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Abstract

The interrelationship between regional water, energy, food, and land systems is extremely complex. Hence, accurately
assessing the coupling coordination relationship and identifying the influential factors of the water-energy-food-land nexus
(WEFL nexus) are of utmost importance. This study proposes a novel analytical framework and evaluation index system for
exploring interactions across the WEFL nexus. The comprehensive benefit evaluation index (CBEI), coupling coordination
degree (CCD) model, and obstacle factor diagnosis model are integrated to assess and analyze the coupling coordination
relationship and spatiotemporal dynamic evolution of the WEFL nexus in the Yangtze River Economic Belt (YREB) from
2006 to 2020. The results indicated that (1) the CBEI and CCD generally increased from 0.23 to 0.79 and 0.45 to 0.88,
respectively, revealing the upward trend of the coordination development levels of the WEFL nexus in the YREB. (2) The
lower reaches achieved a relatively higher coordination development degree than the upper and middle reaches of the YREB.
(3) The findings of obstacle factors reveal that agricultural non-point source pollution control, waterlogging disaster pre-
vention, industrial solid waste efficient treatment, and urban water-saving are the essential fields that need to be improved
in YREB’s future development. This study helps to understand the complex interrelation of the WEFL nexus at different
spatial-temporal scales and provides a novel framework that can be used as an evaluation system and policy insights for a
region’s integrated resources, environmental management, and green sustainable development.
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and green sustainable development (AghaKouchak et al.
2020; Bazilian et al. 2011). It is predicted that the global
human consumption of food, water resources, and energy
will increase by 35%, 40%, and 50% by 2030, respectively
(USNIC 2012). Meanwhile, due to climate change, fresh-
water availability is predicted to drop by 50% (Gupta et al.
2020). In this sense, research on the interaction relation-
ship between water resources, energy, and food systems
has become essential in regional sustainable development
(Pereira 2017; Cai et al. 2018).

The water-energy-food nexus (WEF nexus) was first
proposed at the Bonn 2011 Conference (Hoff 2011). WEF
nexus provides a novel idea to deal with resource scarcity,
in which through cross-sectoral management and coopera-
tion, the security of water, energy, and food, as well as the
improvement of the production and utilization efficiency of
the three resources (i.e., water-energy-food), is ensured in
several fields such as social, economic, environmental, and
health. There are some differences in understanding the
basic concept of the WEF nexus. Some scholars interpret
the nexus system’s interactions among different subsys-
tems (or sectors). They focus on the close and complicated
relationship between water, energy, and food based on one
foundation of taking any of the three resources as the core
of the WEF nexus (Lawford et al. 2013; Cai et al. 2018;
Mercure et al. 2019). Others preferred to define the WEF
nexus from a methodological perspective and employed
research on the assessment tools, analysis framework, and
management approach (Scott et al. 2014; Biggs et al. 2015;
Guerra et al. 2021).

Scholars have employed theoretical research and empir-
ical analysis on the WEF nexus at different scales; dis-
criminated the conceptual framework of the nexus from
multiple perspectives; and developed various methods for
quantitative evaluation, simulation prediction, and tool
integration. Daher and Mohtar (2015), An et al. (2021)
, Chen and Xu (2021), Ma et al. (2021) , and Sun et al.
(2021) combine multiple methods, such as the WEF nexus
Tool 2.0, Bayesian network, RF-Haken model, super-
efficiency network DEA model, and bi-level decentral-
ized chance-constrained programming (BDCP), to reveal
the internal correlation mechanism, explore the synergy
evolution, and assess the resources security of the WEF
nexus. Since the external conditions also impact the inter-
nal production and consumption of resources in the WEF
nexus, some researchers investigated external impacts and
simulated the WEF nexus relationship’s dynamic varia-
tions and response strategies under different natural, socio-
economic, and ecological environmental conditions, such
as policy dynamics, deforestation, hydroelectricity, and
climate change (Lazaro et al. 2021; Molajou et al. 2021;
Mercure et al. 2019; Susnik et al. 2022; Shi et al. 2020).

Considering land is essential for grain planting, water
supply (e.g., reservoirs, underground water storage), and
energy construction and production (e.g., biofuels or fos-
sil fuel), many existing studies incorporated land as one of
the core elements into the WEF nexus to form the water-
energy-food-land nexus (WEFL nexus) (Ringler et al. 2013;
Sargentis et al. 2022; Lazaro et al. 2021; You et al. 2021;
Laspidou et al. 2019). van den Heuvel et al. (2020) and Sus-
nik et al. (2022) integrated the land and climate into the
WEF nexus to explore the impacts of policies on the nexus
system and the anthropogenic pressures within the nexus
from the perspective of ecosystem services. You et al. (2021)
and Abdali et al. (2021) proposed the optimization model
for the bioethanol and sugarcane-to-bioenergy supply chain
network under the WEFL nexus framework.

Although valuable improvements in theory and applica-
tion for exploring the WEF nexus have been made, it could
state that the previous studies on the interaction relationship
of the WEF nexus still have several gaps. Considering land is
vital for the WEF (Ringler et al. 2013; Laspidou et al. 2019),
the coupling coordination relationship and spatiotemporal
dynamic evolution of the regional WEFL nexus have not
been explored. Furthermore, previous studies less estab-
lished a comprehensive analytical framework and evalua-
tion index system for exploring the complex interrelation
of the WEFL nexus (You et al. 2021; Sargentis et al. 2022).
However, such a framework and evaluation index system
is essential in understanding the interactions of the WEFL
nexus and quantitatively assessing the regional sustainable
development levels. Finally, concerning the fact that WEFL
nexus research mainly focused on specific regions (van den
Heuvel et al. 2020; Susnik et al. 2022; Abdali et al. 2021),
the spatiotemporal differences and evolution characteristics
of the holistic and internal WEFL nexus in the Yangtze River
Economic Belt (YREB) have not been presented. Since the
YREB occupies a dominant position in China’s development
strategy (Jing et al. 2022), conducting more extensive WEFL
nexus research on this region is essential in promoting the
effective coordinated development of water, energy, food,
and land; ensuring the YREB’s resource supply security; and
understanding the internal coupling mechanism of WEFL
system.

In order to narrow these research gaps, the primary objec-
tives of this study could be listed as follows: (1) Consider-
ing the natural and socio-economic attributes of the water,
energy, food, and land resources, this study proposed a novel
analytical framework and evaluation index system to explore
the WEFL nexus’s interaction relationship. (2) The com-
prehensive benefit evaluation index (CBEI) and coupling
coordination degree model (CCDM) are integrated to evalu-
ate and analyze the coupling coordination relationship and
spatiotemporal dynamic of the WEFL nexus in the YREB.
(3) The main obstacle factors (OFs) affecting the WEFL
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nexus’s coupling coordination relationship in the YREB are
identified and analyzed, and policy recommendations for
future development are proposed. Hence, the significance
of this study is to expand the theoretical basis and applied
scope of sustainable development research from the perspec-
tive of the WEFL nexus and provide valuable guidelines
for integrated resources and environmental management
among the YREB’s high-quality development, which helps
to understand the complex interrelation of the WEFL nexus
at different spatial-temporal scales.

Methodology and materials

Analytical frameworks and evaluation index system
for the WEFL nexus

The PSR (pressure-state-response) framework is a concep-
tual approach to analyzing and solving problems related
to resources, environment, and sustainability (Wang et al.
2021b). The mechanism of the PSR framework is to estab-
lish cause-effect relations between anthropogenic activities
and their environmental and socio-economic consequence
(Mosaffaie et al. 2021). The previous studies employing
the PSR framework hold that “pressure” and “response”
are the exclusive attributes of the human socio-economic
system, while the “state” is specifically used to characterize
the natural ecosystem (Hazbavi et al. 2020; Liu et al. 2021;
Chen and Xu 2021). As it is illustrated in Fig. 1, this study
proposes a PSR framework based on natural-artificial (PSR-
NA) to explore the internal mechanism of the WEFL nexus
and its mutual effects with the external socio-economic and
natural system. The core idea of the PSR-NA framework
is that pressure, state, and response are not unique char-
acteristics of the human socio-economic system or natural
ecosystem. The three interlinked characteristics interact and
influence each other and are reflected in the four subsystems
within the whole system. Specifically, pressure represents
the effects of socio-economic systems and the natural eco-
system on the regional WEFL nexus. State refers to regional

Fig. 1 Conceptual framework
of the PSR-NA for exploring
interactions across the WEFL
nexus
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socio-economic development and ecological environment
conditions during a specific period after influencing each
other. Response expresses how human beings take measures
(e.g., environmental protection, investment, conservation)
to reduce (or enhance) the negative (or positive) impacts
of human activities on resources and ecological environ-
ments. It should be mentioned that the natural ecosystem
also responds to human measures (e.g., the service function
of self-purification or assimilating waste), and the response
attributes (support or restraint) depend on the extent of
human beings’ ecological pressure and improved measures.
The WEFL nexus is an open system with complexity,
uncertainty, and hierarchy. There are complex relations
of interdependence and interaction among many elements
constituting the nexus system, which promote and restrict
each other, having positive and negative effects. The WEFL
nexus can be divided into internal relevance and external
relevance. The internal relevance refers to the relationship
between core resource elements within the WEFL nexus,
such as the water consumption and land occupation in the
whole process of the production-processing-transportation-
sale of energy and food; grain supplies biomass energy for
supporting the production and living activities and survival
of human beings; the extraction, purification, consumption,
delivery, and drainage of water resources need the energy
guarantee; substantial water, energy, and land inputs are
required for irrigation systems (e.g., groundwater pump-
ing) and food production. External relevance correlates
socio-economy, natural ecosystem, or climate change with
the WEFL nexus, such as changes in water availability and
food-energy production arising from government policies
and global economic conditions (Pahl-Wostl et al. 2012);
variations in temperature, hydrological regime, and atmos-
pheric carbon dioxide concentrations may result in the fluc-
tuation of agricultural production, energy consumption, and
the terrestrial water cycle in a basin (Lawford et al. 2013).
Based on the PSR-NA framework and the actual situa-
tion of the YREB, this study developed a novel analytical
framework to explore the coupling coordination and interac-
tion relationship of the WEFL nexus (Fig. 2). We take the
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Fig.2 The analytical framework
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water, food, energy, and land resources as the core internal
elements, appropriately considering the influence and inter-
action of comprehensive factors such as social, economic,
environmental, and ecological factors in the internal and
external correlation. In this study, we held that the coupling

coordination of the WEFL nexus means realizing green sus-
tainable development in a region.

