the
threshold drought to
hydrological drought is solved, and a theoretical basis for

certain conditions  is

propagation of meteorological
water resources management and early warning and control
of drought is provided.

The main objectives of this study are @ to reveal the
probability of hydrological drought of different levels after
different levels of meteorological drought. @ Under certain
probability conditions, the SPI-P(SSI|SPI) relationship curve is
used to solve the propagation threshold of meteorological
drought to different levels of hydrological drought. ®The
hydrological drought early warning and forecast model based
on the SPI-P(SSI|SPI) relationship curve is proposed and
verified.

2 Methods and material

2.1 Methods

2.1.1 The precipitation and stream flow stability
analysis method

In the current environment of rapidly changing climate
conditions and increasing human activities, meteorological
and hydrological conditions may change. Bernaola-Galvan
et al. (2001)proposed a heuristic segmentation algorithm (BG
algorithm) in 2001, which can test the stationary status of the
sequence, detect the mutation point, and divide the non-
stationary sequence into several stationary sequences. The
main ideas are as follows:
the there
corresponding point sequences K = {kj, k»,..., k,}, and for any

For time series X = {x1,X2,..., X}, are
ki(i = 1,2,...,m), the means: 4, (i), u, (i) and standard deviations:
s, sy of the left and right sequence of the ki are calculated and

then the combined deviation SD at point k;:

o=

where n; and 1, are the number of sequence points on the left and

S
m+n —2 non,

(nl—l)xs,z+(nr—l)><sf>%x(l 1

right side of the points k;, respectively. The statistical value T(i) of
the t-test is then used to quantify the difference between the mean
on the left and right sides of the point k;:

# (D) —p, (i)

50 =

T (i) =|
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TABLE 1 Division of the different drought grades.

Drought grade SPI SSI

-1.0 < SPI < 0.5
-1.5 < SPI < -1.0

-1.0 < SSI < 0.5
-1.5 < SSI < -1.0

Light drought
Middle drought
—2<SPI < -1.5
SPI < -2

—2<S88I < -1.5
SSI < -2

Severe drought

Extreme drought

The T sequence one-to-one corresponding to k; is obtained
by computing all points in K. The larger the T value, the greater
the difference between the mean of the left and right parts of the
current point. Statistical significance was then calculated for the
maximum value of Ty, in T:

P(Toas) = (1= T/ sy 040)) 3)
where  obtained from  Monte Carlo  simulations:
n=419InN -11.54, § =0.4. N is the length of the time
series X, v = N — 2, and I, (a,b) is an incomplete  function.

Set the critical value Py:

If: P(Tax) > Po:

At this point, the X sequence is divided into two
subsequences with certain differences in the mean, and then
the abovementioned process is repeated for the newly obtained
subsequence so that the cycle until the abovementioned
conditions is no longer met. In addition, to ensure its validity,
when the subsequence length is less than or equal to [y, no more
segmentation will be conducted.

2.1.2 Standardized precipitation index

The SPI was first proposed to describe the drought conditions
in Colorado by McKee et al., in 1993. The SPI can be applied to
monitor long-series precipitation and is widely used in drought-
related research due to its advantages of multi-time scale
calculation, simple computational methods, and easy access to
required data (Kao and Govindaraju, 2010). The SPI was used to
characterize meteorological drought. The general calculation
method can be divided into two steps: calculating the Gamma
distribution probability of precipitation in a certain period and
normally standardizing the Gamma distribution probability.
Considering the regional characteristics of precipitation,
Gamma distribution, Generalized Extreme Value distribution,
and Log-logistic distribution were used to fit the stream flow data,
and the tests were selected according to the Akaike information
criterion (AIC) and Bayesian information criterion (BIC) (Zhang
etal., 2014). The division of the different drought grades is shown
in Table 1 (Vicente-Serrano et al., 2012).

2.1.3 Standardized stream flow index

The standardized streamflow drought index (SSDI) is a
drought index constructed by the calculation procedure of the
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analogy SPI (Niu et al., 2015). The variables calculated by the SPI
were replaced by precipitation with stream flow, which includes
all the advantages of SPI. In this study, the SSI was used to
characterize hydrological drought. However, the distribution
characteristics of stream flow sequence do not necessarily
follow Gamma distribution well. Therefore, the Gamma
distribution, Generalized Extreme Value distribution, and Log-
logistic distribution were used to fit the stream flow data, and the
test is performed according to the AIC and BIC. The calculation

method is similar to that of the SPI, which is not repeated here.

2.1.4 Run theory

Run theory was proposed by Yevjevivich in 1967 and has
been widely used in the identification of drought events, which
can identify the characteristics of drought events, such as drought
onset time, end time, drought duration, and drought intensity.
Specific theory and calculation methods can be used as reference
(Wu et al, 2021).

2.1.5 Cross-wavelet transform
Cross-wavelet transform (Paz and Mahler, 1993) was
proposed by Hudgins et al. It is a new signal analysis
technology based on continuous wavelet analysis technology
and combining wavelet transform and cross-spectrum
analysis, which can show the correlation of two time series in
the time domain and frequency domain from the perspective of
multiple time scales (Li et al,, 2020). WX (s) and WY (s) are
assumed as the continuous wavelet transformations of two time
series, X = {x1,%2,...,x,} and Y = {y1, y2,..., ¥}, respectively.
The cross-wavelet between them is
WY (5) = WX ()WT* (s), WY (s) the
complex conjugation of Wﬁ (s) and s is a time delay. The
defined as

IWffY (s)]. It contains time-frequency-amplitude information.

transform
where represents

cross-over-wavelet power spectrum can be
The larger the value, the higher the correlation between the two

time series. For two stationary random processes, the
standardized form of cross-wavelet transform can be written

as wavelet cross-correlation coefficient (Sun and Cheng, 2008).

I

Cross-wavelet transform can reflect the common high-
and the
relationship, which is used to analyze the correlation between
the SPI and SSL

n

z(vvf (s) - WF (s))<W? (s) - WT (s))

i=1

2
(ws‘ (5 w,XTs)) Jz(wy ()~ W _<s>)
1 i=1

r(X,Y) =

2

3

(4)

energy region of two time series bit-phase

2.1.6 Cross-wavelet condensation spectrum
The wavelet condensation spectrum can measure the close
degree of local correlation between two time series in the time
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domain and frequency domain, revealing the dependence
between two time series relative to frequency, and its
changing characteristics in the time domain indicates the
degree of linear correlation at different frequency scales and
the change of coupled period signal over time, which reflect the
main information of the mutual correlation structure in the time
and frequency domain (Wang et al., 2020). It is defined as

|S(s‘1WffY (s, ‘r))|2

R (s,7) = ,
(D) S(sHWi(s, T)|2) x S(s7H WY (s, T)|2)

®)

where s is the scaling parameter, 7 is the time translation
parameter, and S is the smoothing function.

2.1.7 Solving conditional probability by copula
function

The concept of Copula was first introduced by Sklar in
1959 when he answered M. Frechet’s question about the
relationship between multidimensional distribution functions
and low-dimensional edges. It is currently widely used in
to determine the dependence
(2005)introduced and
described the Copula function concretely. . Mishra and Singh
1985)
application of Copula in drought. The edge distribution of the

non-parametric measures
between random variables. Nelsen

(2011) (Sadeghipour and Dracup, introduced the
Copula function is very flexible. For the same Copula function, its
edge distribution can be of different types, so the Copula function
can construct various types of multivariate distribution, and its
connection form is not limited by edge distribution, which is the
main reason for choosing the Copula function to build the joint
distribution of the SPI and SSI (Hao and Singh, 2015). The main
ideas of solving the conditional probability by using Copula are as
follows:

P(X,Y)

P(X]Y) = 1)

. (6)

The abovementioned formula is a simple conditional
probability calculation formula; X and Y are two random
variables. When X and Y are not independent of each other,
it will bring difficulties to calculate P (X,Y), but this problem can
be solved by the Copula function.

_F(X,Y) _C(F(X),F(Y))
FXJY) = F(Y) ~ EF(Y)

™)

The calculation problem of the joint distribution function F
(X,Y) can be skipped by the abovementioned equation, but the
abovementioned equation can only solve the conditional
probability for a fixed value of X and Y. When X and Y are
in a certain interval, the calculation method is as follows:

F(x1 <X<x|y1 <Y <),

_ C(F(x2), F(y2)) = C(F (x1), F(32)) = C(F(x2), F (1)) + C(F (1), F (1))
F(y:) = F(y)

(8)
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FIGURE 1

General situation of the Yiluo river basin and location of hydrological and meteorological stations.

where C represents the Copula function and F(x) and F(y) are the
distribution functions of random variables X and Y, respectively.

2.2 Material

2.2.1 Study area

The Yiluo River is the largest tributary of the Yellow River
below San menxia in China. There are two sources, namely, the
Yi River and the Luo River. The main stream is 446.9 km in
length, spanning Shanxi and Henan provinces. The basin covers
about 18,900 square kilometers, and the control area of the
export hydrological station is 18,563 square kilometers,
accounting for about 98% of the whole basin, with an
average annual stream flow of 3.2 billion cubic meters (Yue
and Li, 2013).

The upper reach of the Yiluo River is a mountainous area
with good vegetation and abundant water production; the middle
and lower reaches are low hills and flat valleys, respectively,
which are the main agricultural area.

The whole basin has a temperate monsoon climate, and the
annual distribution of precipitation is uneven within the year.
There are 60% of the precipitation concentrated in the flood
season from July to October, which often causes large floods (Liu
et al,, 2013). But other seasons are often dry. Therefore, it is of
great significance to study the drought characteristics and
propagation process in this river basin. The basin overview is
shown in Figure 1, in which HSG and LK are Heishiguan
station station,

hydrological and Lingkou hydrological

Frontiers in Earth Science

104

respectively, and 57071, 57067, and 57077 are the three
meteorological stations in the basin .

2.2.2 Data

Stream flow data used in this study: the monthly scale stream
flow data of 1960-2020 are obtained from the Hydrologic
Yearbook of China (Hydrologic data of the Yellow River
Basin). Meteorological data: monthly scale precipitation data
of three meteorological stations in 1960-2020, from China
Meteorological Data Network: http://data.cma.cn/. The average
precipitation in the river basin was calculated by the Tyson
polygon method.

3 Results
3.1 ldentification of mutation points

In this study, the BG segmentation algorithm was used to
identify the rainfall and stream flow sequence, and L, is the
minimum segmentation scale, ensuring the validity of the
statistics, generally not less than 25, P, is the statistical
if the
significance value of a certain segment is greater than or equal

significance ~critical ~value, maximum statistical
to the value, then one can continue the segmentation; otherwise,
the segmentation will not continue. The value of PO generally
ranges from 0.5 to 0.95, so the Py and L, were 0.95 and 25,
respectively, to ensure statistical validity (Peng et al., 2017). The

segmentation results are shown in Figure 2. For the precipitation
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FIGURE 2

Identification results of mutation points in precipitation and streamflow sequences. (A) shows the mutation point of precipitation sequence. (B)

shows the mutation point of streamflow sequence.

sequence, as shown in Figure 2A, in the period of 732 months
from January 1960 to December 2020, the mean value was
maintained in a stable state, which shows that in the long
series from 1960 to 2020, it remained in a stable range and
can be used for the study of stationary conditions. For stream
flow sequence, as shown in Figure 2B, several streams flow far
beyond the mean value, but according to the segmentation
results, they just exist as little mutation points, and almost all
of them are near in April 1964. This is due to meteorological
conditions in the Yiluo River basin. The annual precipitation is
concentrated in the summer, resulting in high stream flow, but it
was not segmented due to its short duration and does not reach
the minimum segmentation scale criterion. The mutation in
April 1964 lasted for a long time, so it was identified, which is
also consistent with the diachronic data of the Yiluo River basin,
which had the largest surface water resources in 1964.
Considering that this mutation situation is relatively short
compared to that of the long series and the mean stream flow
value returns to normal after that, this mutation situation is not
considered in this study and is studied according to the stationary
state.

3.2 Calculation of the drought index
According to the multi-time scale characteristics of the SPI

and SSI, this study calculated the SPI and SSI of 1, 2 ... 12-
month scales,. According to the calculation method, the
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TABLE 2 Distribution function fitting effect evaluation.

Gamma Generalized Extreme Value Log-logistic

P AIC 643.10 643.30 654.97
BIC  643.99 644.63 655.86
R AIC 436.98 419.59 420.69
BIC  437.88 420.93 421.58

distribution function of precipitation and stream flow is
fitted first. Gamma distribution, Generalized Extreme Value
and Log-logic distribution fitted
precipitation and stream flow . The AIC and BIC are used

distribution, are to
to evaluate the fitting effect, and the distribution function is
optimized according to the evaluation results. The distribution
fitting results are shown in Table 2:

According to the evaluation results of distribution fitting,
the Gamma distribution is used for fitting the precipitation
sequence, and the Generalized Extreme Value distribution is
used for fitting the stream flow sequence. Then, the inverse
operation of the normal distribution is performed to obtain the
SPIand SSI sequences. The SPIon 1-, 3-, 6-, and 12-month scale
and the SSI on 1-, 3-, 6-, and 12-month scale are as shown in
Figure 3.

As can be seen from the figure, the SPI and the SSI have
different temporal oscillation frequencies on different time
scales, and the number of drought events identified is
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FIGURE 3

SPI and SSl values on different time scales (A), (B), (C), and (D) are the SPI on time scale of 1, 3, 6, and 12 months, respectively (E), (F), (G), and (H)

are the SSI on time scale of 1, 3, 6, and 12 months, respectively.

different, and the drought duration is also different, showing
different dynamic characteristics. Taking SPI as an example,
specifically the SPI identified the most drought events on a short
time scale of 1 month. The main drought events lasted for
1-2 months, showing frequent wet and dry alternations. The
SPI on 3-month and 6-month medium time scales showed a
certain seasonality to a certain extent, reflecting the cyclical
variation characteristics of the climate in the Yiluo River Basin
and the alternating cycles of dry and wet changes with the
seasons. The SPI of the 12-month long time scales can reflect
the long-term meteorological characteristics of the watershed
and can clearly show the long-term drought or wet conditions
of the watershed. The SSI sequence shows a similar situation to
the SPI sequence.

3.3 The connection between
meteorological and hydrological drought

In order to further reveal the link between meteorological
drought and hydrological drought and to explore the validity of
the SPT and SSI sequences, cross-wavelet analysis was used in this
study. The results are shown in Figure 4. Figure 4A is the cross-
wavelet power spectrum of the SPI and SSI, and Figure 4B is the
cross-wavelet condensed spectrum of the SPI and SSI.
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The thick solid line area in the figure represents the test of the
red noise standard spectrum under the condition of significance

level a

0.05, the arrow represents the phase relationship
between the two, — represents the same phase between the
impact factor and the stream flow, indicating that the two are
positively correlated, « indicates antiphase, indicating that the
two are negatively correlated, | indicates that the change of the
impact factor precedes the change of stream flow by 90°
(corresponding time is 3 months), and T indicates that the
change of the impact factor lags behind the change of stream
flow by 90°. In order to avoid boundary effects and high-
frequency wavelet false information, the area within the
wavelet-influenced cone (thin arc in the figure) is the effective
spectrum value (Sang, 2013). It can be seen from the figure that
there is a high positive correlation between the SPI and SSI
sequences on different time scales. The significance test basically
runs through the entire area. The impact of the SPI on the SSI is
mainly on the 8-16 month scale. The change of SPI ahead SSI
stream flow varies with time, but it is basically between 30° and
90°, corresponding to 1-3 months. It reflects the propagation link
between meteorological drought and hydrological drought,
showing a good positive correlation, and more clearly reflects
the detailed characteristics and resonance phase differences of the
correlation between the two series in the time domain and
frequency domain.
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Cross-wavelet transform result (A) is Cross Wavelet Power Spectrum (B) is Cross Wavelet Condensed Spectrum.

3.4 |dentification of drought events and
characteristics

In this study, the run-length theory proposed by Yevjevich in
1967 was used to identify drought events and calculate related
drought characteristics, including drought frequency, drought
duration D, drought severity S, and drought intensity I
(Montaseri et al.,, 2018). Among them, drought severity S is
the accumulation of the drought index value within the drought
duration D, and the drought intensity I is the ratio of S to D. In
the process of drought identification, in order to prevent the
interference of drought events with short duration and light
severity, this study eliminated the drought events, that is, when
the duration of a drought event is less than 1 month or its severity
is greater than the threshold of drought index -0.5, the drought
event was eliminated. At the same time, according to the times of
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TABLE 3 Frequency and propagation ratio of meteorological and
hydrological droughts in different grades.

MD HD Propagation ratio
Light 23 27 1.17
Middle 22 9 0.41
Severe 8 4 0.50
Extreme 2 3 1.50
ALL 55 43 0.78

meteorological drought and hydrological drought, this study
calculates the propagation ratio R from meteorological
drought to hydrological drought, which can measure the
drought resistance of the basin (Guo et al., 2020).
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Intensity characteristic of (A) meteorological drought and (B) hydrological drought at different scales.

HD
r = ——x 100%,
MD

©)
where HD is the number of hydrological droughts and MD is the
number of meteorological droughts.

The identification of meteorological and hydrological
drought events at various levels is shown in Table 3. From
the total number of drought events, the number of
than that of

meteorological

meteorological ~droughts is greater

that
droughts do not necessarily lead to hydrological droughts.

hydrological droughts, indicating
Hydrological drought is a slow accumulation process, which
is often caused by several meteorological droughts. The
of drought

hydrological drought in the Yiluo River basin is 0.78, so

propagation  ratio meteorological to
the drought resistance is poor.

Among the three drought characteristics: D, S, and I, any two
of them can describe drought. Compared with drought duration
and drought severity, the value of drought intensity can more
comprehensively represent drought characteristics, and it is
easier to produce abnormal values in the sequence of drought
duration and drought severity. Therefore, this study selects
drought intensity as the characteristic quantity to describe
drought. In this study, the SPI and SSI on the scale of 1, 3, 6,
and 12 months were used to identify drought events and calculate
their characteristics. The statistical calculation results of drought
intensity are shown in Figure 5. It can be seen from the figure that
the intensity of meteorological drought is slightly stronger than
that of hydrological drought, but drought intensity identified by
the two time scales is roughly the same, basically between-
1.0 and-1.25.
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Drought often shows certain seasonal characteristics, as shown
in Figure 6. Meteorological drought is concentrated in the winter,
and almost no meteorological drought occurs in summer.
Hydrological drought is relatively evenly distributed in spring
and winter. Hydrological drought in spring may be caused by
the delayed spread of meteorological drought in the winter of the
previous year. The flood season in the Yiluo River basin is summer,
and the stream flow is large, so hydrological drought occurs less.

3.5 Determination of drought propagation
t time

3.5.1 Correlation between multi-scale SPI and
multi-scale SSI

At present, for the concept of drought propagation time, the
method of calculating the correlation coefficient between the SPI
of multiple time scales and the SSI of 1-month time scale is
adopted, and the SPI time scale corresponding to the maximum
correlation coefficient is defined as drought propagation time
(Ding et al,, 2021). This study revealed the correlation between
the SPI of 1-12 month scale and the SSI of 1-12 month scale as
shown in Figure 7A. The results showed that the SPI in
2-4 months had the highest correlation with the SSI in
3 months, and the correlation coefficient was greater than 0.6.

3.5.2 Correlation between lagging SSI and multi-
scale SPI

We repeated the SSI sequence of 1 month for 1, 2, ...
12 months and obtained the correlation between SSI delayed
for a certain time and SPI of 1-12 months, as shown in Figure 7B.
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When the delay time is 2-4 months, the SPI corresponding to
different time scales shows good correlation, with the correlation
coefficient greater than 0.6. When the SPI calculation time scale is
3 months, the correlation coefficient with SSI delayed for
3 months is the highest.

3.6 Probabilistic model between
meteorological and hydrological drought

In recent years, droughts have occurred and its effects are
exacerbated by increased water demand and changes in
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hydrometeorological variables due to climate change. Various
concepts have been applied to simulate drought, from simple
methods to more complex models (Mishra and Singh, 2011).
Therefore, it is very important to construct the drought model to
study the drought transmission process and for drought
prediction. Scholars at home and abroad have also studied
this from different perspectives, and Schwarz et al. (2020)have
constructed drought disaster, vulnerability, and risk models in
different land-use situations. The model was also cross-validated
using the US Drought Monitoring (USDM) (Schwarz et al,
2020). Shin et al. (2019) developed a probabilistic hydrological
drought prediction method using a Bayesian network combining
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TABLE 4 Evaluation of fitting effect of different Copula functions.

Copula Function Gauss t

SED 0.155 1.2162

10.3389/feart.2022.961871
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Propagation probability of meteorological drought of different grades to hydrological drought.

dynamic model prediction and drought transmission
relationship to build a Bayesian network-based drought
transmission drought prediction model, which is suitable for
long-term hydrological drought prediction. Park et al. (2020)
used the drought index based on satellite remote sensing data to
build a short-term drought prediction model by convolving long
and short-term memory and random forest method. Van Loon
et al. (2012)studied the simulation effect of the large-scale
hydrological model on the drought transmission process, and
the results showed that there is still much room for improvement
in the simulation of the semi-arid watershed model. This study is
based on the conditional probability relationship between
meteorological drought and hydrological drought and
constructs the prediction model of hydrological drought based
on the Standardized Precipitation Index (SPI) and the
Standardized Runoff Index (SRI),

requirements, simple model construction ideas, and is easy to

which has low data

understand and use. According to the foregoing study, the
propagation time from meteorological drought to hydrological
drought is 3 months, and considering that the correlation
between the SPI and SSI in 3 months is the highest, this study
uses the SPI and SSI sequences in 3 months as variables to
construct edge distribution function, uses the Copula function
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to construct joint distribution, and calculates the propagation
probability among meteorological and hydrological droughts of
different grades based on conditional probability. In this study,
Gauss, T, Gumbel, Clayton, Frank, and five Copula functions are
selected to fit the edge distribution functions of the SPI and SSL
Also, the Euclidean distance (He et al., 2011) is calculated to
evaluate the fitting effect. The optimizing Copula function
according to evaluation results is shown in Table 4. The
Cumbel-Copula function is selected as the joint distribution
of the SPI and SSI.

After constructing joint distribution, the interval conditional
probability (Eq. (2)) is solved by using the Copula function with
the SPI value as the known condition. The calculation results are
shown in Figure 8, which reveals the probability of different
grades of hydrological drought. For example, when light
drought occurs, the probability of light
70%.
characteristics can provide theoretical basis for water resource

meteorological

hydrological drought is about These probability
managers to apply relevant measures to deal with hydrological
drought when meteorological drought is monitored by the SPI.

When the SPI value is known, how to predict hydrological
drought? In this study, the values of SSI as 0.5, —1.0, 1.5,

and 2.0 are given, then the points in the range of -30-10 at
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Probabilistic model of the relationship between meteorological and hydrological drought.

equal intervals as SPI values are selected, and the Copula
function is used to calculate the conditional probability (Eq.
1) to obtain the relationship curve between the SPI and P(SSI|
SPI), as shown in Figure 9. It can be inferred from this
relationship curve that when the conditional probability
value is 95%, the SPI threshold values of the propagation
from meteorological drought to light, middle, severe, and
-7.7, -13.3, -20.8,
and -29.7, respectively. According to the relationship curve
between the SPI and P(SSI|SPI), combined with the monitored
SPI value, we can obtain the probability of each grade of
hydrological drought and further reveal the probability

extreme hydrological drought are,

relationship ~ between = meteorological  drought  and
hydrological drought. When the SPI value is abnormal, for
example, if the SPI value of this month is low, the probability of
occurrence of corresponding hydrological drought can be
directly obtained. Combined with the propagation time from
meteorological drought to hydrological drought, it provides a
basis for timely decision-making on whether to take drought

response measures.

3.7 Model validation and analysis

For the constructed model, the actual SPI sequence of 1, 3, 6,
and 12 months is represented into the model formula for
operation, and the SSI prediction sequence of 1, 3, 6, and
12 months is obtained. The calculation method is as follows:

On the basis of

C(Fssi, F
P(SSI|SPI) = M,

(10)
FSPI

where the Gumbel-Copula function is in the form of
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C(Fssi, Fspr) = eXp{ ~[(~nFyp)’ + (= InFee)']’ } an

where 0 = 1.6902 is the parameter of the Copula function and Fsg;
and Fgp; are the fitting distribution function of SSI and SPI,
respectively.

J x"et dx,

0

1
bI (a)

Fepy = F(x|a,b) = (12)
where a and b are the parameters of the Gamma distribution
function and x is the value of the SPIL

fssi = f (xlk, u, 0)

-(Qen( (ratg) Yon )

(13)

Fss1 = stydx, (14)
where 4, 0, and k are the location parameter, scale parameter, and
shape parameter of the Generalized Extreme Value probability
density function, respectively; x is the value of SSI.

Then, according to the known SPI sequence, the SSI can be
solved back out by substituting the SPI in the formula, that is, the
predicted value of the SSI sequence. The series of SSI-predicted
values of different time scales were compared with the actual
values as shown in Figure 10. As can be seen from the figure, the
predicted SSI sequence is relatively stable, and the hydrological
extreme value phenomenon is not obvious, but between-1-1, it is
more consistent with the actual SSI sequence, and the overall
trend of the predicted SSI and the actual SSI sequence is roughly
the same, deficit and These

reflecting water surplus.
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SSI sequence predicted values versus actual values(A), (B), (C), and (D) are calculated at a scale of 1, 3, 6, and12 months, respectively.

characteristics can be displayed more clearly at the calculated
scale of 12 months.

After obtaining the predicted SSI sequence, this study also
tested the detection effect of the model for the specific drought
events. The combination of observations and predictions can be
divided into hit, drought observed and also predicted; false,
drought predicted but not observed; and miss, drought
observed but not predicted. The POD indicates the probability
of observed droughts that are also correctly predicted: POD = H/
(H + M); FAR represents the proportion of drought predicted but
not confirmed observed: FAR = F/(H + F). The CSI combining
POD and FAR shows the comprehensive capability of drought
detection: CSI = H/(H + M + F) (Ma et al., 2015). The results

Frontiers in Earth Science

112

given in Table 5 showed that they are consistent with the
characteristics expressed by the SSI sequence, with better
effect for detecting light drought events and relatively poor
effect for predicting severe drought. Meanwhile, the detection
rate of this model is still very high, but there is a certain false
positive rate.

4 Discussion

The stream flow data used in this study are the reduced
stream flow data, so the influences of human activities such as
reservoir construction, soil and water conservation measures,
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TABLE 5 Detection effect on specific drought events.

Time scale of Drought Grade Hit

drought identification

One Month Light Drought 17
Other Drought 15

Three Month Light Drought 21
Other Drought 18

Six Month Light Drought 15
Other Drought 20

Twelve Month Light Drought 8
Other Drought 6

and irrigation water and industrial water are excluded in the
research process. At present, due to the influence of a large
number of human activities, climate change has intensified, and
the meteorological conditions and the underlying surface
conditions of the basin have changed greatly (Hao and Singh,
2015). Therefore, this study adopted the heuristic segmentation
method (BG algorithm) to check the obtained precipitation and
reduced stream flow series and found that the stability of the
series is relatively good, so the basin can be regarded as a
relatively natural basin for research. For the selection of
drought index, due to the limitation of data conditions, the
SPI is selected as the meteorological drought index, ignoring
the influence of evapotranspiration, which can be improved in
the following research; for example, the SPEI, a standardized
precipitation evapotranspiration index considering potential
the
The cross-wavelet

evapotranspiration, is  selected to  characterize

meteorological drought characteristics.
analysis used in this research is a new technology combining
cross-spectrum analysis with wavelet transform, which can better
reveal the relationship between two time series in time and
frequency. In the process of studying drought characteristics,
according to the calculation results of propagation ratios of
different grades of drought, it is found that the propagation
ratios of light drought and extreme drought are all greater than 1,
which indicates that in the process of drought propagation, due
to the characteristics of slow development and long duration of
hydrological drought, it is not only affected by meteorological
conditions but also seriously affected by human activities. In fact,
the response of hydrological drought to meteorological drought
is dependent on large-scale atmospheric circulation and the local
underlying surface (Vicente-Serrano and Lépez-Moreno, 2005).
In fact, precipitation has the greatest influence on drought, but it
is often a rapid and short-term process, and it has to go through a
complicated process from precipitation to stream flow
production, which should take into account the influence of
the underlying surface factors of the basin. In addition, the
seasonal characteristics of drought are very obvious, which is

closely related to the climatic characteristics of the basin and the
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False Miss POD (%) FAR (%) CSI (%)
3 2 89 15 77
8 3 83 35 58
4 2 91 16 78
9 1 95 33 64
6 0 100 29 71
4 2 91 17 77
2 0 100 20 80
1 3 67 14 60
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spatial and temporal distribution of precipitation. Meanwhile,
the influence of evapotranspiration should also be considered. In
previous studies, some scholars analyzed the influence of climatic
phenomena such as El Nino Southern Oscillation and Arctic
Oscillation on drought propagation, which is strongly related to
the seasonal characteristics of drought, and this climatic
phenomenon is closely related to evapotranspiration, which
reveals the influence of basin evapotranspiration on drought
propagation (Liu et al, 2020). For the study of drought
propagation time, based on the correlation analysis of the
multi-scale SPI and SSI sequences in the past, this study also
analyzes the correlation between multi-scale SPI and lagging SSI
sequences and determines the drought propagation time by
comparing the two results. In addition, the correlation
coefficient diagram shows certain linear characteristics. In this
study, the best Copula function was selected to construct the joint
distribution function between the SPI and SSI sequences, and
based on conditional probability and interval conditional
probability, the propagation probability and propagation
threshold between meteorological and hydrological droughts
of different grades were obtained. The idea of guiding water
resource management and drought response according to the
SPI-P(SSI|SPI) relation curve is put forward, and the probabilistic
prediction model of hydrological drought is constructed, and it is
verified by historical data. The model construction in this study
adopts an innovative idea to construct the drought prediction
model, directly starting from the drought index and combined
with the quantitative drought transmission process. It is
enlightening to the construction of a drought model based on
the drought transmission process and provides a new idea.
According to the results, this model has good timeliness for
drought prediction, which is of great significance for drought
control work. The validation results showed that the model is
suitable for predicting mild and moderate hydrological drought
and poor, severe, and extreme hydrological drought. There are
three main reasons for this: First, in terms of influencing factors,
the stream flow of hydrological drought has other influencing
factors besides precipitation, such as the underlying surface
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conditions, human water intake, and drainage activities, and
evaporation also promotes the occurrence of hydrological
drought. These factors were not considered due to the
limitation of data in this study; second, the drought
transmission time, in this study, used more research before
the method, the

transmission time is a fixed value, but in fact, the drought

correlation  coefficient and drought
transmission time cannot be fixed, such as in previous studies
show temperature has a great influence on transmission time, in
the later study, can be considered; third, in terms of specific
drought events, in the long series of hydrological data research,
the results show that drought events are mild and moderate, and
severe and extreme drought events are relatively few, only a few
times in 1960-2020, which led to the sample size of severe and
extreme drought events, resulting in the fitting process of the
model with poor accuracy, eventually leading to poor
applicability of a severe and extreme drought model
However, the construction idea of this model can provide new
direction and ideas for drought prediction research. For
application in different watersheds, the calculation scale of the
SPI can be adjusted according to the characteristics of
watersheds. For example, the watershed with short drought
propagation time can further refine the SPI sequence, taking
weeks as the calculation time scale, while the watershed with long
propagation time can appropriately expand the calculation scale
of the SPL

5 Conclusion

In this study, based on the calculation of conditional
probability and interval conditional probability, the Copula
function is used to put forward a probability model of
meteorological drought spreading to hydrological drought,
namely, the SPI-P (SSI | SPI) relationship curve. The
probability of occurrence of hydrological drought at all levels
can be obtained directly according to the real-time monitored SPI
value, which improves the timeliness of drought forecasting and
early warning. The main conclusions of this study are as follows:

1) Combining drought transmission and drought prediction, the
construction of a new idea of drought prediction model is
proposed.

Using the SPI-P(SSI|SPI) relationship curve, a drought
prediction probability model based on the drought index is

2)

developed. After verification, it was found that the model has
good ability to predict mild and moderate hydrological
drought and still has room for improvement in predicting
severe and extreme hydrological drought effect.
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The drought prediction model constructed in this study can
directly use the meteorological drought index to predict
hydrological drought, which is easier to understand and apply.
The model construction idea can provide new ideas and
inspiration for relevant research and also has practical
significance for the drought control work.
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An environmental water supplement through reservoir regulation is an important
way to restore the deltaic coastal wetland. In order to quantify the impact of the
reservoir on the deltaic coastal wetland ecosystem, this article proposes a
quantitative analysis method for the ecological impact and contribution rate of
the reservoir, which compares the ecological status in two scenarios with the
presence or absence of the reservoir during the assessment period, and reveals the
reservoir's impact on and contribution rate to the ecological status and
environmental water supplement conditions. The results show that during
2000-2019, through the regulation of the Xiaolangdi Reservoir, the average
annual drying up days at the Lijin section reduced by 81.15days, the average
annual assurance rate of ecological base flow at the Lijin section increased by
20.60%, and the volume of water flowing into the sea from April to June increased
by 2.37 bilion m?*. During 2008—2015, the Xiaolangdi Reservoir increased the
environmental water supplement of the Yellow River Delta by 19.95 million m?®.
Compared with the flow and water withdrawal during 1980-1999, the natural flow
of the Yellow River decreased by 10.59% and the measured flow in the lower
reaches decreased by 22.15%, and the water withdrawal in the lower reaches
increased by 0.32 billion m*® during 2000-2019, which is detrimental to provide
environmental water to the Yellow River Delta wetland and coastal areas. The
Xiaolangdi Reservoir reversed the adverse effects of flow and water withdrawal and
ensured the continuous ecological improvement in the Yellow River Delta and
coastal areas, providing the respective contribution rate of 187.85%, 137.24%, and
125.83% to the prevention of drying up at the Lijin section, the increase in the
assurance rate of ecological base flow at the Lijin section, and the increase in the
volume of water flowing into the sea in the critical period.

KEYWORDS

deltaic coastal wetland, reservoir regulation, contribution rate, ecological base flow,
environmental water supplement, Yellow River, Xiaolangdi Reservoir
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Introduction

The coastal wetland is one of the most productive ecosystems
(Osland et al.,, 2018; Zhao et al., 2018). Coastal wetlands can
provide biological habitats, purify water quality, facilitate carbon
sequestration, resist coastal floods, and protect food security
(Narayan et al,, 2017; Wang et al., 2020; Zhu et al., 2020), and
the value of ecological services is up to US$1,94,000/(haeyr) (Liu
et al,, 2021). Coastal wetlands are at the junction of land and sea
and are significantly affected by climate change, particularly, the
sea level rise (Gabler et al., 2017; Mehvar et al., 2019; Yu et al,,
2019). In addition, factors such as land use change, decrease of
sediment transport, and decrease of freshwater recharge also lead
to the shrinkage of coastal wetland areas and decline in ecological
service function (Pascual-Aguilar et al., 2015; Ma et al., 2017; Lin
and Yu, 2018). It is estimated that the world’s coastal wetland
area decreased by more than 50% in the 20th century (Li et al,
2018). China’s coastal wetland area has declined by up to 58%
from 1950 to 2014, with a shrinking area of 8.01 million ha (Sun
et al,, 2015). The restoration of coastal wetlands is gaining more
and more attention, and many achievements have been made in
relevant studies on management strategies, risk identification,
hydrological and ecological action mechanisms, and the intrinsic
role and optimization of wetland biological community (Stagg
et al., 2016; Rodriguez et al., 2017; Borchert et al., 2018; Manuel
et al.,, 2018; Renzi et al., 2019).

