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Abstract: Urbanization, which is accompanied by the flow of various production factors, leads to
increasingly close spatial linkages between cities, and exerts profound influences on water resource
use. This study focuses on the three major urban agglomerations in China’s Yangtze River Economic
Belt, and examines the temporal changes and spatial variations of its water resource use based on
an improved water ecological footprints (WEFs) model that uses city-level data to calculate yield
factors and considers the recycling of water resources. Moreover, this study investigates the spatial
autocorrelation of WEFs and explores the spatial correlations between WEFs and three dimensions
of urbanization (population, economy, land) in three urban agglomerations. The results show that
the WEF is the highest in the downstream of the Yangtze River and the lowest in the upper stream.
City-level WEFs have significant spatial autocorrelations, and cities with high water use are often
concentrated. In some regions, urbanization and WEFs have significant spatial correlations, indicating
the environmental externality of urbanization on water resource use. This study contributes to the
methodology of developing localized water use evaluation indices, and provides insights into the
driving factors of WEFs and the environmental externality of urbanization at different spatial scales.
Its findings provide empirical support for formulating and implementing more targeted water
resources protection measures in the upper, middle, and lower reaches of the Yangtze River.

Keywords: water ecological footprint; urbanization; spatial correlation; urban agglomerations;
Yangtze River Economic Belt

1. Introduction

Urbanization is accompanied by the flow of population and resources, the upgrading
of industrial structures, and land use changes. On a global scale, urbanization profoundly
influences the use of water resources. The water ecological footprint (WEF) is an important
approach to understanding the regional characteristics of water use in the context of
urbanization [1,2]. Existing studies have pointed out that both urbanization and WEF
are multidimensional, and the influences of urbanization on water resource use vary in
different stages of urbanization; therefore, the relationship between urbanization and WEFs
is complex and shows substantial regional variations [3–5].

In terms of the calculation of WEFs and the relationships between WEFs and urban-
ization, many issues remain to be explored. Most studies on WEF assessment are based
on national and provincial data, and use global and national-level factors; however, these
approaches do little to demonstrate the differences in the demand for and use of water
resources at the city level [6]. In addition, from the supply side, the total water resources of
a region include not only surface water and groundwater in nature but also recycled water
from the treatment of wastewater in water recycling facilities [7]. However, existing studies
rarely consider recycled water when measuring the total amount of water resources [8].
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Since wastewater treatment has become increasingly important, the ignorance of recycled
water may significantly underestimate the total amount of water resources.

Moreover, urbanization leads to the flow of various production factors such as labor,
capital, natural resources, and technology, which creates increasingly close spatial linkages
among cities [9]. Therefore, the urbanization process in one region may affect the use of
water resources in other regions. This issue reflects the spatial externalities of urbanization
on the environment. In particular, there are often several urban agglomerations in large
river basins [10,11], and water use between different urban agglomerations and between
the cities within each urban agglomeration may have mutual influences [12]. The stud-
ies on the spatial correlations of water use in the background of urbanization, however,
remain insufficient.

This study enriches the existing literature by studying the WEF in three major ur-
ban agglomerations in China’s Yangtze River Economic Belt. The Yangtze River is often
considered the most important river in China, and three urban agglomerations (Chengdu–
Chongqing, middle Yangtze River, and the Yangtze River Delta) are located in its upper,
middle, and lower streams, respectively [13]. Three urban agglomerations have popula-
tions of 95 million, 125 million, and 220 million and rank 12th, 9th, and 3rd in the world’s
metropolitan belts in terms of GDP, respectively [14]. With a large population and a rapidly
developing economy, the Yangtze River Economic Zone has a huge demand for water
resources, and its water ecological situation deserves close attention.

The main purposes of this study are as follows. First, to generate a localized WEF
index that considers the recycling of water, we modify the WEF model by including the
amount of wastewater treatment in the index and using city-level data to measure the yield
factor. Second, we divide water use into four categories (agricultural, industrial, domestic,
and ecological) and analyze the WEFs of three major urban agglomerations using city-level
data from 2005 to 2019. For each urban agglomeration, the spatial auto-correlation of
WEFs between cities is also examined. Third, we conduct bivariate spatial autocorrelation
analysis between three dimensions of urbanization (population, economy, and land) and
WEFs to explore the spatial externalities of urbanization on water resource use within each
urban agglomeration.