Based on the analysis of the PSR-NA and analytical
frameworks of the interactions across the WEFL nexus,
which is shown in Figs. 1 and 2, the actual situation of the
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study area, and previous studies (Sun et al. 2021; Kong et al.
2022; Xing et al. 2019; Li et al. 2021), the evaluation index
system composed four subsystems: water subsystem (W),
energy subsystem (E), food subsystem (F), land subsystem
(L); and there were 55 evaluation indexes. As it is tabulated
in Table 1, pressure, state, and response are present as the
sub-criteria layer by following the principles of scientificity,
availability, integrity, and dynamics. In addition, the purpose
of selecting indicators for each subsystem is to effectively
reflect the original characteristics of water, energy, food, and
land and the interaction between the four subsystems. For
example, the C1-C10 in Table 1 are the indicators reflecting
water resource consumption or water environment pollution,
representing human activities’ pressure on natural ecosys-
tems. Therefore, C1-C10 belongs to the water subsystem’s
indicators of the pressure sub-criteria layer. The evaluation
index system aims to provide a more comprehensive and
accurate description of the WEFL nexus’s coupling coordi-
nation development degree.

Weight determination method

Due to the different dimensions and effects of the original
data, this study takes dimensionless processing for original
data to make them consistent and comparable. Since the log-
arithm of the standardized index value is required to calcu-
late the weight, referring to previous studies (Li et al. 2021,
Liu et al. 2022a; Kong et al. 2022), the index standardization
of non-zero transformation is adopted to keep the range of
variation in the standardized data between 0.01 and 1.
If x;; is a positive indicator:

,xi]-}

Xy — mln{xlj,xzj,

X; = : % 0.99 +0.01
max{xlj,xzj, ,xij} - mln{xlj,xzj, ,xij}
ey
If x;; is a negative indicator:
max{xlj,x2j, ,xij} —X;
X, = - % 0.99 +0.01
max{xlj,xzj, ,xij} — mm{xlj,xzj, ,x,«j}

@
where X;;, x;;, max{x;}, and min{x;} are the standardized
value, original value, maximum value, and minimum value
of the j; evaluation index (j=1, 2, ..., n) in the year i (i=1,
2, ..., m), respectively.

The weights of each index in Table 1 are determined by
the entropy weight method (EWM) and coefficient of varia-
tion method (CVM). The EWM can judge the index weight
by calculating the dispersion degree of the index, objectively
reflecting the amount of information in the data, and avoid-
ing the error caused by subjective factors in the weight cal-
culation (Han et al. 2020; Xing et al. 2019). The calculation
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steps to get the index weight by EWM are as Formulas (3)—
(6) (Kong et al. 2022; Li et al. 2021; Liu et al. 2022b).

Step 1: Calculating the proportion of the sample index
weight:

3

where p; (0 < p; < 1) is the proportion of the j, evalua-
tion index in year i.

Step 2: The information entropy of the evaluation index
is calculated as follows:

m

s == 3 [pyx (1npy)] @)

e = —
In m 4
i=1

where ¢; (0 < ¢; < 1) is the information entropy of the j,
evaluation index and 1 /Inm (1 /Inm > 0) is the coefficient
of the information entropy.

Step 3: The weight calculated by the EWM is as follows:

5
) &)

where p; (ZJ’;I p;=1,0< p; < 1) is the weight of the j,
evaluation index calculated by the EWM.

The CVM is another objective weight determination
method, which directly uses the information on the impor-
tance of the original data contained in each system to cal-
culate the index’s weight. It has the advantages of simple
operation, convenient calculation, objectivity, and impartial-
ity (Wu et al. 2020) and is calculated as follows:

0j
Vv, = —
J Xj (6)
V.
J
0; =~ ;
T, )
j=1"

where v; is the coefficient of variation of the j, evaluation
2

m p—
index, o; (aj = izl (Xij — X i) ) is the standard deviation,
i=

m

— v _ 1
and X; (X.i “m E Xij) is the mean standardized value of the

J evaluation index. 6, (), 6, = 1,0< 6; < 1) represents the
j=1 '
weight of the j,, evaluation index calculated by the CVM.

The weight measurement method of each indicator within
the evaluation system usually employs a single weight deter-
mination method (Liu et al. 2022a; Li et al. 2012), while it is
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Table 1 Evaluation index system for coupling coordination development of the WEFL nexus

Criterion layer

Sub-criteria layer Evaluation index

Index interpretation and source (unit)

Water subsystem (W) Pressure

State

Response

Energy subsystem (E) Pressure

State

Response

CI1: Per capita water consumption *

C2: Comprehensive water consumption rate *

C3: Proportion of productive water consump-
tion *

C4: Proportion of domestic water consumption *

C5: Water consumption per 10,000 CNY of
GDP *

C6: Farmland irrigation water consumption *

C7: Water consumption per 10,000 CNY of
value-added by industry *

C8: Wastewater discharge *

C9: Chemical oxygen demand (COD) discharge
in wastewater *

C10: Ammonia nitrogen emission (NH;™N)
discharge in wastewater *

C11: Mean annual precipitation
C12: Per capita water resources
C13: Water production modulus
C14: Water production coefficient

C15: Proportion of ecological environment water
consumption

C16: Treatment rate of urban sewage
C17: Reuse rate of urban industrial water
C18: Urban water-saving

C19: Investment in industrial wastewater treat-
ment

C20: Per capita energy consumption *

C21: Proportion of electricity consumption of
primary industry *

C22: Proportion of electricity consumption of
secondary industry *

C23: Proportion of electricity consumption of
third industry

C24: Industrial SO, emissions *

C25: Elasticity ratio of energy consumption *
C26: Elasticity ratio of electricity consumption *

C27: Primary energy production
C28: Energy moving in from other provinces *
C29: Recovery of energy

C30: Ratio of industrial solid wastes treated and
utilized

C31: Investment in industrial gas waste treatment

C32: Investment in industrial solid waste treat-
ment

Total water use/total population (m>/cap)
Statistical data (%)

Productive water use/total water use (%)

Domestic water use/total water use (%)
Total water use/GDP (m3/10,000 CNY)

Statistical data (m>/ha)
Statistical data (m*/10,000 CNY)

Statistical data (t)
Statistical data (t)

Statistical data (t)

Statistical data (mm)

Statistical data (m3/cap)

Total water resources/total area (10,000 m>/km?)

Total water resources/total precipitation

Ecological environment water use/total water use
(%)

Statistical data (%)

Statistical data (%)

Statistical data (10,000 m?)

Statistical data (10,000 CNY)

Total energy consumption/total population (tons
of SC/cap)

Primary industry electricity use/total electricity
use (%)

Secondary industry electricity use/total electricity
use (%)

Third industry electricity use/total electricity use
(%)
Statistical data (t)

Annual average growth rate of energy consump-
tion/annual average growth rate of GDP

Annual average growth rate of electricity con-
sumption/annual average growth rate of GDP

Statistical data (10,000 tons of SC)
Statistical data (10,000 tons of SC)
Statistical data (10 billion kJ)
Statistical data (%)

Statistical data (10,000 CNY)
Statistical data (10,000 CNY)

@ Springer



34984

Environmental Science and Pollution Research (2023) 30:34978-34995

Table 1 (continued)

Criterion layer

Sub-criteria layer Evaluation index

Index interpretation and source (unit)

Food subsystem (F) Pressure

State

Response

Land subsystem (L)  Pressure

State

Response

C33: Disaster area of crops *

C34: Intensity of fertilizer application *

C35: Intensity of pesticide use *

C36: Total agricultural output value

C37: Per capita grain yield

C38: Total output of livestock meat products
C39: Total output of aquatic products

C40: Per capita disposable income of residents
C41: Total power of agricultural machinery
C42: Effective irrigation area

C43: Waterlogging control area

C44: Urban population density *

C45: Urban wastewater discharge per unit area *
C46: Proportion of urban construction land *
C47: Urbanization rate

C48: GDP per unit area

C49: Forest coverage

C50: Urban green space area

C51: Urban park area

C52: Population carrying capacity of land
resources

C53: Total area of artificial afforestation
C54: Water and soil erosion control area
C55: Greening coverage rate of built-up area

Statistical data (ha)

Application amount of agricultural chemical ferti-
lizer/sowing area of main crops (t/ha)

Pesticide usage/sowing area of main crops (t/ha)
Statistical data (billion CNY)

Food production/total population (kg/cap)
Statistical data (10,000 t)

Statistical data (10,000 t)

Statistical data (CNY)

Statistical data (10,000 KW)

Statistical data (ha)

Statistical data (ha)

Urban population/urban area (cap/ha)