The deltaic coastal wetland is an important part of coastal
wetland. It is the transition zone between rivers and the sea. An
estuarine delta is generally the region where agriculture, trade, and
fisheries are well developed and strongly disturbed by human
activities. In addition, the estuarine delta is also affected by the
water and sediment regulation process of the upstream reservoir and
water intake along the river. Thus, striking changes have taken place
in many deltaic ecological environments (Day et al., 2016). The
decrease in freshwater recharge from the river to the delta is one of
the main causes of the shrinkage and degradation of the deltaic
coastal wetlands. Reservoir construction and operation is an
important way of river development. There are more than
15,000 dams that were completed or under construction in the
world with a dam height of more than 30 m (Duarte et al,, 2016),
and about two-thirds of the rivers longer than 1,000 km are not free-
flowing (Grill et al., 2019). In recent years, more and more attention
has been paid to the ecological protection function of the reservoir.
Measures to improve the ecological environment such as
discharging environmental flow and creating artificial floods have
been studied and applied in many reservoirs (Poff and Schmidt,
2016; Adams et al., 2017; Leroy and Olden, 2018; Qiu et al., 2020).
The protected area of the reservoir ecological regulation also
gradually extends from the river to the estuary and coastal waters
(Yang et al,, 2019). The reservoir realizes the environmental water
supplement by changing the flow process through storage and
discharge regulation. But the flow change is also affected by
other factors, such as climate change, water withdrawal, and
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utilization. Therefore, quantitative analysis of the impact and
contribution rate of the reservoir itself on the flow change is a
difficult point in the current studies.

The Yellow River Delta is the most complete wetland
ecosystem in the warm temperate zone in China, and it is the
core habitat that provides a transfer station, overwintering, and
breeding place for migrating birds in the inland of Northeast Asia
and the Western Pacific Rim (Cui et al., 2009; Changming et al.,
2018). There is a severe contradiction between water demand and
supply in the Yellow River Basin where the water resource per
capita is only 473 m?, the utilization rate of water resources has
reached 80%, and the problem of insufficient environmental
water has been existing for a long time (Hua and Cui, 2017; Yin
etal., 2017). In the 1980s-1990s, there have been drying up days
in the lower Yellow River for 15 years. In 1997, the drying up days
at the Lijin section of the lower Yellow River reached 227 days,
and there was no water flowing into the sea for 330 days (Liu and
2002).
sediment transport, farmland reclamation, urbanization, and

Zhang, Insufficient environmental water, reduced
other factors have led to serious degradation of the Yellow
River Delta wetland. The area of reed marsh has dropped
from 16.65 thousand ha in 1986 to 11.61 thousand ha in
2006, and coastline erosion, reduction of biological species,
and other problems have arisen (Kong et al, 2015, Wang
et al,, 2016; Zhang et al., 2017; Wang et al., 2019). In order to
protect the wetland ecosystem, the Yellow River Conservancy
Commission has carried out environmental water supplement
for the Yellow River Delta since 2008. As of 2019, the
accumulated environmental water supplement reached
461.45 million m® and the wetland vegetation has been
restored to a certain extent. The environmental water
supplement in the Yellow River Delta is mainly achieved by
the large flow process created by the Xiaolangdi Reservoir. The
current relevant studies mainly focus on the effect of ecological
restoration in the Yellow River Delta, and the role of reservoir
regulation is mainly determined by qualitative analysis.

This article aims to quantify the impact of the reservoir on
the deltaic coastal wetland and coastal ecosystem. This article
proposes a quantitative analysis method for the ecological impact
and contribution rate of the reservoir and quantifies the
contribution of the Xiaolangdi Reservoir to the prevention of
drying up of the Yellow River channel, the provision of river
ecological base flow, and the provision of environmental water to

the Yellow River Delta wetland and coastal areas.

Materials and methods
Study area
The study area is from the Xiaolangdi Reservoir to the estuary

of the Yellow River (Figure 1). The Yellow River Delta, located at
the estuary of the Yellow River, faces the Bohai Sea in the north
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Study area.

and has an area of about 2,400 km? The Xiaolangdi Reservoir is
899 km away from the estuary and has a total storage capacity of
12.65 billion m>. It was put into operation in 2000, and it controls
the flow in the lower Yellow River. Since the Yellow River is a
sediment-laden river, in order to reduce sedimentation, water
and sediment regulation (WSR) has been conducted in the
Xiaolangdi Reservoir from June to July. During WSR, large
flows were artificially made to scour the reservoir and the
lower Yellow River channel (Xu et al,, 2016; Lu et al., 2020).
The large flow during WSR also provides suitable flow conditions
for the environmental water supplement to the Yellow River
Delta.

Evaluation indicators

The ecological impact of the Xiaolangdi Reservoir on the
Yellow River Delta and coastal areas are evaluated by four
ecological indicators, namely, the drying up days at the Lijin
section, the assurance rate of ecological base flow at the Lijin
section, the volume of water flowing into the sea from April to
June, and the environmental water supplement in the Yellow
River Delta. The Lijin section is close to the estuary of the Yellow
River, and its drying up days represent the duration of an extreme
low flow period, which is extremely harmful to the ecology of the
Yellow River Delta and coastal ecosystem. Ecological base flow is
the bottom limit of flow to maintain the ecological function of the
river. This article adopts ecological base flow at the Lijin section
(50 m?/s) issued by the Ministry of Water Resources of China in
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TABLE 1 Threshold flow (Lijin section) of the environmental water
supplement in the Yellow River Delta (m3/s).

Year Flow Year Flow Year Flow Year Flow
2008 3,387 2010 3,560 2012 2,763 2014 2,600
2009 3,366 2011 2,689 2013 3,300 2015 2,430

2020. According to the policies of the Ministry of Water
Resources of China, the assurance rate of ecological base flow
should be no less than 90%. April to June is a critical period for
fish reproduction in the coastal areas of the Yellow River estuary,
so it is important to ensure the volume of water flowing into the
sea during this period to create low-salinity areas suitable for
reproduction. The Lijin section controls the environmental water
supplement in the Yellow River Delta. The flow at the Lijin
section over the years when the conditions for the environmental
water supplement in the Yellow River Delta have been met is
shown in Table 1. Therefore, the Lijin section is taken as the
evaluation section, and all four ecological indicators are
calculated based on the daily flow of the Lijin section.

Scenario setting

This article changes the reservoir conditions in different
scenarios and quantifies the ecological impact of the reservoir
by comparing ecological indicator values in different scenarios.
The evaluation period is set at 2000-2019. Two scenarios are set
(Table 2). Scenario 1 represents the flow status at the Lijin section
with the regulation of the Xiaolangdi Reservoir, whereas Scenario
2 represents the flow status at the Lijin section without the
regulation of the Xiaolangdi Reservoir. The inflow into the
Xiaolangdi Reservoir and the water withdrawal under the
Xijaolangdi Reservoir are the same in the two scenarios.

In Scenario 2, the regulation of the Xiaolangdi Reservoir
needs to be eliminated, i.e., flow restoration needs to be
performed. The inflow of the Xiaolangdi Reservoir represents
the flow status before the regulation of this reservoir, thus
replacing the outflow of the Xiaolangdi Reservoir with the
inflow to eliminate the regulation impact. Based on the water
balance principle, daily flow at the Lijin section without the
regulation of the Xiaolangdi Reservoir can be obtained using the
following formula:

1

Tst = TL-t1 T TBt—t2 = Vw13 — VLs

where rg, is the average daily flow of the Lijin section on day ¢
without the regulation of the Xiaolangdi Reservoir, m®/s; ry ;. is
the measured inflow of the Xiaolangdi Reservoir on day (t-t,),
m®/s; g, is the tributary inflow into the river in the region
between the Xiaolangdi Reservoir and Lijin section on day (t-t,),
m®/s; ryw . is the water withdrawal in the region between the
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TABLE 2 Scenario setting.

Scenario classification Project condition

Scenario 1

Scenario 2

With the Xiaolangdi Reservoir regulation

Without the Xiaolangdi Reservoir regulation

10.3389/feart.2022.953318

Evaluation period® Flow type

2000-2019 Measured daily flow

2000-2019 Simulated daily flow

“Since environmental water supplement was carried out in the Yellow River Delta in 2008, there was no water supplement in 2016, and there was no threshold flow data at the Lijin section

after 2017, so the evaluation period of the environmental water supplement of the Yellow River Delta was from 2008 to 2015.

Xiaolangdi Reservoir and Lijin section on day (¢-f3), m*/s; ry is the
daily average loss of flow due to evaporation and leakage in the
region between the Xiaolangdi Reservoir and Lijin section, m*/s;
and f;, t,, and t; are the time for water flowing from the
Xiaolangdi Reservoir, the location of the tributary flowing into
the trunk stream, and the water-withdrawing location to the Lijin
section, respectively, d.

Quantitative analysis method for the
ecological impact of the reservoir

The ecological status of the Yellow River Delta wetland and
coastal areas in the two scenarios is expressed as F, and Fs,
respectively, as follows:

FA = {fA,l:fA,Z)-H)fA,n}a
FS:{fs,bfs,Z)---afs,n},

where f, ; and fs ; are the ith ecological indicator in Scenario 1 and

2
3)

Scenario 2, respectively, and i =1,2,. . .,n; and n is the number of
ecological indicators, n=4.

The ecological impact of the Xiaolangdi Reservoir on the
Yellow River Delta wetland and coastal areas (E) is expressed as:

)
%)

E={ees....e4},

ei=fai— fsip

where e; is the impact of the Xiaolangdi Reservoir on the ith
ecological indicator.

Quantitative analysis method for the
contribution rate of the reservoir

The ecological status of the Yellow River Delta wetland and
coastal areas is affected by reservoir regulation, climate change,
land use change, and other factors. Changes in the ecological
status between 1980-1999 and 2000-2019, under the influence of
multiple factors, can be figured out by comparing the ecological
indicator values in Scenario 1 and the ecological indicator values
quantified by measured data from 1980 to 1999. The measured
ecological status of the Yellow River Delta wetland and coastal
areas from 1980 to 1999 (Fc) is expressed as:

Frontiers in Earth Science

120

Fc = {fC,l’fC,Zv"’fC,n}) (6)

where fc; is the ith ecological indicator quantified by measured
daily flow at the Lijin section during 1980-1999.

Compared with 1980-1999, the change (V) of ecological
status in 2000-2019 is expressed as:

%
®)

V={vi,v2...s V)

vi=fai— feo

where v; is the change of the value of the ith ecological indicator
between 1980-1999 and 2000-2019.

The contribution rate P of the Xiaolangdi Reservoir to the
ecological status change V is expressed as:

pP= {P1>P2,~--,Pn}, 9
fS,i - fC,i) fA,i - fS,i
p=(1- 25— ) x 100% = ==——" x 100%
p < Faifei) T i fa
= & % 100%, (10)
Vi

where p; is the contribution rate of the Xiaolangdi Reservoir to
the change (v;) of the value of the ith ecological indicator. The
change of the ith ecological indicator value between
1980-1999 and 2000-2019 under the impact of other factors
except the Xiaolangdi reservoir can be quantified by (fs,—fc ).
Thus, (fs,—fc.)/(fa,—fc,;) shows the contribution rate of other
factors except the Xiaolangdi Reservoir to the change of the ith
ecological indicator value between 1980-1999 and 2000-2019.

Data

The data of water withdrawal and utilization are derived from
the Yellow River Water Resources Bulletin (http://www.yrcc.gov.cn/
other/hhgb/). The flow data measured at the Sanmenxia
hydrological station are used as the inflow data of the Xiaolangdi
Reservoir. The flow data measured at the Xiaolangdi hydrological
station are used as the outflow data of the Xiaolangdi Reservoir. The
daily flow data measured at the Sanmenxia, Xiaolangdi, and Lijin
hydrological stations are provided by the Hydrological Bureau of the
Yellow River Conservancy Commission.

Due to the lack of flow monitoring data of the Yellow River
Delta before 2008, this article only evaluates the contribution rates of
the Xiaolangdi Reservoir regulation to the drying up days at the Lijin
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FIGURE 2
Measured and restored average monthly flow at the Lijin
section in 2000-2019.

section, the assurance rate of ecological base flow at the Lijin section,
and the volume of water flowing into the sea from April to June.

Results
Flow restoration results

The regulation of the Xiaolangdi Reservoir did not impose an
obvious impact on the long-series flow. The measured average annual
flow at the Lijin section during 2000-2019 was 16.89 billion m®, and
the average annual flow after restoration was 16.91 billion m®. The
downstream water withdrawing conditions were poor in some time
periods in Scenario 2; therefore, the average annual flow after
restoration was slightly higher than the measured average annual
flow. As the Xiaolangdi Reservoir is an incomplete annual regulating
reservoir, it mainly changes the distribution of the flow process
throughout the year (Figure 2): the measured average monthly flow
from April to July at the Lijin section during 2000-2019 was higher
than the restored value, while the measured average monthly flow
from August to November was lower than the restored value, and the
change of average monthly flow from December to next March
(before and after restoration) was not obvious.

Impact on the drying up days and
assurance rate of ecological base flow at
the Lijin section

In Scenario 1, the average annual drying up days at the Lijin
section were 0 days during 2000-2019; in Scenario 2, the flow
simulation results showed that the average annual drying up days
at the Lijin section were 81.15 days during 2000-2019, and the
annual longest drying up days were 176 days (Figure 3; Table 3).

Frontiers in Earth Science

121

10.3389/feart.2022.953318

----©---- scenario | ——&— scenario 2

200
180
160
140
120
100
80 |
60
40
20 |

drying up days/d

FIGURE 3
Drying up days at the Lijin section in two scenarios

The substandard days and assurance rate of ecological base flow
at the Lijin section in two scenarios are shown in Figures 4, 5, and
Table 3. In Scenario 1, on average, there were 21.30 days per year in
which the flow was lower than the ecological base flow, and the
average annual assurance rate of ecological base flow was 94.16%.
There had been barely any substandard days of ecological base flow
since 2004. In Scenario 2, the average annual substandard days of
ecological base flow were 96.55 days. The average annual assurance
rate of ecological base flow was 73.55% in Scenario 2, which was far
below the target set by the Ministry of Water Resources of China
(90%). The Xiaolangdi Reservoir decreased the average annual
substandard days of ecological base flow by 7525 days and
increased the average annual assurance rate of ecological base
flow by 20.60%.

Impact on the volume of water flowing
into the sea from April to June

The volume of water flowing into the sea from April to June
in scenarios 1 and 2 and the proportion of the annual volume of
water flowing into the sea are shown in Figures 6, 7, and Table 3.
In Scenario 1, the annual average volume of water flowing into
the sea from April to June was 3.85 billion m® accounting for
22.78% of the annual volume of water flowing into the sea, and
the years with the volume of water flowing into the sea from April
to June exceeding 3 billion m® accounted for 65%. In Scenario 2,
the annual average volume of water flowing into the sea from
April to June reduced to 1.48 billion m?, accounting for 8.74% of
the annual volume of water flowing into the sea, and the years
with the volume of water flowing into the sea from April to June
exceeding 3 billion m? only accounted for 10%. The Xiaolangdi
Reservoir increased the annual average volume of water flowing
into the sea from April to June by 2.37 billion m’.
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TABLE 3 Ecological index values and their changes in two scenarios.

Indicator FA FS FC E \%4
Drying up days at the Lijin section (d) 0.00 81.15 43.20 -81.15 -43.20
Assurance rate of ecological base flow at the Lijin section (%) 94.17 73.57 79.16 20.60 15.01
Water volume flowing into the sea from April to June (10° m®) 3.85 1.48 1.96 2.37 1.88
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FIGURE 5 FIGURE 7

Assurance rate of ecological base flow at the Lijin section in Proportion of water volume flowing into the sea from April to

two scenarios. June in that of the whole year in two scenarios.
Impact on the environmental water Delta from 2008 to 2015 was 303.31 million m? and the annual
supplement in the Yellow River Delta average environmental water supplement was 37.91 million m®. In

Scenario 2, the accumulated environmental water supplement in the

The environmental water supplements in the Yellow River Delta Yellow River Delta during 2008-2015 was 143.71 million m®, which
in scenarios 1 and 2 are shown in Figure 8. In Scenario 1, the was only 47.38% of that in Scenario 1, and the annual average
accumulated environmental water supplement in the Yellow River environmental water supplement was 17.96 million m®. The
Frontiers in Earth Science frontiersin.org
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FIGURE 8
Environmental water supplement in the Yellow River Delta in
two scenarios.

Xiaolangdi Reservoir has increased the environmental water
supplement volume in the Yellow River Delta by 19.95 million
m? annually.

For the environmental water supplement volume in the Yellow
River Delta of each year, in Scenario 2, the flow at the Lijin section in
2008 was lower than the threshold value; therefore, the conditions
for the environmental water supplement were not met. In 2009, only
1 day’s flow was qualified for the environmental water supplement.
The environmental water supplement volume in 2010, 2011, 2013,
and 2015 was 34.71%-46.26% of that in Scenario 1. In 2012, the
environmental water supplement volume reached 69.42% of that in
Scenario 1. It was special in 2014 that in Scenario 2, the
environmental water supplement volume in the Yellow River
Delta was 2524 million m®, which was 3.96 million m* higher
than that in Scenario 1. This was because during the WSR period
(June 29-July 8), there was a flood under which the measured
maximum flow at the Sanmenxia section was 4,020 m>/s. Without
the regulation of the Xiaolangdi Reservoir, the maximum flow at the
Lijin section would reach 5,080 m?/s, while the minimum bank full
discharge of the lower reaches of the Yellow River in 2014 was only
4,250 m*/s, which posed the overbank risk. In Scenario 1, the
maximum outflow of the Xiaolangdi Reservoir was 2,630 m?/s,
and the maximum flow at the Lijin section was 3,250 m%/s,
balancing the downstream flood control and environmental
water supplement in the Yellow River Delta.

Discussion

Contribution rate of the Xiaolangdi
Reservoir

The values of ecological indicators in different scenarios and
different periods are shown in Table 3. Compared with those in
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1980-1999, the annual average drying up days at the Lijin section
decreased by 43.20 days, the assurance rate of ecological base flow at
the Lijin section increased by 15.00%, and the volume of water
flowing into the sea from April to June increased by 1.88 billion m?
in 2000-2019. The ecological conditions in the lower Yellow River
and the coastal areas had changed to a favorable direction. The
contribution rate of the Xiaolangdi Reservoir to the reduction of
drying up days at the Lijin section was 187.85%, the contribution
rate to the assurance rate of ecological base flow at the Lijin section
was 137.24%, and the contribution rate to the increase of water
volume flowing into the sea from April to June was 125.83%.

Contribution analysis of water inflow and
water withdrawal

The contribution rates of the Xiaolangdi Reservoir to the
reduction of drying up days at the Lijin section, the increase of
the assurance rate of ecological base flow at the Lijin section, and
the increase of water volume flowing into the sea from April to
June all exceeded 100%, indicating that the total contribution rate
of other factors was negative, that is, the combined impact of
other factors was detrimental to the environmental water supply
to the Yellow River Delta and coastal areas.

The analyses of water inflow and water withdrawal are shown in
Table 4. The natural average annual flow of the Yellow River during
2000-2019 was 5.63 billion m® less than that during 1980-1999, with
a degradation of 10.59%. The measured average annual flow at the
Sanmenxia section during 2000-2019 was 6.66 billion m® less than
that during 1980-1999, with a decrease of 22.15%, indicating that
the volume of water flowing into the lower Yellow River was greatly
reduced. The decrease in water inflow from April to June was more
prominent. The measured flow at the Sanmenxia section in the
period of April to June during 2000-2019 was 29.70% lower than
that during 1980-1999. At the same time, the average annual water
withdrawal from the lower Yellow River (downstream of the
Sanmenxia section) during 2000-2019 was 0.32 billion m* higher
than that during 1980-1999. The natural flow of the Yellow River,
the measured water inflow into the lower Yellow River, and the
volume of water withdrawal from the Lower Yellow River all
developed in a direction that was detrimental to the Yellow River
Delta and coastal areas. However, the measured ecological indicator
values showed that the Xiaolangdi Reservoir eliminated the adverse
impact of water inflow and water withdrawal and ensured the
continuous improvement of ecology in the river, delta, and
coastal areas.

Analysis of the impact on Yellow River
Delta wetland and coastal organisms

The change process of the natural wetland area in the Yellow
River Delta during 1986-2018 is shown in Figure 9. The natural
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TABLE 4 Change in water inflow and water withdrawal of the Yellow River (billion m?).

Period Natural annual flow Measured annual flow
of the Yellow at the Sanmenxia
River section

1980-1999 (D) 53.21 30.06

2000-2019 (@) 47.58 23.40

Change (®-®) -5.63 —6.66
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FIGURE 9
Variation of natural wetland area in the Yellow River Delta.

wetland area had continued to decline since the 21st century. To
be specific, the natural wetland area had decreased by 29.20%
during 2000-2007, with an annual average reduction of
5421.25 ha. There was only a small volume of environmental
water supplement during 2008-2009, which did not slow down
the shrinking rate of the natural wetland area. During 2010-2013,
the shrinking rate of the natural wetland area had dropped to
3225.67 ha/yr; during 2014-2018, the natural wetland area
tended to be stable, and the shrinking rate had dropped to
932.00 ha/yr.

Reed marsh is a representative wetland of the Yellow River
Delta, and its area change process is shown in Figure 10. From
1996 to the implementation of the environmental water
supplement in the Yellow River Delta, the area of reed marsh
in the Yellow River Delta decreased by 28.68%. The reed marsh
area showed an increasing trend after 2008, with an average
annual increase of 371.40 ha during 2008-2018. In 2018, the reed
marsh area had recovered to 91.26% of its area in 1986.

With the implementation of wetland restoration and other
wetland protection measures, bird diversity in the Yellow River
Delta National Natural Reserve has increased. In 2019, the
number of bird species in the natural reserve increased by
85 species compared to that in 1992. The Yellow River Delta
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FIGURE 10
Variation of reed marsh area in the Yellow River Delta.

wetland is the largest breeding place for Oriental stork in China.
The Oriental stork started nesting and breeding in the natural
reserve in 2003, and the number has been increasing year by year.
In 2020, there were 115 nests and a total of 315 young birds.

During 2015-2019, the Yellow River Institute of Water
Protection Research conducted trawl surveys on the nektons
at 66 monitoring points in the coastal areas in the Yellow River
estuary, and the results showed that the biological diversity and
quantity had been increasing continuously. To be specific, in
2015, the average number of species at one monitoring station
was 7.89, and the average weight density of catches was 1.10 kg/h,
while in 2019, the average number of species at one monitoring
station was 14.90, and the average weight density of catches was
3.70 kg/h.

Conclusion

This article proposes a quantitative analysis method for the
ecological impact and contribution rate of the reservoir and
studies the impact of the Xiaolangdi Reservoir on the Yellow
River Delta wetland and coastal areas, and the following
conclusions are drawn: 1) the Xiaolangdi Reservoir played an
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important role in improving the habitat of the organisms in the
Yellow River Delta and coastal areas and increasing the number and
diversity of organisms. The regulation of this reservoir guaranteed
the continuous flow at the Lijin section for 20 years, increased the
assurance rate of ecological base flow at the Lijin section by 20.60%,
and increased the average annual volume of water flowing into the
sea from April to June by 2.37 billion m* during 2000-2019 and
increased the environmental water supplement in the Yellow River
Delta by 19.95 million m® during 2008-2015. 2) The Xiaolangdi
Reservoir has reversed the adverse effects of the decrease in the
natural flow and the increase in water withdrawal in the past
20 years, ensuring that the flow process changed in the direction
that was conducive to the ecological improvement of the Yellow
River Delta wetland and the coastal areas. In ensuring the
continuous flow at the Lijin section, the increase in ecological
base flow at the Lijin section and the increase in water volume
flowing into the sea from April to June and the contribution rates of
the Xiaolangdi Reservoir all exceeded 100%.

River flow is affected by multiple factors such as climate
change, water withdrawal, and reservoir operation. The method
proposed in this article can quantify the ecological impact and
contribution rate of the reservoir itself, which is of great value for
the scientific analysis on and the improvement of ecological effect
of reservoir regulation.
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Assessing food web structural properties and energy fluxes under changing
hydrological regimes and water quality reveals the temporal patterns of
ecosystem dynamics in shallow lakes. Here, we studied northern China's largest
shallow lake (Lake Baiyangdian) using quantitative food web models for five
representative years (1958, 1980, 1993, 2009, and 2019). We analyzed the
temporal patterns of food web structure and function by combining a Bayesian
isotope mixing model with a food web energetics model. We further examined the
temporal changes of unweighted and weighted food web topological attributes.
Lake Baiyangdian changed from a detritus-based into a phytoplankton-based food
web based on the relative contributions of basal food sources and energy flux
distributions. The trophic position of fingerlings, large omnivorous fish, and
carnivorous fish decreased with increasing eutrophication. The highest energy
fluxes were from detritus to zooplankton and mollusks in 1958, from detritus and
phytoplankton to zooplankton in 1980, 1993, and 2009, and from phytoplankton to
zooplankton and detritus to mollusks in 2019. The highest total energy flux was in
1993, followed by 2019, with the lowest value in 1958. Unweighted food web metrics
showed similar patterns. We observed more pronounced temporal variability in the
node- and link-weighted food web metrics than in the unweighted metrics. In
addition, hydrological factors (threshold, duration, reversals between high, and low
water levels), eutrophication, and some water quality factors (chemical oxygen
demand, dissolved oxygen, and pH) played important roles in the temporal changes
of food web dynamics in Lake Baiyangdian. Our findings demonstrate the
importance of integrating unweighted and weighted indicators to holistically
comprehend how highly aggregated food webs respond to changing
hydrological regimes and water quality, thereby improving management and
restoration of shallow lake ecosystems.

KEYWORDS

food web structure, ecosystem functioning, energy fluxes, temporal dynamics,
hydrological regimes, eutrophication
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1 Introduction

Food webs describe the trophic interactions among species or
trophic groups in an ecosystem (Lynam et al., 2017; Bartley et al,,
2019). Their structures reflect the effects of external disturbance,
community history, and resource availability and types, thereby
offering insights that can guide ecosystem management and
conservation (Thompson et al, 2012; Harvey et al, 2017).
However, most temporal food web studies have focused on
the differences in before and after scenarios (Yletyinen et al,
20165 Ibarra-Garcfa et al., 2020) or on changes in the historical
food web structure without accounting for the current state
(Kong et al, 2016; Xu et al, 2016). If the management
objective is to alter the food web structure to promote the
ecosystem’s recovery from degradation, it is necessary to study
the current food web and how it reached its current state before it
is possible to identify effective restoration measures (Ushio et al.,
2018; Griffith et al., 2019; Olivier et al., 2019).

In fact, the food web structure is intimately related to
ecosystem functioning (Thompson et al, 2012; Hines et al,
2015). Clarifying the relationship between food web structure
and ecosystem functioning is a key to understanding and
predicting how an ecosystem responds to environmental
change (Duffy et al, 2007; Ives et al, 2019). There is a
growing interest in analyzing the temporal patterns of food
web dynamics as well as linking changes in food web
structure to changes in ecosystem functioning (Olivier et al.,
2019; Ibarra-Garcia et al., 2020; Kortsch et al., 2021). The energy
fluxes can be regarded as a universal currency for ecosystem
functioning because they describe the rate of energy flow among
species or trophic groups (Barnes et al, 2018; Jochum and
Eisenhauer, 2022). The food web energetics approach (Barnes
et al.,, 2018; Gauzens et al., 2019; Jochum and Eisenhauer, 2022)
combines food-web theory (Paine, 1980) with metabolic theory
(Brown et al,, 2004), and thereby provides a powerful tool for
assessing energy fluxes. What’s more, it permits quantification of
critical ecosystem processes by summing all energy fluxes from
animals, autotrophs, and detritus to their respective consumers
(Kortsch et al., 2021; Li et al.,, 2021; Jochum and Eisenhauer,
2022).

Topological analyses are useful for summarizing the
structural properties of food webs by extracting ecologically
meaningful information (Xu et al., 2016). For instance, Dunne
et al. (2002) showed that a food web with higher complexity,
defined as higher connectance (the proportion of potential links
in a food web that are realized), is more robust against species
loss. However, most studies of structural properties were based
on unweighted food webs (also known as binary- or topology-
based food webs), which only contain information about the
presence and absence of trophic links between species or trophic
groups (Mor et al., 2018; Kortsch et al., 2019; Ru et al., 2020). This
approach assumes a static food web, and ignores the temporal
variability in trophic interactions, as well as the asymmetry of
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energy flux distributions, and may therefore overestimate some
structural properties (Banasek-Richter et al., 2009; Poisot et al.,
2015). Furthermore, most research on unweighted food webs
suggests that food web metrics are essentially invariant over long
time scales (Olesen et al., 2011; Trojelsgaard and Olesen, 2016;
Olivier et al, 2019). In contrast, weighted food webs offer an
opportunity to capture subtle temporal fluctuations in the food
web structure and function through changes in species
dominance or energy fluxes rather than through changes in
species richness and numbers of trophic links (Boit and
Gaedke, 2014; Olivier et al., 2019; Kortsch 2021;
Jochum and Eisenhauer, 2022). Previous studies demonstrated

et al,

this difference between food web metrics calculated from
unweighted and weighted food web approaches, and although
the binary food web structure may appear unchanged, the
weighted food web structure and function may have changed
considerably, or vice versa (Bersier et al., 2002; Banasek-Richter
et al., 2009). In addition, multiple aspects of food web metrics
may highlight complementary patterns of temporal variability in
food web dynamics associated with different ecosystem processes
(Boit and Gaedke, 2014; Olivier et al., 2019; Kortsch et al., 2021).
Therefore, to understand how food web structure and function
change over time, unweighted metrics (topology-based) and
weighted metrics (node-weighted by biomass and link-
weighted by energy fluxes) should be combined in food web
research because each group of metrics provides different
insights.

Understanding the underlying environmental drivers that
govern the temporal variability of food web structures and
functions is vital to guiding the management and conservation of
shallow lake ecosystems (Trojelsgaard and Olesen, 2016; Danet et al.,
2021). Driven by anthropogenic or natural changes such as dam
construction and climate change, the hydrological regimes and water
quality of shallow lakes are profoundly modified from their natural
condition (Marino et al,, 2017; Li et al,, 2019; Yan et al,, 2020). As a
consequence, community dynamics and various ecosystem processes
have been significantly degraded (Evtimova and Donohue, 2014). In
addition to adversely affecting the food web structure and ecosystem
functioning, these changes can damage the associated ecosystem
services that support humanity (Yang and Yang, 2014a; Evtimova
and Donohue, 2016; Jackson et al., 2016; Gu et al., 2019; Zhao et al.,
2019; Zhang et al., 2020). For example, Marino et al. (2017) found
that the degree of hydrological stability (ie., the magnitude of the
water fluctuations) affects food web structure indirectly through
changes in predator-prey interactions. Lake Chaohu has suffered
from gradual eutrophication since the 1950s, and the food web has
evolved progressively towards a simplified structure (Gu et al., 2011;
Kong et al., 2016). Moreover, a given environmental factor may elicit
different responses in different metrics of the food web structure and
different ecosystem functions. In particular, eutrophication may
increase an ecosystem’s productivity and energy by stimulating
the rapid growth of
phytoplankton, but may simultaneously decrease the trophic

some basal organisms, such as
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The locations of the study area, adjacent rivers, and sampling sites.

position of top predators and the food chain length (Post, 2002a; Xu
et al,, 2016). Hence, it is necessary to more fully understand how
changes in hydrological regimes and water quality could influence
food web structure and function (Ives et al.,, 2019).

In the present research, we selected Lake Baiyangdian, the largest
shallow lake in northern China, as a case study. We aimed to 1)
describe food web structure and energy fluxes in Lake Baiyangdian
between 1958 and 2019 through analyzing some representative years
and several sources (historical and novel data); 2) compare
unweighted and weighted food web approaches to describe the
food web’s temporal dynamics using data obtained in Lake
Baiyangdian in five representative years; and 3) determine
whether the hydrological regimes and some water quality factors
can explain the temporal trends of food web dynamics in Lake
Baiyangdian. We hypothesized that the weighted food web approach
could reveal valuable insights that are not revealed by the traditional
unweighted food web approach, and that temporal variation in food
web structure and function are related to changes in above mentioned
environmental factors.

2 Materials and methods
2.1 Study area

Lake Baiyangdian (38°44'N to 38°59'N, 115°45'E to 116°07'E)
is located near the center of Hebei Province. It is the largest

freshwater lake in northern China, covering an area of around
366 km? at the mean surface level (Figure 1). Moreover, it is the
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main surface water source for the Xiong’an New Area and plays
an important role in maintaining ecosystem functioning and
constructing a more ecologically sustainable society. The lake lies
in relatively flat terrain, with an elevation range of about
5.2-6.0 m for the lake’s bottom. The macrophytes in the lake
consist mainly of reeds (Phragmites australis). The lake plays a
vital role in providing habitat for plant and bird species,
protection against floods, water purification, and providing
amenities and recreational opportunities for the residents of
northern China. The dominant water source is surface runoff
from precipitation, which averages 560 mm per year, of which
80% falls between June and September. However, the potential
evaporation of 1,369 mm is much higher than precipitation.
Before 1960, Lake Baiyangdian was dominated by natural
flows, but since then, dams and reservoirs have been constructed
upstream for flood prevention, crop irrigation, and human
consumption (Yang and Tian, 2009; Yang and Yang, 2014b;
Wang et al., 2021). The resulting hydrological alterations have
decreased natural flows into the lake to almost zero, which vastly
reduced the water area and water level of the lake (Yang et al.,
2006). Moreover, Lake Baiyangdian’s watershed experienced
severe drought, leading to further shrinkage of the lake, which
nearly dried up from 1984 to 1988 (Song et al, 2018).
Subsequently, heavy rainfall during a short period contributed
to the filling of Lake Baiyangdian in July 1988. To mitigate the
stress created by a shortage of water resources, the local
government has intervened. From 1997 onwards, water from
other sources (e.g., discharges of treated domestic wastewater,
transfers from reservoirs in other watersheds) has been used to
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TABLE 1 Trophic groups used to construct the food web models of Lake Baiyangdian.

Trophic groups Taxon code Species composition

Ceratophyllum L., Charophyceae, Hydrilla verticillata, Myriophyllum verticillatum L., Najas marina L., Potamogeton crispus L.,

Detritus Detr Particles and dissolved organic matter
Submerged macrophytes ~ SubM
Vallisneria natans (Lour.) Hara
Phytoplankton Phyt Chlorophyta, Chrysophyta, Cryptophyta, Cyanobacteria, Diatoms, Dinoflagellates, Euglena
Zooplankton Zoop Cladocera, Copepods, Protozoa, Rotifers
Meiofauna MicZ Chironomids, Oligochaetes
Mollusks Moll Anodonta, Bellamya, Cipangopaludina, Planorbis, Radix, Semisulcospira
Herbivorous fish HerF Ctenopharyngodon idella, Parabramis pekinensis
Filter-feeding fish FilF Hypophthalmichthys molitrix, Hypophthalmichthys nobilis
Fingerlings Fing Abbottina rivularis, Hemiculter leucisculus, Pseudorasbora parva
Small omnivorous fish SomF Botia xanthi, Carassius auratus, Pelteobagrus fulvidraco
Large omnivorous fish LomF Cyprinus carpio
Carnivorous fish CarF Channa argus, Erythroculter ilishaeformis, Siniperca chuatsi

sustain the lake’s environmental flows, with more than
50 releases (Yang and Yang, 2014b). Due to the construction
of the Xiong’an New Area in 2017 (Yuan et al,, 2017), multiple
sufficient artificial ecological water replenishments have
promoted water level recovery in Lake Baiyangdian. Despite
these inflows, the lake has become a semi-closed water body.
Currently, the Fu River, Baigouyin River, and Xiaoyi River are the
only three rivers that still flow into the lake. The variable
frequency, quantity, and quality of the inflows have
profoundly altered the hydrological regimes and water quality
of Lake Baiyangdian. Consequently, changes have occurred in
Lake Baiyangdian’s ecosystem. We have built five quantitative
food webs for Lake Baiyangdian, representative of 1958, 1980,
1993, 2009, and 2019. The reasons we focus on these 5 years in
the present study are that they represent five distinct stages in the
development of the lake ecosystem mentioned above, and the
historical years correspond to the times when intensive
investigations were conducted in Lake Baiyangdian, with

relatively abundant data available in the literature.