This paper contributes to the literature in many aspects. By studying the city-level
water resource use in three urban agglomerations of China’s Yangtze River Economic
Belt, this study helps to understand the characteristics of water resource use in China’s
most important economic belt. The modified WEF model can more accurately reflect the
water use conditions and the water supply capacity at the city level, and may contribute
to the methodology of developing localized water use evaluation indices. Moreover, by
examining the spatial externality of urbanization on WEFs, this paper provides insights
into the mechanisms via which urbanization influences regional water use, and sheds light
on the dynamics of water resource use across multiple urban agglomerations in large river
basins. In terms of practical implications, our conclusions may inform policy making to
enhance the sustainable use of water resources and promote eco-friendly urbanization in
the Yangtze River Economic Belt.

The paper is divided into five sections. Section 2 reviews the relevant literature.
Section 3 describes the research methodology, including the measurement of WEF and
urbanization levels, data sources, and data analysis methods. The results are given in
Section 4, and discussions and conclusions are presented in Section 5.

2. Literature Review
2.1. Water Ecological Footprint: Temporal–Spatial Characteristics and Driving Factors

The concept of the ecological footprint was introduced in the 1990s [14], using the
“global hectare (gha)” as the unit of area, representing one hectare of biologically productive
land at the global average productivity level. In the basic model, the ecological footprint of
waters refers only to the ecological footprint of fisheries (the area of water in which fishery
products are produced), which does not fully reflect the amount of water consumed by
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human activities [15]. Therefore, Hoekstra [1] proposed the concept of the water ecological
footprint (WEF), which represents the amount of freshwater required for various human
activities; the unit of measurement is “cubic meters/year”.

China is one of the hotspots for WEF research [16]. Some studies have examined the
spatial and temporal characteristics of China’s WEF to understand the country’s water use
conditions and their sustainability. Other studies have focused on specific regions such as
the capital metropolitan area [17] and the Yangtze River Delta urban agglomeration [18]
to understand the characteristics, dynamic evolution, and spatial variation of water use
at the regional level. All of the above studies are based on provincial-level data, while
a recent trend is to perform city-level and even county-level analyses to understand the
regional characteristics of WEF in more detail [19]. The spatial autocorrelation and spa-
tial heterogeneity of WEF have also attracted great attention. For example, a significant
agglomeration effect has been found in the agricultural WEF between the cities of the
Yangtze River basin [3]; positive spatial autocorrelations are found in both the size and the
depth of the WEF among 38 cities in the Central Plains [20]; and the per capita WEF in the
Beijing–Tianjin–Hebei region presents significant spatial variability at the county level [21].

The WEF is shaped by a wide range of factors. For example, a study shows that GDP
per capita, total investment in fixed assets, the income of rural residents, the proportion
of farmland used for planting crops, and irrigation technology have significant positive
effects on agricultural WEF [3]; while the proportion of secondary and tertiary industries,
retail sales of consumer goods, the level of urbanization, expenditure on technology inno-
vation, and the proportion of farmland with effective irrigation systems have significant
negative effects. Demographic and economic factors have been the focus of attention in
the WEF literature. An increase in population tends to increase the WEF [22]. Economic
development tends to expand the demand for water resources, but technological upgrad-
ing and economies of scale contribute to the intensity of water use, thus reducing the
WEF [23–25]. In addition to demographic and economic factors, natural factors, especially
climate changes, profoundly affect the WEF [26].

The method of measuring WEFs is also a hot topic of research [27,28]. The majority
of WEF models use uniform equalization factors and yield factors, while an increasing
number of authors have tried to develop more localized indices to accurately measure
the regional WEF [29]. For example, Wang et al. [30] used equalization and yield factors
that considered regional differences, and proposed a modified WEF model to calculate
the per capita WEF at the city level; and Chen et al. [31] proposed an improved model
of water balance factors that took into account regional and annual differences in water
use. Others have attempted to use multi-dimensional indicators to examine the WEF
comprehensively [32]. For example, Liang et al. [33] proposed a three-dimensional WEF
model, and Yang & Cai [19] added three sub-accounts that represent water resources for
domestic, production, and eco-environment uses into the WEF model.