Urban wastewater discharge/urban area (t/ha)
Urban construction land/urban area (%)
Urban population/total population (%)
GDP/Total area (10,000 CNY/ha)

Statistical data (%)

Statistical data (ha)

Statistical data (ha)

Land productivity/per capita grain consumption
standard (person)

Statistical data (ha)
Statistical data (ha)
Statistical data (%)

(1) The evaluation indexes plus the “*” represent the negative indicator; otherwise, they are positive. The larger the positive (negative) indica-
tors’ value, the better (worse) the WEFL nexus’s development. (2) The abbreviation of SC represents the standard coal

challenging to measure the weight accurately. In order to avoid
the limitation of the single weighting method and increase
the calculation accuracy of index weight, this study integrates
the EWM and the CVM to determine the final weight of the
evaluation indexes as follows:

(0s)
@ =1 8
J 5 (50) 7 ®)

Jj=1

where w; ( 21 w; = 1,w; > 0)is the final weight of the ji;, index.
=
Coupling coordination evaluation model

Comprehensive benefit evaluation index model

Based on the standardized value and the corresponding
weight for each indicator, the comprehensive development

@ Springer

level of the WEFL nexus can evaluate by the CBEI model
as follows:

CBEI = ) o)X, ©)

J=1

-

19
WAX) = Y o, X; ,
a=1

13
ENO) = Y w,Y;,
CBEI, = $ b=l (10)
FO(z) = Y .Z; ,
5

LA(p) = le WPy 4

where CBEI, is the CBEI of each subsystem in the WEFL
nexus (k=1, 2, 3, 4), ranging from 0 to 1. Correspondingly,
WA(x), EN(y), FO(z), and LA(p) present the comprehensive
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development level of the subsystem of water, energy, food,
and land, respectively.

Coupling coordination degree model

Coupling originates from physics and describes the phenom-
enon that two or more systems (elements) are interrelated
and influence each other through interaction to unite (Li
et al. 2012). Based on the sustainable development theory,
coupling coordination theory, the CBEI model, and previous
studies (Xing et al. 2019), the coupling degree model of the
WEFL nexus is presented as follows:

[WA(x) -EN(y) - FOz) - LAQp) 4]

_ (11
[WA() + EN(y) + FO(z) + LA(p)| /4

where C (0 <C<1) indicates the coupling degree of the
regional WEFL nexus, and C approaches 0 (or 1), demon-
strating that the subsystems in the WEFL nexus tend to dis-
order (or ordered coupling).

The coupling coordination degree (CCD) is used to meas-
ure the overall function of the system and the synergistic
development effect between the subsystems (Xing et al.
2019). Based on the literature on coupling coordination (Li
et al. 2012; Han et al. 2020) and the coupling degree model,
we constructed a coupling CCDM for the WEFL nexus as
follows:

T=a WAX)+p-ENQ)+vy-FO@)+n-LA®Pp) 12)

D=+vCXxT (13)

where T is the weighted CBEI, and a, f3, y, and  denote sub-
systems’ weight coefficients (@ + f+y+n=1), indicating the
importance of each subsystem in the WEFL nexus system. As
mentioned above, this study considered that water, energy,
food, and land are essential resources for maintaining sustain-
able development of the regional socio-economic system and
stable health operation of the natural ecosystem. The four
subsystems were equally crucial for the WEFL nexus; thus,
a=pf=y=n=0.25 was set. D is the coupling coordination
degree (CCD) of the regional WEFL nexus, ranging from 0
to 1. According to the relevant studies (Liu et al. 2021) and
the actual conditions of the study area, the coupling coordi-
nation types of the WEFL system can be divided into three
categories and ten subcategories (Table S1).

Obstacle factor diagnosis model

Based on the dynamic evaluation of the coupling coordina-
tion level of the WEFL nexus in the study area, the obstacle

degree (OD) is introduced to explore and analyze the main
OF:s that affected the coupling coordination development
of the WEFL nexus in the YREB (Ding and Chen 2021;
Lv et al. 2022; Kong et al. 2022). The OFDM is as follows:

(14)

where O;; represents the OD of the jg, evaluation index in
the iy, year, and R; (R; = 1 — X;) is the deviation degree
of the j, index in the WEFL nexus. The higher the index’s
OD value, the greater degree of obstruction of the index to
the coupling coordination development of the WEFL nexus
system.

Study area and data sources

The YREB is the giant inland economic belt of the world
and vital grain production and ecological conservation area
in China (Fig. 3), which carries more than 40% of China’s
total population, water resources, and GDP (Jing et al. 2022).
The YREB covers 11 municipalities and provinces, which
span the upper reaches (Chongqing, Sichuan, Guizhou, and
Yunnan), middle reaches (Jiangxi, Hubei, and Hunan), and
lower reaches (Shanghai, Jiangsu, Zhejiang, and Anhui).
The YREB produces about 1/3 of China’s total grain output
and occupies 20% of China’s land area. Meanwhile, spatial
distribution differences significantly differ in the economic
development model and strategic resources. For example,
Shanghai and Jiangsu are the core area of the YREB with
active economic development, a high degree of openness,
and significant dependence on water resources. Conversely,
the contradiction between the supply and demand of water
resources in these two provinces is prominent (Fig. 3). Con-
sequently, with accelerated urbanization and population
agglomeration (Ding and Chen 2021), the YREB needs to
plan the water, energy, food, and land to promote its prov-
inces’ effective coupling and coordinated development to
ensure the security of resources, ecology, and environment.

Data on the production, consumption, and pollution
discharge of water, energy, and food; precipitation; water-
saving; and the land type and utilization were obtained
from the Water Resources Bulletins, Climate Bulletins,
Ecological Environment Statistical Yearbook, Energy
Statistical Yearbook, and Urban and Rural Construction
Statistical Yearbook of China and the YREB’s provinces
(2006-2020). Especially, GDP, the permanent resident
population, urbanization rate, and other indicators are
obtained from the National Bureau of Statistics of China
and Provincial Statistical Yearbooks along with the YREB
(2007-2021).
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Results and analysis

Spatiotemporal variation of comprehensive
development levels

The CBEI of the WEFL nexus and subsystems of water
(CBEL,), energy (CBEIl,), food (CBEI,), and land (CBEI)
in the YREB from 2006 to 2020 are shown in Fig. 4. Dur-
ing the study period, the CBEI of the YREB’s WEFL nexus
presented a fluctuating upward trend and revealed a “W”
shape, while the spatiotemporal differentiation was evident.
The time development stage of the YREB could be divided
into three stages: the slowly rising stage (2006-2010), fluc-
tuating rising stage (2011-2016), and the rapid development
stage (2017-2020).

In terms of the subsystem, the CBEI,, change fluctu-
ates significantly, and the highest and lowest CBEI,, val-
ues appeared in 2020 (0.7463) and 2011 (0.2688), showing
uneven distribution in other years (Table S2). It should be
renowned that (1) from 2010 to 2011, the CBEI,, reduced
sharply, while the CBEI,, CBEIf, and CBE], increased rela-
tively steadily, ensuring that the CBEI of the WEFL nexus
maintained a slight decrease trend. Except for the extreme
weather events in the Yangtze River basin in 2011 (Wang
et al. 2020a), the wastewater discharge and the COD and
NH; "N emissions in wastewater are 1.1, 1.8, and 2.4 times
that of 2010, respectively. (2) The development trends of
the CBEI, and CBEI, were relatively stable, while the CBEI,,
and CBEI, showed similar sudden increasing in 2016. Com-
pared with 2015, the effects of water-saving and pollution
control and treatment of the YREB in 2016 were significant.
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The water consumption per 10,000 CNY of GDP decreased
by 9.71%, and the urban water-saving was 2.3 times that
of 2015. Furthermore, the COD and NH;-N in wastewater
and industrial SO, emissions decreased by 63.03%, 73.27%,
and 48.4%, respectively. Conversely, investments in indus-
trial wastewater and solid waste increased by 12.73% and
11.34%. These measures systematically solved various pol-
lution-related problems to a certain extent and improved the
comprehensive development levels of the water and energy
subsystems in the YREB.

The inhomogeneity of spatiotemporal distribution exists
in the CBEI of the YREB’s WEFL nexus (Fig. 4). The lower
reaches have relatively higher comprehensive benefit devel-
opment levels. Jiangsu performs a relatively fast develop-
ment trend, and the CBEI increased from 0.219 to 0.745
during the study period (Table 2). The comprehensive devel-
opment levels of Hubei and Sichuan in the middle and upper
reaches increased relatively rapidly, respectively.