2.2 Historical data collection

Trophic groups are defined as groups of taxa that share the
same or similar predators and prey in a food web. It is widely
the
methodological biases associated with uneven resolution of

accepted in food web studies, where it reduces
taxa within and among food webs (Williams Richard and
Martinez, 2000; Dunne et al., 2002; Li et al., 2021). Based on
previous studies of the lake’s food web structure (Yang, 2011;
Zhang et al., 2022), the food web comprises 12 trophic groups
(Table 1). We obtained historical biomass data for living trophic
groups from the unpublished investigation reports of the

Institute of Zoology of the Chinese Academy of Sciences
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(1958), the Department of Biology of Hebei University (1975),
the Hebei Fisheries School (1980), and the Environmental
Science Research Institute of Baoding (1993). We also referred
to the research literature to supplement the historical biomass
data in 1958, 1980, and 1993 (Jin, 1995; Yang et al., 2010; Zhang
et al., 2022). We obtained biomass data for 2009 from four field
surveys carried out from August 2009 to July 2010 by our
research group and the published articles (Yang, 2011; Yang
etal, 2014). Supplementary Table S1 shows the biomass of each
trophic group in the first four representative historical years. We
defined the theoretically possible feeding links among the
12 trophic groups from published information, qualitative
records, and stable isotope analysis performed for consumers
(Xu et al., 2016; Laigle et al., 2018; Olivier et al., 2019). The dietary
preferences of consumer trophic groups in historical
representative years (i.e., 1958, 1980, 1993, and 2009) were
gathered from the gut content analysis in published reports
2011; 2014) of Lake
Baiyangdian by our research group, and also referred to other

and studies (Yang, Yang et al,
relevant studies on Lake Baiyangdian (Ma et al, 2011; Zhang
et al, 2022). In addition, daily water level data from 1958 to
2019 were derived by the Water Conservancy Office of Baoding
City, Hebei Province. Water quality data for four historical years
(i.e., 1958, 1980, 1993, and 2009) were provided by the Baoding
Environmental Center  and

Monitoring Municipal

Environmental Protection Bureau. Seasonal variations
(i.e., spring, summer, and autumn) were considered, and we

collected 6 samples of water quality data for each study year.
2.3 Sample collection

We performed field investigations in July and November
2018 and April 2019 (hereafter, “2019”). To improve the
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comparability of the measured data and the historical dataset, we
chose the same sampling sites used in the historical reports
(Figure 1). We obtained 6 water samples to quantify the water
quality in 2019. Each sample consisted of 14 subsamples that
were collected within 14 sampling sites. We also sampled the
detritus, phytoplankton, submerged macrophytes, zooplankton,
meiofauna, mollusks, and fish in each sampling site during the
surveys.

2.3.1 Water sampling

We measured the water temperature (Tw), dissolved oxygen
content (DO), and pH in the field using a multiparameter
handheld probe (YSI Professional Plus; YSI, Yellow Springs,
OH, United States). In addition, we collected 2-L water
samples from the surface to a depth of 0.5m below the
surface on each sampling date, and stored the samples on ice
until analysis. We measured other parameters including total
(TP), soluble phosphorus  (SRP),
ammonium (NH,*), total nitrogen (TN), nitrite-nitrate
(NO*+NO*), and chemical oxygen demand (COD) according
to standard protocols (CBEP, 2002).

phosphorus reactive

2.3.2 Biological sampling

We collected samples of detritus, phytoplankton, submerged
macrophytes, zooplankton, meiofauna, mollusks, and fish on the
same dates and locations used for the water sampling. Water
samples of detritus (1 L), phytoplankton (5 L), and zooplankton
(10 L) were collected from the surface water (to a depth of 0.5 m)
with a Plexiglass water collector. Subsequently, we pre-filtered
the phytoplankton and zooplankton samples by passing the
samples through 200-mesh and 125-mesh plankton nets,
respectively, and then concentrated them into 50 ml. To
obtain samples for stable isotope analysis of the detritus,
phytoplankton, and zooplankton, we passed the concentrated
samples through pre-combusted (450°C for 6 h) and pre-weighed
Whatman GF/F filters (glass microfiber filters; 0.45-pm pore size)
under a moderate vacuum using a standard filtration system.

We collected green leaves of the submerged macrophytes by
hand and washed them with distilled water to remove epiphytes.
For the meiofauna and mollusk samples, we used a Van Veen
grab with a mouth area of 1/16 m* whose contents we washed
through a 35-mesh filter to extract the meiofauna and mollusks
and preserved the organisms in 75% ethanol. We used the whole
body of the meiofauna and the muscle tissue of the mollusks for
the stable isotope determination.

For the fish community, we used a multi-mesh gillnet with
mesh sizes ranging from 5 to 55 mm and an overall size of 1.5 x
30 m (Mao et al., 2014), which we installed beside a ground cage.
The ground cage had a mesh size of 5 mm and was 25 m long,
and was partitioned into 20 sections with 10-cm openings at the
front and at the back for fish to enter the trap. All fish sampling
started in the late afternoon (approx. 18:00 h) and ended the
following morning (approx. 06:00 h), for a total of 12 h. The
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duration was chosen to limit the number of fish caught per net
(Prchalova et al, 2011). For each species, we chose three
representative specimens, and used their muscle tissue for the
stable isotope analysis. All samples were oven-dried at 60°C to a
constant weight and then stored individually in a dry and
ventilated place. The biomasses of trophic groups in 2019 are

shown in Supplementary Table SI.

2.4 Stable isotope analysis and bayesian
isotope mixing model

The stable isotope samples were crushed to a fine
homogeneous powder using a ball mill. Subsamples were then
pressed into ultra-pure tin capsules and analyzed using an
Vario Micro-Cube elemental analyzer (Flash
EA1112; Thermo Scientific, Monza, Italy) coupled with a
continuous-flow isotope-ratio mass spectrometer (Delta V

Elementar

Advantage, Thermo Scientific, Dreieich, Germany) (Careddu
et al, 2015; Hansen et al, 2018). The elemental analyzer and
spectrometer were recalibrated after every 10 measurements
following the manufacturer’s directions. The obtained carbon
(C) and nitrogen (N) stable isotope ratios ("*C:"*C and "’N:"*N)
were expressed in § units (deviations in %o from Vienna Pee Dee
Belemnite (VPDB) for C and atmospheric N, for N) according to
the following equations:

ISN 14Nsam .
§°N = ( N/ Nosmpe) 1) x 1000 (1)
( 15N/ 14Natmosphere)
( 13C/lzcsam le)
8°C = (—P—l x 1000 2
(PC/ ™Curon ) @

All samples were analyzed twice. Measurement errors were
typically smaller than +0.1%o for both §"*C and 8"°N. The values
(mean * SD) of §"°C and §"N of the 2019 samples are listed in
Supplementary Table S2.

To elucidate the contributions of the different potential food
sources to consumer trophic groups in Lake Baiyangdian in 2019,
we used the Stable Isotope Analysis in R (SIAR) model (Parnell
et al,, 2008) with version 4.1.2 of the R software (www.r-project.
org). The SIAR model is based on a Bayesian method and is fitted
using a standard Markov-chain Monte Carlo method with
Metropolis-Hastings steps, and we used it to generate
plausible simulations and estimate the source proportions
using a Dirichlet prior distribution (Parnell et al., 2010). All
the potential sources for each consumer trophic group were
included in the Bayesian mixing model calculations. We applied
trophic enrichment factors of 0.4 £ 1.3%o (mean * SD) for carbon
and 3.4 £ 1.0%o for nitrogen in our model (Post, 2002b). The
SIAR model performed a total of 500 000 iterations, with the first
50 000 used as the burn-in period. The output of the model was a
density distribution function for plausible values of the dietary
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composition in terms of the proportion of the total diet
accounted for by each diet item (Parnell et al, 2010). We
considered a feeding link to be effective only if the lower limit
of the 50% confidence interval for the contribution of each food
source to a given consumer diet exceeded 5% (Careddu et al,,
2015; Bentivoglio et al., 2016). On this basis, we compared the
relative contribution of food sources to the food web in 2019 and
the other four representative historical years.

We calculated the trophic position of the consumer trophic
groups based on their dietary preferences. Producers and detritus
were defined as trophic position 1, and the consumer trophic
position was weighted based on the dietary preference:

TPj=1+) TP;P; (3)
where TP; is the trophic position of trophic group j; TP; is the
trophic position of the food source i of trophic group j; and P;; is
the relative proportion of food source i in the diet of trophic
group j.

2.5 Energy fluxes among trophic groups

We calculated the energy fluxes among the trophic groups in
Lake Baiyangdian’s food web for each study year, with the trophic
links assigned using the food web energetics approach (Barnes
et al,, 2018; Gauzens et al.,, 2019). This approach estimates how
much energy flux is needed to maintain the survival of the
the
ecosystem, the model calculates energy fluxes in a top-down

present community. Assuming a steady-state for
manner; that is, all energetic losses of each trophic group
(estimated based on consumption of a resource by organisms
at higher trophic levels and metabolic losses) are balanced by
energetic gains after accounting for the assimilation efficiency. In
other words, this means first calculating the energy flux at the top
trophic level, where predation losses equal zero, then calculating
the energy flux at lower trophic levels based on the losses to
consumers at higher trophic levels, and iterating this process
until the lowest trophic level is reached.

We defined food source preferences based on the collected
quantitative diet data for the historical representative years
(i.e., 1958, 1980, 1993, and 2009) and the outputs of the SIAR
model for 2019. To account for differences in food source quality,
we defined the assimilation efficiencies for each food source type:
0.906 for animals, 0.545 for plants, and 0.158 for detritus (Lang
et al,, 2017; Gauzens et al., 2019). Body mass estimates for each
trophic group are specific to Lake Baiyangdian and derived from
local biomonitoring data in 2019. The output is a metric of the
total energy fluxes through the food web, as well as a matrix of
energy fluxes for the trophic links among trophic groups
(Kortsch et al., 2021). Energy flux calculations were performed
using version 0.2.0 of the fluxweb package (https://cran.r-project.
org/web/packages/fluxweb/index.html) for the R software.
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2.6 Food web metrics

To characterize the temporal patterns of Lake Baiyangdian’s
food web structure, we selected three common unweighted,
topology-based metrics: connectance (C), generality (G), and
vulnerability (V). We also selected six weighted metrics: the
node-weighted connectance (nwC), generality (nwG), and
vulnerability (nwV), and the link-weighted connectance (IwC),
generality (IwG), and vulnerability (IwV). These metrics describe
the complexity and horizontal dimensions of the food webs. The
calculation of unweighted metrics only considered species
occurrences. Connectance (C = L/S?, with L and S being the
number of links and nodes, respectively) represents the number
of links that exist divided by the total number of possible trophic
links (Dunne et al, 2002). The generality and vulnerability
properties represent the mean number of food sources per
consumer and the mean number of consumers per food
source, respectively (Schoener, 1989; Kortsch et al., 2015). As
in the unweighted food web metrics, the node- and link-weighted
metrics capture changes in the biomass and energy flux
distribution among the trophic groups (Bersier et al, 2002;
Olivier et al., 2019; Kortsch et al., 2021).

We also used the energy fluxes among the trophic groups
to quantify ecosystem functioning. We considered six
(i.e.,
phytoplanktivory, herbivory, zooplanktivory, benthivory,

ecosystem  functioning  metrics detritivory,
and piscivory) that were calculated as the sum of energy

fluxes  from  detritus,  phytoplankton,  submerged
macrophytes, zooplankton, benthos, and fish for their
consumers. Here, we present each ecosystem functioning
metric as a percentage of the total energy flux to the food

web in each study year.

2.7 Statistical analysis

We conducted statistical analyses using version 26.0 of the SPSS
software
We used one-way ANOVA to identify significant temporal
differences if the water quality variables satisfied the assumption

(https://www.ibm.com/analytics/spss-statistics-software).

of homogeneity of variance; if the result was significant at p < 0.05, we
used least-significant difference (LSD) tests for pairwise comparison
of variables between study years. We used Kruskal-Wallis tests to test
for temporal differences if the water quality variables did not meet the
assumption of homogeneity of variance; if the result was significant at
P < 0.05, indicating significant differences among variables, we used
the Mann-Whitney U test with Bonferroni’s correction to adjust the
p values for multiple comparisons.

We used the indicators of hydrologic alteration (IHA)
method (Richter et al, 1996) to calculate the values of
hydrological regime factors in each study year. Then, we
performed a principal component analysis (PCA) on the
hydrological indicators and water quality factors to investigate
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The relative contributions of the food sources to consumers

in 2019. Data for the other four representative historical years are
presented in Supplementary Figure S1. Abbreviations of trophic
groups: CarF, carnivorous fish; Detr, detritus; FilF, filter-

feeding fish; Fing, fingerlings; HerF, herbivorous fish; LomF, large
omnivorous fish; MicZ, meiofauna; Moll, mollusks; Phyt,
phytoplankton; SomF, small omnivorous fish; SubM, submerged
macrophytes; Zoop, zooplankton.

their temporal dynamics using SPSS. We performed partial least-
squares regression (PLSR) with SPSS and the pis package for the
R software (https://cran.r-project.org/web/packages/pls/index.
html) to determine the relationship between environmental
factors and food web metrics. In addition, we used the
variable importance in projection (VIP) and regression
coefficient (RC) values from PLSR to finely screen the most
important environmental factors according to their explanatory
power. In our study, we considered hydrological and water
quality factors with VIP > 1 to be important to the food web
structure, whereas those with VIP < 1 were of minor importance
(Wold, 1995; Onderka et al., 2012; Zhao et al., 2020).

3 Results

3.1 Quantitative food webs in lake
baiyangdian

Figure 2 illustrates the relative contributions of the various
potential food sources to the diets of consumers in 2019, which
we estimated using the SIAR model. We found that the
zooplankton diet was composed of detritus and phytoplankton
in all study years (Figure 2, Supplementary Figure S1), but
phytoplankton replaced detritus as the dominant food source
in 2019 (Figure 2). Meiofauna and mollusks both functioned

primarily as detritivores (75.7% + 7.7% and 63.8% * 3.0%,
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Temporal changes in the trophic positions of the six fish
consumer trophic groups: CarF, carnivorous fish; FilF, filter-
feeding fish; Fing, fingerlings; HerF, herbivorous fish; LomF, large
omnivorous fish; SomF, small omnivorous fish.

respectively) in all study years. The contribution of submerged
macrophytes to the diet of herbivorous fish was greater than 95%
until 2019, when (32.3%)
zooplankton (22.8%) also became significant components.

ingested phytoplankton and
Filter-feeding fish mostly consumed phytoplankton and
zooplankton in all study years. Fingerlings showed a dietary
preference for zooplankton (39.2% + 1.1%) in 1958, 1980, and
1993, but shifted to a phytoplankton preference (30.7%) in
2009 and a submerged macrophytes preference (27.9%) in
2019. fish
submerged macrophytes, but the proportion decreased from
57.4% in 1958 to 28.5% in 2019. Large omnivorous fish had a
dietary preference for mollusks in the first four historical

Small omnivorous initially fed mainly on

representative years but changed to a more even preference
for diverse food sources in 2019. Fingerlings and small
omnivorous fish comprised a major contribution to the diet of
carnivorous fish during the first 4 years, accounting for 36.1% +
1.9% and 25.6% * 7.08% of the total, respectively; however, in
2019, the proportions of fingerlings, small omnivorous fish, and
filter-feeding fish were 21.4, 20.6, and 18.6%, respectively.

We observed large interannual variations in the relative
of basal food to the food web
(Supplementary Figure S2). For the first 4 years, detritus and

contributions sources
submerged macrophytes were the main food sources in the food
webs, accounting for averages of 30.1 and 22.1% of the total,
respectively. However, the contributions of detritus and
submerged macrophytes decreased to 21.4 and 15.2% in 2019,
respectively. Furthermore, the contribution of phytoplankton

increased from an average of 15.7% in the first three study
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Distribution of energy fluxes from food sources to their consumers in the food webs for five representative years: (A) 1958, (B) 1980, (C) 1993,

(D) 2009, and (E) 2019, represented as heat maps. Colour intensity represents the energy flux from the trophic groups in the column to the trophic
groups in the row. Abbreviations of trophic groups: CarF, carnivorous fish; Detr, detritus; FilF, filter-feeding fish; Fing, fingerlings; HerF, herbivorous
fish; LomF, large omnivorous fish; MicZ, meiofauna; Moll, mollusks; Phyt, phytoplankton; SomF, small omnivorous fish; SubM, submerged

macrophytes; Zoop, zooplankton.

years to 23.7% in 2009 and then became the main food source in
2019, with a contribution of 25.3%. Together, these results
demonstrate a shift of the food web from detritus-based to
phytoplankton-based from 1958 to 2019.

The trophic position of the trophic groups ranged from 1
(detritus, submerged macrophytes, and phytoplankton) to an
average of 3.34 + 0.13 (carnivorous fish) (Figure 3). The trophic
positions of zooplankton, meiofauna, and mollusks were
relatively stable, with an average value of 2.02 + 0.03. The
carnivorous fish occupied the top trophic position, but their
trophic position decreased from 3.51 in 1958 to 3.21 in 2019. This

+ 0.07) and
fingerlings (2.54 + 0.10). The highest trophic positions for
small omnivorous, filter-feeding, and herbivorous fish in
2019 were 2.56, 2.46, and 2.23, respectively. The lowest
trophic positions for herbivorous fish, fingerlings, and small

was followed by large omnivorous fish (2.60
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and large omnivorous fish occurred in 2009, but these values
recovered slightly in 2019.

Figure 4 illustrates the temporal changes in energy fluxes
from food sources to their consumers in the food webs in the five
study years. A low proportion (25.6-28.6%) of these energy fluxes
was ingested by the consumer trophic groups, and a higher
proportion (71.4-75.4%) of these energy fluxes entered the
detritus pool. The highest total energy fluxes in the food webs
were observed in 1993 (376.06 gm™ yr™"), followed by in 2019
(227.34 gm > yr'), with the lowest value in 1958 (107.18 gm™>
yr ).
meiofauna, and mollusks) accounted for more than 90% of

The ingestion by primary consumers (zooplankton,

the total ingestion of consumers in all study years. Among the
energy fluxes along specific trophic links, the energy fluxes from
detritus to zooplankton (35.70gmyr') and mollusks
(3524 gm?yr') were highest in 1958. The highest values
characterized energy fluxes of trophic links from detritus to
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TABLE 2 Temporal changes in the unweighted and weighted
(including biomass-based and flux-based) food web structure
metrics. Values are the unweighted, link-weighted (Ilw), and node-
weighted (nw) connectance (C), generality (G), and vulnerability (V).

Food web 1958 1980 1993 2009 2019
metrics

C 0.303 0.311 0.303 0.303 0.311
nwC 0.276 0.274 0.275 0.278 0.280
IwC 0.204 0.165 0.156 0.172 0.190
G 4.444 4.556 4.444 4.444 4.556
nwG 4.402 4.321 4.139 4.291 4.322
wG 2.157 1.877 1.796 1.856 2.381
\4 3.636 3.727 3.636 3.636 3.727
nwV 5.745 5.928 5.886 5.701 5.424
wvV 2.333 1.756 1.642 1.921 1.807

zooplankton, followed by wvalues from phytoplankton to
zooplankton, in three study years (1980, 1993, and 2009).
Energy fluxes from phytoplankton to
(88.55gm™ yr') and

(67.98 gm?yr') were higher than those of other trophic

zooplankton
from detritus to  mollusks
links in 2019. Supplementary Figure S3 shows the temporal
variability in flux-based ecosystem functioning metrics. The
proportion of detritivorous flows increased first and then
decreased over time, with the highest and lowest values
observed in 1993 (75.2%) and 2019 (36.5%), respectively. The
percentage of planktivorous flows showed an increasing trend,
from 22.0% in 1958 to 24.7% in 2009, and became the main
energy flow (49.5%) in 2019. In addition, the proportions of
herbivorous, zooplanktivorous, benthivorous, and piscivorous
flows in food webs showed a trend of first decreasing and
then increasing over time, which were relatively higher in
2019 and 1958 than in the other three study years.

The different types of food web metrics (i.e., unweighted,
node-, and link-weighted) displayed temporal variability and
complementary dynamics from 1958 to 2019 (Table 2). Three
unweighted food web metrics (C, G, and V) showed similar
trends, with the highest values in 1980 and 2019. The highest and
lowest node-weighted connectance (nwC) values were observed
in 2019 and 1980, respectively. Link-weighted connectance (IwC)
was highest in 1958, after which it decreased to its lowest value in
1993. Node-weighted generality (nwG) and link-weighted
generality (IwG) both decreased initially and then increased,
with the highest values observed in 1958 and 2019,
respectively. In contrast, node-weighted vulnerability (nwV)
first increased and then decreased, with the highest and lowest
values in 1980 and 2019, respectively. Link-weighted
vulnerability (IwV) was highest in 1958, with all other values
much lower.
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3.2 Relationships between water
environmental factors and metrics of food
web structure and function

The extreme maximum and minimum water levels were
highest in 1958, followed by 2019 and 1980, respectively
(Supplementary Table S3). The amplitudes of the water level
fluctuation represent the difference between the maximum and
minimum water levels for a given period, and they were highest
in 1958 and lowest in 2019. The highest pulse duration was
reported in 2009, whereas the lowest frequency of hydrologic
reversals was observed in 2019. The threshold of water level
pulses decreased gradually from 1958 to 2009, and then partially
recovered in 2019. Since hydrological indicators of the 1-day, 3-
days, 7-days, 30-days, and 90-days scale water level were
significantly ~ positively ~ correlated ~ with ~ each  other
(Supplementary Figure S4), we have focused on the 7-days
scale in our descriptions, since this period is broadly
representative of the other periods. Supplementary Figure S5
and Supplementary Table S4 show the PCA results for the
hydrological indicators. The first two principal component
axes (i.e., PC1 and PC2) account for 81.2% of the variation in
hydrological regime indicators of five representative years, 56.9%
and 24.3% respectively. PC1 was strongly positively associated
with HPT (factor loading: 0.986), WLMaxd7 (0.981), LPT
(0.910), WLMind7 (0.886), and WLAmpd7 (0.758).
PC2 was strongly positively associated with HPD (0.935) and
LPD (0.851).

Table 3 shows the values (mean + SD) of the water quality
variables for the five study years. All variables except for DO
differed significantly among the five study years (p < 0.05). Lake
Baiyangdian generally showed slightly alkaline water, with the
mean pH value ranging from 7.96 to 8.72 in the five
representative years, but with increasing acidity over time. T,
was highest in 2009, when it was significantly higher than in
1958 and 1980. Serious eutrophication occurred in Lake
Baiyangdian, with average TN and TP concentrations ranging
from 0.70 mg/L to 3.75 mg/L and from 0.03 mg/L to 0.34 mg/L,
respectively, with both values increasing from 1958 to 2009, then
decreasing. In addition, NO, +NO;~ was much higher in
2019 and 2009 than in the other 3 years, and this difference
was significant; except for a decrease in 1993, NO, +NO;~
increased significantly from 1958 to 2019. The highest
concentrations of SRP, TN, TP, and NH," were all observed
in 2009. The average COD ranged from 12.0 mg/L to 59.2 mg/L,
and increased to a maximum in 1993, and although it decreased
thereafter, it remained much higher than in 1958. The PCA
captures the relationship and associations in the dynamics
among water quality factors in the five study years (Figure 5,
Supplementary Table S5). The first two principal components
(i.e., PCI and PC2) together explained 62.8% of the variance,
43.0% and 19.8% respectively. PC1 was positively correlated with
SRP (0.889), NH,* (0.867), TN (0.827), TP (0.802), and T,
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TABLE 3 Mean and standard deviation (mean + SD) for the water quality variables in the five study years. Values of a variable followed by different
letters (a, b, c) differed significantly between study years (one-way ANOVA followed by LSD test or Kruskal—Wallis test followed by Mann-Whitney

U test, p < 0.05).

Water quality 1958 1980 1993 2009 2019
factors

Water temperature (T, °C) 17.3 + 5.03" 18.0 + 1.42° 18.90 + 2.33% 26.65 + 1.43* 2221 + 4.45®
pH 8.72 £ 0.18* 8.35 + 0.26™ 8.60 + 0.39% 8.19 +0.14° 7.96 £ 0.29°
Dissolved oxygen (DO, mg/L) 7.25 + 1.19* 8.72 + 0.71* 7.64 + 0.61° 7.71 + 1.03* 6.45 + 2.60*
Nitrite-nitrate (NO, +NO;", mg/L) 0.32 + 0.05" 0.44 + 0.05° 0.08 + 0.02¢ 1.98 + 0.7 2.61 % 0.45°
Soluble reactive phosphorus (SRP, mg/L) 0.01 + 0.004° 0.01 + 0.003° 0.13 + 0.007° 0.26 + 0.04* 0.02 + 0.005¢
Chemical oxygen demand (COD, mg/L) 12.0 + 2.66" 2529 + 7.9° 59.15 + 11.9* 21.99 + 9.97° 25.76 + 5.62°
Total nitrogen (TN, mg/L) 1.53 + 0.16 0.70 + 0.23 2.49 + 0.34% 3.75 £ 1.11° 2.55 + 1.53®
Total phosphorus (TP, mg/L) 0.03 + 0.004" 0.04 + 0.02° 0.27 + 0.08° 0.34 £ 0.17° 0.08 + 0.05*
Ammonium (NH,", mg/L) 0.92 + 0.48" 0.17 + 0.06° 147 +0.38° 345 £ 0.58" 0.63  0.22¢
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FIGURE 5
Biplot of principal component analysis (PCA) summarizing
the variations in water quality factors of five representative years.

(0.730). NO, +NO;~ (-0.735) showed a negative loading on PC2,
while COD (0.688) and pH (0.607) were positively correlated
with this dimension. Furthermore, PCA arranged the five
representative years into three groups according to the
gradient of nutrient concentrations (i.e., SRP, NH,*, TN, TP,
and NO, +NO;): 1958 and 1980 with low nutrients, 1993 and
2019 with relatively high nutrients, and 2009 with high nutrients.

We detected minor variations (i.e., most of them are similar)
in values of the unweighted food web metrics over time.
Therefore, these unweighted metrics were not appropriate for
further analyses. We wused the VIP (Table 4) and RC
(Supplementary Table S6) values from the PLSR to select the
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most important environmental factors that affected the food web
structure and function. nwC and nwV were mainly affected by
NO, +NO; ", NumOfRev, and DO, whereas the RC values showed
correlations with opposite signs for these two weighted metrics.
For node-weighted generality (nwG), the highest VIP was for
COD (1.936), followed by HPD and HPT (1.684 and 1.252,
Link-weighted (lwC)
vulnerability (IwV) were both negatively correlated with COD

respectively). connectance and
(VIP = 1.486 and 1.613, respectively), and positively correlated
with the threshold (LPT and HPT) and duration (LPD and HPD)
of the water level pulse, respectively. Link-weighted generality
(IwG) was negatively correlated with DO, and positively
associated with NO, +NO;3~, LPT, and WLMind7. In addition,
detritivory, phytoplanktivory, and zooplanktivory were mainly
affected by NO, +NO5~, DO, pH, and NumOfRev, whereas the
RC values showed correlations with opposite signs for detritivory
and the other two metrics. Herbivory was positively correlated
with the threshold (LPT and HPT) of the water level pulse and
WLMind7, and negatively correlated with DO. Moreover,
benthivory and piscivory were both negatively correlated with
DO (VIP = 1.821 and 1.551, respectively), and positively
correlated with LPT and NO, +NO;".

4 Discussion

4.1 Temporal dynamics of the food web
structure and function

In recent decades, Lake Baiyangdian has faced severe
eutrophication (Zhao et al., 2010; Zeng et al., 2021). Nutrient
over-enrichment associated with anthropogenic activities has
accelerated eutrophication since the 1980s, leading to a high
abundance of phytoplankton (Bumpers et al, 2017; Yang et al,
2021). Rogers et al. (2020) reported that grazing might have a
negligible  impact phytoplankton at  high

on dynamics
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TABLE 4 Mean values of the variable importance in the projection (VIP) obtained via partial least-squares regression. Metrics are the node-weighted (nw) and link-weighted (lw) connectance (C), generality
(G), and vulnerability (V), and six flow-based ecosystem functioning metrics.

Environmental
factors

7-days minimum water level (WLMind?7)
7-days maximum water level (WLMaxd7)
7-days amplitude water level (WLAmpd7)
Low-water pulse duration (LPD)
High-water pulse duration (HPD)
Low-water pulse threshold (LPT)
High-water pulse threshold (HPT)
Number of reversals (NumOfRev)

Water temperature (T,,)

pH

Dissolved oxygen (DO)

Nitrite-nitrate (NO, +NO;")

Soluble reactive phosphorus (SRP)
Chemical oxygen demand (COD)

Total nitrogen (TN)

Total phosphorus (TP)

Ammonium (NH,")

Food web metrics

nwc

0.569
0.556
0.896
0.797
0.476
0.592
0.507
1.693
1.213
1.347
1.626
1.722
0.510
0.614
1.156
0.486
0.603

Iwc

1.264
1.319
0.946
0.928
1.007
1.447
1.309
0.634
0.451
0.217
1.289
0.694
0.879
1.486
0.502
1.027
0.552

mwG

0.828
1.164
1.159
0.905
1.684
1.010
1.252
0.353
0.491
0.393
0.304
0.649
0.891
1.936
0.663
1.203
0.560

wG

1.467
0.915
0.326
0.194
0.356
1.495
1.125
1.019
0.364
0.902
1.658
1.230
1.122
0.950
0.389
1.117
0.810

nwV

0.810
0.282
0.803
0.622
0.459
0.829
0.356
1.693
1.010
1.413
1.838
1.800
0.391
0.732
0.937
0.368
0.315

wv

0.801
1416
1.627
1.462
1.364
1.058
1.188
0.371
0.491
0.864
0.590
0.273
0.617
1.613
0.543
0.773
0.628

Detritivory

1.186
0.221
0.953
0.299
0.128
1.111
0.545
1.413
0.467
1.558
1.799
1.695
0.883
0.506
0.333
0.766
0.719

137

Herbivory

1.461
1.329
0.779
0.475
0.539
1.567
1.373
0.604
0.620
0.274
1.324
0.612
1.102
1.107
0.630
1.161
0.778

Phytoplanktivory

0.888
0.291
1.309
0.451
0.225
0.765
0.225
1.532
0.707
1.774
1.668
1.801
0.692
0.216
0.559
0.538
0.652

Zooplanktivory

1.223
0.266
0.922
0.306
0.122
1.148
0.589
1.384
0.429
1.525
1.797
1.663
0.919
0.508
0.303
0.801
0.751

Benthivory

1.271
0.614
0.340
0.330
0.546
1316
0.856
1.298
0.472
1.180
1.821
1.563
0.847
1.061
0.369
0.872
0.488

Piscivory

1.427
0.929
0.344
0.205
0.478
1.466
1.149
0.947
0.377
0.940
1.551
1.241
1.140
1.055
0.405
1.165
0.822
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phytoplankton concentrations. In addition, nutrient enrichment often
alters the elemental composition of phytoplankton (Sterner and Elser,
2002; Burson et al., 2016), and often improves its nutritional quality
for potential consumers. The higher nutritional enrichment of
phytoplankton relative to detritus (Guo et al, 2016; Thorp and
Bowes, 2017), and the associated increase in phytoplankton
production, can turn detritus-based into phytoplankton-based food
webs (Power et al.,, 2013; Mor et al., 2018), which is what happened in
our study. It is acknowledged that eutrophication promotes changes
in primary productivity that could potentially affect trophic
interactions and alter the dietary preferences of consumers
(Bumpers et al,, 2017; Zhang et al., 2018; van der Lee et al., 2021).
In addition, temporal changes in dietary preferences of consumers
among five representative years may also be attributed to the
difference in methodologies between the gut content analysis and
the stable isotope analysis. For example, in a review paper on diet
tracing methods in ecology, it was concluded that these two
approaches measure the diet at various stages during ingestion and
assimilation, and the relative dietary contribution can vary
substantially (Nielsen et al, 2018). Furthermore, the contributions
of detritus were the highest with averages of 30.1% in the first four
study years. This may be due to the fact that the taxonomic
impediment of identifying partially digested material by the gut
content analysis can render some components unknown and
classify them as detritus (Nielsen et al, 2018). Recently, stable
carbon isotopes values of subfossils have been successfully tracked
the food sources of consumers over a long-time scale (Cheng et al,,
2020), which may provide an opportunity for temporal studies of
highly resolved food webs.

Consumers may change their dietary preferences to take advantage
of multiple food sources based on the relative availability or nutritional
quality of the resources (de Carvalho et al,, 2019), and this may cause
changes in their trophic positions and hence in the food web structure
(Rooney and McCann, 2012; McMeans et al,, 2019). In the present
study, three fish trophic groups (i.., fingerlings, large omnivorous fish,
and carnivorous fish) shifted their dietary preferences toward food
resources with higher nutritional quality until 2009 (fingerlings and
large omnivorous fish) and until 2019 (carnivorous fish), and their
trophic position decreased accordingly. Similarly, some previous
studies concluded that omnivorous consumers might lower their
trophic position by adjusting their diet from consumption of
animal resources to increased consumption of plant resources with
high nutritional quality when both resources are offered simultaneously
(Zhang et al., 2018; van der Lee et al., 2021). In addition, lower trophic
positions of omnivorous and carnivorous fish have been reported
during the wet season in tropical floodplains, leading to increased
consumption of plants or invertebrates (Blanchette et al, 2014;
McMeans et al,, 2019). The trophic position of the top predator or
the maximum trophic position of species in a food web is conceptually
similar to food chain length (Briand and Cohen, 1987). Carnivorous
fish consistently occupied the highest trophic position in all five
representative years, and the decrease in its trophic position over
time implies a shortening of the food chain length between the top and
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bottom of Lake Baiyangdian’s food webs, which may be caused by
increased trophic omnivory and reduced dietary specialization at any
or all trophic levels (Post et al, 2000; Post and Takimoto, 2007).
Furthermore, the dietary preferences of consumers can shape biomass
ratios between different trophic levels (McCauley et al, 2018; Burian
et al,, 2020). Our results showed that the biomass of trophic groups was
unequally distributed across the food webs, and decreased with
increasing trophic level, which is consistent with previous studies
(Trebilco et al.,, 2013; Hatton et al,, 2015).

Any changes in dietary preferences can affect energy fluxes because
different food sources have different concentrations of carbon and
nutrients, which leads to different assimilation efficiencies (Sterner and
Elser, 2002; Jochum and Eisenhauer, 2022). The highest total energy
flux in the food web was observed in 1993, followed by 2019, with the
lowest in 1958. This is related to the biomass pools of phytoplankton,
submerged macrophytes, and detritus, as well as the biomass flow from
these pools to primary consumers. The efficiency of the energy fluxes
ingested by the consumers was low, and a considerable proportion of
the energy fluxes directly entered the detritus pool, where the biomass
and its contained energy served as fuel for ecosystem recycling in Lake
Baiyangdian’s food webs, which agrees with Zeng et al. (2021).
According to Barnes et al. (2018), trophic complementarity can be
an important mechanism for promoting ecosystem functioning in food
webs, where greater consumer diversity reduces competition for food
sources, thereby increasing the total energy fluxes to consumers (Poisot
et al,, 2013; Peralta et al., 2014).

In addition, the distribution of energy flux is important for
determining food web stability. The ingestion by primary
consumers (zooplankton, meiofauna, and mollusks) accounted for
more than 90% of the total ingestion of consumers in our study. The
bottom-heavy food web energetics structure (i.e.,, larger energy fluxes at
lower trophic levels) may confer greater food web stability (Rip and
McCan, 2011; Barnes et al,, 2018). Zooplankton and mollusks, which
dominated the total energy fluxes in Lake Baiyangdian, were strongly
connected to the phytoplankton and detritus energy pathways. Both
energy channels can convey significant energy fluxes from basal food
sources to consumers at higher trophic levels, thereby potentially
stabilizing food webs (Ward et al, 2015; Mougi, 2020). However,
the primary consumers that feed on more nutritious phytoplankton
can use less energetically costly mechanisms to meet their nutrient
uptake, assimilation, and retention needs (Sardans et al, 2012
Teurlincx et al.,, 2017).

4.2 Changes in unweighted and weighted
food web metrics

Although the food webs displayed large differences in the
underlying dietary preferences and energy flux distribution in
1980 and 2019, or in 1958, 1993, and 2009, they showed similar
values for the unweighted food web metrics. This suggests that
unweighted food web metrics are inadequate predictors of highly
aggregated food web structures and functions, since they are
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limited to a static view, and are more sensitive to changes in
species and link richness (Kortsch et al., 2021). However, some
studies indicated that changes in community composition did
not always trigger changes in the food web structure (Yletyinen
et al.,, 2016; Griffith et al., 2019; Frelat et al., 2022). Moreover,
previous studies concluded that macroscopic unweighted food
web descriptors may be invariant at a broader temporal scale
(spanning years to millennia), whereas strong dynamics were
observed at finer temporal scales (from hours to months) (Friind
et al.,, 2011; Trojelsgaard and Olesen, 2016; CaraDonna et al.,
2021). We observed more pronounced temporal variability in the
weighted (node- and link-weighted) food web metrics than in the
unweighted food web metrics in all study years, which can be
related to the fact that unweighted and weighted food web
metrics likely reflect different underlying ecosystem processes
(Olivier et al., 2019; Kortsch et al.,, 2021; Frelat et al., 2022).
Previous studies show that weighted food web metrics can
the of
distribution and thus predict ecosystem functioning (Kortsch

capture associated  consequences energy flux
et al,, 2021). In our study, three weighted metrics (i.e., IwC, IwG,
and nwG) showed the same trend of decreasing first and then
increasing over time as most metrics of ecosystem functioning
(i.e., herbivory, zooplanktivory, benthivory, and piscivory), while
the detritivory showed the opposite trend. Some studies of
temporal changes of node-weighted food web metrics suggest
that food web structure was influenced by changes in species
dominance (Olivier et al., 2019). Node-weighted connectance
(nwC) was highest in 2019, which can be explained by the high
biomass of highly connected nodes, such as mollusks and
omnivorous fish, that reflect dominance of the food web by
particular trophic groups in 2019.

Node-weighted vulnerability (nwV) was always much higher
than unweighted vulnerability (V) in our study, which was
consistent with previous studies (Olivier et al., 2019; Kortsch
etal, 2021). We also found that link-weighted metrics had lower
values than the corresponding unweighted metrics in Lake
Baiyangdian’s food webs. Similar results were observed in a
previous study (Kortsch et al, 2021), which indicates that
energy fluxes are not equally distributed in food webs, but
rather are skewed towards a few strong fluxes and many weak
fluxes. Link-weighted connectance (IwC) showed higher values in
1958 and 2019, which was related to the fact that several trophic
groups with many interactions also had relatively high and even
inflows and outflows, and this increases link-weighted food web
complexity. Together these results indicate that an approach that
considers the dominant species, their dietary preferences, and the
energy flux distribution will challenge the conclusion about
temporal changes in food web structures based only on
unweighted metrics (Scotti et al., 2009; Kortsch et al., 2021;
Lopez-Lopez et al.,, 2022). However, in other studies, weighted
metrics were similar (Frelat et al, 2022) or complementary
(Kortsch et al,, 2021) to unweighted metrics in their ability to
describe temporal changes in the food web structure. Therefore,
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it is necessary to integrate unweighted, node-weighted, and link-
weighted metrics to identify the complementary temporal
patterns of food web dynamics, since this provides better
support for management decisions.

4.3 Effect of environmental factors on
food web dynamics

The changing hydrological regimes and water quality factors
that we observed can explain the temporal trends of food web
dynamics. Disentangling their relationships is crucial for guiding
conservation and restoration strategies in shallow lakes. Studies
of ecosystem processes in shallow lakes have generally shown
that water level fluctuations are a dominant force and that many
other environmental factors vary concurrently with these
fluctuations (Kolding and van Zwieten, 2012; Jeppesen et al.,
2015). In our study, the low- and high-water level pulse
thresholds (i.e., LPT and HPT) were (after COD) the
hydrological regime indicators that most strongly affected the
link-weighted (IwC).
associated with link-weighted food web complexity. Values of

connectance They were positively
LPT and HPT represent variable conditions that provide a
broader range of hydrologic niches that can provide
conditions suitable for organisms at different trophic positions
(Yan et al., 20205 Zheng et al., 2020). The number of water level
reversals (NumOfRev) was negatively associated with node-
weighted connectance (nwC). Frequent water level fluctuations
may prevent the establishment and development of organisms,
thereby decreasing biodiversity and food web complexity.
Eutrophication due to excessive nutrient loading is a
common stressor for changes in food web structure and
function in shallow lakes (Paerl et al., 2011). It affects the
relative availability of basal resources, which further affects
consumers at higher trophic positions (Bumpers et al., 2017).
Eutrophication also can homogenize the composition of lake
benthic assemblages (Olden et al., 2004; Donohue et al., 2009).
Moreover, lakes exposed to prolonged eutrophication are prone
to hypoxia, and subsequent fish kills (Bullerjahn et al., 2016). Our
results showed that the biomass of phytoplankton increased from
1958 to 2009, which coincided with the intensive eutrophication
in Lake Baiyangdian. As a result, most of the consumer trophic
groups shifted in the direction of phytoplankton, and the food
web then became more dependent on algae-based energy
channels. Meanwhile, the food chain length declined from
1958 to 2009, which mean the food web structure of Lake
Baiyangdian was simplified even though eutrophication
brought sufficient nutrient into the ecosystem. Similar results
have been reported in Lake Taihu with long-term eutrophication
(Xu et al., 2016). The overall water quality of Lake Baiyangdian
was better in 2019 than in 2009 and 1993, which is likely to be
related to a series of governance policies and restoration projects,
including a prohibition of fish breeding, water diversion projects,
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wastewater treatment in villages, and dredging key channels (Zhu
etal,,2019; Wang et al.,, 2021). The highest IwC value was in 1958,
followed by 2019, whereas nwC was highest in 2019, followed by
2009. Taken together, the restoration of hydrological regimes and
water quality improvements contributed to improving the lake’s
food web complexity by increasing the node- and link-weighted
connectance in 2019. In addition, previous studies showed that
most biological communities might be suppressed when a lake
became eutrophication, leading to a decline in the total energy
fluxes of the ecosystem (Kong et al., 2016; Wang et al., 2020). This
finding is not evident in our study, as we observe the highest total
energy fluxes in 1993, followed by in 2019, and the lowest value
in 1958.

5 Conclusion

We confirmed our research hypotheses that the food web
structure and function would vary over time in response to
changes in hydrological regimes, eutrophication, and some
related water quality factors. Our results revealed temporal
variability of the food web structure and function in a shallow
lake in northern China using both unweighted and weighted
approaches and food web energetics approach. The lake
detritus-based food web
based the
contributions of the basal food sources and the energy flux
fish,
carnivorous fish shifted their dietary preferences towards

changed from a into a

phytoplankton-based  web on relative

distribution. Fingerlings, large omnivorous and
food sources with higher nutritional quality in the latter
three study years, and their trophic position decreased
accordingly. The link-weighted metrics had lower values
than the topology-based

metrics, which indicates that energy fluxes were not

corresponding unweighted
equally distributed, but rather were skewed towards a few
strong fluxes and many weak fluxes. We observed more
pronounced temporal variability in the weighted (node-
and link-weighted) food web metrics than the unweighted
food web metrics, and this may be related to the fact that
unweighted and weighted food web metrics reflect different
underlying ecosystem processes. Furthermore, our study
demonstrated that restoring the lake’s hydrological regimes
and improving the water quality contributed to improving
the food web complexity and function, with increased node-
and link-weighted connectance and most of the flow-based
ecosystem functioning metrics values in 2019. Overall, our
results suggested that studies of weighted food web metrics
will complement the information provided by classical
topology-based (unweighted) metrics. Our approach can
therefore provide useful data to support the management
and restoration of the structure and functions of shallow lake
ecosystems. In future research, it will be necessary to find
ways to integrate the effects of additional hydrologic and
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water quality metrics (e.g., the differences between long- and
short-term indicators, heavy metal concentrations in the
water and sediments) and to expand our analysis to
spatiotemporally highly resolved food webs to improve
lake ecosystem management.
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Bioretention cells are an important facility to solve the hydrological and non-
point pollution problems in urban areas, especially phosphorus. In this paper,
ceramsite composite was made from coal ash and modified by nano-iron
through coprecipitation and reduction, which was used to remove the
phosphorus in the water. The results of the characteristics of the ceramsite
composite using scanning electron microscope showed that the surface of the
ceramsite loaded with nano-iron became rougher and the iron nanoparticles
were uniformly distributed on the surface, and there was no obvious
agglomeration of nano-iron particles. The loading effect was good and the
activity of the ceramsite was greatly improved. The results from the static and
dynamic continuous experiments indicated that the modified ceramsite with
nano-iron had a good removal effect on phosphorus, and the removal rate
reached over 99%. The results of this study can provide a new way for the
resource utilization of coal ash, and also inspires a new idea for the
improvement of filler in bioretention facilities.

KEYWORDS

bioretention cells, coal ash, modified ceramsite, nano-iron particles, phosphorus
removal

1 Introduction

The increases in impervious underlying surface in the process of urbanization have
resulted in frequent urban waterlogging and a rapid increase in surface rainwater runoff
(Solpuker et al., 2014; Xu et al,, 2015). There are a large number of nutrients such as
nitrogen (N) and phosphorus (P) from municipal garbage, waste water and atmospheric
deposition in rainwater runoff, which aggravate the surface rainwater runoff pollution
(Djukic et al., 2016; Chen et al., 2022). When these N and P pollutants entered the natural
water body with rainwater runoff, they can cause eutrophication of water body (Kabenge
etal,2016; L. Lietal,, 2021a; Wu et al., 2020). At the same time, surface runoff pollutants
are characterized by strong randomness, wide sources, complex components and a wide
range of pollution, making the pollution problem difficult to deal with. How to control the
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runoff pollutants effectively in the urban area has become a hot
research pot for protecting the water environment.

In recent years, the investigation of urban surface runoff
pollution in China shows that phosphorus pollution in urban
surface runoff is becoming increasingly serious (Luo et al,, 2012).
A series of low-impact development measures in the sponge city
construction, such as the permeable pavement, constructed wetland,
filtration system and bioretention cells, integrate flood peak flow
regulation and runoff reduction as a whole, which can not only
purify water quality and regulate rainwater runoff but also serve as
urban landscape facilities to beautify the urban environment. Such
measures are mainly based on the absorption and filtration of
phosphorus from wastewater through plants, soil and filler. The
composition and properties of fillers are the key factors in
determining the phosphorus removal efficiency of surface runoff
treatment facilities. However, the widely used filler is mainly sand
and soil with low carbon content, and the filler layer’s water
purification effect is insignificant. Therefore, the optimization
study of the filler layer is of great significance for the purification
of surface runoff pollution (M. Zheng et al., 2022; Y. Zheng and
Zhang, 2020).

Coal ash is a waste produced by coal-fired power generation in
thermal power plants, which has a low recycling rate and will have
an impact on the environment if no measures are taken to treat it (Z.
Li et al,, 2021b). However, research in recent years has found that
coal ash has good phosphorus removal properties. Therefore,
ceramsite sintered by coal ash to form a strong, non-clogging,
easily recyclable, large particle material to remove phosphorus
from wastewater has become a new method to use waste coal
ash to remove P from surface runoff pollution. Compared with
common phosphorus removal materials, nano-iron have the
advantages of better phosphorus removal performance, high
reaction efficiency and low-cost effectiveness, so the phosphorus
removal effect of ceramsite made by coal ash can be further
improved by loading nano-iron (Maamoun et al, 2018).
However, the existence of large magnetic and van der Waals

simulated rain

water tank

FIGURE 1
Diagram of the cylindrical experimental setup.
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forces between the nano-iron makes it easy to agglomerate, and
the small particle size of the nano-iron particles makes the material
easy to be lost and difficult to be recovered in liquid, these problems
and defects make it difficult to promote nano-iron in practical
environmental engineering (Phenrat et al., 2007).

This work intends to further study the loading of nano-iron on
the surface or well-developed pore structure of the ceramsite made
by coal ash to avoid the agglomeration of nano-iron while increasing
the contact area between nano-iron and pollutants, to improve the
reactivity. And then, this paper intends to determine the phosphorus
removal performance of modified coal ash ceramsite loaded with
nano-iron and the effect of different laying thicknesses on the
phosphorus removal effect through static and dynamic
continuous experiments. On this basis, it is also investigated the
mechanism of phosphorus removal by modified ceramsite.

This work proposes a new way for the utilization of coal ash and
provides a new idea for the improvement of fillers in the treatment of
surface rainwater runoff in sponge city construction.

2 Materials and methods
2.1 Materials

2.1.1 Preparation of coal ash sintered ceramsite

Coal ash sintered ceramsite is made of coal ash as the main raw
material, bentonite as binder and pulverized coal as pore-making
agent sintered at high temperature. It is a large particle material with
high strength, not easy to block, easy to recover, and can be recycled.
In this study, the reasonable dosage ranges of coal ash, bentonite and
pulverized coal are 140-180 g, 120-160 g, and 30-50 g, respectively.
On this basis, orthogonal experimental design was used to optimize
the ratio scheme of coal ash, bentonite and pulverized coal. Finally,
the ratio of the three materials was determined as 50% of coal ash,
37.5% of bentonite and 12.5% of pulverized coal respectively.
According to the proportioning scheme, coal ash, bentonite and

. water outlet

P’CJ conical flask
T

_—— modified coal ash ceramsite

acid washed quartz sand

i
(\\*’J“‘ water inlet
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TABLE 1 Results of isothermal adsorption experiment.

Co (mg/L) 1.95 4.04 6.04 7.8 9.87 12.1
C. (mg/L) 0501 1.64 3.63 5.42 7.54 9.68
4. (mg/kg) 108.675 180 18075 1785 17475 1815

pulverized coal are mixed evenly, and then a certain amount of water
is added according to the solid-water ratio of 3:1 to stir into a
uniform liquid shape, which is then put into a small granulator to
form particles with a diameter of 2-3 mm and a length of about
5-10 mm. The formed ceramite was air dried in natural state for 2 h
and then put into Muftle furnace for preheating at 400°C for 15 min
and sintering at 1,000°C for 45 min. After natural cooling in the
furnace, the pulverized coal ash ceramite needed in this study was
obtained.

2.1.2 Modification of ceramsite

The coal ash ceramsite was modified by hydrochloric acid,
sodium hydroxide, ferric chloride, sulfuric acid and loaded nano
iron. It was found that the adsorption and phosphorus removal
effect of the ceramic particles modified by sodium hydroxide was not
good, and the effect of the ceramic particles modified by loaded nano
iron was the best. The main methods for the preparation of loaded
iron nanoparticles are gas-phase reduction, liquid-phase reduction,
sol-gel method and thermal decomposition carbonyl iron method.
Among them, the liquid-phase reduction method and the pyrolysis
carbonyl iron method are the most widely used. In addition, the
liquid phase reduction method has the advantages of lower cost,
higher yield, good loading effect and easy application. Therefore, this
experiment used the liquid-phase reduction method to modify the
coal ash ceramic pellets with loaded iron nanoparticles. The liquid-
phase reduction method is to reduce the low-valent iron salts by
strong reducing agents and reduce the iron ions to iron monomers
loaded on the solid particles.

The experimental loaded iron nanomodified ceramic pellets
were prepared as follows: FeSO,#7H,0 with concentrations of
0.04 mol/L, 0.05mol/L, 0.06 mol/L, 0.07 mol/L, 0.08 mol/L,
0.09 mol/L, and 0.1 mol/L (seven concentration gradients) and
1 g of ascorbic acid as a stabilizer were added to seven beakers
filled with 100 ml distilled water. Then, NaBH, solution was
dropped into the beaker through a constant pressure funnel to
reduce iron ions, the dropping rate was controlled at about 2 drops/
sec, the boron/iron (B/Fe) mass ratio was required to be 3:1, and the
glass rod was used for continuous stirring during the reaction. After
the dropwise addition of the NaBH, solution is completed, continue
to stir the mixed solution for 5 min to complete the reaction. Then,
the product was washed 3 times with anhydrous ethanol, and the
resultant product was ceramsite loaded with nano-iron.

The modified ceramsite was used to remove phosphorus from
simulated wastewater, and the adsorption capacity of modified coal
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ash ceramsite for phosphorus was compared to determine the
optimum modification concentration of the modifier. A conical
flask was filled with 150 ml of simulated wastewater containing
phosphorus with 1 mg/L, and 5g of coal ash ceramsite modified
by different concentrations. 7 conical flasks were placed in a constant
temperature oscillator and allowed to oscillate at a constant
temperature of 25°C and an oscillation speed of 250 r/min for 4 h.
After the reaction was completed, the solution containing phosphorus
was aspirated with a syringe. The phosphorus concentration in the
solution was measured after the solution containing phosphorus was
filtered through a filter membrane, and the phosphorus removal rate
was calculated by Eq. 1.

Co -

C
R= x 100%

1

0

where R represents each of the characteristics of pollutants’
Co

concentration, and C represents sampling point concentration.

removal rates, represents initial heavy metal ion
The results showed that when the ceramic pellets were
modified with iron nanoparticles loaded with ascorbic acid as

a stabilizer, the removal rates were all stable above 99%.

2.2 Cylindrical experiment method of
modified coal ash ceramsite

In this study, a cylindrical experimental device was used to
explore the phosphorus removal effect of loaded nano-iron
ceramsite as medium filler. The experimental device consisted of
four parts: digital peristaltic pump, water tank, experimental column
and rubber tube. The experimental column was a glass column with
30 cm height, 5 cm inner diameter and 0.5 cm wall thickness. The
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FIGURE 2
Dynamic phosphorus removal effect of ceramsite loaded
with nano-iron of different thickness.
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bottom of the experimental column is provided with a water inlet, and
the top is provided with a water outlet. The water tank, peristaltic
pump and experimental column are connected by rubber tubing. The
experimental setup is shown in Figure 1.

To study the phosphorus removal effect of nano-iron ceramsite
loaded with different thicknesses, nano-iron ceramsite loaded with
different thicknesses was added to the experimental columns
numbered A, B, C, and D, respectively. The test column A was set
as the blank control group, in which only three layers of acid-washed
quartz sand were added, 300 g for each layer. Test column B was
successively added with 375 g pickling quartz sand, 83 g loaded nano-
iron ceramsite and 375 g pickling quartz sand, in which the thickness
of the loaded nano-iron ceramsite was 5cm. Test column C was
successively added with 300 g pickling quartz sand, 167 g loaded with
nano-iron ceramsite and 300 g pickling quartz sand, in which the
thickness of the loaded nano-iron ceramsite was 10 cm. Test column
D was successively supplemented with 150 g pickling quartz sand,
334 g nano-iron ceramsite and 150 g pickling quartz sand, in which
the thickness of nano-iron ceramsite loaded was 20 cm. A peristaltic
pump was used to feed self-prepared simulated wastewater with
phosphorus concentration of 1 mg/L into the lower part of the
cylindrical tube at the speed of 10 ml/min. The experimental
solution was obtained from the upper outlet at 0.5, 1, 1.5, 2, 4, 6,
8,10,12, 14, 16, 18, 20, 22, and 24 h elapsed time. The phosphorus ion
concentration in the solution was measured, and the phosphorus
removal rate was calculated by Eq. 1, to explore the changing trend of
phosphorus removal rate with time of nano-iron ceramsite loaded
with different thicknesses.

2.3 Method of the mechanism of
phosphorus removal from water by
modified coal ash ceramsite

The adsorption isotherm model and adsorption kinetics
model were used to fit the adsorption process of phosphorus
on the ceramsite loaded with nano-iron and judge the
adsorption type and the maximum adsorption capacity.
Field (SEM)
(JEOL, Japan) was used and the energy spectrum analysis

emission scanning electron microscope
was performed, to further analyze and explain the loading
effect of coal ash ceramsite and the main reaction mechanism
of phosphorus removal of coal ash ceramsite loaded with

nano-iron.

2.3.1 Adsorption isotherm research method

150 ml
phosphorus-containing wastewater with concentrations of
2 mg/L, 4 mg/L, 6 mg/L, 8 mg/L, 10 mg/L, and 12 mg/L was
added to each conical bottle, then 2 g ceramsite loaded with

Six conical bottles were taken out, and

nano-iron were added respectively. The six conical bottles
were put into a thermostatic shaking chamber, and the
conical bottles were kept at a constant temperature of
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25°C. The oscillation speed was 250r/min for 24 h. After
the reaction, the concentration of residual phosphorus in the
solution was determined, and the adsorption capacity of
phosphorus on the ceramsite loaded with nano-iron was
After  the the
concentration of phosphorus (C.) in each solution was

calculated. reaction, equilibrium
determined, and the equilibrium adsorption capacity (g.)
was calculated according to Eq. 2.
g - V(C:n C.) )
Where g, represents the adsorption at equilibrium, mg/g; V
represents the volume of adsorbent solution, L; C, represents the
initial mass concentration of adsorbent in solution, mg/L; C,
represents the concentration of solution at equilibrium, mg/L; m
represents the mass of loaded iron nanoparticles injected, kg.
The
Freundlich isothermal adsorption model were used to fit
the (C.) and equilibrium
adsorption quantity (g.) (Li al., 2020), and the
determination coefficient (R?) was calculated. The higher

Langmuir isothermal adsorption model and

equilibrium concentration

et

the determination coefficient, the more suitable the model
was to describe the adsorption equilibrium process. The
Langmuir isothermal adsorption model and Freundlich
isothermal adsorption model are shown in Eq. 3 and Eq. 4.

C. 1 C.

~e = il 3
% Q)" Q. ®
lnqe:an+ln% )

Where Q,, is the maximum saturated adsorption at equilibrium,
mg/g; b is the Langmuir equation adsorption equilibrium
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FIGURE 3

Adsorption isotherms of phosphorus on ceramsite loaded
with nano-iron.
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FIGURE 4

Fitting of the isothermal adsorption models. (A) the Langmuir isothermal adsorption model; (B) the Freundlich isothermal adsorption model.

constant, L/mg; K is the Freundlich isothermal adsorption
equation constant; n is the adsorption intensity parameter.

2.3.2 Adsorption kinetics research method

In the experiment, ceramsite loaded with nano-iron was used as
adsorbent. Nine conical bottles were taken out, and 150 ml
phosphorus-containing wastewater with a concentration of 2 mg/L
was added to each conical bottle, and then 2 g ceramsite loaded with
nano-iron were added respectively. The 9 conical bottles were put into
a constant temperature oscillation chamber, and the conical bottles
were allowed to oscillate at a constant temperature of 25°C and an
oscillation speed of 250r/min. The conical flask was removed at the
oscillation adsorption time of 10 min, 30 min, 1, 1.5, 2, 4, 6, 8 , and
24 h, respectively, and the phosphorus-containing solution was
aspirated with a syringe and filtered through a filter membrane to
determine the phosphorus concentration C; in the solution, and the
adsorption amount g, of phosphorus by the loaded iron nanoparticles
at different adsorption times was calculated by Eq. 5.

_V(G-C)
m

q: (5)
Where g; is the adsorption capacity at time t, mg/g; C; is the
concentration of solution at time t, mg/L; m is the mass of loaded
iron nanoparticles injected, kg.

The pseudo-first-order kinetic model, pseudo-second-order
kinetic model, and Elovich kinetic model were used to fit the data
according to the adsorption quantity g, and equilibrium adsorption
quantity g, of loaded nano-iron ceramsite at different times (Largitte
and Pasquier, 2016; Li et al,, 2020). By comparing the determination
coefficient (R), it can be concluded which model can fully reflect the
kinetic mechanism of phosphorus adsorption on nano-sized iron
ceramsite supported by adsorbent. The pseudo-first-order kinetic

Frontiers in Environmental Science

148

model, pseudo-second-order kinetic model, and Elovich kinetic
model are shown in Eq. 6, Eq. 7, and Eq. 8.

In(q. —q) =lnqg. — kit (6)
t 1 t

o 4 7

@ () 4 &

G = %ln((xﬁ) + %lnt (8)

Where k; is the quasi-first-order adsorption rate constant,

g-mg -min~"

; ky is the quasi-second-order adsorption rate
constant, g'mg min; « is the initial adsorption rate
constant of the Elovich kinetic model, gmg"-min™"; f3 is the
desorption constant related to the surface coverage and
adsorption activation energy, g/mg; t is the adsorption

time, min.

2.3.3 Material characterization and energy
spectrum analysis method

After confirming the feasibility of ceramsite loaded with
nano-iron as filler, a field emission scanning electron
microscope was used to obtain the scanning electron

TABLE 2 Fitting results of adsorption isotherm model.

Adsorption isotherm model Fitting R’
parameters

Langmuir isothermal adsorption model Qn 183.15 0.9982
b 5.81

Freundlich isothermal adsorption model k 138.1 0.663
n 6.653
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TABLE 3 The adsorption capacity of phosphorus on ceramsite loaded with nano-iron by different adsorption time.

t (min) 10 30 60 90 120 240 360 480 1,440
Cy (mg/L) 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95 1.95
C; (mg/L) 1.669 1.553 1.409 1.263 1.141 1.04 0.817 0.608 0.501
q: (mglg) 21.08 29.78 40.58 51.53 60.68 68.25 84.98 100.7 108.7

microscope images of the coal ash ceramsite unloaded with 3 Results and discussion

nano-iron and the coal ash ceramsite loaded with nano-iron

before and after the adsorption of phosphorus, and the energy 3.1 Cyllnd rical experiment of modified
spectrum analysis was performed, to further analyze and explain coal ash sintered ceramsite

the loading effect of coal ash ceramsite and the main reaction

mechanism of phosphorus removal of coal ash ceramsite loaded Based on the phosphorus concentration C, detected at
with nano-iron. different times and the phosphorus concentration Cy at the
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FIGURE 5

Fitting of the adsorption kinetic model of phosphorus on the ceramsite loaded with nano-iron. (A) the pseudo-first-order kinetic model; (B) the
pseudo-second-order kinetic model; (C) the Elovich kinetic model.
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initial time, the phosphorus removal rate of nano-ferric coal
ash ceramsite loaded with different thicknesses varied with
time. As shown in Figure 2, with the increase in thickness of
the
phosphorus removal rate is increased. This is mainly

coal ash ceramsite loaded with nano-sized iron,
because with the increase of the thickness of the loaded
in the
solution also increases, so that the active site increases

nano-iron ceramsite, the content of iron ions
(Tan et al,, 2015), which makes the contact space between

phosphate ions and nano-iron increase, leading to
the increase of phosphorus removal efficiency in the
solution. At the same time, it can be seen from Figure 2
that the phosphorus removal rate of coal ash ceramsite loaded
with nano-iron with different thicknesses gradually decreases
over time, and the decreasing slope of the phosphorus
removal rate decreases with the increase of thickness. The
reason is that at the initial moment, there are many

adsorption sites on the loaded nano-iron ceramsite, and

the phosphorus adsorption rate is high. With the
continuous occupation of the adsorption sites, the
phosphorus removal effect of the loaded nano-iron

ceramsite is gradually weakened.

3.2 Study on the mechanism of
phosphorus removal from water by
modified coal ash ceramsite

3.2.1 Study on adsorption isotherms

According to the concentration of residual phosphorus in the
solution measured after the reaction of wastewater containing
phosphorus of different concentrations, the adsorption capacity
of ceramsite loaded with nano-iron on phosphorus was
calculated as shown in Table 1 and Figure 3 was drawn
according to Table 1.

As can be seen from Figure 3, with the progress of
adsorption, the active sites in the adsorbent are occupied,
the active sites in the adsorbent are occupied and it becomes
more difficult for the adsorbent molecules to contact the active
sites on the surface, and the adsorption thus gradually tends to
equilibrium. Langmuir isothermal adsorption model and
Freundlich isothermal adsorption model were used to fit
the adsorption isotherms respectively, and the fitting results
were shown in Figure 4 and Table 2.

It can be seen from Figure 4 that the determination
coefficient of 0.99 fitted by the Langmuir isothermal

adsorption model is much higher than that fitted
by the Freundlich isothermal adsorption model of 0.66,
indicating that the Langmuir isothermal adsorption

model can better describe the process of phosphorus
adsorption by ceramsite loaded with nano-iron and
that the adsorption of phosphorus on the surface of
loaded with nano-iron is

ceramsite single-layer
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adsorption. Surface adsorption plays a leading role in the
adsorption process.

3.2.2 Study on adsorption kinetics

According to the concentration of phosphorus in the
solution measured at different time points in the oscillating
adsorption process, the adsorption capacity of phosphorus
on the ceramsite loaded with nano-iron at different
adsorption times was calculated as shown in Table 3.

The experimental results were fitted with the quasi-first-
order kinetic model, quasi-second-order kinetic model and
Elovich model respectively, and the fitting results were shown
in Figure 5 and Table 4.

According to Figure 5A, the determination coefficient R
of quasi-first-order kinetic model fitting is 0.947. The
capacity calculated from the

92.13 mg/kg, the
experimentally measured equilibrium adsorption capacity

equilibrium adsorption

equation  intercept is while
is 108.68 mg/kg, there is a certain gap between the two.
Therefore, the quasi-first-order kinetic model is not
to fit the by

ceramsite loaded with nano-iron experiment.

applicable adsorption of phosphorus
in this
Figure 5B shows that the determination coefficient of the
quasi-second-order kinetic model is as high as 0.994. The
equilibrium adsorption capacity of ceramsite loaded with
nano-iron simulated by the quasi-second-order dynamics
model is 115.89 mg/kg, which has a small difference from the
of

quasi-second-order

experimental adsorption
108.86 mg/kg, that the
kinetic model can be used to estimate the equilibrium

equilibrium capacity

indicating

adsorption capacity of ceramsite loaded with nano-iron to
phosphorus. The model shows that the adsorption process of
phosphorus on the ceramsite loaded with nano-iron is
monolayer chemisorption. It can be seen from Figure 5C
that the determination coefficient of the Elovich model is
0.952, and the correlation is between the quasi-second-order
kinetic model and the quasi-first-order kinetic model.

In summary, it is concluded that the quasi-second-order kinetic
model has the best correlation, and the equilibrium adsorption
calculated according to the fitted straight line is the closest to the
measured value in the experiment, indicating that the adsorption

TABLE 4 Fitting results of adsorption kinetic model.

Adsorption kinetic model Fitting R’
parameters

pseudo-first-order kinetic model 9e 92.13 0.9466
k; —-0.0045

pseudo-second-order kinetic model 9e 115.89 0.9941
k, 0.0834

Elovich kinetic model a 0.0036 0.9524
B 50.76
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process of the ceramsite loaded with nano-iron for phosphorus is the
most suitable for use. According to the quasi-second-order kinetic
model, the adsorption rate of phosphorus on the ceramsite loaded
with nano-iron is proportional to the square of the unoccupied
active sites on its surface.

3.2.3 Material characterization and energy
spectrum analysis

The comparison of scanning electron microscope before
and after phosphorus adsorption is illustrated in the following
image.

As can be seen from Figure 6, the surface of the coal ash
ceramsite was flat, smooth and dense when they were not loaded

10.3389/fenvs.2022.1017605

with nano-iron. After the coal ash ceramsite was loaded with
nano-iron, the surface of the ceramsite became rough, and the
nano-iron particles were uniformly loaded on the surface of the
ceramsite with a particle size of about 20-50 nm. There was no
obvious agglomeration phenomenon of nano-iron, and the
loading effect is good, which improved the material activity.
The comparison shows the changes in the ceramsite loaded with
nano-iron after the adsorption of phosphorus. With the
adsorption of phosphorus by ceramsite loaded with nano-iron,
the morphology of nano-iron changed greatly, some nano-iron
particles disappeared and many amorphous precipitates
appeared, which are supposed to be Fe(OH), and Fe(OH);
produced by zero-valent iron during the reaction process.

FIGURE 6

Comparison of scanning electron microscope before and after phosphorus adsorption (A) coal ash ceramsite unloaded with nano-iron (1 ym);

(B) coal ash ceramsite unloaded with nano-iron (500 nm); (C) coal ash ceramsite loaded with nano-iron before the adsorption of phosphorus (1 um);
(D) coal ash ceramsite loaded with nano-iron before the adsorption of phosphorus (500 nm); (E) coal ash ceramsite loaded with nano-iron after the
adsorption of phosphorus (1 um); (F) coal ash ceramsite loaded with nano-iron after the adsorption of phosphorus (500 nm).
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phosphorus.

It can be seen from Figure 7 that the main elements in the coal ash
ceramsite are oxygen (O), aluminum (Al) and silicon (Si). The iron
element in the ceramsite increased after the loading of nano-iron,
indicating that nano-iron was loaded on the ceramsite. By
comparison, it can be seen that the O and P elements in the
ceramsite loaded with nano-iron increased after the adsorption of

Frontiers in Environmental Science

Comparison of energy spectrum analysis diagram before and after phosphorus adsorption (A) coal ash ceramsite unloaded with nano-iron; (B)
coal ash ceramsite loaded with nano-iron before the adsorption of phosphorus; (C) coal ash ceramsite loaded with nano-iron after the adsorption of
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Energy (Kev)

phosphorus, indicating that the ceramsite loaded with nano-iron has
an obvious adsorption effect on phosphorus.

The elemental fractions of iron in the complete spectrum
were amplified by X-viewer software to obtain the spectrum
of iron in ceramsite loaded with nano-iron before and after
the adsorption of phosphorus, as shown in Figures 8, 9.
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As can be seen from Figure 8, the main elements contained in
the coal ash ceramsite loaded with nano-iron are carbon (C) and
oxygen (O). In addition, the iron element is also observed, which
is not prominent in the complete spectrum. The iron element
mainly contains five peaks, among which the characteristic peaks
0f 707.20eV and 718.30eV correspond to electron binding energy
of Fe2p3/2 and Fe2pl/2, characteristic peaks of 710.60eV
correspond to the electron binding energy of Fe;O4 and
characteristic peaks of 714.23eV and 724.00eV correspond to
electron binding energy of Fe(III) Fe2p3/2 and Fe2p1/2, inferring
that there are iron oxides in the coal ash ceramsite loaded with
nano-iron.
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By comparing Figures 8, 9, it can be found that the
photoelectronic 707.20eV
disappears, and the position of the binding energy of other
peaks changes, indicating that nano-iron reacted to produce

characteristic = peak  near

other substances. X-ray photoelectron spectroscopy scanning
of ceramsite loaded with nano-iron showed that it was
partially oxidized to produce iron oxide, and the nano-iron
loaded on the ceramsite adsorbed phosphorus to produce
FeOOH, FePO,, Fe(OH); and so on. It can be inferred that
the main reactions that occurred in the removal of phosphorus

by ceramsite loaded with nano-iron were chemical
precipitation, adsorption and co-precipitation.
B
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X-ray photoelectron spectroscopy after phosphorus adsorption (A) complete spectrum; (B) enlarged spectrum of Fe.