Analysis of the spatiotemporal distribution
of coordination development levels

The coupling coordination degree (CCD) values of the
WEFL nexus in the YREB from 2006 to 2020 increased
from 0.4536 to 0.8831 (Fig. S1). According to Table S1,
the coupling coordination development stages of the WEFL
nexus in the YREB experienced from the “on the verge of
decoupling (V)” to “senior coupling coordination (IX),”
which spans three categories of primary stage, intermedi-
ate stage, and advanced stage. Combined with Table 3 and
Table S1, the coupling coordination relationship of the
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Fig.4 Temporal and spatial variation of the CBEI of the WEFL nexus and subsystems in the YREB from 2006 to 2020

WEFL nexus in the YREB from 2006 to 2020 can be divided

into three periods:

Table2 The comprehensive
development levels of the
WEFL nexus in the YREB from
2006 to 2020

(1) During 2006-2010, the CCD is relatively low, show-

ing a slow upward trend, rising from 0.4536 to 0.5725

y SH IS AH Z] X HB HN CQ SC Gz YN

2006 0273 0219 0334 0293 0295 0262 0285 0305 0272 0.286 0.336
2007 0317 0291 0390 0320 0297 0285 0.271 0427 0321 0.296 0.366
2008 0.335 0338 0.384 0365 0304 0292 0304 0413 0362 0317 0404
2009 0.388 0324 0419 0382 0360 0354 0369 0389 0345 0357 0.371
2010 0391 0378 0422 0365 0403 0369 0442 0405 0339 0363 0.388
2011 0428 0.400 0371 0342 0405 0324 0387 0413 0347 0313 0.368
2012 0473 0442 0431 0379 0446 0375 0417 0422 0361 0362 0.368
2013 0.483 0475 0422 0392 0462 0401 0413 0471 0414 0383 0.468
2014 0590 0494 0484 0466 0497 0467 0471 0508 0447 0.515 0.525
2015 0.608 0542 0.521 0.515 0.540 0477 0508 0495 0471 0532 0.520
2016  0.646 0.601 0.590 0.620 0.596 0.607 0.556 0.566 0.538 0.572 0.580
2017 0.626  0.650 0.537 0.590 0580 0.587 0.572 0.561 0.623 0.617 0.560
2018 0.555 0.677 0.584 0.634 0.626 0.594 0.587 0.587 0.652 0.623 0.633
2019 0.607 0.703 0.639 0.651 0.739 0.628 0.650 0.655 0.681 0.685 0.649
2020 0.631 0.745 0.695 0.730 0.723 0.743 0.729 0.709 0.770 0.764 0.743

Abbreviation of provinces and municipalities in the YREB

: Shanghai (SH), Jiangsu (JS), Zhejiang (ZJ),

Anhui (AH), Jiangxi (JX), Hubei (HB), Hunan (HN), Chongging (CQ), Sichuan (SC), Guizhou (GZ), and

Yunnan (YN)
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(increasing rate of 26.21%). The coupling coordination
stage has developed from V to basic coupling coordina-
tion (VI). The coupling coordination relationship of
the WEFL nexus in the YREB is slowly improving. (2)
During 2011-2016, the CCD increased from 0.5468
to 0.7929 (increasing rate of 45.01%). The coupling
coordination relationship showed a fluctuating trend
of rising. Nevertheless, this upward trend followed a
decline. From 2010 to 2011, the CCD dropped from
0.5725 to 0.5468. The CBEI,, reduced sharply from
0.4764 to 0.2688, affecting the WEFL nexus’s overall
coupling. (3) During 2017-2020, the CCD increased
from 0.7808 to 0.8831, the coupling coordination rela-
tionship developed from intermediate coupling coor-
dination (VIII) to senior coupling coordination (IX),
and the CCD reached senior coupling coordination in
2019, which is in the advanced stage of coordinated
development.

In terms of the spatial distribution characteristics, it
can be seen that the mean CCD values of the WEFL nexus
in all provinces were higher than 0.6 during the study
period (Table S3). The spatiotemporal pattern of the CCD
has mainly been reflected in the lower reaches > upper
reaches > middle reaches. The CCD in 2008, 2012, 2016,
and 2020 shows an overall upward trend (Fig. 5), which
indicates that the coordinated development level of the
WEFL nexus in the YREB is constantly improving, but
spatial differences are apparent. The highest mean CCD
values in 2008, 2012, 2016, and 2020 appear in the upper,
lower, lower, and upper reaches, respectively. Jiangsu’s

Table 3 Coupling coordination degree of the WEFL nexus in the
YREB from 2006 to 2020

y C T CCD Subcategories
2006 0.8995 0.2287 0.4536 \%
2007 0.8865 0.2707 0.4899 \%
2008 0.8797 0.3091 0.5214 VI
2009 0.9647 0.3338 0.5674 VI
2010 0.9581 0.3421 0.5725 VI
2011 0.9766 0.3061 0.5468 VI
2012 0.9980 0.3636 0.6024 VII
2013 0.9873 0.4031 0.6309 VII
2014 0.9965 0.4864 0.6962 VII
2015 0.9924 0.5199 0.7183 VII
2016 0.9966 0.6308 0.7929 VII
2017 0.9935 0.6136 0.7808 VI
2018 0.9834 0.6303 0.7873 VI
2019 0.9851 0.6917 0.8255 IX
2020 0.9916 0.7864 0.8831 IX

@ Springer

increased speed of coupling coordination of the WEFL
nexus is faster than other provinces (from 0.422 to 0.861).
As one of the most economically developed provinces
in China, Jiangsu has been continuously implementing
industrial transformation and upgrading with high-quality
economic development in recent years, actively adjust-
ing the proportion of various industries in the economic
structure and paying attention to the efficient utilization
of resources and the protection of the ecological envi-
ronment (Peng et al. 2022; Liu et al. 2022b). Moreover,
Shanghai was the first province to achieve the advanced
stage development of senior coupling coordination in
2016 (CCD =0.8023).

Dynamic changes of the obstacle factors and their
obstacle degrees

The top ten OFs and OD of the WEFL nexus in the YREB
from 2006 to 2020 are calculated in Table 4. The results
showed that in terms of the number of occurrences (NO),
the intensity of fertilizer application (C34), investment
in industrial solid waste treatment (C32), the intensity
of pesticide use (C35), waterlogging control area (C43),
urban water-saving (C18), and the urban park area (C51)
were the significant OFs for the YREB’s coordinated
development. The ODs were 26.23%, 22.24%, 16.36%,
20.24%, 14.77%, and 14.42%, respectively. Furthermore,
urban population density (C44) and the proportion of
urban construction land (C46) are relatively less apparent
factors, whereas the ODs achieved 30.65% and 26.03%,
respectively. It should be mentioned that the proportion
of domestic water consumption (C4), COD discharge in
wastewater (C9), disaster area of crops (C33), and the
total output of livestock meat products (C38) are gradu-
ally beginning to appear since 2019, which represents the
new OFs for restricting the WEFL nexus’s sustainable
development. The above indicators had an immense com-
prehensive impact on the coordination development of the
WEFL nexus in the YREB.

Figure 6 shows the spatial distributions of the main
OFs affecting the coupling coordination development
of the WEFL nexus in the YREB. In terms of the NO,
the significant OFs of the three reaches in the YREB are
C34, C32, C43, C35, and C18 (Fig. 6a—c). In terms of
the OD, C38, C46, C20 (per capita energy consumption),
and C44 in the lower reaches of the YREB are relatively
high, achieving 33.65%, 25.47%, 24.49%, and 24.07%,
respectively (Fig. 6a). The C41 (total power of agricultural
machinery, OD =32.57%), C37 (per capita grain yield,
OD =28.96%), and C33 (OD =62.8%) are newly appeared
OFs in 2020 (Table S4.1-4.4). The C38 (OD =33.24%), C46
(OD=32.4%), and C44 (OD =28.41%) are the main OFs in
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the middle reaches of the YREB (Fig. 6b; Table S4.5-4.7).
The C38 (OD=41.01%), C44 (OD=30.06%), and C46
(OD =29.17%) are the main OFs in the upper reaches of the
YREB (Fig. 6¢; Table S4.8-4.11). The C37 (OD=45.16%)
also negatively impacts the WEFL nexus’s development in
the upper reaches. Furthermore, the C33, C37, C38, C41,
C44, and C46 are the common OFs of the YREB, which
mainly related to the food and land subsystems.

Table 4 The main OFs and ODs in the YREB from 2006 to 2020.

0.61 - 0.65 B 0.71-0.75 B 0.81-0.85
0.66 - 0.70 B 0.76 - 0.80 Bl 0.86-0.90
Discussions

Effects of the comprehensive development levels
in the YREB

The CBEI,, showed a fluctuating trend during the study
period (Fig. 4), which is mainly due to the influences on
the YREB’s water subsystem development, such as the

1 th 2th 3th 4th 5th

6 th 7 th 8 th 9th 10 th

OF OD(%) OF OD(%) OF OD(%) OF OD(%) OF OD (%)

2006 C43 1771 C32 1616 C51 1449  C29 1441 C34 1408
2007 C32 1823 C43 1779 34 1538 CS1 1458 C29 1450
2008 C43 1796 C34 1720 CI5 1644 C32 1621 C51 1464
2009 C43 1932 C34 1815 €32 1601 C51 1578  C29  15.00
2010 C32 2002 C34 1934 €43 1901 CI8 1776 C35 1520
2011 C34 2155 €43 1972 €32 1444  C31 1440  C35 1427
2012 €34 2559 C43 228  C32 2094 35 1700 CI8 1580
2013 C34 2598 C32 2569 (43 2285 C35 1584 CI8 | 13.99
2014 €34 3132 (32 2554 C43 2454 (35 1785 CI8 1608
2015 C34 3312 C32 2670 C43 2566 C35 1855 CI8 1791
2016 C34 3550 C8 2378 C43 2346 C20 2163 CI5 1887
2017 C34 | 4283  C44 2685 C46 2255 C35 2025 C32 20.18
2018 C34 | 4060 C32 3031 C44 2897 Cd6 2832  C35 2098
2019 C46 3645 C32 3188 C44 3148  C34 2661 C38 2359
2020 33 [[5843 c44 | 5009 46 | 4B14 | €32 2908 C20 2804