Frontiers in Environmental Science

153

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1017605

Zhang et al.

4 Conclusion

In this paper, different modifiers were used to modify the coal
ash ceramsite at different concentrations to compare their static
adsorption capacity of phosphorus and to determine the optimum
modification concentration of the modifiers. Then the dynamic
removal effect of coal ash ceramsite modified by different modifiers
and ceramsite loaded with nano-iron of different thicknesses was
studied by dynamic cylinder experiments. Scanning electron
microscope (SEM) and X-ray photoelectron spectroscopy (XPS)
were used to characterize and analyze the material, so as to analyze
the phosphorus removal mechanism of ceramsite loaded with nano-
iron. The main conclusions of this paper are as follows:

(1) The most effective modification method for coal ash
ceramsite is the loading of nano-iron for modification,
and the removal rates of phosphorus were all stable at
over 99% when ascorbic acid was used as the stabilizer.

(2) The maximum removal rate of phosphorus by ceramsite

loaded with nano-iron was 98.0% after 0.5h from the

beginning of the dynamic continuous experiment. As time
increased, phosphorus’s removal effect decreased, and the
removal rate decreased to 47.5% after 24 h of the experiment.

Under the condition of ceramsite loaded with different

thicknesses of nano-iron, the phosphorus removal rates

decreased gradually with time, and the decreasing slope of
removal rate decreased with the increase of thickness.

(3) The adsorption process of the ceramsite loaded with nano-

iron to phosphorus belongs to the uniform monomolecular

layer of chemical adsorption on the surface. And the
adsorption rate of the ceramsite loaded with nano-iron to
phosphorus is proportional to the square of the unoccupied
adsorption sites on the iron powder. The nano-iron particles
were uniformly loaded on the surface of the coal ash
ceramsite and no obvious agglomeration phenomenon
was observed. With the adsorption of phosphorus by
ceramsite loaded with nano-iron, some nano-iron particles
disappeared and many amorphous precipitates appeared. At
the same time, iron-nanoparticles were partially oxidized
before adsorption to generate iron oxides, which produced

FePO,, FeOOH, Fe(OH); and so on after adsorption of

phosphorus. It can be inferred that the main reactions

that occurred in the removal of phosphorus by ceramsite
loaded with nano-iron were chemical precipitation,
adsorption and co-precipitation.
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In the context of global warming, river management is essential to maintain
favourable water temperature ranges for aquatic species. Therefore,
understanding the main factors influencing the water temperature becomes a
key part in the management process. In this paper, we used Independent
Component Analysis (ICA) to identify these main factors and improve water
temperature forecasting. The study is caried out on two rivers in Normandy
(France) with quite different characteristics. Each river was equipped with several
temperature sensors which series range from 2011 to 2021. The ICA analysis of the
data series reveals that the thermal regime of these two rivers is mainly controlled by
seasonal and daily climatic factors. The Sélune regime also turns out to be influenced
by the presence of a dam, dismantled during the monitoring of the river. The
temperature of the Odon appears to be clearly controlled by seasonal lightening
conditions in connection with the presence of the riparian vegetation.
Complementary, an innovative approach called “successive ICA" is used to
reconstruct the natural thermal regime of the Sélune without the presence of the
dam. Emphasis is therefore placed here on the interest of ICA in hydrology as en
elementary method for extracting the main influencing factors and quantifying their
importance on the thermal regime of a river. It also allows to remove the influence of
a particular factor and reconstruct time series better suited for temperature
forecasting. The method used here is not specific to temperature time series and
can be applied to any region even with different hydrological characteristics.

KEYWORDS

river temperature, time series analysis, ICA, river management, water temperature
prediction, dam removal influence, riparian vegetation

1 Introduction

Temperature is a key parameter in river ecology as it influences the environment and
several species life cycles (Magnuson et al., 1979; Ebersole et al., 2001; Daufresne and Boét,
2007; Caissie, 2006; Comte et al., 2013; Souchon and Tissot, 2012). Thermal regimes are
mainly influenced by atmospheric factors at the site scale, at the catchment scale or at
larger ones (Webb and Walling, 1993; Poole and Berman, 2001; Webb et al., 2008; Ryan
etal., 2013; Hannah and Garner, 2015; Jones and Schmidt, 2018). Atmosphere-water heat
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TABLE 1 Characteristics for each monitored location (in C). Orientation N-E-S-W stand respectively for North-East-South-West.

Sensors Od1 0d2 0d3 Sel Se2 Se3

Height IGN 69 (m) = 202 110 45 60 30 13

Distance from 3.8 13.6 339 41.8 57.5 64.7

the source (km)

Vegetation ++++ ++++ +++++ + ++ +++

Orientation SE/NW SW/NE SSW/NNE NW/SE SSE/NNW NNE/SSW

Width (m) 1.5 3 5 20 19* 22

Downriver from the = N/A N/A N/A N/A 0.4% (V) 3.6 (RQB)

dam (km)

Time depth 30/03/2011 07/06/ 30/03/2011 29/10/ 27/05/2011 07/06/ 30/03/2011 14/06/ 30/03/2011 14/06/ 30/03/2011 14/06/
2021 2021 2021 2021 2021 2021

* = Before dam’s removal in 2019 (V) = Vezins, (RQB)= la Roche-Qui-Boit.

transfers, and to a lesser extent water-aquifer transfers, control structure. Thus, rivers with dams present a different
the major part of thermal variation in large rivers (Sinokrot thermal signature than natural rivers. In the Loire
and Stefan, 1994; Evans et al., 1998; Lalot et al., 2015). These catchment (North-West of France), dam-equipped rivers
transfers vary with the residence time of the water in the can have a mean temperature higher than the air
environment and the river’s width. Also, water temperature temperature (T,) all year long (Seyedhashemi et al., 2021).
increases from upriver to downriver, with a mean gradient of In this paper, the thermal regime of two rivers in
0.1°C/km for large plain rivers (Torgersen et al., 2001), until Normandy were analysed: the Sélune, influenced by 2 dams
reaching an equilibrium temperature. Thermal regimes are and the Odon, considered as natural. Each river was equipped
also influenced by the river flow, the geo-morphology, the with three temperature sensors to analyse the temperature
riparian vegetation or hydraulic constructions (Kelleher et al., along the river and identify the main influencing factors and
2012; Arismendi et al., 2013; Ryan et al., 2013; Johnson et al., quantify their importance on a river’s thermal regime
2013; Jackson et al., 2017; Garner et al., 2017; Dugdale et al., (Table 1). Data was analysed wusing Independent
2018; Beaufort et al., 2020). Component Analysis (ICA), a statistical method not often
In France, most big rivers are monitored in temperature since used in hydrology but already tested on two other rivers in
the 70 s or 80 s (in accordance with the electricity production) Normandy (Gresselin et al., 2021) and in several studies across
(Moatar and Gailhard, 2006; Poirel et al., 2008; Larnier et al., the world (Hannachi et al., 2009; Aires et al., 2000;
2010). Environmental monitoring developed from 2008 thanks Moradkhani and Meier, 2010; Westra et al., 2008;
to a national network created by the French Office for Middleton et al., 2015; Gong et al,, 2014). In addition, a
Biodiversity in order to better understand river ecology. In new way of using ICA is proposed in order to remove
Normandy, the Regional Directorate for Planning and some components from a signal and improve the results of

Housing (DREAL) equipped about one-third of the 18.000 km a linear regression prediction model.
Normand rivers.

A particular focus is held on dams’ effects. Dams and
reservoirs usually have a significant impact on rivers 2 Studied catchments
temperature (Webb and Walling, 1993; Poirel et al., 2010;
Seyedhashemi et al., 2021). Large dams tend to decrease rivers 2.1 The Odon catchment
temperature in summer and to modify annual cycles whereas

ponds and shallow reservoirs (less than 15 m) tend to increase The Odon catchment area extends over 217 km”. The river
the temperature (Seyedhashemi et al., 2021). This is because travels 49 km before ending in the Orne in Caen (Figure 1).
the solar radiation heats the surface layers faster than deeper The Odon flows on the Armorican massif for the most part
layers. Even smaller dams (water drops less than 2 m) can and the Parisian massif close to the confluence with the Orne.
strongly influence rivers’ thermal regime by increasing the It drains successive hills mainly composed of schist and
temperature (Chandesris et al., 2019). Dams’ impact depends sandstone. Three temperature sensors are installed on this
on the surface, the depth and the residency time in the river.
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Odon catchment Digital Elevation Model (DEM) showing the water temperature (Tw) sensors’ locations from upriver to downriver: Od1,
Od2 and Od3. The empty blue circle indicates the location of the gauging station providing the discharge time series. Pictures were taken in a leafless

period (April 2022).

The Odon starts in a Variscan syncline where bar sandstones
form high points in the Normandy region. The river then flows
along a narrow valley in a SE/NW orientation. In Odl, the
corridor is around 40 m with a main channel around 1.5 m and
quite shallow. The rivers flows between sills and pools in a
sinuous way. Riverbanks are densely vegetated. The watertable
is relatively low, varying from a few centimeters to a few
decimeters at the end of winter. The riverbed is mainly
composed of rough sediments. After the Variscan syncline,
the Odon follows a meander from West to East then
continues along a N/S orientation in Brioverian lands (hills
and open valleys made of shale and sandstone).

In Od2, the corridor is 100 m wide and the main channel is
an artificial 2.5 m wide section bordered with high trees. The
river flows between pools and high waters with a mix of mud and
stone riverbed. The watertable varies quickly up to several
decimetres. Finally, near the city of Caen, the Odon drops in a
chalk plateau at the west of the Parisian basin. The river takes a
SW/NE orientation until its confluence with the Orne. Slopes are
gentle except at the bottom of the valley where they can reach
30% (Supplementary Figure SI).

In Od3, the site is shaded from the direct influence of the Sun
(especially in winter). The south side is densely forested with
conifers which limits the sunlight all year long. However, the
main river channel reaches 5 m wide so the middle of the river is
exposed to direct sunlight in summer.

Frontiers in Earth Science

2.2 The Sélune catchment

The Sélune is one of the three coastal rivers ending in the
Mont-St-Michel bay in the North-West of France (Figure 2). The
catchment area is close to 1100 km?. It drains several hills on the
schist-sandstone and granite Armorican massif. The Sélune travels
around 76 km in total along its longitudinal profile. In the first half
of the XX* century, two hydroelectric dams were built at a few
kilometers from the mouth of the river: the Vezins dam and la
Roche-Qui-Boit dam, respectively 36 and 16 m high. To reestablish
a natural flow regime and provide ecological benefits, the French
government decided to remove some facilities which did not allow
certain fish species, such as European eels, to cross them. The
Vezins dam was removed in 2019 and the destruction of la Roche-
Qui-Boit dam is scheduled for 2022.

The river water temperature monitoring was performed
using three temperature sensors installed along the river and
respectively named: Sel, Se2 and Se3. Sel is located upriver the
Vezins dam and its lake (Figure 2). At this location, the river is an
open site (Supplementary Figure S2), about 20 m wide and
strongly influenced by atmospheric factors. Se2 is located
about a hundred meters downriver the dam. At this place, the
vegetation is denser and the riverbed is 19 m wide (before the
dam’s removal). Se3 is located a few kilometers below la Roche-
Qui-Boit dam. At this location, the river is 22 m wide and densely
vegetated on the banks.
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Sélune catchment DEM showing the temperature sensors’ locations. The empty blue circle indicates the location of the gauging station
providing the discharge time series. Pictures were taken from the IGN database.

3 Times series collection and pre-
processing

3.1 Temperature data

The Sélune and the Odon were equipped by the DREAL of
Normandy with temperature sensors HOBO water Temp Pro v2
(U22-001) with an accuracy of £0.2°C. The sensors were fixed on
riparian trees’ roots, mostly in shaded areas and at depths which
ensure a continuous immersion (except for Se2). Temperature is
measured every 2 h, interpolated to a hourly basis in order to get
a homogeneous time frame with other measurements (T,
streamflow etc). In this study, for each river, a dataset of
10 years was analysed. A common time series was chosen
between the 27 May 2011 and the 7 June 2021 (Table 1).
Each dataset is composed of 89,490 time steps.

The temperature on both rivers evolves according to a
seasonal cycle (Figure 3). Colder in winter (November to
February) and warmer in summer (June to September).
Minimal temperatures get close to 0°C for the Odon and the
Sélune upriver and around 3°C for the Sélune downriver. The
mean temperature of both rivers tends to increase downriver.
This rise reaches 1°C in the Odon and 0.7°C in the Sélune.
Measured maxima are higher for the Sélune which is a wider
river and less shaded than the Odon. Stations on the Sélune are
further from the source than stations on the Odon. The distance
has an impact on the sensibility of the thermal regime to climatic
factors (Le Lay et al,, 2019).

Concerning Se2, as the temperature sensor was located at the
foot of the Vezins dam, it was regularly emerged during reservoir
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fillings to produce electricity. Therefore, the temperature at this
station could reach thermal minima way below 0°C when it was
emerged because then, it measured the air temperature. After the
destruction of the dam in 2019, Se2 was covered by a thick
sediment layer and its thermal amplitude was reduced (Figure 3).

3.2 Pre-processing

Due to occasional sensor failures and/or maintenance
operations, river temperature time series are not perfectly
continuous. In total, less than 0.2% of the time steps was
filtered as outliers or filled with the methods described below.

e Missing data: it can affect a very specific period (a few hours
only) due to maintenance operation or longer periods (several
days, weeks or months) due to sensor failure. To address this
defect, several strategies were considered. If the number of
missing points remained low enough (less than 20 h), linear
interpolation was used to fill the gap without compromising the
physical evolution of the series. If more points were missing,
three options were chosen depending on the needs: 1) averaging
over upriver and downriver stations (if possible and if coherent);
2) simply removing this part of data from all series to perform
ICA or 3) replace with the mean value of the series (in order to
avoid missed raw data presented as NaN; acronym for Not a
Number).

e Outliers: some points displayed extreme values which were
not consistent with the physics involved (such as negative water
temperatures for immersed sensors). In this case, a common
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method was to remove data points which were further than x
times the series mean value.

e Homogeneous frequency: all the stations had different time
depth and not all of them use the same measurement settings.
This created heterogeneous time series that were difficult to
compare and much less to use in ICA. To use the data,
stations with a wide common time range were chosen (i.e.
from the 27th May 2011 to the 7th June 2021). Also, the data
frequency was set to a hourly basis. It is to be noted that the
lowest measuring frequency was one point/2 h, so a temporal
down scaling from 2 to 1 h did not affect the interpretation of
the data.

In the following sections, all data presented were pre-processed
with the methods mentioned above for the period 2011-2021.

4 The analysis methods

4.1 Independant component analysis
method

ICA can identify hidden factors which influence the observed
data without knowing mixing mechanisms. It can decompose
one or several random non Gaussian signals X € R™ in a linear
combination of independent signals such as:

X=A-S (1)

with X = [x1,%2, ..., %m]" gathering all the signals, S an

independent factor matrix S = [51,52,...,sm]T gathering all
the sources with a standard distribution and A, a coefficient

matrix or mixing matrix.

Frontiers in Earth Science

Decomposing observations in several independent sources
can estimate A and S with two main hypothesis. On the one hand,
the sources are statistically independent. On the other hand, not
more than one independent component can have a Gaussian
distribution.

Each independent component S is represented by a graph and a
weight matrix A. The graph shows the variation of S with time
whereas the matrix shows the variation of S with the stations.

ICA analysis was performed using the Fast-ICA package from
the R software (Hyvirinen and Oja, 2000; Marchini et al., 2021).
This algorithm is suited to estimate the mixing matrix A and the
source matrix S. Data are centered so the initial observations X can
be obtained by adding A - S to the mean of the X series.

X,'=ZA,‘j'Sj+xi (2)

with X the mean value of the initial X;th serie. The main limit of
this method is the number of sources than can be extracted. In
our case, three temperature sensors limit the number of sources
to three for each river.

4.2 The successive ICA method

In order to overcome the limit of the available datasets, we
applied a successive ICA method to extract more information.
This method uses the following steps.

1) From initial temperature datasets, run an ICA.

2) Sort the ICA source components and remove some of them
according to the criteria listed below.

3) Build new temperature datasets by applying the

corresponding matrix coefficients on the remaining

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1033673

Moulin et al.

components and by adding the mean value of the datasets
used in 1.
4) Repeat steps 1 to 3.

This successive ICA method allows to extract further
information from the first ICA components. By removing an
obvious contribution after the first ICA, one can get to more
complex phenomena. Choosing which ICA component to
remove relies on several criteria.

o When a physical signal is clearly identified (for example a
seasonal variation correlated with the air temperature).

« Toisolate a specific component and identify several factors
included in this specific component.

o When a signal is specific to one location and reflects a
particular condition.

« When a signal is identified as a noise or as a residual signal
(amplitude less than the measurement’s accuracy).

In all cases, the new dataset’s distribution should be non-
Gaussian. Ultimately, the decomposition process ends when the
remaining ICA components are reduced to white noise or when
there is only one exploitable signal left. Therefore, after each ICA,
Box-Pierce tests were performed to remove useless white noise
signals in the process. In this study, signals were considered
exploitable when their amplitude was larger than the sensor’s
accuracy (+0.2°C). Signals with smaller amplitudes were either
considered as residual signals or identified as white noise with
Box-Pierce tests.

The example below shows how after extracting ICA
components, a non-Gaussian component can be refined by
subtracting noise signals. The main calculation steps are
described below.

1) Run a first ICA with the measured time series. Identify a
component to work on (here the seasonal component).

2) Recompose time series using only the chosen component
multiplied by the matrix coefficient for each station and
adding the measured time series mean value.

3) Run a second ICA with the three new times series.

4) Identify the seasonal component and run a Box-Pierce noise
test on the two residual components.

The Box-Pierce test indicates if a signal is characteristic of a
white noise with a p-value >0.05 (diamond boxes in Figure 4).
This p-value measures the probability of auto-correlation in the
signal. The higher the p-value, the higher the probability for the
signal to be a white noise.

The diagram below (Figure 4) shows the process of the
successive ICA method applied to a measured time series. All
ICA components in this figure were multiplied by the mean of
their matrix coefficients on the three stations. From the first
ICA, only the component X1 is kept (black frame). The second
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time series (black frame middle left) are composed from X1
only. The second ICA (red and blue frames middle) displays a
seasonal component (X1°) and two other signals with very low
amplitudes (<0.04°C). In the 1) red-framed path, only the
seasonal component is kept and the third datasets 1) are
formed (red bottom middle). The third ICA (red frame
bottom right) shows a seasonal component and two
residual signals X2a and X3a with amplitudes at the limit
of the sensor’s accuracy. In the 2) blue-framed path, the
seasonal component is removed and the third time series 2)
are composed with the residual ICA components X2” and X3’.
The third ICA (blue frame upper right) displays three
components among which X2b and X3b are tested as white
noises (p-values respectively 0.08 and 0.274). X1b is negative
to the Box-Pierce test but its amplitude remains much lower
than the sensor’s accuracy.

In the end, the last seasonal component Xla can be
considered “cleaner” as its predecessors X1 and X1'. In this
case, the residual signals show very low amplitudes so the
differences between the different stages of the seasonal

components remains subtle.

4.3 The successive ICA method in water
temperature prediction

This study takes advantage of the successive ICA method to
generate a hypothetical temperature time series on the Sélune.
This new signal is a proposition of what the temperature time
series in Se2 would have been if the Vezins dam had not been
constructed. On a long time scale, the dam operation can be
considered as temporary. For example, when confronting the
river thermal regime with climate change, it could be useful to
remove the effect of the dam. To do this, the following steps were
applied.

1) Run a first ICA with the original temperature time series.
Identify the dam component.

2) Recompose temperature time series with only the two other
components (seasonal and daily) by multiplying the ICA
component with the correspond matrix coefficients for
each station and adding the mean value of the original
time series.

3) For further information, run a second ICA with the new time

series.

The chart below (Figure 5) shows in 1) the new time series
on the three stations (solid black) compared with the original
time series. We see that for stations Sel and Se3, there is
almost no difference as they are little affected by the dam
component. The new signal is shifted by —2°C in average.
However, in Se2, we can see that the signal is more regular in
the new time series. Irregular peaks and variations originating
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from the dam have disappeared. After 2019 and the dam’s
removal, the two signals are closer and there is less difference

between them.
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In (b), the chart shows the ICA components obtained with
the new temperature datasets (black curves in Figure 5). We
can recognise the seasonal component (XS1 in black) as well as
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TABLE 2 Improvement in water temperature prediction on Se2 by
removing the dam component.

Data type Test 1 Test 2 Difference
Train R2 0.59 0.59 +0%

Test R2 032 043 +34.37%
Train RMSE 3.11 2.74 ~11.90%
Test RMSE 2.88 2.63 -8.87%

TABLE 3 Mixing matrix coefficients for the ICA components for 1) the Odon
and 2) the Sélune.

Name\Sensors Odl  0d2 Od3 Characteristics
XOdA 3.12 3.71 3.90 Seasonal

XOdB 0.66 0.45 -0.08 Daily

X0dC 0.09 -0.55 -6.68¢-4  Effect in Od2
Name\Sensors Sel Se2 Se3 Characteristics
XSeA 4.09 424 473 Seasonal

XSeB 1.55 0.21 0.44 Daily

XSeC 0.20 1.43 -0.18 Effect of the dam

the daily component (XS2 in orange). The third one (XS3 in
green) is negative to the Box-Pierce noise test but shows an
amplitude under the accuracy of the measuring sensor.
Therefore, it is likely coming from the sensor itself and
considered as a residual signal.

The interest of the successive method was tested in water
temperature prediction using a regression linear model. In this
test, two runs were made. First, the model was applied on
original Ty, time series with a separation of 70-30% between
the train and test data. Then, the model was applied on
corrected data for the train part, which means without the
dam component. The test data was kept identical to the first
test. Among the three stations, the difference between the two
runs was most visible on station Se2 where the dam
component is the most important. Removing the dam
component from the time series improved the fit between
predicted and measured test data by 34.4% and contributed to
reduce the RMSE by 8.9% (Table 2).

Although this test used a simple regression model, it shows
the interest of removing a particular signal which affects a
temporary period. In this case, the dam itself is not supposed
to affect the river thermal regime several years after its
removal. By using the successive ICA method, it is easier to
choose the influence of environmental factors for future
thermal regimes.

Frontiers in Earth Science

163

10.3389/feart.2022.1033673

5 Results and discussions
5.1 About the mixing matrix

From the temperature time series, at least three components
were extracted for each river to take advantage of the number of
the 2011-2021. ICA
components will herein be referred with their code names in

stations  in range Corresponding
the tables below (Table 3). For each ICA component, the mixing
coefficients make the link with each station. Signs indicate the
relative relationships between the components and the station.
For example, XOdA shows the same kind of relationship for all
stations as all the coefficients have the same sign. Then, the
absolute value of the coefficients shows the impact of each
component on the different stations. A high absolute value
indicates a strong influence of this component on the thermal
regime of the station. On the contrary, a value close to 0 means
that the component has little effect on the thermal regime at this
station. For example, XOdC has a strong influence in
0d2 whereas it has a negligible effect in Od3.

From the matrix coefficients, we can see that the first
components (XOdA for the Odon and XSeA for the Sélune)
clearly have a dominant effect on the thermal regimes and affect
all stations quite equally. On the contrary, looking at the
coefficients values, XOdC affects mainly Od2 and XOdB seems
correlated to the upriver stations Odl and Od2. On the Sélune,
XSeB affects the upriver station Sel more and XSeC is clearly
correlated to Se2.

At this stage, we can separate the first components which are
regular and affect all stations with the same magnitude (including
an increasing effect downriver) on the one hand, and other
components which affect some stations in particular on the
other hand. Complementary to the mixing coefficients,
graphic representations of the ICA components (Figure 6)
show their impacts on the stations. The graphs represent the
time variation of each ICA component for each station weighted
with the corresponding matrix coefficient.5b

On the Odon, the maximum amplitude is obtained with the
first component XOdA (+10°C). XOdB and XOdC represent
secondary components of the signal with smaller amplitudes
than XOdA (+2°C). Finally, Od3 displays a behaviour quite
different from Odl and Od2 based on the three ICA
In Od3, XOdA’s matrix coefficient is the
strongest of all stations whereas XOdC is almost nil and
XOdB takes an opposite sign compared to Odl and Od2.

On the Sélune however, the three components take high

components.

amplitudes depending on the stations. The maximum amplitude
is observed for XSeA for all stations. Then, XSeB shows a signal half
the amplitude of XSeA for station Sel and XSeC shows an amplitude
almost as high as XSeA in the period 2011-2013 for station Se3.
In the following subsections, physical factors are attributed to
the different components. As the number of ICA components is
limited to 3, all components can contain several factors’
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signatures. Therefore, the physical factor attributed to the ICA 5.2 Climatic factors
component will concern the most visible ones. Physical factors

can be separated between climatic factors at the catchment or 5.2.1 Seasonal variations

regional scale and environmental factor at the measuring site On both rivers, the first ICA components to come out, XOdA
scale. and XSeA, show a clear seasonal variation (Figures 6A,D). These
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signals have their maxima in summer and minima in winter. Due
to heat reservoirs (sea and soils), maxima are shifted by half a
month from the winter and summer solstices. These variations
are quite similar every year. The seasonal components show the
strongest matrix coefficients (Supplementary Table S3) and
increase downriver for both rivers as the water-atmosphere
heat exchanges increase with the surface, the distance from
the source and the width of the river. On the Odon, for
example, XOdA accounts for 80.6% of the three contributions
in Od1 whereas it accounts for 98% in Od3. This confirms that
the seasonal variation is the main physical phenomenon
governing water temperature in Normandy (Gresselin et al,
2021) and in general (Caissie, 2006). Comparing the rivers,
the seasonal component is stronger for the Sélune (coefficients
around 4) than for the Odon (coefficients around 3). The
amplitude difference can be explained by geometric factors.
The Odon
measuring sites, and thus less influenced by atmospheric

is a narrower river than the Sélune on the

factors. Also, measuring sites on the Sélune are further
downriver than the ones on the Odon. Correlation factors
between the seasonal components and the air temperature
(T,) rise up to 81,89% for XOdA and 76.65% for XSeA (whole
time range).

The high frequency signal superimposed on the seasonal
signal is mostly due to strong thermal variations caused by
cyclonic and anticyclonic events (frequent in Normandy).
This secondary source generates an extra signal common to
all stations. On the Sélune, we can notice that the ICA component
XSeA is much smoother, before 2017, than the corresponding
component on the Odon. The ICA extraction attributes the high
frequency variations to other factors before 2019 than a regular
variation. After 2019 and the dam’s removal, the Sélune seasonal
variation seems closer to a “natural” river such as the Odon and
the high frequency signal appears more clearly in XSeA.

This first components XOdA and XSeA are seasonal
variations strongly correlated with the air temperature. These
seasonal components are not necessarily exclusive to the air
temperature effect but can gather several atmospheric factors
with similar behaviours.

5.2.2 Daily variations (XOdB, XSeB)

After the seasonal variations, the most important factors are
daily variations (Figures 6B,E). Daily variations record day/night
temperature differences over the year but without the seasonal
variation. That is why XOdB and XSeB do not exhibit a “saw-
tooth” type signal as for XOdA and XSeA. The ICA components
XOdB and XSeB show smaller amplitudes over the year than the
seasonal components XOdA and XSeA. Amplitudes vary around
+3 °C for the Odon and +4 °C for the Sélune.

In order to highlight the different influences over the stations,
typical years were selected in temperature time series for the
Sélune (Figure 7) and the Odon (Figure 8). Figure 7 shows the
component XSeB in 2 years: before the dam’s removal (2014) and
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after (2020). Figure 8 shows the component XOdB for the Odon
on a typical year (2013).

On the Sélune, XSeB is more steady throughout the year.
However, we can distinguish two phases before and after the
dam’s removal (Figures 7A,B). The amplitude of the variations is
more important before 2019 (+5°C) than after (+2 C). Before
2019, XSeB is marked by a temperature drop in August and
irregular fluctuations especially in Sel. These fluctuations remain
important until mid-December where the mean temperature
increases again. For this period (2011-2019), it is difficult to
consider a “typical” year as the variations in XSeB are quite
irregular and strong. But in average, the strongest variations
occur in early summer before a drop in early autumn. XSeB in
Se2 and Se3 appear steadier and vary less throughout the year
whereas in Sel, it varies above and under the signal of the
downriver stations. This effect in a river equipped with a dam
was also observed in the Loire basin (France) (Seyedhashemi
et al., 2021). After 2019, the daily variations are lower over the
year and display seasonal variations as on the Odon. We can
notice a higher day/night amplitude from April to October but in
a relatively small range (+2°C).

On the Odon, XOdB can be described by the amplitude of the
day/night variations (Figure 8). Thus, from March, the day/night
amplitude increases until its maximum in May. After that, the
amplitude decreases and stabilises throughout the summer. It
starts to increase again in September and decreases in November
to stabilise in winter. This behaviour does not follow the seasonal
variation seen in XOdA but is caused by a combination of
length of the day,
variations as well as environmental factors described later.

climatic factors: day/night thermal
This component affects mainly Odl and Od2 because the
thermal variations in Od3 are almost exclusively explained by
the seasonal component XOdA. As it will be described later, daily
variations in Odl and Od2 reflect a group of factors repeatable
every year.

The second components XOdB and XSeB express daily
variations. It contains a seasonal cycle for the Odon stations
and a strong contrast before and after 2019 for the Sélune
stations. Contrary to the first component it shows very
different aspects on the two rivers and on the two
different periods for the Sélune. Unlike XOdA and XSeA
which are mainly explained by atmospheric factors, daily
components XOdB and XSeB also contain environmental
factors’ signatures which will be described in the following
sections.

5.3 Environmental factors

In addition to climatic daily variations, ICA can also
highlight a more general influence of environmental factors.
This section focuses on the temperature ICA components
containing environmental factors’ signatures such as the Xjp
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and X components for each river. The most visible factors are
attributed to ICA components. Complementary analysis with
PCA will refine the determination of the factors.

5.3.1 Soils and riparian Vegetation'’s influence
(XOdB)

Source component XOdB (Figure 8) shows that the circadian
temperature signal of the river is not only influenced by climatic

factors but also by environmental ones especially in
Od1 and Od2.

Frontiers in Earth Science

In XOdB, the amplitude increases from January to May. At
the beginning of the spring, soils have not yet warmed up. The air
temperature rises during the day but keeps dropping during the
night. In addition, anticyclonic conditions in March and April
create cloudless nights which do not limit nocturnal heat losses in
the atmosphere. This creates strong variations between cold
nights and warm days.

Between mid-March and May, the riparian vegetation’s
foliage progressively grows over the water, thus protecting the
river from the influence of the Sun during the day and also
limiting energy losses during the night (Dugdale et al., 2018). At
the same time, heat accumulation in soils starts. This
combination of factors decreases the amplitude of the signal
at the end of June where it should be at its maximum according to
the local climate.

After that, XOdB rises again from August until almost
November. The upriver part of the Odon (Odl and Od2) lays
on the Armorican massif in which aquifers are filled quite early at
the end of summer. Their recharge can transfer heat from the soil
to the river during autumn through runoff with the first effective
rains.

Finally, the decline of the signal’s amplitude from mid-
November is explained by climatic factors but also by the
riparian vegetation which loses its foliage on the river. This
contributes to decrease the temperature by several degrees at the
beginning of winter.

The ICA source component XOdB highlights several factors,
and in particular the role of the riparian vegetation and the soil as
a heat reservoir. Od3 highlights less of this effect because its
banks are more protected from the direct sunlight. Thus, the
exposition conditions are very different from Odl and Od2
(Supplementary Figure S1).
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5.3.2 Vezins Dam's influence (XSeC)

On the Sélune, the component XSeC (Figure 6F) consists of
a seasonal signal with superimposed high frequency
variations. This signal seems linked with the presence of
the Vezins dam and its destruction in 2019. Indeed, it is
irregular until 2019 but structured after that year. When
discriminating by station on a specific year (Figure 9A), in
2014 for example, XSeC affects mainly station Se2 which is
located at the foot of the dam.

XSeC also contains a seasonal signal which stops at the dam’s

removal. Such signal may be linked to the upriver lake (around
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200 ha). It has a large surface exposed to atmospheric factors
which can gather heat from spring to autumn and contribute to
warm the Sélune. This warming is around 1.5°C in July
(Figure 9A). In winter, the presence of the dam seemed to
have a less significant impact even though the lake
contributed to smooth and shift the phase of thermal events
(Figure 10A).

The main hypothesis here is that ICA gathered most of the
dam’s effects in XSeC. It was confirmed by another ICA run with
only XSeA and XSeB (excluding the dam’s effect in XSeC). In this

second run (Figure 5), the new temperature datasets were very
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similar for stations Sel and Se3 as on Figure 7, thus confirming
that it was not affected by the presence or absence of the dam.

During the dam’s operation period, the production of
electricity through hydraulic peaks affected the immersion
of the sensor. When it was emerged, it measured T,
(Figure 10A). Indeed, if the river flow upriver the dam was
low, the hydraulic head took time to come back to its original
value. At these times, the electricity company EDF had to
release part of the water but it was not enough to keep
Se2 immersed. On the contrary, during floods (mostly in
winter), the river flow could be sufficient, so EDF did not
need to use hydraulic peaks. During these times, most of the
upcoming river flow was released and the sensor remained
occurred from 2012 to 2016
(Supplementary Figure S3). In 2018, although the dam was

immersed. Such events

not operating anymore, water movements previous to the
dam’s removal were expressed by irregular peaks in XSeC.

After the dam’s removal (Figure 9B), XSeC shows a seasonal
signal in Se3 but opposite to XSeA. This is explained by the fact that
the sensor was covered by sediments after the dam’s removal and
thus, the seasonal signal is strongly shifted from the atmospheric
variation. Even though, it is not possible to state that the river is not
affected by other dams (such as la Roche-Qui-Boit dam located
between Se2 and Se3), it seems that the remaining structures do not
affect the thermal regime as strongly as the Vezins dam. Using the
successive ICA method described above, a reconstruction of the
temperature time series without the influence of the dam
(Figure 10B) was made. It shows a regular seasonal signal similar
to a “natural” stream’s signal such as the Odon.

ICA extraction highlights the impact of a dam on a river and
its effects on a seasonal level as well as on a daily level. In this case,
the operations of the dam led to peak temperatures and a very
irregular thermal regime compared to a natural river. It also led
to two very different thermal regimes between the upriver station
Sel and downriver stations Se2 and Se3.

5.4 About using ICA

When analysing time series, most commonly methods
Morlet
dependent. The initial signal is separated into several

such as Fourier or wavelets are frequency
contributions based on the frequency of the phenomenon.
This first approach can separate different physical phenomena
which operate on very different time scale (seasonal, daily
etc...). ICA, however, does not discriminate frequency scaled
phenomena. Therefore, it can separate signals with similar
these methods

complementary: frequency based methods are sensitive to

frequency signatures. Therefore, are
the sampling frequency whereas ICA is sensitive to the
homogeneity of the time series. The main limit of ICA lies
in the separation of signals. On the two rivers, ICA could

extract only three mathematically independent components
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on the one hand and residual signals and white noise on the
other hand. Physical factors influencing the temperature are
never completely independent and therefore, ICA alone can
not fully separate all the contributions, unless the number of
sensors is important.

However, as a first analysis step, ICA provides useful
information and draws a first study frame for the physical
phenomenon to look into. Also, it can be used in a backwards
methodology where a factor is known to have an impact on the
thermal regime but the way it impacts remains to be determined.
ICA can highlight a specific signal which can be identified as the
specific factor. In this study, the Vezins dam was known to
influence the thermal regime of the Sélune and ICA could extract
a specific signal to remove its temporary effect.

5.4.1 Contributions of ICA components

Figure 11 shows all the ICA contributions weighted by the
matrix coefficients for each station. To sum up, the ICA analysis
highlighted the following points:

e XOdA and XSeA (black), attributed
components, explain the majority of the rivers’ thermal

to seasonal
signal.

o XOdB and XSeB (yellow), attributed to daily variations are
regular over the years and generally stronger for upriver
stations. XOdB variations correspond to a combined effect
of four factors: the day/night variations, the sunlight exposition
throughout the year (duration and intensity) and on top of that
the vegetation’s growth and soils” heat storage.

o XOdC and XSeC (green) contain the remainder of the
temperature signal. Therefore it contains most of the
particular events and local conditions affecting one
station in particular. On the Odon, XOdC concerns
mostly Od2 and a particularly open environment

On the Sélune, XSeC

concerns mostly Se2 and the effects of the Vezins dam.

(Supplementary Figure S2).

With this first analysis, several physical factors (climate,
dam ...) could be linked with ICA
components and their impact evaluated according to the local

vegetation, soils,
context based on geology, remote sensing data, topography, land
use and riparian vegetation density. However, some of known
factors such as the river flow did not appear in this analysis.

5.4.2 Importance of the measuring network

ICA allowed to highlight several factors (natural or artificial)
that influence the thermal regime on two rivers in Normandy. It
also showed the downriver evolution of several of them.

This performance comes from the method itself but also from
the measuring network which focused on less rivers but with a
greater density of sensors. Ideally, five measuring sites on the
Odon would have allowed to highlight the groundwater’s
influence (Le Lay et al, 2019) and the impact of the distance
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from the sea. For the Sélune, three more stations would be
necessary to study the mouth environment (1 station), the
upriver basin (2 stations) which contains two main types of
aquifer. Among all the measuring stations, ICA allowed to isolate
the ones with specific environments. But this is only possible if
the river is equipped with enough stations.
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However, with a successive ICA method, more components
than the number of sensors would initially allow can be extracted.
ICA also gives information about the variation of the
components in space (measuring stations along the river) and
time. This information is useful to determine the physical factors
involved.
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6 Conclusion

ICA linearly decomposes the signal with the hypothesis of
noise cancellation. The quality of the decomposition and the
separation can be affected in the case of a strong noise. Source
density under ICA is often either fixed or selected among a
limited family of densities, which can cause a loss of flexibility. To
counter those aspects, it could be interesting to use Independent
Factors Analysis (IFA) which proposes a generative model with
noise (Attias, 1999). In this model, densities are modelled with a
Gaussian mix that is closer to arbitrary densities. In our case, an
IFA model with time structured sources would provide further
information.

In a previous paper (Gresselin et al, 2021), ICA was
combined to PCA with a multiple linear regression model to
characterize the respective role of groundwater and runoff in the
thermal regime of a Normandy river (the Touques, France). The
method has also made it possible to identify the increasing role
from upstream to downstream of two climatic factors: the air
temperature and the solar irradiance.

In this paper, ICA was used to characterise the influence of a
hydrolelectric dam and its dismantling on the thermal regime of
the Sélune (Normandy, France). ICA also identified particular
periods where the sensor was covered by sediments and when it
was emerged. In addition, with a new protocol called “Successive
ICA”, the natural thermal regime of the river was reconstructed
and testes in water temperature prediction.

On the Odon, considered as a natural river, the ICA
characterized the role of the riparian vegetation and the soil
on the thermal regime. The intensity of each environmental
factor identified with the ICA was studied from upstream to
downstream and over 10 years time.

ICA has proved the extent of its performance in classifying a
wide range of control factors from a set of pre-processed time
series on the one hand. On the other hand, the successive method
developed here has shown its ability to remove a temporary
effect, which can be useful when dealing with long-term
processes. In hydrology, ICA can address at least three
situations: what is the importance of other factors than the
atmosphere on a river’s thermal regime? what is the evolution
of a particular known factor on a river’s thermal regime? are there
influencing factors that are related to one station in particular?

In Normandy for example, results produced by this study
led the DREAL to create a regional map of the riparian
vegetation density on the rivers’ banks (about 10 m wide on
each side of the river). This map is used to determine on which
stretches of watercourse the trees’ shade can be used as a
limiting factor to the increasing water temperature. Such
information is essential to guide decisions on river
management to limit the impact of climate change
(Whitehead et al., 2009; Dugdale et al., 2017).
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A new method for estimating
multi-source water supply
considering joint probability
distributions under uncertainty
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University, Beijing, China, ?Key Laboratory for Water and Sediment Sciences of Ministry of Education,
School of Environment, Beijing Normal University, Beijing, China, School of Statistics, Beijing Normal
University, Beijing, China

A new method integrating techniques of copula and interval estimation to
estimate multi-source water supply was proposed. Using the copula theory,
joint probability distributions of multiple water sources were constructed for the
estimation of water supply. In addition, the interval estimation was used to
obtain the interval of water supply under uncertainty for the formulation of
water-diversion strategies and the efficient allocation of water resources. This
method can give an in-depth investigation on correlations and
synchronous—asynchronous characteristics of runoff variations for multiple
water sources, thus solving the uncertainty problem of water supply. To
demonstrate its applicability, the method was applied to a case study in the
Xiong'an New Area, a future metropolis in North China. The results showed that
log-normal distributions for the marginal distributions of source 2 (i.e., the
Water Diversion Project from the Yellow River to Baiyangdian Lake) and source 3
(i.e., the South-to-North Water Diversion Project) were feasible. The combined
channel source, composed of source 2 and source 3, provided [5.20, 12.10] X
108 m?3, and reservoir source provided [0.76, 3.60] x 10® m® of water resources
to the Xiong'an New Area per year. Furthermore, without the implementation of
multi-source combined water supply pattern in the Xiong'an New Area, there
would be a large water supply deficit. This research can provide effective
practical suggestions and guidance on water-resource planning and
management.

KEYWORDS

joint probabilities, multi-source combined water supply, uncertainty, copula, interval
estimation
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1 Introduction

Due to the boom of population and the acceleration of
urbanization progress worldwide, the contradiction between
water supply and demand has become increasingly prominent
(Song et al, 2020), especially in arid and semi-arid areas.
Accordingly, many inter-basin water diversion projects have
been constructed as the main means to alleviate water
shortage (Yu et al, 2017; Zhang et al, 2019; Song et al,
2020), and examples include but are not limited to the South-
to-North Water Diversion Project (Zhang et al., 2021). The
required amount of water relocated through the water
diversion projects can be calculated with two constraints,
ie, the amount of water demand of receiving regions and
the
estimation of water supply is of great significance for optimal

economic benefits from water relocation. Therefore,

allocations of regional water resources and improvements of
water-use efficiency (Huang et al., 2021).

According to different estimation principles, water-supply
estimation models fall into two categories: process-simulation
models based on runoff generation and data-driven
phenomenological models (Fleming et al., 2021). Using the
two types of models, point estimation can be obtained; that is,
the estimated water supply amount is a fixed value for a certain
time and space. However, most hydrological runoff series are
non-stationary  with  seasonal
2021) leading to

fluctuations in the water supply within a certain range

usually fluctuations

(Ghasempour et al, corresponding
when river runoff is used as a water source. In addition,
urban areas are always in a dynamic state of development,
so the point estimation of water supply is neither operable nor
practical for water management in the real world. By contrast,
interval estimation can not only effectively cover the range of
water supply (Mykhailovych and Fryz 2020; Shimakawa and
Murakami 2003), but also bring convenience to decision-
makers of water resource management. With regard to the
uncertainty of water supply and practical water planning and
management, the interval estimation is desired.

In recent years, water supply systems have rapidly developed
from a single water source to multiple water sources due to their
obvious advantage of ensuring the reliability of urban water
supply (Puleo et al., 2014; Zhang et al., 2019; An et al,, 2021).
This multi-source water supply faces new challenges in water
resource management (Gao et al., 2018; Yu et al,, 2017). On the
one hand, available water supply along with spatial and temporal
distributions of multiple water resources are different (Zhang
et al, 2018; Song et al, 2020), resulting in the increased
complexity of water supply management. On the other hand,
the indefinite competition and complementarity of multiple
water sources, as well as special water supply rules may cause
conflicts in water supply calculations (Song et al, 2020).
Therefore, it is necessary to conduct the multivariate joint
probability analysis of multiple water sources, which is of
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great significance for reducing the water shortage risk through
maintaining the water supply safety.

Copula is a powerful tool for constructing multivariate
joint probability distributions and exploring dependency
structures between random variables (Hao and Singh, 2016;
Wang et al., 2017). As copula can analyze the interactions and
interconnections between multiple variables quantitatively, it
has been widely used to construct joint probability
distributions of multiple variables. One of the main
characteristics of copula is that the construction of joint
probability distributions and marginal distributions is
(Hao and Singh, 2016). To date, besides
numerous investigations of multivariate flood frequency
(Han et al.,, 2018; Naz et al., 2020), the frequency of rainfall
(Zhang and Singh, 2007b; Kuhn et al., 2007), and multivariate
drought events (Ayantobo et al., 2019; Li et al., 2020), some
studies have reported successful applications of copula in the

separated

field of water resource allocation, e.g., the confirmation of
compensative operating feasibility of the South-to-North
Water Diversion Project (Huang and Niu, 2015). It has
been proved that copula can offer technical and decision-
making support for the smooth implementation of multi-
source water supply.

Taking the Xiong’an New Area, a future metropolis in North
China, as an example, this study attempted to propose a water
supply
distributions of multiple water sources. The specific objectives

estimation method based on joint probability
were: 1) to generate appropriate marginal distributions of single
water source and further construct joint probability distributions
of multiple water sources with copula; 2) to determine the
interval estimation of water supply according to joint
probability distributions of multiple water sources; and 3) to
calculate the interval of water supply and guarantee the rate of
water use, laying a necessary basis for water resource allocation.
The proposed method considering joint probability distributions
of multiple water sources for water supply estimation proved to
be a reliable and reasonable method, which can provide scientific
support for ensuring water supply safety through the optimal
allocation of water resources.

2 Materials and methods
2.1 Study area
The  Xiongan (115°37'E-116720'E,

38°41'N-39°10'N) sits at the heart of the triangular area
formed by the cities of Beijing, Tianjin, and Baoding. It is an

New Area

important area of China’s strategic planning of the Coordinated
Development of the Beijing-Tianjin-Hebei Region (Figure 1). It
covers Xiong County, Rongcheng County, Anxin County, and
other surrounding areas with an initial development zone
covering 100 km?. Currently, its economic development level
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FIGURE 1
The location of the Xiong'an New Area, North China.

and urbanization rate are far lower than the average level of the
Hebei Province and China, still having much room for
improvement. Consequently, the rapid development of the
Xiong'an New Area has great demand for water resources.
Located in the mid-latitude zone, the Xiong’an New Area has
a semi-arid temperate monsoon continental climate with four
distinct seasons. The annual average precipitation and
evaporation are 551.5mm and 1,369 mm, respectively (Li
2021; 2021).

precipitation occurs from June to September during the flood

et al, Yang et al, Eighty percent of the
season (Liu et al, 2020b). The average annual temperature is
11.7°C and the lowest average monthly temperature is —4.9°C
(Yang et al,, 2021). The study area used to be rich in wetland
resources, including the Baiyangdian Lake and several rivers
(Yang et al.,, 2021). However, in the past five decades, due to
the dual effects of climate change and human activity
interference, the input water from upstream rivers and
reservoirs to the Baiyangdian Lake has gradually decreased
with only a few rivers running all year round at present.
Water shortage has become a major problem in the region
(Zhao et al., 2021).

In general, the water resource conditions in the Xiongan
New Area are poor at this stage. The development of this area is
limited due to the grim water resource situation and the
contradiction between water supply and demand. In view of
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the current situation of water resources in the Xiong’an New
Area, a large number of water diversion projects, mainly
Water
Reservoir and Wangkuai Reservoir, the Water Diversion

including the Diversion Project from Xidayang
Project from the Yellow River to Baiyangdian Lake and the
South-to-North ~ Water
implemented with joint water supply patterns to alleviate

Diversion  Project, have been
regional water shortage (Zhang et al., 2019; Song et al., 2020;

An et al,, 2021).

2.2 Data collection

The runoff data of the Water Diversion Project from
Xidayang Reservoir and Wangkuai Reservoir (1956-2000), the
Water Diversion Project from the Yellow River to Baiyangdian
Lake (1919-2013) and the South-to-North Water Diversion
Project (1980-2005) were obtained from the Hydrological
Yearbook of the People’s Republic of China. The economic
and social data of the Xiong’an New Area were obtained from
the Baoding City Economic Statistics Yearbook, Hebei Province
Economic Statistical Yearbook, Hebei Province National
Economic and Social Development Statistical Bulletin, Anxin
County Chronicles, and relevant data released by the local
statistical bureau.
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FIGURE 2
Framework for estimating the water supply for multiple water sources

2.3 Methods

2.3.1 Framework for water-supply estimation
based on joint probability distributions of
multiple water sources

A new method considering the joint probability distributions
of multiple water sources was proposed for water supply
estimation. The amount of water supply was calculated under
different scenarios by setting various frequency combinations of
multiple water sources, so as to provide a quantitative basis for
the optimal deployment of regional water resources. The
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technical roadmap of the study is shown in Figure 2. The
1)

coefficients of the runoff series for paired water sources; 2)

main steps are as follows: calculate the correlation

generate and identify the optimal marginal distribution type
3)
distributions of water sources with strong correlation by

of single water sources; construct joint probability
copula and plot the annual runoff frequency curves of water
sources with weak correlation by using the Pearson-III
distribution curve; 4) determine the amount of water supply
of multiple water sources; and 5) calculate the guarantee rate of
water use in sixteen schemes.
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2.3.2 Measurement of runoff correlations
between paired water sources

The and Kendall
coefficients have been widely wused

correlation
the
correlation of variables (Wang et al., 2017). Among them,

Pearson, Spearman,

to measure

the Pearson correlation coefficient is often used to measure the
correlation between two variables that are linearly related
(Hao and Singh, 2016; Wang et al., 2017). In cases where
the normal assumption is not true or non-linear correlation
exists between variables, the Pearson correlation coefficient is
not applicable while the Spearman correlation coefficient and
Kendall correlation coefficient can be used instead (Hao and
Singh, 2016). More details can be found in the published
literature by Wang et al. (2017). We used the Pearson,
Spearman, and Kendall correlation coefficients to measure
the correlation of random variables.

2.3.3 Construction of marginal distributions and
evaluation of fitting degree

The kernel density estimation (KDE) was used for obtaining
the probability density function to define univariate marginals.
Five distributions including normal distribution, log-normal
distribution, Gamma distribution, Weibull distribution, and
exponential distribution were selected as candidates to fit the
marginal distributions of multiple water sources, with their
parameters being estimated by the maximum likelihood
method (MLE). According to the Akaike information criterion
(AIC), (BIC),
Kolmogorov-Smirnov test (K-S test), appropriate marginal

Bayesian  information  criterion and
distributions and parameters were determined (Tu et al,
2016). In addition, the fitting of theoretical frequency and
empirical frequency was compared. The empirical frequency
was calculated by using Gringorten formula (Gringorten,

1963; Zhang and Singh, 2007a).

2.3.4 Construction of joint probability
distributions of multiple water sources

Copula can be used to construct multivariate joint probability
distributions by linking univariate marginal distributions which
can characterize dependence structures among variables (Yu and
Zhang, 2021). The main advantage of copula is that it can
connect any form of marginal distribution. Moreover, the
construction of joint probability distributions is independent
of the marginal distributions (Hao and Singh, 2016; Wang et al.,
2017). Copula has great flexibility to characterize the dependency
between variables (Yu and Zhang, 2021), and thus has become a
powerful tool for constructing multivariate joint probability
distributions and exploring the correlation among random
variables (Wang et al, 2017). Based on Sklar’s theorem
(Nelsen, 2006), H(x;,Xz, """, X,) is the joint distribution with
marginal distributions of H; (x;), Hy(x2)...H,(x,). For any

x € Ry, the distribution function is shown in Eq. 1. If
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H; (x1),Ha (x2) . .. Hy (X,) are all continuous, then Cy serving
as a connection operator is unique.

'&Xn) = Ce((Hl (Xl)’HZ (XZ)»"')Hn(Xn)) (1)

H(XlaXZa o

where 0 is the parameter of copula; Cy is a copula function;
and H;(x;) is the marginal distribution for the i-th random
variable x;.

There are many types of copulas with different dependency
characteristics (Yu and Zhang, 2021). A variety of copulas can be
used for the construction of multivariate joint probability
distributions, e.g., Archimedean copulas and Elliptical copulas.
Archimedean copulas contain only one parameter and are easy to
generate (Salvadori and Michele, 2010; Serinaldi and Grimaldi,
2007), thus having a high utilization frequency in hydrology
(Song and Singh, 2010). In this study, Clayton copula, Frank
copula, Gaussian copula, Gumbel copula, and BB5 copula were
selected as the candidate copulas to construct joint probability
distributions of multiple water sources. Frank copula and
Gaussian copula exhibited symmetric dependence behavior.
Both  Clayton and  Gumbel
asymmetric dependence (Hao and Singh, 2016); however, in

copula copula  permitted
contrast to Gumbel copula, which exhibits strong right tail
Clayton exhibits left tail

dependence. Joe’s BB5 copula belongs to extreme-value

dependence, copula strong
copulas (Genest and Favre, 2007; Joe, 1997; Sadegh et al,
2017) which can be used to model the dependence structure
of rare events or extreme values (Hao and Singh, 2016). The
maximum likelihood estimation (MLE) method was used to
obtain the parameters of these five candidate copulas. The
goodness-of-fit test was performed by using the square
Euclidean distance to test the fitting degree to select an
optimal copula.

The three-dimensional and contour figures of joint
cumulative distributions of multiple water sources were
used to calculate the amount of water supply in the multi-
source combined water supply system. Each curve in the
contour figures represented a joint probability value. The
projection of the points on this curve on x-axis and y-axis
represented the water supply from each of the two water
sources. The joint water supply at a certain joint
probability was equal to the sum of projections of this
point on the x-axis and y-axis. Since there were an infinite
number of points on this curve, the amount of water supply

fluctuated within a certain range.

2.3.5 Guarantee rate of water use for multiple
water sources

With the implementation of water diversion projects
including the Water
Reservoir and Wangkuai Reservoir, the Water Diversion
Project from the Yellow River to Biayangdian Lake, and the
South-to-North Water Diversion Project, a multi-source

Diversion Project from Xidayang
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TABLE 1 The results of runoff correlation measurements for multiple water sources by various correlation coefficients.

Pearson
correlation coefficient

Source 1- Source 2 0.03
Source 1- Source 3 —-0.04
Source 2- Source 3 0.82**

Note: * represents 95% confidence level; ** represents 99% confidence level.

combined water supply pattern was formed in the Xiong’an New
Area. The guarantee rate of water use under various encounter
situations can be calculated based on the different occurrence
frequency combinations for the aforementioned three projects
which reflect the synchronous-asynchronous characteristics of
runoff for these water sources. Based on the runoff correlation
results shown in Table 1, water sources can be divided into two
groups, which were, a combined channel source with strong
correlation and a reservoir source with weak correlation. Among
them, the combined channel source here contained the Water
Diversion Project from the Yellow River to Baiyangdian Lake and
the South-to-North Water Diversion Project; the reservoir source
was the Water Diversion Project from Xidayang Reservoir and
Wangkuai Reservoir. Since the combined channel source and
reservoir source were independent of each other, the concept of
mutually independent events from the probability theory was
used (Michael Steele, 2015; Zhang et al., 2018; Zhang et al., 2019).
Assuming that the combined channel source was event A and the
reservoir source was event B, the probability that the combined
channel source and reservoir source would occur simultaneously
at different encounter probabilities was:

P(AB;) = P(A;) x P(B;) )
where P (4;) is the joint probability i of combined channel source
A; P(By) is the runoff frequency j of reservoir source B; and
P(A;B;j) is the encounter probability of the combined channel
source A with the joint probability i and reservoir source B with
the runoff frequency j.

The water shortages are usually derived from the
contradiction between water supply and water demand. The
guarantee rate of water use, defined as the degree to which
water demand is met, was mainly based on the comparison
between the actual water supply and water demand of the
water resource system (Zhang et al., 2019). The guarantee rate
of water use ranges from 0 to 1; in the case that the actual water
supply was greater than water demand, the guarantee rate of
water use was 1.

G=Q,/Q 3)

where G is the guarantee rate of water use; Q is the amount of
water supply (10° m?); and Qq is the amount of water demand
(10° m?).
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Kendall
correlation coefficient

Spearman
correlation coefficient

0.07 0.03

0.04 0

0.73%* 0.60**
3 Results

3.1 Measurement of runoff correlations
between multiple water sources

The Xiong’an New Area has three external water sources,
namely, the Water Diversion Project from Xidayang Reservoir
and Wangkuai Reservoir (source 1), the Water Diversion Project
from the Yellow River to Baiyangdian Lake (source 2), and the
South-to-North Water Diversion Project (source 3). The results
of runoff correlation measurements for the three water sources
by various correlation coefficients are shown in Table 1. It can be
seen that, three correlation coefficients between source 2 and
source 3 were high (specifically, the Pearson correlation
coefficient was 0.82, the Spearman correlation coefficient was
0.73, and the Kendall correlation coefficient was 0.60), indicating
a strong correlation between source 2 and source 3. Therefore,
copula can be used to construct joint probability distributions of
source 2 and source 3. The values of the aforementioned three
correlation coefficients of source 1 and source 2 were small,
indicating a weak correlation between them. Correlation
coefficients of source 1 and source 3 were also small
Therefore, copulas were not suitable for constructing joint
probability distributions of source 1 and source 2/source
3 due to their weak correlations. The Pearson type III (P-III)
distribution was used to fit the distribution of source 1 for
hydrological frequency analysis.

3.2 Water supply estimation based on joint
probability distributions of multiple water
sources

3.2.1 Marginal distribution analysis of water
sources

The Cullen and Frey map is a good summary of the
properties of marginal distributions. Two Cullen and Frey
maps were plotted to preliminarily identify the marginal
distribution types of source 2 and source 3 (Figure 3). As
Figure 3 shows, compared to other types of marginal
distributions, log-normal distribution was more suitable for
marginal distributions of both source 2 and source 3. The
results of the fitting degree evaluation for source 2 and source
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FIGURE 3
Cullen and Frey maps of (A) source 2 and (B) source 3
TABLE 2 AIC and BIC results of five candidate marginal distributions.
Distributions Source 2 Source 3
AIC BIC AIC BIC
Normal distribution 245.61 247.53 270.91 273.00
Log-normal distribution 243.28 245.30 267.87 269.96
Exponential distribution 264.85 285.72 291.39 292.44
Weibull distribution 244.98 247.16 269.95 272.04
Gamma distribution 243.75 245.63 267.90 269.99

3 with candidate marginal distributions are summarized in
Table 2. The smaller the values of AIC and BIC, the better the
fitting effects of candidate marginal distributions (Zang et al.,
2022). For source 2, log-normal distribution presented the
lowest AIC and BIC (243.28 and 245.30, respectively) among
the five candidate marginal distributions and passed the K-S
test. For source 3, log-normal distribution also presented the
lowest AIC and BIC (267.87 and 269.96, respectively) among
the five candidate marginal distributions and passed the K-S
test. In addition, the results of fitting degree between
theoretical frequency and empirical frequency show that
the log-normal distribution presented low values of SSE
and RMSE, indicating a good performance in fitting the

marginal distributions of source 2 and source 3
(Supplementary  Table  S1).  Therefore, log-normal
distribution was employed to describe the marginal
distributions of source 2 and source 3. Parameter

estimation results of the marginal distribution for runoff

volume of source 2 and source 3 can be found in
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Supplementary Table S2. Figure 4 shows the fitting
of 2 with

shows the fitting distribution results

distribution  results source log-normal

5

distribution. Figure
of source 3 with log-normal distribution. The results further
confirmed that it was satisfactory to fit marginal distributions

with log-normal distribution for source 2 and source 3.

3.2.2 Joint probability distribution analysis of
water sources

Among the five candidate copulas (i.e., Clayton copula, Frank
copula, Gaussian copula, Gumbel copula, and BB5 copula),
Clayton copula exhibited the smallest square Euclidean
distance, suggesting the highest fitting effect. Therefore,
Clayton copula was selected to construct joint probability
distributions of source 2 and source 3. Figure 6 shows the
three-dimensional contour figures of joint probability density
distributions of the runoff volume for source 2 and source 3.
According to Figure 6, joint probability distributions and
dependency characteristics of the runoff volume for various
combinations of water sources at specific probability levels
were estimated. On the whole, joint probability density
distributions of the runoff volume fitted by Clayton copula
were bell-shaped with no symmetry on both sides. The overall
upper-left trend indicated that variations of joint probability
densities of the runoff volume were greatly affected by source 3.
Therefore, it was inferred that the high joint probability of the
runoff volume would not easily occur in the low-value interval of
source 3 (less than 400 million m®). As shown in Figure 6B,
runoff volume contours were dense in the low-value interval (less
than 400 million m?) and sparse in the high-value interval,
indicating that the variation of joint probability was much
significant in the low-value interval.
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Fitting distribution results of source 2 with log-normal distribution.

Figure 7 shows the three-dimensional joint cumulative
distributions and their contour figures of runoff volume for
source 2 and source 3. As can be seen, the joint cumulative
probability increased with the increase of runoff volume of a
single water source. When the joint cumulative probability was
larger than 0.6, the contour spacing became sparse and the isosurface
spacing became larger. In other words, variations of joint cumulative
probabilities became less significant in high-value intervals (greater
than 0.6) when compared to low-value interval. Through an in-
depth analysis of joint cumulative distributions in Figure 7, the
encounter situations when the joint probability was equal to or less
than a certain probability were obtained. Then, the interval
estimations of water supply under different encounter situations
were obtained. Figure 7 also shows that when joint cumulative
12.5%, 37.5%, 62.5%, and 87.5%, the
corresponding interval estimations of water supply were [5.20,
8.90] x 10°m’® [6.80, 9.70] x 10°m’ [8.30,10.40] x 10°m’
[11.40, 12.10] x 10°m’, respectively. Therefore, source 2 and

probabilities  were

source 3 provided [5.20, 12.10] x 10°m’ of water resources to
the Xiong’an New Area per year.
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3.3 Water supply estimation based on the
runoff frequency analysis of reservoirs

The Pearson-III distribution was used to fit the marginal
distribution of the runoff volume of the Xidayang Reservoir
and the Wangkuai Reservoir. The Pearson-III distribution is
asymmetrically unimodal with a finite boundary on one side
but infinite on the other. It is one of the most popular
distributions for hydrological frequency analysis (Liu et al.,
2015; Wang et al, 2017). The parameters of Pearson-III
distribution were determined by using the curve-fitting
method and the results of the statistical parameters are
shown in Table 3. The runoff frequency curves were drawn
by using MATLAB software and the fitting lines were
optimized by the non-linear least-square method (Figures
8, 9). According to Figure 8, when the frequencies were
12.5%, 37.5%, 62.5%, and 87.5%, the runoff volume of the
Wangkuai Reservoir were 11.80 x 10° m?, 5.60 x 10* m?, 3.90 x
10® m®, and 2.40 x 10°* m?, respectively. According to Figure 9,
when the frequencies were 12.5%, 37.5%, 62.5%, and 87.5%,
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TABLE 3 The statistical parameters of the runoff frequency curves for
the Xidayang Reservoir and the Wangkuai Reservoir (Unit: 10 m?).

Reservoir Parameters

N Mean Cy Cs/Cy
Xidayang Reservoir 45 4.66 0.67 2.00
Wangkuai Reservoir 45 6.24 0.74

Note: N is the sample size; C, is variation coefficient; and C; is deviation coefficient.

the runoff volume of the Xidayang Reservoir were 8.70 X
10°m? 4.70 x 10°m?’, 2.60 x 10°m? and 2.10 x 10°m?,
respectively. Considering water storage requirements as
well as basic ecological base flow requirements of the
Wangkuai Reservoir and the Xidayang Reservoir, 3.60 x
10°m? 2.25 x 10°m? 1.22 x 10°m? and 0.76 x 10°m* of
water resources were provided to the Xiong’an New Area
when the frequencies were 12.5%, 37.5%, 62.5%, and 87.5%,
respectively.

3.4 Calculation of the guarantee rate of
water use

Figure 10 shows the variations of the guarantee rate of
water use in the Xiong’an New Area when combined channel
source or reservoir source was used as the only water source.
As seen from Figure 10A, when a reservoir source was the
only water source, the guarantee rate of water use for the
four schemes (i.e., frequencies = 12.5%, 37.5%, 62.5%, and
87.5%, respectively) was generally low (less than 0.1),
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indicating a large water supply deficit in the region. As
can be seen in Figure 10B, when a combined channel
source was the only water source, the guarantee rate of
water use increased with the increase of joint probabilities
ranging from 0.07 to 1 for the four schemes (i.e., joint
12.5%, 37.5%, 62.5%, and 87.5%,
respectively). It was worth noting that the guarantee rate

probabilities =

of water use reached 1 when the joint probability increased
to 87.5%. Therefore, the combined channel source was an
indispensable water source for the Xiong’an New Area. By
comparing Figures 10A, B, it can be found that only the
multi-source combined water supply system (namely, both
combined channel source and reservoir source) can ensure a
high guarantee rate of water use for improving water supply
safety.

To analyze variations of the guarantee rate of water use under
different encounter situations, sixteen schemes were set up
(Table 4), and the results are shown in Figure 11. It can be
seen that the Xiong’an New Area had a low guarantee rate of
water use (less than 0.6) in most cases, showing that there existed
a certain risk of water shortages. With the increase of water
supply (from 1.10 x 10® m’ to 10.82 x 10® m?), the guarantee rate
of water use gradually increased (from 0.11 to 1), which was
consistent with the trend shown in Figure 10. In addition, under
the same frequency, the guarantee rate of water use increased
significantly with the increase of the joint probability. Without
the combined channel source, there would be a large gap between
water supply and demand. These illustrated that the combined
channel source had a great impact on the mitigation of the water
shortage risk. Therefore, the implementation of multi-source
combined water supply pattern was a necessary way to
improve regional water security.
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FIGURE 8
Annual runoff frequency curve of Wangkuai Reservoir.

4 Discussion

4.1 Analysis of correlations and variation
pace differences of runoff in multi-source
system using copula

The estimation of water supply of the multi-source combined
water supply system is essentially a stochastic sequential decision-
making process with uncertainty (Song et al.,, 2020). Water sources
located in different hydrological zones usually have complex
correlations and synchronous—asynchronous characteristics of
runoff variations in the multi-source system. However, the
commonly used methods have limitations in characterizing the
correlation and dependence structure between water sources. The
proposed copula-based method conducted a joint probability
analysis of three water sources and comprehensively assessed the
overall characteristics of water diversion events, overcoming the
shortcomings of conventional methods. Hou et al. (2022) predicted
that the water supply from upstream reservoirs in 2025 were 0.29 x
10°-3.71 x 10® m®, which were basically consistent with our results
of interval estimations of water supply. However, their results about
the total available water supply were based on the simple linear
composition for multiple water sources, without considering their
correlations and synchronous-asynchronous characteristics of
runoff variations in actual situations. The proposed method
made up this deficit by using copulas to take account of various
encounter probabilities in a multi-source water supply system,
improving the reliability of the estimation results. The results
demonstrated the feasibility of the copula-based method
considering joint probability distributions of water sources for
estimating the water supply in a multi-source combined water
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supply system. Successful applications of this method have also
been reported in the research on the Yellow River Basin, Yangtze
River Basin, Yalong River Basin, and Indus River Basin (Huang and
Niu, 2015; Gao et al., 2018; Lei et al., 2018; Nazir et al., 2020; Wu
et al,, 2020; An et al,, 2021), demonstrating that the copula-based
method is both reliable and generalizable in different regions or
basins.

4.2 Treatment of interrelationship
between hydrological variables
considering their distribution
characteristics using copula

In a previous analysis of multivariate hydrological events,
some models were built based on the assumption of linear
correlation between variables, but this was not in accordance
with the fact of complex dependencies usually existing among
variables (Hao and Singh, 2016). Another frequently used
assumption was that random variables conformed to the same
marginal distribution. However, the marginal distributions of
different random variables in hydrological events tend to be
inconsistent. As a result, these assumptions reduce the accuracy
and reliability of the models. As an important connection tool,
copula has the following two prominent advantages. First, it can
completely describe the correlation structure between random
variables with arbitrary marginal distributions by analyzing
their joint probability distributions (Cai et al., 2021; Hao and
Singh, 2016; Wang et al., 2017). Second, unlike other multivariate
parametric distribution models, copula-based methods allow us to
separate the univariate margins from the dependence structure for
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The amount of water supply and guarantee rate of water use for four
source was the only water source.

the construction of joint probability distributions with the
characteristics of flexibility and diversity (Czado and Nagler,
2022; Hao and Singh, 2016). Based on this advantage, the
selection of the copula function becomes more flexible; for
example, the tail dependency can be captured and expressed
using certain copula functions which is essential in assessing
risks such as water scarcity in hydrological process analysis
(Ayantobo et al, 2019; Hao and Singh, 2016; Liu X. et al,
2020). Interestingly, we found that different copulas were used
for solving the same hydrological-related problem. The reason is
that copulas lack a physical basis in hydrology; thus, they cannot
determine the theoretical joint distribution models of each random
variable in a physical sense (Hou et al., 2021). Therefore, the
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selection of a suitable copula instead of a complex one is
particularly critical (Zhang et al., 2021).

4.3 Applicability of interval estimations
using copula in water supply management

From Figure 7, the water supply from source 2 and source 3 to the
Xiongan New Area per year was obtained in the form of intervals
using copulas. According to Zhang (2017), the corresponding amount
of water supply by these two sources were 2 x 10° m* and 4 x 10* m’
that is, a total of approximately 6 x 10° m?, which was consistent with
our interval estimations of water supply. According to Lv et al. (2021),
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TABLE 4 Water supply scheme settings under different encounter situations.

Schemes Joint probability/frequency of water source Water supply (10° m®)

Combined channel source Reservoir source (P (B;))

(P(A)
1 12.5% 12.5% (5.20 | 3.60)
2 37.5% (520 | 2.25)
3 62.5% (520 | 1.22)
4 87.5% (520 | 0.76)
5 37.5% 12.5% (6.80 | 3.60)
6 37.5% (6.80 | 2.25)
7 62.5% (6.80 | 1.22)
8 87.5% (6.80 | 0.76)
9 62.5% 12.5% (830 | 3.60)
10 37.5% (8.30 | 2.25)
11 62.5% (830 | 1.22)
12 87.5% (830 | 0.76)
13 87.5% 12.5% (11.40 | 3.60)
14 37.5% (11.40 | 2.25)
15 62.5% (11.40 | 1.22)
16 87.5% (11.40 | 0.76)

Note: The two columns for the item of water supply represent the amount of water supply at the joint probability i of combined channel source and the frequency j of reservoir source,

respectively.
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FIGURE 11

Sixteen schemes when both the combined channel source
and reservoir source were used.

the water consumption should be controlled at 9.8 x 10° m® per year
in the context of focusing on the socioeconomic development and
eco-environmental protection, and was generally consistent with our
interval estimation results of water supply. In addition, the interval
estimation of water supply of source 2 and source 3 was almost the
same as the amount of water supply of the actual planning and
management (Zhang, 2017). These results confirmed the reliability of

Frontiers in Earth Science

184

our relationship analysis between water supply and water
consumption when compared with deterministic results.