OF OD(%) OF OD(%) OF OD(%) OF OD(%) OF OD(%)
Cs4 | 1323 CI5 1298  C22 | 1273  C23 C18

C15 1438 C22 13.56  Cs54 = 1321 CI8 1320 C35

C29 1458  C35 1395 C54 @ 1335 C22 C3

C35 1438 CI5 1385 Cs4 | 1348 (23 1297  C31

C51 15.02 C29 1417  CI15 13.81 C31 1347  Cs4

C29 1423  Cs1 13.65 C22 1349 C18 13.08  C54

Cl15 1390  C20 1289  Cs1 1278 C45 12797 | C29

Csl1 13.75  C20 1333  C22 @ 1320 C45 C23

C20 15.15  Cs1 14.65  C45 14.54  C22 13.06  C46 | 1290
C45 17.69  Cd6 1580  C51 14.85 Cc8 1412 C20 | 13.18
C46 18.08 (€35 17.47  C44 1576 C45 1547 C24 14.80
C20 16.65 Cc8 1543  CI5 14.17  C24 C43

C20 18.84 Cc8 1383 C24 1355 CI8 13.50 €45 -
C20 2222 Cc8 1549  C24 15.08  C35 1442 CI18 13.93
C24 19.85 Cc8 19.52 Cc9 18.74 C4 1832 (€33 18.02

The color from red to blue in the cell represents that the OD is decreasing. The darker the red (blue) color, the higher (lower) degree of the OF
hinders the coupling coordination development of the WEFL nexus in the YREB

@ Springer
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Fig.6 Spatial patterns of OF and the OD for the WEFL nexus in the YREB from 2006 to 2020

water-using structure changing extensively under the rapid
economic development, explosive population growth,
uneven distribution of precipitation, frequently occurred
environmental disasters, and the acceleration of industri-
alization and urbanization (Jing et al. 2022). Additionally,
the extremely dry weather and drought-flood abrupt alter-
nation events occurred in the middle and lower reaches
of the Yangtze River in early 2011 (Wang et al. 2021a).
When spring turns to summer in 2011, the precipitation in
the middle and lower reaches of the Yangtze River basin
reduced resulting in the most severe continuous mete-
orological drought in recent 60 years. However, in June
2011, the middle and lower reaches of the Yangtze River
were successively attacked by five rounds of the heavy
precipitation process, and the mean precipitation reached
200-400 mm (maximum value in the local area exceeded
800 mm). Among them, the rainfall of the first four rounds
of heavy precipitation is the highest in the same period of
nearly 60 years (Wang et al. 2020a). Consequently, cli-
mate change and human activities will bring about over-
all, multi-scale, multi-level, and sustained impacts on the
development of water resources and watershed ecosystems
in the YREB.

@ Springer

The CBEI, represents a relatively slow growth trend
except in 2016, mainly due to the excessive speed of eco-
nomic development and the rapid growth of high energy-
consuming industries, resulting in the swift rise in energy
consumption per unit GDP, the energy consumption of
industrial added value, and consumption elasticity coeffi-
cient, thus affecting the development of energy subsystem
(Ding and Chen 2021). The CBEI, value was the lowest
in the WEFL nexus from 2006 to 2012 (Fig. 4), which is
mainly due to the impact of the backward agricultural mech-
anization level, extensive use of agricultural irrigation water,
and severe meteorological disasters such as large-scale and
prolonged drought; low temperature and frost; extreme pre-
cipitation and snowfall (AghaKouchak et al. 2020); conceal-
ment and abruptness of the decline of grain output; and the
long time-consuming recovery healthy growth. With the
continuous improvement of the agricultural disaster preven-
tion and reduction ability and the level of agricultural pro-
duction modernization in the YREB (Pan et al. 2022), the
grain sowing area, agricultural mechanization level, grain
output per unit area, and per capita grain output significantly
increase, which are advantageous to the food subsystem’s
healthy and sustainable development from 2012 to 2020.
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The CBEI, showed a steady upward trend, mainly due to
the optimization of spatial land layout and the efficient uti-
lization of land resources in the YREB, such as the strict
control of the disorderly occupation of cultivated and forest
land by construction land, growth of urban greening and
park area, reduction of pollutant discharge per unit area, and
standardization of the planning and approval procedures of
construction land. The changing trend of the CBEI of the
YREB is most affected by the CBEI,, fluctuation. Therefore,
it is necessary to pay attention to the respective development
and coordinated development trends of the four subsystems
to maintain the WEFL nexus system’s synergy.

Identification of main obstacles to the coordination
development of the YREB

Since the CCD is one of the important indexes to measure
the coordination development of the YREB’s WEFL nexus,
identifying and profoundly analyzing its main OFs is of
great significance. Among these OFs (Fig. 6, Table 4), the
C34, C35, and C43 belong to the food subsystem; C18, C32,
and C51 belong to the water, energy, and land subsystem,
respectively. These findings are synchronously related to the
spatiotemporal evolution of subsystems’ CCD and the actual
situation of the YREB.

The widespread application of fertilizers and pesticides
(AFP) is one of the main driving forces of agricultural
economic growth. At the same time, the unreasonable
AFP will result in agricultural non-point source (NPS)
pollution and aggravate the eutrophication of surface water
bodies, causing nitrate (NO;™) pollution of underground
water (Xu et al. 2022). Some studies found less prevention
and treatment of agricultural NPS pollution in the YREB
(Lv et al. 2022). The concentration of NO;~ caused by
agricultural production in the lower reaches is approxi-
mately double that in the upper reaches of the Yangtze
River (Muller et al. 2008). These hazards will threaten
the quality and safety of agricultural products and cause
variation in comprehensive development levels of the food
subsystem (CBEI)), eventually affecting the CCD of the
YREB’s WEFL nexus.

Affected by climate change and human activities,
waterlogging disasters frequently occur in the middle and
lower reaches of the Yangtze River (Wang et al. 2020a).
The upper reaches remain the problem of soil erosion
caused by severe destruction of vegetation, thinning of
the soil layer, and declining water conservation capacity
(Fan et al. 2004; Ge et al. 2022). A large amount of sedi-
ment is discharged and deposited in the critical lakes and
reservoirs, reducing the basin’s capacity for regulation,
storage, and flood discharge when the flood peak comes,
raising the contradiction between the objective of flood
control and the other multiple purposes of reservoirs (Zeng

et al. 2021). These events further increased the pressure
of urban waterlogging control in the middle and lower
reaches of the YREB and effect the CCD among the sub-
systems of the WEFL nexus.

During the study period, the amount of urban water-
saving in the lower reaches of the YREB is twice than that
in the middle reaches and 5.7 times than that in the upper
reaches (Table S5). The urban water-saving in the middle
reaches achieved remarkable results during China’s “13th
Five-Year Plan (2016-2020),” but there is much room for
improvement compared with the lower reaches. The urban
public water supply pipe network’s leakage volume and total
leakage rate in the upper reaches are relatively high. The
urban water-saving volume and investment, urban reclaimed
water consumption, and utilization rate are relatively low
(Peng et al. 2022). Some research found that developing
water-saving technology is the fundamental way to achieve
sustainable development in the YREB (Kong et al. 2021;
Wang and Wang 2020; Lv et al. 2022). Therefore, develop-
ing key technologies for urban water-saving reduces water
consumption, improves water utilization efficiency, and
promotes the CCD between the water subsystem and other
subsystems in the WEFL nexus.

With the urbanization acceleration and the population
explosion, the increase of urban construction land provides
security for supporting regional economic development
and meeting the urban residents’ social needs. Neverthe-
less, it also highlights the problem of the disorderly expan-
sion of urban construction land under extensive economic
growth and population surge (Deng et al. 2008). As land
is the fundamental source for supporting the WEF (Ring-
ler et al. 2013; Sargentis et al. 2022), improving the WEFL
nexus’s CCD should pay great attention to the land sub-
system’s sustainable development and the prominent OFs
simultaneously.

Comparison with the previous literature

Many previous studies have focused on the internal inter-
action and external influencing conditions of the WEF
nexus on the multi-spatiotemporal scales by using various
analysis frameworks and approaches, which achieved many
valuable results (An et al. 2021; Cai et al. 2018; Ding and
Chen 2021; Ma et al. 2021; Molajou et al. 2021; Mercure
et al. 2019; Shi et al. 2020; Ge et al. 2022). Compared with
the existing research findings, this study contributes to
the body of knowledge by extending the theoretical basis
and research scope and improving the cross-application
methods in sustainable development from the perspective
of the WEFL nexus.

Ding and Chen (2021) found that the provinces in the
upper reaches achieved a relatively higher development
level of the water subsystem, and the food subsystem in
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Shanghai was better than in other regions from 2008 to
2019. Peng et al. (2020) claimed that the water-related
disaster risk in the middle and lower reaches of the
YREB was higher than in the upper reaches from 2000
to 2015. These findings agree with the proposed results
in Table S6.1-S6.4 and Fig. S2, and this study also indi-
cates that the mean CBEI, value of Shanghai is the high-
est (CBEI,=0.565). Note that some slight differences
between Ding and Chen (2021), Peng et al. (2020), and
the results proposed in this study are mainly due to the
selection of differentiated evaluation indicators. An et al.
(2021) found that the AFP during agricultural production
brought severe environmental pollution in the YREB from
2004 to 2018, similar to the presented findings of the main
OF:s affecting the food subsystem in this study (Table 4;
Fig. 6). Liu et al. (2021) found that the CCD of the energy-
economy-ecology nexus in the YREB presents an upward
trend from 2008 to 2017. The CCD in the east (i.e., lower
reaches) is higher than in the west (i.e., upper reaches),
which agrees with the research findings in the “Analysis
of the spatiotemporal distribution of coordination devel-
opment levels” section, Fig. S1, and Table S3. Chen and
Xu (2021) conclude that the water resource security in the
upper reaches is better in the YREB from 2008 to 2017,
while the lower reaches achieve better food security. The
results proposed in this study also indicate similar condi-
tions (Fig. S2). Lv et al. (2022) found that agricultural
NPS pollution control and wastewater treatment are the
main obstacles affecting the CCD in the YREB at present
and in the future, which agrees with the research findings
in the “Dynamic changes of the obstacle factors and their
obstacle degrees” section and Table 4. Accordingly, the
analysis results of the WEFL nexus in the YREB reason-
ably agree with the previous literature and the actual situ-
ation of the study area and fill the existing research gaps
in the WEF nexus.