Actually, as the results from copula-based methods are displayed
correspondingly in the form of intervals under some certain
probabilities, it overcomes the defect of point estimation results
that cannot take advantage of error estimations when conventional
deterministic models are applied (Mykhailovych and Fryz, 20205
Shimakawa and Murakami, 2003). Obviously, interval estimations
are more reasonable than point estimations and thus more
appropriate for real-world decision-making. For example, as the
water supply is determined by the water demand of the receiving
area for water diversion projects (Zhang et al, 2021), the water
supply amount fluctuates over time without keeping a deterministic
value. Considering that the joint probability reflects the occurrence
of stochastic events, the multi-source water supply under
uncertainty can be modeled by bivariate joint probability
distribution functions using copula-based methods (Gao et al,
2018). For bivariate joint probability distributions of variables A
and B, there are infinite combinations satisfying the solution
conditions under a given occurrence probability characterizing
their coexistence status (Dodangeh et al.,, 2020). For example, the
joint probabilities of water supply were set based on the local
situations, acquiring various combinations of water supply
scenarios. These combinations can be selected for formulating
alternative schemes of water resource planning and management
with a comprehensive consideration of actual situations, e.g., water
supply objectives, social and economic benefits, and so on. In
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summary, owing to its flexibility and adaptability, copula-based
methods can be used to solve joint probability distribution problems
of water sources for estimating the water supply in multi-source
combined water supply system, expanding its application scopes in
the field of water resource research.

5 Conclusions

Taking the Xiong’an New Area in northern China as a typical
area, we proposed a new method for the estimation of water supply
that considered the joint probability distributions of multiple water
sources under uncertainty. Considering runoff correlations between
water sources and synchronous—asynchronous characteristics of the
water supply capacity related to runoff variations for water sources
in different hydrological regions, the copula was used to construct
joint probability distributions for describing the dependence
structure of a multi-source water supply system and estimating
water supply under different encounter situations. It was an
innovative application of copulas into the field of water supply
estimation. Interval estimation was used in this research to represent
the estimation results, which can effectively predict the fluctuation
ranges of water supply amount for the convenience of the practical
operation of optimal regional water resource allocation. Considering
different encounter probabilities of runoff variations, the Water
Diversion Project from the Yellow River to Baiyangdian Lake and
the South-to-North Water Diversion Project can provide [5.20,
12.10] x 10*m® of water resources, and the Water Diversion
Project from Xidayang Reservoir and Wangkuai Reservoir can
provide [0.76, 3.60] x 10°m® of water resources to the Xiongan
New Area per year with the multi-source water supply pattern. The
water demand of the Xiong'an New Area can be met through the
joint operation of these three water sources.

Due to the limitation of the data availability, this research did
not take water quality into consideration. Water quality and
water quantity are equally important properties for the water
supply. If there was not enough water that met the water quality
requirements of regional production and domestic water, a risk
of available water shortage would occur (Song et al., 2020).
Therefore, the influence of water quality constraints should be
highlighted in the estimation of water supply. In addition, besides
surface water that accounted for a large proportion of regional
water supply, groundwater and reclaimed water should also be
considered in subsequent studies.
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Economic development and large amounts of industrial production have led to
environmental deterioration. The assessment and prediction of water
environment capacity (WEC) are crucial supports for water quality target
management. Therefore, this study aims to improve WEC via changes in the
industrial structure and to analyze the economic changes. For this purpose, the
economic efficiency (EE), water use efficiency (WUE), and water treatment
efficiency (WTE) are estimated by the EE-SBM (slack-based measure)-DEA
(data envelopment analysis) model. Based on the proposed model, the industry
is divided into three types: green enterprises, yellow enterprises, and red
enterprises. Yellow enterprises and red enterprises are the major supervision
subjects, and the spatial distribution of different environmental risks is identified.
The WECs of the main canals are analyzed based on dynamic changes in the
industrial structure by integrating the 0-D and MIKE1l models. The results
showed that after adjusting the industrial structure, the maximum added values
of the WEC of chemical oxygen demand (COD), total nitrogen (TN), ammonia
nitrogen (NHs—N), and total phosphorus (TP) are 1,744.66t/a, 536.14 t/a,
24.81t/a, and 4.16 t/a, respectively. The results show that the canals (R40,
R41, R20, R19, and R17) are overloaded with pollutants and indicate that TN is
included as a water environment quality assessment target. Furthermore, after
the optimization of the industrial structure, the loss of industrial output value is
174.44 million yuan, and the added value of the environmental economy is
232.12 million yuan. The findings provide important technical support for
achieving industrial upgrading and sustainable development.
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1 Introduction

Since the 21st century, rapid population growth, economic
development, and urbanization have led to the deterioration of
the water environment of the Taihu Lake, which is associated
with a dense canal network (Zhang et al., 2018; Wang J. et al,
20195 2021b; Ni et al., 2019). Changzhou city is located in the
northwestern Taihu Lake, which is an important part of the
Taihu Basin. Meanwhile, Changzhou city has been experiencing
a poor-quality water environment crisis from non-point and
point pollution sources (Li et al, 2018),where point source
pollution presents significant challenges (Schmidt et al., 2020).

The water environmental capacity (WEC) has been widely
used to control water pollution (Kim et al., 2012; Fakhraei et al.,
2014; Yang et al., 2015; Wang Q. et al,, 2019), and the key factors
that affect the WEC are the amount of pollutant discharge and
spatial emissions of pollutants (Guan et al., 2016; Huang and
Tong, 2019). Previous studies have shown that point sources
were the key influencing factor for the WEC in Changzhou city.
Therefore, the actual WEC was improved considering the
industrial pollutant problem. The issue of how to harmonize
the industrial economy, water use, and environment must be
resolved. To address this issue, many studies had focused on the
assessment of industrial water use efficiency and water treatment
efficiency (Frija et al., 2009; Carvalho et al., 2012; Asghar et al.,
2018; Rahman et al,, 2019). For instance, Liu et al. (2020)
estimated industrial water use and wastewater efficiency to
adjust industrial structures by a data envelopment analysis
(DEA) model. Wang et al. (2015) presented an approach to
assess water use efficiency (WUE) and pollutant reduction
potential based on the DEA model. An et al. (2019)
investigated the environmental efficiency in the Xiangjiang
River Basin based on a slack-based measure (SBM) model.
Yang et al. (2020) calculated the environmental treatment,
sewage treatment, and water supply efficiency to improve the
water quality with the SBM-DEA model in the eastern area of
China.

Based on the aforementioned analysis, the DEA model
became popular in the water environment. Additionally, the
DEA and SBM models have been used to assess water use and
water treatment efficiency (WTE). As a type of black box model,
the DEA method had an advantage in that it ignored the
mechanism relationship between input and output parameters,
and its disadvantage was that the solving difficulty and
calculation time of the model increased sharply with the
expansion of the sample size (Wang et al., 2021c). Therefore,
the SBM-DEA model was adopted to simulate multiple inputs
and outputs of WUE and WTE stages to correct DEA deviations.

It should be noted that few studies had considered the
economic efficiency (EE), water use, and water treatment
efficiency with pollutants. As a result, EE, WUE, and WTE
were considered simultaneously to optimize the industrial
structure and improve the WEC in the article. Meanwhile, the
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construction of the EE model (output value efficiency) was based
on the scale of medium-sized enterprises. The results of the
efficiency of all enterprises in the study area were applied to
improve the industrial structure, thereby increasing the
actual WEC.

In general, the calculation models of WEC were divided into
three types: 0-D, 1-D, and 2-D models (Liu et al,, 2012; Yan et al,
2019a). However, the three models were used as calculation methods
of WEC rather than prediction methods. Therefore, the 0-D model
should be coupled with the water quality simulation model to
calculate and predict the WEC based on limited observed data in
the paper. The MIKE11 model was widely applied to river quality
simulation (Keupers and Willems, 2017; Bu et al.,, 2020). In this
article, MIKE11 was selected as the water quality simulation model.
Meanwhile, to calculate EE, researchers usually applied the
alternative engineering method of pollutants to estimate their
abatement costs. Consequently,
method was used to analyze the impact of industrial structure

an alternative engineering

optimization on the economy in the study area.

By reason of the foregoing, the objectives of this study were to
evaluate the WUE, WTE, and EE of industries based on coupling
the EE and SBM-DEA models to optimize the industrial
structure and to analyze the impact on the water environment
and economy. In addition, (1) the efficiency evaluation approach
was introduced to the coupled EE and SBM-DEA models, (2) the
dynamic prediction model of the WEC was established by
integrating the 0-D and MIKEIl models, and (3) the
economic value was analyzed based on optimization of the
industrial structure in Changzhou city.

2 Methodology

In this article, we presented the EE-SBM-DEA model for
measuring the output value efficiency (OVE), WUE, and WTE of
regional industrial systems. Then, the industry was divided into
three types: red industry, yellow industry, and green industry.
Management measures were implemented based on different
types of industries. Furthermore, we integrated the MIKE11 and
0-D models to create a dynamic assessment and prediction model
for the WEC. The calculation results of the EE-SBM-DEA model
were input into the MIKE11 and 0-D models. Finally, the WEC of
the canal caused by the change in the industrial type was
evaluated and simulated in Changzhou city. Meanwhile, the
economic benefits after the optimization of the industrial
structure were evaluated. The flow is depicted in Figure 1.

2.1 Study area
This study area is Changzhou city (31.15°-32.07°N and

119.13°-120.20°E), which is located in the southern Jiangsu
Province of China (Figure 2). The city is situated in the
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FIGURE 1

Flow chart of water environmental capacity optimization and economic benefit. The EE-SBM—-DEA model is used to classify firms into three
types, after different industrial types are treated with different methods, the water environmental capacity of the canal are calculated by the
MIKE11 and 0-D model, then the economic benefits are obtained by water environmental capacity and industrial types.

Yangtze Delta region, with a total area of 4,375km? and it
contains Liyang and Jintan counties and urban districts,
including the Wujin, Xinbei, Tianning, and Zhonglou urban
districts. This study takes the urban area as the research area
(Figure 2). Changzhou city belongs to the northern subtropical
monsoon area and has a mild climate and an average annual
temperature of 17.4°C. The annual precipitation in wet years
reaches 1,243.8 mm. The rainy season is from May to September.
The precipitation in the flood season reaches 870.3 mm. The
spatial distribution of precipitation does not present considerable
variations. The terrain is slightly higher in the southwest and
lower in the northeast. The topography is a plain with many
rivers, most of which are plain river network areas, and these
rivers are canals in cities and are heavily influenced by humans.

2.2 Industrial classification method

The EE, SBM, and DEA methods were used to construct an
industrial classification model that identifies industries with a
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greater impact on the economy and the environment through the
analysis of OVE, WUE, and WTE.

2.2.1 Industrial classification model

The DEA model was applied to evaluate the relative
effectiveness of different departments (Bian et al., 2014; Wang
M. et al., 2021). The traditional DEA model did not consider the
intermediate process from input to output, while the network
DEA model examined the impact of input to output on efficiency
(Gidion et al., 2019). Therefore, the network DEA model was
used to measure the efficiency of each link in the industry. The
utilization rate of water resources in the industrial production
stage was the basis for measuring pollutant emissions. Therefore,
the evaluation of industrial WUE was a prerequisite for analyzing
the impact of the industry on the water environment (Hu et al.,
2018). In summary, the impact of industrial water and sewage
treatment on the water environment of the canal network was
taken into consideration, and the efficiency calculation of the
network DEA model was divided into two stages (Figure 3). The
first stage was the industrial water use, and the second stage was
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FIGURE 2

Location of geographic space of canals in Changzhou city.

the sewage treatment. Among them, the amount of industrial
wastewater discharge was the connecting variable of the two
stages because it was the output of the first stage and the input of
the second stage (Table 1).

In addition, the conventional network DEA model had radial
and slack problems, and the radial network DEA model would
overestimate the efficiency of each stage with redundant inputs or
insufficient output. Therefore, to overcome the shortcomings of
the traditional DEA model, the slack variable SBM was
introduced (Tone and Tsutsui, 2014).

It should be noted that for enterprises, some indicators were
expected to be improved, and some indicators were needed to be
reduced. For these reduced indicators, Koopmans (1951) first
proposed the concept of undesired output. In data envelopment
analysis, pollutants (wastewater) were usually called undesired
outputs, while the outputs that can bring competitive advantages
to enterprises were called desired outputs (industrial output value,
profit, etc.). In addition, there were three kinds of methods to deal
with undesired output problems, which were data conversion
function, curve measure evaluation method, and distance
function method (Chung et al., 1997; Chen et al,, 2021). In this
article, the directional distance function method was adopted in
the SBM-DEA model, and both radial and relaxation problems
were solved. The DEA model was selected using
MaxDEAS8.0 software, and then input, desired output, and
undesired output parameters were set using MaxDEAS8.0 software.
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In the SBM-DEA model, the water resource utilization
efficiency of n decision-making units DMU; (j=1..,n) and k
nodes (k=1..,k) was considered. If m; and r, are the number
of input and output variables at node k, respectively, then the
relationship between node k and the node h is (k, h) and the

number of connection variables is L. If the input variable, output
k (k)
I i
respectively, then the production possible set is defined as

variable, and connection variable arex y’;, and z

follows:

x* ZZ;"’}/\'} (k=1,...,K), )
Y2 A (k=1,..,K), @
280 = Y, ©)
AT 0
A5 >0(Vj k), 5)

where )LIJ? is the weight vector of the k stage, stage k is the output,
and stage h is the input. In addition, the constraint condition is
that the sum of unauthorized weights is equal to 1, indicating that
the DEA model is constant in return to scale.

The SBM model is introduced, and DMUo (0=1... n) can be
written as follows:

xF = XA 4+ s, yE = YRR - A 20,5 20, vk, (6)
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Diagram of the SBM—-DEA model process.

TABLE 1 Input and output indicators of the SBM—-DEA model.

Stage Type

Water use efficiency (stage 1) Inputs

Desired output

Undesired output

Water treatment efficiency (stage 2) Inputs

Undesired output
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TABLE 2 Industrial type and regulatory measures.

Type OVE WUE WTE Code Measure

Green industry H H H HHH Constant
L H H LHH Constant

Yellow industry H L H HLH Access the sewage pipe network or improve the effluent quality
H H L HHL Access the sewage pipe network or improve the effluent quality
L L H LLH Access the sewage pipe network or improve the effluent quality
L H L LHL Access the sewage pipe network or improve the effluent quality
H L L HLL Access the sewage pipe network or improve the effluent quality

Red industry L L L LLL Close down

TABLE 3 Unit treatment cost of different pollutants in Changzhou city.

Type COD (CNY/T) TN (CNY/T) NH,-N (CNY/T) TP (CNY/T)

Treatment cost 4,923.29 63,558.38 87,356.49 1,057,846.11

where Xk = (x!,...,x), YF = ( v yk), sk is the input hydrodynamics before and after industrial adjustment, and the

redundancy, and s** is the output shortage.

At the same time, a free link was chosen as the constraint
condition of the connection variable, and it was believed that link
activities were freely determined while maintaining the
continuity between input and output.

ZUEN = ZEPAR vk, b, @)

where Z®h = Zl(k’h), o, Z

2.2.2 Industrial classification

Based on the calculation of the EE-SBM-DEA model,
enterprises were divided into three types (as shown in Table 2).
Among them, HHH and LHH were green enterprises and did not
need to be improved; HLH, HHL, LLH, LHL, and HLL were yellow
enterprises and needed to be rectified; and LLL was a red enterprise
and it was recommended to shut down.

Note: When the evaluation efficiency is 1, then the index is H;
when the evaluation efficiency is less than 1, then the index is L.

2.3 Dynamic simulation of water
environment capacity

By classifying industries and implementing corresponding
measures for different types of enterprises (Table 2), the impact
of industrial adjustment on the WEC of the canal network in the
study area could be analyzed. The MIKE11 and EE-SBM-DEA
models were used to simulate changes in canal water quality and
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impact of enterprise classification on the water environment
capacity of the canal network was evaluated. The MIKE11 model
can be used to obtain the future variation values of flow and
pollutant concentration in different sections of the canal. The 0-
D model was one of the important methods to calculate WEC. In
this paper, the MIKE11 model was used to obtain the flow and
pollutant concentration of the main section of the canal in the
study area. Then, the flow and pollutant concentration were used
as input parameters of the 0-D model to obtain the WEC of the
canal. The specific description of MIKE11 and 0-D models was as
follows:

2.3.1 MIKE11 model

The MIKE1l model was used to simulate changes in
hydrology and water environmental capacity. Therefore, in
this study, it was selected to simulate the environmental
quality of canals. Meanwhile, the MIKE11 model included
HD (Eq. 8) and AD modules (Eq. 9). The equation is as
follows:

Q o0 Q* oh Q
g‘f‘a(ﬂx +gAa+g—X2AR—0, (8)

=-AKC + S, 9)

o " ox ax\Pax

aA_C oQC 0 oC
ox

where x is the distance coordinate (m), ¢ is the time coordinate (s), A
is the cross-sectional area (m?), Q is the flow along the canal (m*/s),
A is the momentum correction coefficient (dimensionless), g is the
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acceleration of gravity (m/s®), h is the water level (m), and x is the
Chezy coefficient. C is the pollutant concentration (mg/L), D is the
longitudinal diffusion coefficient (m/s), K is the degradation
coefficient (1/d), and S is the source concentration (mg/L).

A total of 44 canals (Supplementary Appendix SA) were
constructed in the MIKE11 model of the urban districts of
Changzhou city (Figure 2).

The reflected the effect of
hydrological changes on pollutants. A reasonable attenuation

attenuation coefficient
coefficient was vital to guarantee the accuracy of the model.
COD, NH;-N, TP, and TN were selected as the simulated
pollutants in this study, and the attenuation coefficients, K,
were 0.18, 0.16, 0.02, and 0.16/d without floodgate scenarios,
respectively.

2.3.2 Water environmental capacity model (0-D
model)

The 0-D model was selected as the WEC calculation model.
The dilution capacity Eq and self-purification capacity E were
included in two parts.

The dilution capacity formula is as follows:

E; =864 x (S—Cp) x Q,, (10)

where E,; is the dilution capacity, kg/d; S is the water quality
standard, mg/L; C,, is the canal background concentration, mg/L;
and Q, is the canal discharge, m*/s.

The self-purification capacity formula is as follows:

E, = 86.4 x SQ(1 - e i), (11)
where E; is the self-purification capacity, kg/d; S is the water
quality standard, mg/L; Q, is the sum of river and wastewater
flows, m’/s; L is the length of the river, m; k is the
comprehensive attenuation coefficient, 1/d; and v is the river
velocity, m/s.

The water environment comprehensive capacity formula is
as follows:

E=E,; +E.. (12)

2.4 Economic valuation

An alternative engineering method was used to calculate
economic value, and the calculation formula is as follows:

V,«:Pr XEr) (13)

where V, is the total cost of water purification for the r pollutant,
P, is the unit treatment cost of the r pollutant, and E, is the water
environmental capacity of the r pollutant.

Furthermore, the unit treatment costs of different pollutant types
were obtained from sewage treatment plant in Changzhou city
(Table 3).
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2.5 Data

Industrial data were collected from the Changzhou Statistical
Yearbook and Changzhou Research Academy of Environmental
Sciences (2016). Historical discharge and canal level data were
acquired through the Changzhou Hydrological Bureau. Water
quality data were obtained from the water quality monitoring
stations (2016).

3 Results
3.1 Model calibration and verification

To ensure the unity of industrial wastewater and canal flow
units in the MIKE11 model, the unit of industrial wastewater
discharge was switched from m*/d to m*/s. The calculation time
duration was set as 366 days (2016) to reduce the model error, the
calibration time was from May to July, and the remaining time
was the verification time in 2016.

In this study, the relative error (RE) was used to evaluate the
accuracy of the model (Eq. 14). According to the simulation
results of the MIKE11 model, the RE was obtained. The results of
the RE indicated that the model was reliable (Feng et al., 2016).

o = »d

Yo

RE = x 100%, (14)

where y, is the observed value, and y; the is simulated value.

3.1.1 Hydrology verification

The hydrological simulation sites were Buyigiao, Caoqiao,
Jiuli, Henglin, and Wujingang stations. The average discharge
and error of each site in 2016 are shown in Figure 4. In the
hydrologic simulation, the relative error was smaller than 0.16.

3.1.2 Water quality verification

The water quality concentrations of major canals were simulated
(COD, NH;-N, TN, and TP). The average value and error of the
canal water quality concentration in 2016 are shown in Figure 5. In the
COD, NH;-N, TN, and TP simulations, the maximum average
relative errors were 0.08, 0.06, 0.11, and 0.03, respectively.

The aforementioned analysis showed the relative error between
the observed and simulated values of hydrology and pollutant
concentrations (COD, NH3-N, TN, and TP), and the results
indicated that the model was acceptable for further modeling work.

3.2 Classification of the industrial
structure

This study takes the urban area of Changzhou as the research
object. The area is divided into four administrative districts,
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Canal discharge simulation and error analysis.

namely, Tianning, Wujin, Xinbei, and Zhonglou districts. Then,
the EE-SBM-DEA model was used to classify the industries in
each district to obtain the type of each enterprise. Based on the
SBM-DEA model, the relevant efficiency statistics results were
obtained (Supplementary Appendix SA). In this study,
preliminary data had been analyzed and outliers had been
removed. Furthermore, the input and output variables were
analyzed by Pearson correlation. As shown in Supplementary
Table SA3 (Supplementary Appendix SA), EM (the number of
employees) and MC (material consumption) in the input
indicators were poorly correlated with other input and output
indicators, and the output index was strongly correlated with
other indexes. Overall, input and output indicators can be used in
DEA models, and the sample size included a total of
627 enterprises in the four districts (Tianning, Xinbei,
Zhonglou, and Wujin districts); moreover, each enterprise
represented a DMU, and the input and output indicators are
shown in Table 1. At the same time, the enterprises were divided
into six major departments, namely, paint manufacturing, other
manufacturing, chemicals, textiles, metal processing, and other
industries. Therefore, the DMUs were consistent with the
department of the enterprise.

3.2.1 Tianning District

Figure 6A shows that the economic scale of most of the
enterprises in Tianning District exceeded 20 million RMB, which
was medium-sized and accounts for 60.69%. The average output
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value efficiency was 0.76, indicating that the enterprises below the
medium scale had the potential to reach the medium scale.

The WUE results of various enterprises in Tianning District
showed that most enterprises had low WUE, resulting in more
wastewater. The average water efficiency (0.51) also proved that
the water efficiency of enterprises was low. Among the
144 enterprises, only 25.82% met the water efficiency. Among
them, enterprise serial numbers 11, 33, 37, 39, 42, 59, 61, 70, 105,
106, 109, and 118 had the lowest water efficiency and should be
considered. The WTE of various enterprises in Tianning District
showed that the high concentration of pollutants in wastewater
had increased the pressure on the water environment. The WTE
was only 0.44, and the proportion of enterprises meeting the
water treatment efficiency was only 7.64%. The companies with
the lowest water treatment efficiency accounted for 18.05%, and
the enterprise serial numbers were 2, 54, 65, 70, 72, 73, 74, 75, 76,
77,78, 79, 80, 81, 82, 83, 84, 86, 88, 90, 94, 96, 98, 101, 103, and
104. The environmental protection department should focus on
inspection of the sewage treatment of these enterprises.
Meanwhile, the low WTE indicated that Tianning District had
great potential for environmental improvement.

The aforementioned results showed that most enterprises in
Tianning District had adopted an extensive economic
development mode with environmental destruction. In the
future, industrial development should be pursued with equal
emphasis on the economy and environment. Figure 7A shows
that the proportion of green enterprises was 18.06%, the
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Water quality concentration simulation and error analysis of canal.

proportion of red enterprises was 15.97%, and the proportion of
yellow enterprises was 65.97%, which also verified that Tianning
District had a high water environment improvement potential.

3.2.2 Wujin District

Figure 6B shows that the proportion of medium-sized and
above-scale output value enterprises in Wujin District was
59.54% and the average OVE was 0.78, indicating that Wujin
District enterprises have better economic benefits. The average
WUE of all enterprises in Wujin District was 0.54, indicating that
enterprises have low water efficiency. Among them, 22.13% of
enterprises met the WUE and 18.32% of enterprises had
extremely low water use efficiency, indicating that enterprises
in Wujin District waste more water resources, and the
government should focus on enterprises with extremely low
WUE. The average WTE of the enterprises was 0.58, but only
6.11% of the enterprises met the WTE, whereas 0.76% of the
enterprises were extremely low WTE, indicating that the WTE of
enterprises in Wujin District was concentrated in the medium
level. The shape of the WUE in Figure 6B was more divergent
than that of the WTE, which also proved that Wujin District had
better control of the pollutant concentration in the wastewater
discharge of enterprises. Figure 7B shows that green companies
accounted for 16.41%, red companies accounted for 17.18%, and
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yellow companies accounted for 66.41%. In the process of
industrial regulation, the government should focus on red
enterprises and improve the efficiency of yellow enterprises to
ease the pressure on the water environment in Wujin District.

3.2.3 Xinbei District

Figure 6C shows that the proportion of output value
enterprises above the medium scale was 61.06%, and the
average OVE was 0.78, indicating that the economic effects
of enterprises in Xinbei District were better. The average water
use efficiency of all enterprises was 0.42, of which the
proportion of enterprises meeting the water efficiency was
20.35%. The proportion of enterprises with extremely low
water efficiency was 16.81,
efficiency level of enterprises in Xinbei District was low. The
enterprise serial numbers were 18, 20, 23, 29, 33, 39, 42, 43, 44,
45, 47, 81, 90, 91, 93, 94, 99, 104, and 107. The WUE of most
enterprises was below the average value (0.42), which also
proved that the enterprises in Xinbei District waste serious

indicating that the water

water resources and should increase the water-saving
investments. The average WTE of all enterprises in Xinbei
District was 0.47, and the proportion of enterprises meeting
the WTE was only 8.85%. Companies with extremely low WTE

accounted for 8.85%. The specific enterprise serial numbers
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FIGURE 6

Analysis of the industrial output value efficiency, water use efficiency, and water treatment efficiency in Tianning (A), Wujin (B), Xinbei (C), and
Zhonglou districts (D). It is important to note that each line represents an enterprise. ESN = enterprise serial number, OVE = output value efficiency,
WUE = water use efficiency, and WTE = water treatment efficiency. The enterprise codes are shown in Supplementary Appendix SA. The ordinate of
ESN is the serial numbers of all enterprises, and detailed information about the enterprise serial numbers is displayed in the Supplementary
Appendix SA. The ordinate of OVE, WUE, and WTE are the display of the efficiency statistical results calculated by the EE-SBM-DEA model.

WTE

WUE

were 1,7, 12, 15,28, 56, 59, 71, 83, and 104, indicating that most
companies in Xinbei District had medium WTE. The WTE
showed that the water treatment efficiency of enterprises was
concentrated between 0 and 1, but relatively scattered,
indicating that the WTE of enterprises was quite varied.
Figure 7C shows that green companies accounted for
17.70%, red companies accounted for 14.16%, and yellow
companies accounted for 68.14%. These findings show that
industrial adjustments will help ease the pressure on the water
environment of Xinbei District.

3.2.4 Zhonglou District

Figure 6D shows that the proportion of enterprises with
medium-sized and above-scale output value in Zhonglou
District was 62.04%, and the average OVE was 0.78,
indicating that enterprises in Zhonglou District had better
economic benefits. The average water use efficiency of
enterprises in Zhonglou District was 0.39, the proportion of
enterprises meeting WUE was 18.52%, and the proportion of
enterprises with extremely low water use efficiency was 26.85%,
indicating that enterprises in Zhonglou District had extremely
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low water efficiency. In Figure 6D, the WUE of most companies
was below the average, indicating that companies waste water
more seriously. The average WTE in Zhonglou District was
0.71, and the proportion of enterprises meeting the WTE was
9.26%. Companies with extremely low water treatment
efficiency accounted for 0.93%, and the specific company
serial number was 82. These findings showed that the WTE
of enterprises in Zhonglou District was higher, which
effectively reduces the concentration of pollutants in
discharged wastewater. Figure 6D verifies that the WTE of
The

show

most companies was above average. enterprise

7D that
companies account for 25%, red companies account for

classification results of Figure green
20.37%, and yellow companies account for 54.63%. The
aforementioned results showed that the lower WUE of
enterprises in Zhonglou District was the main factor for
more pollutant emissions. Therefore, the government should
guide enterprises to enhance the efficiency of water circulation,
pay attention to the pollution discharge of red enterprises, and
ease the pressure on the water environment in Zhonglou

District.
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FIGURE 7

Results of enterprise classification in Tianning (A), Wujin (B), Xinbei (C), and Zhonglou districts (D). Colors in the squares represent the type of
enterprise calculated by the EE-SBM-DEA model, the numbers in the squares are the serial numbers of all enterprises (Supplementary Appendix SA
for the meaning of numerical serial number). Additionally, green indicates green enterprises, yellow indicates yellow enterprises, and red indicates

red enterprises.

In summary, this article analyzed the OVE, WUE, and WTE
of the four districts of Tianning, Wujin, Xinbei, and Zhonglou in
Changzhou city, and enterprises in each district were divided into
three types. The results showed that the OVE of these four study
areas was high and the proportion of medium-sized enterprises
was more than 60%. The WUE of enterprises in Zhonglou
District was significantly lower than that of the other three
research areas, although the WTE in Zhonglou District was
higher, indicating that enterprises in Zhonglou District paid
more attention to sewage treatment. The WUE and WTE of
Tianning District and Xinbei District were relatively divergent,
indicating that the administrative department may not impose
strict restrictions on the enterprise’s water use and pollutant
concentration. The classification of enterprises showed that
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industrial regulation had great potential for improving the
WEC of canal networks.

3.3 Water environmental capacity

This paper classified the enterprises in the study area based
on the EE-SBM-DEA model. Then, MIKE11 and the 0-D
models were used to calculate the WEC of the canal (COD,
NH;-N, TP, and TN). Figure 8A shows that the COD of canals
R40 and R20 exceeded the carrying capacity before the
regulation, while R40 could have a COD load of 397.25t/y
after regulation, which indicated that industrial regulation
increased the COD capacity of R40 by 1,110.04 t/y. The COD
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Water environmental capacity of COD (A), NHz—N (B), TP (C), and TN (D) in the canal network of the study area. B = WEC before industry
adjustment, A = WEC after industry adjustment, and G = WEC growth value. The ordinate of this figure is the canalin the study area, and the horizontal

axis represents the total amount of pollutants the canal can carry.

capacity of canal R17 was the largest at 14,839.97 t/y before
15,444.49t/y after
regulation presented the largest increase in the COD capacity
of R39 reaching 1,744.66 t/y. However, the COD capacity of
R16 only increased slightly by 4.26 t/y.

Figure 8B shows that the NH;-N of R40, R20, and
R19 exceeded the carrying capacity before regulation,
while only RI9 met the NH;-N load of 6t/y after
industrial regulation. Therefore, the focus should be on

regulation and regulation. Industrial

R40 and R20. Among the canal network water systems,
the capacity of NH3-N in R17 was the largest, with
302.74 t/y before regulation and an increase of 24.81t/y
after regulation. Industrial regulation had led to the
smallest improvement in the NH;-N capacity of RI13,
which was only 0.27 t/y.

Figure 8C shows that only canal R41 exceeded the TP-
carrying capacity, and the TP load of this canal still exceeded
0.49 t/y after regulation. R17 had the largest TP-carrying load at
80.07 t/y before industrial regulation and 84.14t/y after
regulation. The canal with the largest increase in TP
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environmental capacity after industrial regulation was R39,
with an added value of 4.16 t/y.

Figure 8D shows that the TN load of the canal network in the
study area was overloaded. Meanwhile, the overload capacity of
R17 had reached 1,942.21 t/y, and it was increased by 0.9 t/y after
industrial regulation. Thus, the TN emissions in the canal
network must be addressed. After industrial regulation, the
maximum increased in TN-carrying capacity of R40 was
536.14 t/y, with a growth rate of 54.73%; and the canal with
the smallest increase was R17 at only 0.15 t/y.

In summary, the water environment capacity of the canal
network had been improved through the classification and
regulation of industries in the study area. Among them, the
improvement effect of COD and TN was more evident. However,
the improvement effect of NH;-N and TP was not notable, which
showed that the concentrations of COD and TN in the
wastewater of the enterprise were relatively high. In addition,
the carrying capacity of COD, NH;-N, and TP of canal R17 was
the largest. The main reason may be that R17 was the canal with
the largest flow and length in the study area, which increased the
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FIGURE 9

Economic value added of different canals in the study area.

water environment capacity of the canal. The carrying capacity of
the water environment of canal R40 was weak, and the carrying
capacity had increased greatly after industrial regulation. The
main reason may be that there were more yellow and red
companies around the canal, which caused greater pollution,
and the improvement effect after regulation was more evident.
The TN overload in the study area was more serious, the main
reason may be that the TN in the study area was not set as a goal
by the bureaucracy, which led to a high TN concentration in the
canal network. Therefore, industrial regulation can effectively
increase the water environmental capacity of canals. In addition,
to improve the TN-carrying load of the canal network, TN should
be included in performance assessments by the government.

3.4 Economic value added

Figure 9 shows the added economic value of different canals
in the study area after the optimization of the industrial structure.
According to the formula of economic value, the added economic
value was positively correlated with the added value of water
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environmental capacity. Therefore, the growth of water
capacity of COD/NH;-N/TP/TN
consistent with the growth of economic value of canals.

environmental was
Table 4 shows that the improvement in water environment
quality increased the economic value of 232.12 million yuan.
Due to the optimization of the industrial structure, red
enterprises were shut down. Therefore, a certain economic
loss was caused. After calculation, the economic loss value
was 174.44 million yuan. Although the optimization of the
the
improvement in environmental quality brought by it not only

industrial structure caused a certain economic loss,

made up for the economic loss, but also created a certain surplus,
reaching 57.68 million yuan.

4 Discussion

The spatial distribution of industrials showed that Tianning
and Zhonglou districts had higher industrial density (Figure 10),
and canals in areas with higher industrial density were more
likely to be polluted (Dsikowitzky et al., 2017; Rodgers et al.,
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TABLE 4 Economic value of optimization of the industrial structure.
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Type Economic value added Loss value of industry Surplus value
Value (10 thousand yuan) 23,212 17,444 5,768
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FIGURE 10
Spatial distribution of different industrial types.

2020). Meanwhile, among the all industrial types, yellow and red
industries were the center of attention. We also found that canals
with large fluctuations in WEC were consistent with the
industrial spatial distribution (yellow and red industries)
(Figures 10,
enterprises could be identified through the analysis of canal
pollution. around R39 had
contributed more to the concentration of COD and TP,
followed by TN. The enterprises surrounding R5 had a greater

11), and the pollutant discharge types of

For example, enterprises
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contribution to the concentration of COD, NH;-N, and TP. The
type of enterprise that had the greatest impact on R6 was the
yellow enterprise, and the NH;-N emissions of the enterprise
were higher. The enterprise around R33 had relatively high TN
emissions, while COD, TP, and NH;-N emissions were relatively
low. Therefore, the EE-SBM-DEA model could be used to
identify areas at risk of pollution. These areas could be
monitored, and the water environmental capacity of each
canal was analyzed to identify the major pollution types of
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Water environmental capacity fluctuation of different canals.

different enterprises. Pollution monitoring could be carried out
in the process of monitoring the pollution of enterprises, saving a
lot of manpower and financial costs. In short, the model
identified different risk levels of enterprises and regions,
which was beneficial to improve management efficiency.