Conclusions and policy implications
Conclusions

This study proposed a novel analytical framework and the
evaluation index system based on the PSR-NA for explor-
ing the WEFL nexus’s coupling coordination and interac-
tion relationship. Taking the YREB as a case study, the
CBEI, CCDM, and OFDM are incorporated to analyze
the coupling coordination relationship and spatiotempo-
ral evolution characteristics of the WEFL nexus and its
main influential factors from 2006 to 2020. The findings
of comparative analysis verified this study’s rationality and
scientific value in theoretical research and method appli-
cation in exploring the interaction relationship, assessing
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the coupling coordination, and identifying the OFs of the
WEFL nexus.

Overall, the comprehensive development level of the
WEFL nexus system in the YREB has been constantly
promoted from 2006 to 2020. The CBEI,, fluctuates sig-
nificantly because of the extreme meteorological events
and excessive wastewater discharge in the Yangtze River
basin. The variation trends of CBEI,, CBEIf, and CBEI,
are relatively stable. The CCD developed well during the
study period, while there is still room for improvement
for high-quality coupling coordination development in
the future. Significant differences exist in the spatiotem-
poral distribution in the coupling coordinated develop-
ment of YREB’s WEFL nexus. The lower reaches have
higher comprehensive and coordinated development levels
than the upper and middle reaches relatively. The pollu-
tion derived from the fertilizer and pesticide application,
investment in industrial solid waste treatment, waterlog-
ging control area, and urban water-saving were significant
OFs of WEFL’s coupling coordinated development in the
YREB. Moreover, the results of common OFs represent
that food security guarantee capacity, urban construction
land management, and the balanced development between
population and land resources are also essential fields to
be promoted in the future of the YREB.

This study sheds light on the coupling coordination
relationship, spatiotemporal dynamic evolution, and its
significant influence factors of the WEFL nexus in the
YREB, which helps understand the complex interrelation
of the WEFL nexus at different spatial-temporal scales.

Policy implications

In short, based on the above results of the coupling coordi-
nation, spatiotemporal dynamic evolution, and main obsta-
cle factors of the WEFL nexus, this study puts forward the
following four suggestions for integrated resources and
environmental management among the YREB’s high-
quality development:

(1) Given the characteristics of flood disasters in the Yang-
tze River basin, it is necessary to vigorously promote
the control of water and soil erosion control in the
middle and upper reaches. At the same time, relevant
basin management agencies should give full play to
the function of the joint flood control operation of the
Yangtze River cascade reservoirs. In terms of urban
water-saving, continuous speed up sewage recycling is
conducive to the resource utilization of sewage treat-
ment and the ecological water replenishment of urban.

(2) With the in-depth implementation of China’s national
strategy of “Great Protection of the Yangtze River,” the
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investment in the industrial solid waste treatment of the
YREB is a pivotal link in protecting and restoring the
ecological environment of the Yangtze River. From the
perspective of integrated management, on the one hand,
more exceptional fund support is needed for relevant
enterprises and demonstration projects related to the
protection and restoration of the ecological environ-
ment in the YREB to reduce the financial pressure on
these enterprises, and on the other hand, the implemen-
tation of tax relief, tax rebates, and other incentive poli-
cies to give tax regulation to circular economy projects.
(3) Agricultural mechanization is directly related to the
rate of progress, quality, and benefit during agricul-
tural production. Therefore, enhancing the crop plant-
ing mechanization level, meat supply guarantee capac-
ity, and agricultural disaster prevention and resilience
are critical to reducing grain production costs, promot-
ing price comparison benefits, and guaranteeing food
security. Additionally, improving grain production effi-
ciency and land resource carrying capacity is an impor-
tant measure to promote the coupling coordination of
the WEFL nexus and realize the healthy and balanced
development between population and land resources.
(4) Compared with the accelerated expansion of construc-
tion land, urban green space and parks are relatively
insufficient. Therefore, the core task of urban construc-
tion land regulation and management in the YREB is to
curb the chaotic spread of cities, properly increase the
proportion of urban green space and park area, ration-
ally plan the land resources, and eventually realize the
efficient utilization of urban construction land.

Due to data limitations, less analysis and assessment were
conducted on the urban scale, WEFL nexus-related secto-
ral scale, and household scale. Scholars can collect detailed
information and conduct in-depth research on the multi-scale
influence of the external conditions on the WEFL nexus.
The external conditions could include but are not limited to
the impacts of climate change, hydroelectric dam reservoirs,
significant public health, natural hazards and their secondary
hazards events, and other global/local risks. Although this
study investigated the coupling coordination relationship of
the WEFL nexus in the YREB, the novel analytical frame-
work, evaluation index system, and coupling coordination
evaluation model can extend to more regions of China and
other countries for theoretical basis and practical reference
of the WEF nexus and sustainable development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-24659-1.

Author contribution The original draft of the manuscript was writ-
ten by Jing P.R., and all authors commented on previous versions
of the manuscript. Writing—original draft preparation: Jing P.R.;

conceptualization: Jing P.R., Hu T.S., Sheng J.B.; methodology: Jing
P.R., Hu T.S.; writing—review and editing and supervision: Hu T.S.,
Sheng J.B., Mahmoud A.; formal analysis and investigation: Jing P.R.,
Yang D.W., Guo L.D., Li M.X_; data curation and software: Jing P.R.,
Liu Y., Wu Y.T.; funding acquisition: Hu T.S., Sheng J.B., Yang D.W.,
Guo L.D. All authors read and approved the final manuscript.

Funding This work is supported by the National Natural Science
Foundation of China (no. 52179022, 51909174, and 71974053) and
the Fundamental Research Funds for Central Public Welfare Research
Institutes (no. Y722003 and Y722007).

Data availability The data sets used in the current study are available
from the corresponding author on reasonable request.

Declarations
Ethical approval No ethical approval was necessary for this study.

Consent to participate All participants in this study consent to par-
ticipate.

Consent for publication All authors consent to this publication.

Competing interests The authors declare no competing interests.

References

Abdali H, Sahebi H, Pishvaee M (2021) The water-energy-food-land
nexus at the sugarcane-to-bioenergy supply chain: a sustainable
network design model. Comput Chem Eng 145:107199. https://
doi.org/10.1016/j.compchemeng.2020.107199

AghaKouchak A, Chiang F, Huning LS, Love CA, Mallakpour I,
Mazdiyasni O, Moftakhari H, Papalexiou SM, Ragno E, Sadegh
M (2020) Climate extremes and compound hazards in a warming
world. Annu Rev Earth Planet Sci 48:519-548. https://doi.org/10.
1146/annurev-earth-071719-055228

An RH, Liu P, Cheng L, Yao ML, Li H, Wang YB (2021) Network
analysis of the food-energy-water nexus in China’s Yangtze River
Economic Belt from a synergetic perspective. Environ Res Lett
16(5):054001. https://doi.org/10.1088/1748-9326/abe25¢

Bazilian M, Rogner H, Howells M, Hermann S, Arent D, Gielen D,
Steduto P, Mueller A, Komor P, Tol RSJ, Yumkella KK (2011)
Considering the energy, water and food nexus: towards an inte-
grated modelling approach. Energ Policy 39(12):7896-7906.
https://doi.org/10.1016/j.enpol.2011.09.039

Biggs EM, Bruce E, Boruff B, Duncan JMA, Horsley J, Pauli N,
McNeill K, Neef A, Van Ogtrop F, Curnow J, Haworth B, Duce
S, Irnanari Y (2015) Sustainable development and the water-
energy-food nexus: a perspective on livelihoods. Environ Sci
Policy 54:389-397. https://doi.org/10.1016/j.envsci.2015.08.002

Cai X, Wallington K, Shafiee-Jood M, Marston L (2018) Understand-
ing and managing the food-energy-water nexus - opportunities for
water resources research. Adv Water Resour 111:259-273. https:/
doi.org/10.1016/j.advwatres.2017.11.014

Chen Y, Xu LF (2021) Evaluation and scenario prediction of the water-
energy-food system security in the Yangtze River Economic Belt
based on the RF-Haken model. Water 13(5):695. https://doi.org/
10.3390/w13050695

Daher BT, Mohtar RH (2015) Water-energy-food (WEF) Nexus Tool
2.0: guiding integrative resource planning and decision-making.
Water Int 40(5-6):748-771. https://doi.org/10.1080/02508060.
2015.1074148

@ Springer


https://doi.org/10.1007/s11356-022-24659-1
https://doi.org/10.1016/j.compchemeng.2020.107199
https://doi.org/10.1016/j.compchemeng.2020.107199
https://doi.org/10.1146/annurev-earth-071719-055228
https://doi.org/10.1146/annurev-earth-071719-055228
https://doi.org/10.1088/1748-9326/abe25e
https://doi.org/10.1016/j.enpol.2011.09.039
https://doi.org/10.1016/j.envsci.2015.08.002
https://doi.org/10.1016/j.advwatres.2017.11.014
https://doi.org/10.1016/j.advwatres.2017.11.014
https://doi.org/10.3390/w13050695
https://doi.org/10.3390/w13050695
https://doi.org/10.1080/02508060.2015.1074148
https://doi.org/10.1080/02508060.2015.1074148

34994

Environmental Science and Pollution Research (2023) 30:34978-34995

Deng XZ, Huang JK, Rozelle S, Uchida E (2008) Growth, population
and industrialization, and urban land expansion of China. J Urban
Econ 63(1):96-115. https://doi.org/10.1016/].jue.2006.12.006

Ding TH, Chen JF (2021) Evaluation and obstacle factors of coor-
dination development of regional water-energy-food-ecology
system under green development: a case study of Yangtze River
Economic Belt, China. Stoch Env Res Risk A 36(9):2477-2493.
https://doi.org/10.1007/s00477-021-02114-w

Fan JR, Zhang JH, Zhong XH, Liu SZ, Tao HP (2004) Monitoring
of soil erosion and assessment for contribution of sediments to
rivers in a typical watershed of the Upper Yangtze River Basin.
Land Degrad Dev 15(4):411-421. https://doi.org/10.1002/1dr.622

Ge M, Yu KL, Ding AE, Liu GF (2022) Input-output efficiency of
water-energy-food and its driving forces: spatial-temporal hetero-
geneity of Yangtze River Economic Belt, China. IntJ Env Res Pub
He 19(3):1340. https://doi.org/10.3390/ijerph19031340

Guerra JBSOD, Berchin II, Garcia J, Neiva SD, Jonck AV, Faraco
RA, de Amorim WS, Ribeiro JMP (2021) A literature-based
study on the water-energy-food nexus for sustainable develop-
ment. Env Res Risk A 35(1):95-116. https://doi.org/10.1007/
s00477-020-01772-6

Gupta A, Rico-Medina A, Cano-Delgado AI (2020) The physiology of
plant responses to drought. Science 368(6488):266-269. https://
doi.org/10.1126/science.aaz7614

Han DN, Yu DY, Cao Q (2020) Assessment on the features of coupling
interaction of the food-energy-water nexus in China. J Clean Prod
249:119379. https://doi.org/10.1016/j.jclepro.2019.119379

Hazbavi Z, Sadeghi SH, Gholamalifard M, Davudirad AA (2020)
Watershed health assessment using the pressure-state-response
(PSR) framework. Land Degrad Dev 31(1):3-19. https://doi.org/
10.1002/1dr.3420

Hoff H (2011) Understanding the Nexus. Background Paper for the
Bonn2011 Conference: the water, energy and food security nexus.
Stockholm Environment Institute, Stockholm. https://www.sei.
org/publications/understanding-the-nexus/ (accessed 15 Septem-
ber 2022)

Jing PR, Sheng JB, Hu TS, Mahmoud A, Guo LD, Liu Y, Wu YT
(2022) Spatiotemporal evolution of sustainable utilization of water
resources in the Yangtze River Economic Belt based on an inte-
grated water ecological footprint model. J Clean Prod 358:132035.
https://doi.org/10.1016/j.jclepro.2022.132035

Kong Y, He WJ, Yuan L, Zhang ZF, Gao X, Zhao YE, Degefu
DM (2021) Decoupling economic growth from water con-
sumption in the Yangtze River Economic Belt, China. Ecol
Indicat 123:107344. https://doi.org/10.1016/j.ecolind.2021.
107344

Kong Y, He WJ, Gao X, Yuan L, Peng QL, Li SQ, Zhang ZF, Degefu
DM (2022) Dynamic assessment and influencing factors analy-
sis of water environmental carrying capacity in the Yangtze
River Economic Belt, China. Ecol Indicat 142:109214. https://
doi.org/10.1016/j.ecolind.2022.109214

Laspidou CS, Mellios N, Kofinas D (2019) Towards ranking the
water-energy-food-land use-climate nexus interlinkages for
building a nexus conceptual model with a heuristic algorithm.
Water 11(2):306. https://doi.org/10.3390/w11020306

Lawford R, Bogardi J, Marx S, Jain S, Wostl CP, Knuppe K, Ringler
C, Lansigan F, Meza F (2013) Basin perspectives on the water-
energy-food security nexus. Curr Opin Env Sust 5(6):607-616.
https://doi.org/10.1016/j.cosust.2013.11.005

Lazaro LLB, Giatti LL, Bermann C, Giarolla A, Ometto J (2021)
Policy and governance dynamics in the water-energy-food-
land nexus of biofuels: proposing a qualitative analysis model.
Renew Sust Energ Rev 149:111384. https://doi.org/10.1016/j.
rser.2021.111384

Li YF, Li Y, Zhou Y, Shi YL, Zhu XD (2012) Investigation of a
coupling model of coordination between urbanization and the

@ Springer

environment. J Environ Manage 98:127-133. https://doi.org/10.
1016/j.jenvman.2011.12.025

Li WJ, Wang Y, Xie SY, Cheng X (2021) Coupling coordination
analysis and spatiotemporal heterogeneity between urbaniza-
tion and ecosystem health in Chongqing municipality. China
Sci Total Environ 791:148311. https://doi.org/10.1016/j.scito
tenv.2021.148311

Liu JP, Tian Y, Huang K, Yi T (2021) Spatial-temporal differen-
tiation of the coupling coordinated development of regional
energy-economy-ecology system: a case study of the Yangtze
River Economic Belt. Ecol Indic 124:107394. https://doi.org/
10.1016/j.ecolind.2021.107394

Liu J, Xuan KY, Xie NM, Zhang JY, Wang XJ, Yu ZB, Wang WG
(2022a) Effects of urbanisation on regional water consumption
in China. J Hydrol 609:127721. https://doi.org/10.1016/j.jhydr
01.2022.127721

Liu YB, Liu W, Yan YA, Liu CY (2022b) A perspective of ecological
civilization: research on the spatial coupling and coordination of
the energy-economy-environment system in the Yangtze River
Economic Belt. Environ Monit Assess 194(6):403. https://doi.
org/10.1007/s10661-022-10065-0

Lv LL, Chen CJ, Wang ZF (2022) Spatiotemporal differentiation
and the obstacle factors influencing the coupling coordina-
tion between economic development and water pollution con-
trol capability in the Yangtze River Economic Belt. Environ
Sci Pollut R 29(50):75681-75698. https://doi.org/10.1007/
s11356-022-21132-x

MaY, Li YP, Zhang YF, Huang GH (2021) Mathematical modeling
for planning water-food-ecology-energy nexus system under
uncertainty: a case study of the Aral Sea Basin. J Clean Prod
308:127368. https://doi.org/10.1016/j.jclepro.2021.127368

Mercure JF, Paim MA, Bocquillon P, Lindner S, Salas P, Mar-
tinelli P, Berchin II, Guerra JBSOD, Derani C, de Albu-
querque CL, Ribeiro JMP, Knobloch F, Pollitt H, Edwards
NR, Holden PB, Foley A, Schaphoff S, Faraco RA, Vinu-
ales JE (2019) System complexity and policy integration
challenges: the Brazilian energy-water-food nexus. Renew
Sust Energ Rev 105:230-243. https://doi.org/10.1016/j.rser.
2019.01.045

Molajou A, Pouladi P, Afshar A (2021) Incorporating social
system into water-food-energy nexus. Water Resour
Manag 35(13):4561-4580. https://doi.org/10.1007/
$11269-021-02967-4

Mosaffaie J, Jam AS, Tabatabaei MR, Kousari MR (2021) Trend
assessment of the watershed health based on DPSIR framework.
Land Use Policy 100:104911. https://doi.org/10.1016/j.1andu
sepol.2020.104911

Muller B, Berg M, Yao ZP, Zhang XF, Wang D, Pfluger A (2008) How
polluted is the Yangtze River? Water quality downstream from the
Three Gorges Dam. Sci Total Environ 402:232-247. https://doi.
org/10.1016/j.scitotenv.2008.04.049

Pahl-Wostl C, Lebel L, Knieper C, Nikitina E (2012) From applying
panaceas to mastering complexity: toward adaptive water govern-
ance in river basins. Environ Sci Policy 23:24-34. https://doi.org/
10.1016/j.envsci.2012.07.014

Pan ZW, Tang DC, Kong HJ, He JX (2022) An analysis of agricul-
tural production efficiency of Yangtze River Economic Belt based
on a three-stage DEA Malmquist model. Int ] Env Res Pub He
19(2):958. https://doi.org/10.3390/ijerph19020958

Peng L, Xia J, Li ZH, Fang CL, Deng XZ (2020) Spatio-temporal
dynamics of water-related disaster risk in the Yangtze River Eco-
nomic Belt from 2000 to 2015. Resour Conserv Recy 161:104851.
https://doi.org/10.1016/j.resconrec.2020.104851