In addition, Wang et al. (2018) found that the water quality
policies forced many small, heavily polluting firms to shut down,
but it was non-effective in reducing the COD concentration. We
also found the same problem: although the density of red
enterprises around R4 was relatively high, it did not contribute
much to improve canal pollution when they were closed. It may be
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that the contribution of point sources to the canal network was far
less than that of non-point sources or internal sources.
Correlational research studies showed that non-point and
endogenous pollution sources had contributed more to canal
network pollution in the Taihu Lake (Wang M. et al, 2019
Yan et al, 2019b; Luo et al,, 2019; Xu et al., 2020). Therefore,
non-point source and endogenous pollution management
measures were considered to improve the canal water
environment. For the dredging was
conducted for decreasing the pollution load (Chen et al., 2020).
Constructed wetland technology and low-impact development

instance, sediment
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technology were also widely applied for the malodorous canal
(Pereira Souza et al, 2019; Bu et al, 2020; Lu et al, 2020;
Tuttolomondo et al., 2020). Moreover, the identified high-risk
areas were also key areas where non-point source and internal

source control measures were considered.

5 Conclusion

The development of enterprises had brought greater pressure
to the urban water environment, and enterprises were classified
as green enterprises, yellow enterprises, and red enterprises by
the EE-SBM-DEA model this
Furthermore, the temporal and spatial dynamic simulation
model of the WEC was constructed, changes in the WEC of
canals were analyzed based on enterprise regulation, and the

constructing in

study.

economic valuation model was used to evaluate the economic
benefits of water environment improvement. The related
conclusion was drawn as follows:

(1) The calculation results of enterprise efficiency were used to
classify the enterprises in the study area and took
corresponding control measures. The results of the
enterprise efficiency calculation in Tianning, Wujin,
Xinbei, and Zhonglou districts showed that red companies
accounted for 65.97%, 66.41%, 68.14%, and 54.63%,
respectively.

The results showed that the loads of COD and TN increased
by industrial regulation and reached their highest values of
1744.66 tly and 536.14 t/y, respectively. However, the
improvement in NH3;-N and TP loads was not evident,
and the highest values reached 24.81t/y and 4.16t/y,
respectively. In addition, canals R40, R41, R20, R19, and
R17 were partially overloaded with pollutants and should be
considered.

2

~

(3) The result of research showed that industrial structure
optimization could effectively improve water environment
quality and generate economic value. After the optimization
of the industrial structure, the economic loss value was
174.44 yuan.

improvements had brought economic benefits up to

million However, environmental

57.68 million yuan.

In conclusion, this research provided technical support for

industrial management policies and water environment
improvement. It was recommended that TN should be included
as a water environment quality assessment target to improve the
concentration of TN in the canal network. Changzhou city must
make full use of the advantages of technology, manpower, and
capital to accelerate the optimization and upgrading of the industrial
structure. Among them, technological progress and innovation will
be an important support to reduce the emission of pollutants for

economic development.
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With the development of the economy, the contradiction of water resources in
the lower Yellow River area is becoming increasingly serious. Economic
development not only increases the socio-economic water demand, but
also causes damage to the environment. In order to ensure the safety of the
vast plains along the lower Yellow River, protect the environment of the lower
Yellow River and estuaries, and achieve environmental sustainability of the
lower Yellow River, a model was established to optimize the allocation of water
resources with the goal of ecological, safety, and social benefits, combining the
uncertainty of water resources, the uncertainty of the water demand during the
flood season under different water and sediment conditions, and the water
requirements of different water users. An improved ecological footprint method
considering soil water was applied during the allocation. Thirty different
scenarios were set up, and appropriate scenarios for 2025 and 2030 in wet,
normal, and dry years were calculated, providing a reference for decision
makers. Results show that: 1) The water supply is affected by the amount of
water resources and water demand for sediment transport in the lower Yellow
River. The satisfaction of sediment transport and the water supply rate during
wet years can reach a high level of satisfaction. 2) When the regional water
resources ecological footprint is the smallest, the allocation of water resources
tends to the section or unit with a smaller ecological footprint. Therefore, the
river sections with the lowest water shortage rates are Lijin-Hekou and Sunkou-
Aishan, and the unit with a low water shortage is ecological and industrial water.

KEYWORDS

the lower Yellow River, water resources management, water resources allocation,
ecological footprint, sustainable development

1 Introduction

The ecological footprint can comprehensively calculate the utilization of resources,
and measure the relationship between the degree of human utilization of natural resources
and the ability of the environment to provide services to humans (Rees 1992; Wackernagel
and Rees 1996). After being proposed, the concept of ecological footprint was then
introduced by some scholars and gradually applied to the calculation of water resource
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utilization, the calculation of water resources carrying capacity,
and the evaluation of sustainable development.

The water utilization described in the ecological footprint
model did not reflect the actual integrated use of water
resources, Chinese scholar Fan (2005), to reduce previous
limitations in describing water resources, proposed the water
resources ecological footprint model to reduce previous
limitations in describing water resource by increasing the
assessment of the use of water resources by human activities
and the health of aquatic ecosystems (Wang et al., 2006; Dai
et al,, 2019). The advantage of the ecological footprint of water
resources is that it considers the degree of ecological resources
occupied by humans and indicates the ecological sustainability of
regional development (Hoekstra 2008; Stoeglehner et al,, 2011).
The water resources ecological footprint method mainly evaluates
the sustainable development and utilization of water resources by
establishing a calculation model of the ecological footprint of water
resources and the corresponding ecological carrying capacity
(Huang et al., 2008). Since the introduction of the ecological
footprint of water resources, its meaning has been continuously
expanded and improved, scholars have taken into account the
concept of ecological footprint of water resources for CNY
10,000 of GDP and the impact of water pollution on the
environment (Wang et al., 2013), the regional characteristics of
equalization and yield factors (Wang et al, 2020) to make the
ecological footprint of water resources more accurate for the
respective areas. Su et al. (2018) compared water ecological
footprint in four municipalities in China to help identify the
key gaps between different cities under different developing
back ground. The ecological footprint of water resources
considers the carrying capacity of regional water resources and
can demonstrate whether the local sectors use water resources in a
sustainable approach.

The allocation of water resources is concerned with how
limited resources should be distributed fairly among competing
activities (Wang et al., 2007). In the process of research and
development in the allocation of water resources worldwide, the
research objective has changed from simply optimizing the water
the
environment. Linear programming, dynamic programming,

volume to coordinating economy and ecological
nonlinear programming, multi-objective programming, multi-
objective genetic algorithms, and other theoretical methods were
applied to achieve the comprehensive goal (Chen et al., 20065
Song, 2008). Scholars have modified the methods to make them
more suitable for their own study area by establishing agriculture
and hydropower sectors and the marginal net benefit from
2011),
developing a multi-stage fuzzy stochastic programming
(MFSP) method to hybrid uncertainties with the consideration

of ecological water demand (Li et al, 2018), considering

domestic and industrial sectors (Divakar et al,

hydropolitic conditions (Kazemi et al, 2020), applying the
sustainability index to the optimization model (Dadmand
et al., 2020), etc.

Frontiers in Earth Science

207

10.3389/feart.2022.1018980

The Yellow River is China’s second largest river, and water
resource of the Yellow River basin is decreasing (Zhang et al.,
2009). Since the middle and lower reaches of the Yellow River
Basin are more economically efficient in water use and the water
demand in the lower reaches of the Yellow River is higher (Guan
et al., 2021). Many Chinese scholars have conducted research on
the optimization of water resources in the lower Yellow River and
the Yellow River Delta (Shao et al., 2009; Yang, 2011; Zhang et al.,
2014; Zhang and Oki, 2021). Water resources are needed for
household production, ecology, and sediment transport in the
lower Yellow River. In order to coordinate the conflicts of
interests of all parties in water use, and consider the
coordinated and sustainable development of different elements
in various regions, water resources need to be allocated according
to local conditions. In this study, the water resources were
allocated to meet the goals of high-quality development and
ecology protection with ecological footprint of water resources.
The ecological footprint calculation takes into account the soil
water, which improves the comprehensiveness of this method.

2 Study area
2.1 Overview of the study area

With the development of the economy and society and the
improvement of people’s living standards, China’s water shortage
problem has become increasingly prominent. Defining the status
quo of sustainable water resources is of great significance for the
rational allocation of limited water resources, improving water use
efficiency and achieving the sustainable development of society.
Due to natural and human factors, the shortage of water resources
in the lower Yellow River has become more serious.

The urban clusters in the lower Yellow River selected in this
study cover 17 cities in Henan Province and Shandong Province
(Figure 1). The area is 12,171,513 square kilometres with a temperate
monsoon climate. The temperature from May to September is
21.5-27.3°C, December to February is —2.4-2.8°C, the rest of the
months is 7.1-157°C. The annual average temperature is
14.1-15.1°C. The annual average precipitation is 490-720 mm,
and the precipitation from June to September accounts for three-
quarters of the total.

2.2 Generalization of water resources
users in the lower Yellow River

Considering the regulating performance and storage capacity
of Xiaolangdi Reservoir, we believe that the downstream water
regulation can be achieved during the year. Therefore, the problem
to be solved is how to allocate water resources in the lower Yellow
River and achieve the maximum benefit among different water

users.
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Legend

The Yellow River

Cities in Shandong Province
along the lower Yellow River
Cities in Henan Province

along the lower Yellow River

Xiaolangdi Reservoir

FIGURE 1
City group map along the lower Yellow River.

TABLE 1 Comparison table of generalized administrative units in the
lower Yellow River.

Administrative
regions (cities)

Sections

Huayuankou-Jiahetan (HJ)
Jiahetan-Gaocun (JG)
Gaocun-Sunkou (GS)
Sunkou-Aishan (SA)
Aishan- Luokou (AL)
Luokou-Lijin (LL)
Liji-Hekou (LH)

Zhengzhou, Kaifeng, Jiaozuo, Xinxiang
Anyang, Hebi, Shangqiu

Puyang, Heze

Jining, Taian

Jinan, Liaocheng, Dezhou

Zibo, Binzhou, Laiwu

Dongying

Based on the conditions in the lower Yellow River, water
resources can be divided into two major aspects: the ecological
water used for sediment transport in the river, and the domestic
water outside the river. It is a multi-objective problem as it is
necessary to consider both the spatial and temporal allocation of
water resources.

To solve the problem, it is necessary to identify the water
consumption of each type of water use, each river section, and
each period; generalize the downstream area; and convert the
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The Bohai Sea

[

problem into a mathematical problem. Based on the above

requirements, a spatial generalization of the lower Yellow River
area was carried out.

According to the relationship between the water supply
project and the natural geographical location, the study area is
generalized into 7 river sections according to the main control
hydrological station downstream, namely, Huayuankou-Jiahetan
(HJ), Jiahetan-Gaocun (JG), Gaocun-Sunkou (GS), Sunkou-
Aishan (SA), Aishan- Luokou (AL), Luokou-Lijin (LL), and
Lijin-Hekou (LH), and 8 nodes: Huayuankou, Jiahetan,
Gaocun, Sunkou, Aishan, Luokou, Lijin, and Hekou. The
administrative regions (cities) corresponding to each river
section are shown in Table 1. The lower Yellow River is
generalized as shown in Figure 2, where ecological water
refers to the ecological water outside the river.

3 Construction of water allocation
model

3.1 Procedure

The steps for the allocation of water resources are as follows:
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TABLE 2 Water resources in the lower Yellow River/10% m3.

Wet year Normal year Dry year
Water resources in the lower Yellow River 460 320 260
Measured runoff at Huayuankou Hydrological Station 448 305 241

TABLE 3 Water demand by users in the lower Yellow River/10° m*® (water use outside the basin is water diverted to the Huai River Basin and the
Shandong Peninsula, details can be found in the cited article).

Category 2025 2030

Within the Outside the Total Within the Outside the Total

basin basin basin basin

min max min max

Agricultural water 4223 125.95 86.31 105.21 41.38 123.25 84.52 103.01
Industrial water 8.12 24.26 16.61 20.25 8.84 26.39 18.08 22.04
Domestic water 6.08 18.70 12.63 15.43 6.22 19.14 12.92 15.79
Ecological water 230 7.67 4.98 6.14 2.30 7.67 4.98 6.14
Total 58.73 176.58 120.54 147.02 58.74 176.45 120.50 146.97

Wenyan Canal

Jiaozuo Anyang Dezhou
Xinxiang Hebi Puyang Liaocheng Binzhou Dongying
A A A A A A
I B B B B B B
2 C |g[ C ol ¢ |a JLc l-[¢ C
Sl o |z o ||8] D |5 s D |8 D D |2
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FIGURE 2
Generalized diagram of water resource users in the lower Yellow River.
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TABLE 4 Water demand in the lower Yellow River/10% m3.

10.3389/feart.2022.1018980

Wet years Normal year Dry year
Water demand in the lower Yellow River 180.42 234.94 305.6
TABLE 5 Water diversion and water lifting projects in the lower Yellow River.
Water diversion Designed flow Actual water Monthly water Actual irrigation
project (m?/s) diversion capacity supply capacity area (km?)
(m®/s) (10° m®)
HJ 14 561 322 8.35 2304.8
G 15 500 244 632 3839.1
GS 15 490 403 1045 3912.8
SA 3 335 335 8.68 3946.3
AL 11 370 321 8.32 5145.6
LL 31 897 801 20.76 6606.2
LH 17 333 257 6.67 810.7
1) Determine the scope of the research: the scope of this study 8) The generation of the system plan: optimize and coordinate
was the lower Yellow River. the water resources to obtain the final allocation plan of water
2) Determine the objectives of the research: according to resources.
national  ecological protection and  high-quality
development plan of the Yellow River (The State
Council of the People’s Republic of China Gov, 2021), 3.2 Principle
ecological water use should be considered first. The
management of the Yellow River, the protection of According to the natural and economic conditions of the
germplasm resources, and farmland agriculture should lower Yellow River, the principles for constructing the allocation
be planned as a whole. model were determined as follows:
3) Users identification and generalization: a) water sources,
including the inflow of upstream rivers, the inflow of 1) Put people first and guaranteeing people’s lives along the
tributaries, the storage of reservoirs, the groundwater, river.
and the externally transferred water sources; b) users, 2) Ensure the basic ecological water use of the river, and ensure
including household, industry, agriculture, and ecology; the water requirements of the ecological environment of the
¢) transmission and water supply systems, including the estuary.
industrial water intake and channels in the study area. 3) Ensure production safety, which means the agricultural water
Based on the studies of Li et al. (2020) and the actual use should meet water demand during the growth period of
situation of the lower Yellow River, the basic data in this crops in the lower Yellow River.
study are shown in Tables 2-5: 4) Ensure the safety of downstream flood control and ensure
4) Target determination: coordination should be water for sediment transport during the flood season.
conducted to meet the goals of each department in 5) The relationship between water used within the river basins
time and space. and water transferred across river basins should be
5) Constraint determination: various constraints were set to handled well. Water demand of users in various sections
achieve system goals. should be considered comprehensively.
6) Model establishment. 6) Promote a virtuous cycle of the ecological environment,
7) Model solving: find a suitable algorithm and program to maintain and improve the regional ecological
solve the model. environment.
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3.3 Objective

The overall goal of the spatial allocation of water resources in
the lower Yellow River was to achieve the sustainable
development of the social economy through the process. The
objectives of this study are mainly reflected in three aspects:

1) The safety goal was to protect the vast plains along the lower
Yellow River from floods, ensure that the water supply meets
the demand for planting and the demand for sediment
transport in the lower Yellow River.

2) The ecological environment goal was to improve the

environment of the lower Yellow River, the ecological

environment of the Yellow River and estuaries, and gradually
increase the amount of water used for the ecological environment.

3) The socio-economic goal was to ensure the quality and

quantity of water for urban and rural residents.

According to the above objectives and requirements, the water
resources of the lower Yellow River can be divided into two major
aspects. One is the ecological water used for sediment transport in the
river, and the other is the water used for production and domestic
outside the river. Time and space are the factors that must be considered
while allocating water resources, so the water requirements of each type
of water use, river section, and period must be identified.

Due to the positive linear correlation between the runoff and
sediment load (Kong et al., 2015) and water volume of the Yellow
River Basin during wet, normal, and dry years varies greatly, water
used for water and sediment regulation varies in different years. In
wet years, it is necessary to ensure the basic ecological water
demand in the river, and provide a longer period of time for water
and sediment regulation to ensure water for sediment transport
during the flood season. In normal years, the time for water and
sediment regulation should be reduced due to the limitation of
incoming water. In dry years, the water used for water and
sediment regulation should be restricted.

3.4 Model construction

3.4.1 Construction method

According to the relevant planning and the actual situation of the
river basin, agricultural water, industrial water, domestic water,
ecological water (referring to ecological water outside the river),
sediment transport and river ecological water (river water) were
selected as five users of three objectives of the allocation.
Meanwhile, the temporal and spatial distribution of water
resources was taken into account.

Building a multi-objective allocation model should include
the following aspects:

1) Goal: Achieve a balance among demand of ecology, sediment
transport, and economy.
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2) Time: Meet the water demands of different periods.
3) Space: Meet the water demands of different river sections.

The lower Yellow River is at an ecological deficit (Li et al., 2020);
the ecological footprint of water resources is mainly derived from
household and production, involving domestic, agricultural and
industrial water consumption. Therefore, the ecological footprint
can be used as the objective function to balance the relationship
between and the
environment. ecological

agricultural, industrial, domestic water
Taking

satisfaction as the objective function reflects the goals of

sediment transport and

sediment transport and river ecological water use.

3.4.2 Objective function

Benefits will be generated when distributing water resources to
various users, and there will also be costs when using water
resources. The purpose of water resources optimization is to
meet the needs of all users, increase benefits, and reduce costs
when allocating water resources. According to the general guiding
concept of taking into account the safety, ecological safety, and social
development of the lower Yellow River, this article considers the
ecological benefit objective, safety benefit objective, and social benefit
objective as the objectives of the lower Yellow River area.

1) Ecological footprint function

the
development of a region. The ecological footprint of water

The ecological footprint can reflect sustainable
consumption is calculated according to the definition of the
improved ecological footprint (Li et al., 2020), which added the
soil water as an indicator to make the assessment more
comprehensive. For the lower Yellow River, the ecological
footprint calculation includes four aspects, namely, agricultural,
industrial, domestic and ecological water consumption.

f1=) PEF/q; (1)
j

where PEF; is the ecological footprint of unit water resources
produced by j water type outside the river. q; is the water
consumption of the j water type outside the river.

2) Satisfaction function

The satisfaction function of ecological water use for river
sediment transport was selected as the objective function of safety
and ecology. The objective satisfaction function (Zhao et al,
2007) is defined as:

f@-f
e
PUGI=N p iy *7

fr=f

()
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where p[f (x)] is the goal achievement satisfaction function, f*
is the ideal value of the x goal, f* is the upper limit of the x goal,
and f~ is the lower limit of the x goal. When the goal reaches the
ideal value, the degree of satisfaction is 1.

Based on this, the ecological satisfaction function of river
sediment transport is established:

f(Qr)_fé,
for fa
fa,_f(Qr)

fo ~ fa

f2=p(@Q) = (3)

where Q, represents the total river water consumption, fé,
the of the total
consumption, fo,represents the lower limit of the river water
consumption for sediment transport, and f(, represents the

represents lower  limit river water

upper limit of the total river water consumption for sediment
transport.

3) Water shortage rate function

The total water shortage rate function was selected as the
social benefit objective function. Social benefit refers to the social
value generated after the water source is allocated to the four
water users (household, industry, agriculture, and environment).
Under limited water resources conditions, the minimum total
water shortage rate of the lower Yellow River is selected as the
social benefit target, and the formula is as follows:

; ; %(qxi,t,j - q;;:,j)

ox 4

f3 =min

where gx;;,; represents the water demand of the water type j at
time ¢ in the i section; g;,; represents the allocated water volume
of the water j outside the channel at time ¢ in the i section; QX
represents the sum of the water demand of all users. ¢ is the order
of the months, with January as 1, February as 2, etc Table 2.

3.4.3 Constraint function

1) Constraints on the total amount of water resources: the
amount of water taken by all users outside the river
channel and the amount of water in the river channel shall
not exceed the total amount of water resources.

; Z Z(qi,txj) + Z‘Zt,r =Q

@)

where Q represents the total amount of water resources in a year,
and g, represents the water consumption of the river at time ¢.

2) Water balance restriction of diversion section: according to
the principle of water balance, the inflow section is equal to
the outflow section plus the water withdrawal of the river
section minus the river receding water.
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Qitr = Z Qitj t Qivrer — Gity (6)
j

where g;;, represents the water consumption of the i -th river
section at time ¢ ; that is, the inflow section, gj,1,,, , represents the
water consumption of the (i + 1) -th river section at time ¢, and
qirv represents the returned water at time t of the i -th river
section from water consumption.

3) River water restriction: in order to ensure the safety of the
environment in the lower Yellow River, the river must have a
certain amount of flow to transport sediment and protect the
environment, which is expressed by the ecological water use
constraints of sediment transport and the river ecological
water:

%

qi,t,r > min qt,sand

where min gy s.nq represents the lower limit of water used for
sediment transport at t time when t=7, 8, 9, 10.

(8)

qi,r,r > min qt,eco

where min g, .., represents the lower limit of ecological water
used in rivers when t=1-6, 11, 12.

4) Water diversion restriction: the water drawn from the river
channel cannot exceed its water demand.

Y Y 4ni<Q

i

)

where Q; represents water demand for agriculture, industry,
household, and ecology.

5) Water supply capacity constraints: the water drawn from the
river cannot exceed than its water supply capacity.

z Zqi,t,j <QG;
71

(10

where QG; represents the water supply capacity of the i section.

6) Non-negative constraints

qi,t,jZO (11)

According to the prediction results of water demand in
Table 3 and Table 4, the corresponding constraint values of
water in the river and outside the river were obtained, and the
constraints of water use in the river are as follows: the sediment
transport water in the flood season was calculated according to
the bankfull discharge in the flood season. The upper limit of the
sediment transport water requirement in the flood season, as
found in Table 3, is the ideal value of the objective function, and
the lower limit of the sediment transport water requirement is the
lower limit of the objective function; the nonflood season’s
suitable ecological water demand in Table 3 is the ideal value
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of the objective function, and the lower limit ecological water
demand is the lower limit of the objective function.

3.4.4 Model solving

At present, linear programming is the best way to solve
multi-objective problems, and its core concept is to transform
multi-objective problems into single-objective problems. This
paper adopted the main objective function method, that is, a
primary objective function is selected from a series of
objective functions, while the remaining objectives are
limited to a certain range and converted into new
constraints, established the model according to the above
constraints, and used the General Algebraic Modelling
System (GAMS) to solve it.

The objective function is:

f=PEF*Y Y gy, (12)

i
The constraint functions are:

g Z Zt:(%:t,j) + Zt:qt,r =

Qitr = Z Git,j T Qisrer — ity
J

Q

Git,r >min t,sand

qi,t,r 2 min qt,eco
Y D 4i<Q
it
Z z qisj < QG;
j ot
Git,j >0
pn<fasl
Z ; Z(qxi,t,j - q:;:,j)
i j
QX

(13)

<0

where each symbol in the formula is the same as before.

3.4.5 Target plan setting

According to the water demand forecast results (2025 and
2030) from Table 5 and the uncertainty of incoming water and
sediment (frequency of water resources and range of water
used for sediment transport), this research combined high,
medium, and low inflow scenarios (that is, corresponding to
wet years, normal years, and dry years in Table 4) with
different ecological satisfaction levels of sediment transport
to form different simulation scenarios. Among them, the
different types of sediment transport satisfaction were
divided into A, B, C, D, and E, respectively, corresponding
to the scenarios with satisfaction levels of 0, 0.25, 0.5, 0.75, and
1. A total of 30 scenarios were set up to analyze the
different
transport requirements and water shortage rates under

quantitative  relationship  between sediment
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different water requirements and different incoming water
conditions. The parameters of each simulation scenario are
shown in Table 6.

4 Results and discussion

4.1 Overall water shortage rate under
different scenario combinations

The overall water shortage rate trend of the 15 scenarios in
the 2025 forecast year in the lower Yellow River basin is shown
in Figure 3. It can be seen from the figure that when the
satisfaction degree of ecological sediment transport increases,
the water shortage rate of water outside the river channel
increases. In the low and medium scenarios, only when the
satisfaction degree is 0 and 0.25, can it be ensured that there is
no shortage of water outside the river, while in the high
scenario, the water demand outside the river can be fully
satisfied.

The overall water shortage rate trend of the 15 scenarios in
the 2030 forecast year in the lower Yellow River basin is shown in
Figure 4. It can be seen from the figure that the overall trend is the
same as in 2025, but compared to 2025, the water shortage rate
under the same sediment transport satisfaction rate drops
slightly.

4.2 Analysis of suitable plans for different
scenarios

According to the model, the feasible solutions under different
water shortage rates and different satisfaction levels are as
follows:

When the water shortage rate for water outside the river is
less than 30%, only two of the 2025 and 2030 plans cannot meet
the requirements, namely, 2025-low -E and 2025-medium-E, and
2030-low-E and 2030-medium-E.

When the water shortage rate for water outside the river is
less than 20%, four of the 2025 and 2030 plans cannot meet the
requirements, namely, 2025-low-D, 2025-medium-D, 2025-low-
E, and 2025-medium-E, and 2030-low-D, 2030-medium-D,
2030-low-E, and 2030-medium-E.

When the water shortage rate for water outside the river is
less than 10%, four of the 2025 and 2030 plans cannot meet the
requirements, namely, 2025-low-D, 2025-medium-D, 2025-low-
E, and 2025-medium-E, and 2030-low-D, 2030-medium-D,
2030-low-E, and 2030-medium -E.

It can be seen from the above that the water resources in the
lower Yellow River face a great shortage. In dry years and normal
years, the average water demand for sediment transport in flood
seasons cannot meet the demand for water outside the river and
within the river.
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TABLE 6 Proposed plans.

Satisfaction levels

Scenarios

Low A
B
C
D
E

Medium A
B
C
D
E

High A
B
C
D
E

60.00%

40.00%
20.00%
2 0.00%
®
o
©
5
& -20.00%
£
©
=
-40.00%
-60.00%
-80.00%
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~o—Low water shortage rate
~a—Medium water shortage rate
High water shortage rate
—a—Ecological satisf: levels of sediment p
FIGURE 3
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Changes in satisfaction and water shortage rate under different scenarios (2025)

Frontiers in Earth Science

214

10.3389/feart.2022.1018980

Water resources, satisfaction level,
water requirement
(108 m?, -, 10* m?)

2025

(260, 0, 147.02)
(260, 0.25, 147.02)
(260, 0.5, 147.02)
(260, 0.75, 147.02)
(260, 1, 147.02)
(320, 0, 147.02)
(320, 0.25, 147.02)
(320, 0.5, 147.02)
(320, 0.75, 147.02)
(320, 1, 147.02)
(460, 0, 147.02)
(460, 0.25, 147.02)
(460, 0.5, 147.02)
(460, 0.75, 147.02)
(460, 1, 147.02)

27.16%

24.99%

23.11%
0.75

45.87%
42.15%
-5.02%

2030

(260, 0, 146.97)
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(260, 1, 146.97)
(320, 0, 146.97)
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(320, 0.75, 146.97)
(320, 1, 146.97)
(460, 0, 146.97)
(460, 0.25, 146.97)
(460, 0.5, 146.97)
(460, 0.75, 146.97)
(460, 1, 146.97)
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FIGURE 5

Water resource allocation of six suitable scenarios [(A—F) represent 6 selected scenarios respectively].
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FIGURE 7

Distribution of water resources for six suitable scenarios in Jiahetan-Gaocun section [(A—F) represent 6 selected scenarios respectively].
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TABLE 7 Water supply rate of six suitable scenarios in seven sections.

Sections Scenarios

HJ 2025-low-C
2025-medium-C
2025-high-D
2030-low-C

2030-medium-C
2030-high-D

G 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

GS 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

SA 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

AL 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

LL 2025-low-C
2025-medium-C
2025-high-D
2030 -low-C
2030-medium-C
2030-high-D

LH 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

Therefore, we selected suitable plans for different
satisfaction levels of years and different water resources,
according to the requirements of wet years, normal years,

Frontiers in Earth Science

Water supply rate

Agricultural water

0.92
0.92
1.00
0.92
0.92
1.00
0.91
0.92
1.00
0.92
0.92
1.00
0.85
0.85
1.00
0.85
0.85
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.87
0.87
1.00
0.87
0.87
1.00
0.85
0.91
1.00
0.84
0.90
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Industrial water Domestic water
1.00 0.94
1.00 0.94
1.00 1.00
1.00 0.93
1.00 0.94
1.00 1.00
1.00 0.97
1.00 0.97
1.00 1.00
1.00 0.93
1.00 0.94
1.00 1.00
1.00 0.82
1.00 0.82
1.00 1.00
1.00 0.82
1.00 0.82
1.00 1.00
1.00 0.97
1.00 0.97
1.00 1.00
1.00 0.97
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Ecological water Total
1.00 0.94
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1.00 1.00
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1.00 1.00
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1.00 0.88
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1.00 0.91
1.00 1.00
1.00 0.87
1.00 091
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00

and dry years. In the wet year, the plans with a satisfaction
degree of one were selected, that is, 2025-high-D and 2030-
high-D. In the normal years, the plans with a satisfaction
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Distribution of water resources for six suitable scenarios in Gaocun-Sunkou section [(A—F)

degree greater than or equal to 0.5 and the water shortage rate
of less than 10% were selected, that is, 2025-medium-C and
2030-medium-C. In the dry years, the plans with a satisfaction
degree greater than or equal to 0.5 and the water shortage rate
of less than 10% were selected, that is, 2025-low-C and 2030-
low-C.

4.2.1 Analysis of overall water supply in the lower
Yellow River

The
distribution

results of the ecological
of the above were
analyzed. The result is shown in Figure 5 with 5(a) to 5(f)

represents 6 selected scenarios respectively. In 2025, the water

footprint-based water

scenarios six scenarios

shortage rate under the suitable scenarios of dry year, normal
year, and wet year is 8.45%, 7.83%, and 0%, respectively. In 2030,
the water shortage rate under the suitable scenarios of dry year,
normal year, and wet year is 8.42%, 7.80%, and 0%, respectively.

Within the same year, there is a small difference in the water
shortage rate of the water resources allocated outside the river in a
normal year and a dry year in 2025. That is, the total amount of
water resources in normal years is more than that in dry years, but
the amount of water used for sediment transport in normal years
also increases. This is due to the fact that with the increase in the
inflow of water, the sediment load increases (Kong et al., 2015), and
the amount of water required for sediment transport increases.
Therefore, although the total amount of water resources in a normal
year increases, under the same satisfaction degree of sediment
transport, the distribution of water resources outside the river
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represent 6 selected scenarios respectively].

does not change significantly. In a wet year, although the water
demand for sediment transport increases, the efficiency of
transporting sediment may increase due to the large amount of
inflow. Therefore, even if the satisfaction of water for sediment
transport increases (from 0.5 to 1), the water resources allocated
outside the river course will also increase significantly, which can
fully meet all water demand outside the river course.

Although existing dams and reservoirs play a key role in
trapping sediments in the Yellow River, the ability will decline in
the future (Wang et al., 2016), slowing down the erosion of the
Loess Plateau which causes larger sediment load is the source
management method to control water demand for sediment
transport.

4.2.2 Analysis of water supply by sections in the
lower Yellow River

Table 7 and Figures 6-12 show the changes in four water
users outside the river from seven sections in the lower Yellow
River under the six scenarios, respectively and (a) to (f) represent
6 selected scenarios.

Figure 13 shows the overall water supply rate in every region
in 6 scenarios. It can be concluded from the above that on the
whole scale, cities in GS and AL sections suffer more from lower
water supply rate. According to studies of Gong et al. (2020),
Puyang in GS section, Dezhou and Liaocheng in AL section
performed poorly in efficiency of water utilization, which may
cause larger water demand. Moreover, as shown in Figure 2, GS
and AL sections are in the lower reaches of the main tributaries of
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the Yellow River (Wenyan Canal and Dawen River), restricting
upper cities’ water intake from these tributaries may supplement
main stream water and improve the water supply rate.

From the perspective of different industries, ecological, and
industrial water supply rates of the sections other than SA and
LH are better than those of domestic and agricultural water
supply rates, which indicates that the ecological footprint of
domestic and agricultural water in these sections is greater than
that of ecological and industrial water. Therefore, these sections
should focus on improving the efficiency of domestic water and
agricultural water or making industrial adjustments to reduce the
production of ecological footprint. In the SA section, the water
supply rate of ecology, industry, and agriculture in this area is
better than that of domestic use, which reflects the larger
ecological footprint generated by domestic water in the
section. Therefore, this section should focus on improving the
efficiency of domestic water. In the LH section, under the water
demand forecast scenarios in 2025 and 2030, the water supply
rate of each department in the dry year and normal year also
reached 1.0.

Analyzing the above results, among the sections, the river
sections with the largest water supply rate are the LH section and
the SA section, which are close to 1. The river sections with the
smallest water supply rate are the GS section and the LL section,
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which are 0.87; that is, the GS section and the LL section have a
relatively large ecological footprint. Among industries, the water
supply rate of agricultural and domestic water is lower than that
of ecological and industrial water. This reflects that the ecological
footprint generated by agricultural water and domestic water in
the lower Yellow River is larger. Measures should be taken to
improve the efficiency of agricultural and domestic water
utilization. Among the years, there is a significant conflict
between the water demand for sediment transport outside the
river in normal and dry years.

Since water use priorities vary from region to region, there are
some studies that also set priorities between both cities and types of
water utilization (Li et al., 2021). However, when prioritizing using
analytical hierarchy process (AHP) or other methods (Wang et al.,
2003), there is still the problem of subjectivity and possibly
insufficient rationality in the water allocation.

The result of the allocation plan is similar to Zhang and Oki
(2021) based on Nash-Harsanyi bargaining game theory. Since the
concept of ecological footprint of water resources applied in this
paper innovatively includes soil water as one of the indicators of
water resources carrying capacity (Li et al., 2020), the ecological
footprint of water resources in agriculture, which is one of the
main water uses in the lower reaches of the Yellow River, can be
considered more objectively, and the ecological footprint of water
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resources in the lower reaches of the Yellow River can be assessed
more comprehensively. However, this study only focuses on the
water resources allocation in the lower reaches of the Yellow River,
and there may be a need for more in-depth studies in the basin as a
whole in the future.

The suggestions for normal and dry years are as follows:

1) Broaden sources of income: increase the amount of water
resources, including inter-annual reservoir regulation of water
resources; introduce external water resources, such as the South-
to-North Water Diversion and seawater desalination.

2) Reduce expenditure: since the main water demand for water
outside the lower Yellow River is agricultural water, water-saving
irrigation should be conducted to improve the utilization
efficiency of water resources. Furthermore, the efficiency of
sediment transport can be improved since the main water used
in the river is for sediment transport. Water conservancy projects
need to be fully utilized, such as the Xiaolangdi Reservoir for water
and sediment regulation. In addition, more stringent policies and
laws and regulatory regimes may be needed.

5 Conclusion

Based on the evaluation results of ecological footprint and the
results of water demand prediction, a multi-objective allocation
model of water resources in the lower Yellow River was
constructed and solved with GAMS software. The model
results are shown as follows:

1) The shortage of water resources in the lower Yellow River is
related to the amount of water resources and the water
demand for sediment transport in the year. When there is
a wet year, the shortage of water resources is significantly
reduced, but there is no significant difference between a dry
year and a normal year.

2) Water shortages in different areas of the lower Yellow River
are related to the ecological footprints of different users in the
area. The rivers with the largest shortages are GS and AL
sections, the rivers with the smallest shortages are the LH and
SA sections. Restricting upper cities’ water intake from
tributaries of the Yellow River may supplement main
stream water and improve the water supply ability.

The model explores the relationship among incoming water
and sediment conditions, the ecological footprint produced by
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