Peng QL, He WJ, Kong Y, Yuan L, Degefu DM, An M, Zeng Y
(2022) Identifying the decoupling pathways of water resource
liability and economic growth: a case study of the Yangtze River


https://doi.org/10.1016/j.jue.2006.12.006
https://doi.org/10.1007/s00477-021-02114-w
https://doi.org/10.1002/ldr.622
https://doi.org/10.3390/ijerph19031340
https://doi.org/10.1007/s00477-020-01772-6
https://doi.org/10.1007/s00477-020-01772-6
https://doi.org/10.1126/science.aaz7614
https://doi.org/10.1126/science.aaz7614
https://doi.org/10.1016/j.jclepro.2019.119379
https://doi.org/10.1002/ldr.3420
https://doi.org/10.1002/ldr.3420
https://www.sei.org/publications/understanding-the-nexus/
https://www.sei.org/publications/understanding-the-nexus/
https://doi.org/10.1016/j.jclepro.2022.132035
https://doi.org/10.1016/j.ecolind.2021.107344
https://doi.org/10.1016/j.ecolind.2021.107344
https://doi.org/10.1016/j.ecolind.2022.109214
https://doi.org/10.1016/j.ecolind.2022.109214
https://doi.org/10.3390/w11020306
https://doi.org/10.1016/j.cosust.2013.11.005
https://doi.org/10.1016/j.rser.2021.111384
https://doi.org/10.1016/j.rser.2021.111384
https://doi.org/10.1016/j.jenvman.2011.12.025
https://doi.org/10.1016/j.jenvman.2011.12.025
https://doi.org/10.1016/j.scitotenv.2021.148311
https://doi.org/10.1016/j.scitotenv.2021.148311
https://doi.org/10.1016/j.ecolind.2021.107394
https://doi.org/10.1016/j.ecolind.2021.107394
https://doi.org/10.1016/j.jhydrol.2022.127721
https://doi.org/10.1016/j.jhydrol.2022.127721
https://doi.org/10.1007/s10661-022-10065-0
https://doi.org/10.1007/s10661-022-10065-0
https://doi.org/10.1007/s11356-022-21132-x
https://doi.org/10.1007/s11356-022-21132-x
https://doi.org/10.1016/j.jclepro.2021.127368
https://doi.org/10.1016/j.rser.2019.01.045
https://doi.org/10.1016/j.rser.2019.01.045
https://doi.org/10.1007/s11269-021-02967-4
https://doi.org/10.1007/s11269-021-02967-4
https://doi.org/10.1016/j.landusepol.2020.104911
https://doi.org/10.1016/j.landusepol.2020.104911
https://doi.org/10.1016/j.scitotenv.2008.04.049
https://doi.org/10.1016/j.scitotenv.2008.04.049
https://doi.org/10.1016/j.envsci.2012.07.014
https://doi.org/10.1016/j.envsci.2012.07.014
https://doi.org/10.3390/ijerph19020958
https://doi.org/10.1016/j.resconrec.2020.104851

Environmental Science and Pollution Research (2023) 30:34978-34995

34995

Economic Belt, China. Environ Sci Pollut R 29(37):55775-55789.
https://doi.org/10.1007/s11356-022-19724-8

Pereira LS (2017) Water, agriculture and food: challenges and issues.
Water Resour Manag 31(10):2985-2999. https://doi.org/10.1007/
s11269-017-1664-z

Ringler C, Bhaduri A, Lawford R (2013) The nexus across water,
energy, land and food (WELF): potential for improved resource
use efficiency? Curr Opin Env Sust 5:617-624. https://doi.org/10.
1016/j.cosust.2013.11.002

Sargentis GF, Lagaros ND, Cascella GL, Koutsoyiannis D (2022)
Threats in water-energy-food-land nexus by the 2022 Military
and Economic Conflict. Land 11(9):1569. https://doi.org/10.3390/
1land11091569

Scott CA, Vicuiia S, Blanco-Gutiérrez I, Meza F, Varela-Ortega C
(2014) Irrigation efficiency and water-policy implications for
river-basin resilience. Hydrol Earth Syst Sci 18:1339-1348.
https://doi.org/10.5194/hess-18-1339-2014

Shi HY, Luo GP, Zheng HW, Chen CB, Bai J, Liu T, Ochege FU, De
Maeyer P (2020) Coupling the water-energy-food-ecology nexus
into a Bayesian network for water resources analysis and manage-
ment in the Syr Darya River basin. J Hydrol 581:124387. https://
doi.org/10.1016/j.jhydrol.2019.124387

Sun CZ, Yan XD, Zhao LS (2021) Coupling efficiency measurement
and spatial correlation characteristic of water-energy-food nexus
in China. Resour Conserv Recy 164:105151. https://doi.org/10.
1016/j.resconrec.2020.105151

Susnik J, Masia S, Indriksone D, Bremere I, Vamvakeridou-Lydroudia
L (2022) System dynamics modelling to explore the impacts of
policies on the water-energy-food-land-climate nexus in Latvia.
Sci Total Environ 775:145827. https://doi.org/10.1016/j.scitotenv.
2021.145827

United States National Intelligence Council (2012) Global Trends
2030: Alternative Worlds. https://info.publicintelligence.net/
GlobalTrends2030.pdf (accessed 21 August 2022)

van den Heuvel L, Blicharska M, Masia S, Susnik J, Teutschbein C
(2020) Ecosystem services in the Swedish water-energy-food-
land-climate nexus: anthropogenic pressures and physical inter-
actions. Ecosyst Serv 44:101141. https://doi.org/10.1016/j.ecoser.
2020.101141

Wang Q, Wang XW (2020) Moving to economic growth without water
demand growth - a decomposition analysis of decoupling from
economic growth and water use in 31 provinces of China. Sci
Total Environ 726:138362. https://doi.org/10.1016/j.scitotenv.
2020.138362

Wang Q, Zhang QP, Liu Y'Y, Tong LJ, Zhang YZ, Li XY, Li JL (2020)
Characterizing the spatial distribution of typical natural disaster
vulnerability in China from 2010 to 2017. Nat Hazards 100:3-15.
https://doi.org/10.1007/s11069-019-03656-7

Wang CH, Li KC, Santisirisomboon J (2021a) Wave activities charac-
teristics during a sudden sharp drought-flood turn event in 2011
in East China. Int J Climatol 41:3469-3480. https://doi.org/10.
1002/joc.7030

Wang F, Lu Y, LiJ, NiJ (2021b) Evaluating environmentally sustaina-
ble development based on the PSR framework and variable weigh
analytic hierarchy process. Int J Env Res Pub He 18(6):2836.
https://doi.org/10.3390/ijerph 18062836

Wu ZN, Lv H, Meng Y, Guan XJ, Zang YW (2020) The determination
of flood damage curve in areas lacking disaster data based on the
optimization principle of variation coefficient and beta distribu-
tion. Sci Total Environ 750:142277. https://doi.org/10.1016/j.scito
tenv.2020.142277

Xing L, Xue MG, Hu MS (2019) Dynamic simulation and assessment
of the coupling coordination degree of the economy-resource-
environment system: case of Wuhan City in China. J Environ
Manage 230:474-487. https://doi.org/10.1016/j.jenvman.2018.
09.065

Xu HX, Tan XX, Liang J, Cui YH, Gao Q (2022) Impact of agricultural
non-point source pollution on river water quality: evidence from
China. Front Ecol Evol 10:858822. https://doi.org/10.3389/fevo.
2022.858822

You C, Han S, Kim J (2021) Integrative design of the optimal biorefin-
ery and bioethanol supply chain under the water-energy-food-land
(WEFL) nexus framework. Energy 228:120574. https://doi.org/10.
1016/j.energy.2021.120574

Zeng X, Lund JR, Cai XM (2021) Linear versus nonlinear (convex
and concave) hedging rules for reservoir optimization operation.
Water Resour Res 57(12):29160. https://doi.org/10.1029/2020W
R029160

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1007/s11356-022-19724-8
https://doi.org/10.1007/s11269-017-1664-z
https://doi.org/10.1007/s11269-017-1664-z
https://doi.org/10.1016/j.cosust.2013.11.002
https://doi.org/10.1016/j.cosust.2013.11.002
https://doi.org/10.3390/land11091569
https://doi.org/10.3390/land11091569
https://doi.org/10.5194/hess-18-1339-2014
https://doi.org/10.1016/j.jhydrol.2019.124387
https://doi.org/10.1016/j.jhydrol.2019.124387
https://doi.org/10.1016/j.resconrec.2020.105151
https://doi.org/10.1016/j.resconrec.2020.105151
https://doi.org/10.1016/j.scitotenv.2021.145827
https://doi.org/10.1016/j.scitotenv.2021.145827
https://info.publicintelligence.net/GlobalTrends2030.pdf
https://info.publicintelligence.net/GlobalTrends2030.pdf
https://doi.org/10.1016/j.ecoser.2020.101141
https://doi.org/10.1016/j.ecoser.2020.101141
https://doi.org/10.1016/j.scitotenv.2020.138362
https://doi.org/10.1016/j.scitotenv.2020.138362
https://doi.org/10.1007/s11069-019-03656-7
https://doi.org/10.1002/joc.7030
https://doi.org/10.1002/joc.7030
https://doi.org/10.3390/ijerph18062836
https://doi.org/10.1016/j.scitotenv.2020.142277
https://doi.org/10.1016/j.scitotenv.2020.142277
https://doi.org/10.1016/j.jenvman.2018.09.065
https://doi.org/10.1016/j.jenvman.2018.09.065
https://doi.org/10.3389/fevo.2022.858822
https://doi.org/10.3389/fevo.2022.858822
https://doi.org/10.1016/j.energy.2021.120574
https://doi.org/10.1016/j.energy.2021.120574
https://doi.org/10.1029/2020WR029160
https://doi.org/10.1029/2020WR029160

	Coupling coordination and spatiotemporal dynamic evolution of the water-energy-food-land (WEFL) nexus in the Yangtze River Economic Belt, China
	Abstract
	Introduction
	Methodology and materials
	Analytical frameworks and evaluation index system for the WEFL nexus
	Weight determination method
	Coupling coordination evaluation model
	Comprehensive benefit evaluation index model
	Coupling coordination degree model
	Obstacle factor diagnosis model

	Study area and data sources

	Results and analysis
	Spatiotemporal variation of comprehensive development levels
	Analysis of the spatiotemporal distribution of coordination development levels
	Dynamic changes of the obstacle factors and their obstacle degrees

	Discussions
	Effects of the comprehensive development levels in the YREB
	Identification of main obstacles to the coordination development of the YREB
	Comparison with the previous literature

	Conclusions and policy implications
	Conclusions
	Policy implications

	References