2.2. Urbanization, Water Use, and Water Ecological Footprint

Urbanization refers to the process by which settlements with low population density
are gradually transformed into cities along with the agglomeration of population, the devel-
opment of economic activities, and the expansion of infrastructure. Therefore, urbanization
is multi-dimensional and involves changes in multiple domains [9]. From the perspective of
population migration, urbanization is accompanied by the flow of labor from rural to urban
areas and the agglomeration of the population within urban areas; from the perspective of
economic development, urbanization involves the continuous transformation of industrial
structure from agriculture to secondary and tertiary industries; from the perspective of
land use changes, the economic prosperity of cities increases the demand for land, and
urbanization is the process of transforming rural land to urban construction land [21,34,35].

As the largest developing country in the world, China has paid great attention to the
role of urban agglomerations in its urbanization policy [36]. China’s Basic Terminology and
Standard for Urban Planning in 1998 defines urban agglomerations as “densely distributed
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urban areas within a certain territory”, and one urban agglomeration includes several
metropolitan areas. The 14th Five-Year Plan for National Economic and Social Develop-
ment and the Outline of Vision 2035, published in March 2021, mentions “promoting the
coordinated linkage and differentiated development of large, medium, small cities and
small towns based on urban agglomerations and metropolitan areas”. In this document,
the development of three major urban agglomerations in the Yangtze River Economic Belt,
including the Yangtze River Delta, middle Yangtze River, and Chengdu–Chongqing, are
given policy priorities.

From 1997 to 2019, the urbanization rate in China increased from 26.41 to 60.60% [37].
During the same period, the efficiency of water use for economic production increased, and
the water consumption per CNY 10,000 of GDP decreased from 698 to 61.04 m3; however,
the comprehensive water use per capita only decreased by less than 20 m3 during this
period [38]. The total amount of water used to improve the environment and optimize
ecological landscapes is small, but it is constantly increasing [39]. The total amount of
wastewater discharge has the same trend of changes as that of industrial water use, and
wastewater disposal is still one of the constraints on urban development [40]. It should be
noted that wastewater is the general term for runoff and discharged water in production
and living activities, while sewage refers to discharged water that has been polluted in
production and living activities. In China, wastewater and sewage are often considered
equivalent, and include industrial wastewater, domestic sewage, sewage from business
activities, surface runoff, etc. Therefore, this paper uses wastewater consistently.

Urbanization affects the use of water resources through multiple mechanisms. In the
early stages of urban construction, rapid urbanization leads to increased demand for water
resources, inducing water scarcity [34]. More specifically, as the industrial structure changes
from agricultural to industrial, and a large number of resource-consuming enterprises
emerges, industrial water use increases [24]. Urban construction also induces the demand
for water for urban ecological landscapes [41]. As urbanization continues, however, the
upgrading of the industrial structure, the transformation of consumption patterns, and
advances in production technology may increase water use efficiency and reduce the WEF.
Therefore, in the middle and late stages of urbanization, the environmental impact of
urbanization may be positive [17,42,43], and zero or negative growth in demand for water
resources occurs. Evidence from China suggests that, although the economic development
and population increases associated with urbanization lead to increased water use [44],
water-saving measures in the industrial sector improve urban water use efficiency [23], and
technological progress also contributes to decreasing the per capita WEF of urban residents
in China [42]. It is important to note that urbanization has different effects on different
types of WEFs. For example, some studies have shown that urbanization increases the
WEF of urban water use [24] but decreases the WEF of rural water use [3]. Yu et al. [4]
found that urbanization rates showed a negative correlation with the ecological footprint
of freshwater resources but a positive correlation with the ecological footprint of water
pollution. Moreover, urbanization itself is multi-dimensional [9], and different dimensions
of urbanization may have different impacts on water use. For example, the effects of
economic urbanization and landscape urbanization on water scarcity have been found to
be opposite [5].

2.3. Comment

The extant literature contributes to understanding the spatial and temporal evolution
and driving mechanisms of the WEF in different regions of the world. These studies
suggest that water use is highly localized and spatially heterogeneous [6]. The impact of
urbanization on water use is complex and has salient regional variations. However, there
are some limitations in the existing literature that require further research. The majority
of WEF studies have been conducted at the national and regional levels, while studies
conducted at the city level remain limited [3,6,45]. In the case of WEF studies in China,
they tend to focus on northern China [16], and many of these analyses are made at the
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provincial level. However, there is insufficient research exploring trends in WEF changes
at the city level and focusing on the different urban agglomerations in the Yangtze River
basin, where water resource use pressure has been increasing fast.

Moreover, more research is needed to investigate the spatial autocorrelation of WEFs
and the spatial externality of urbanization on water resource use. Urbanization has acceler-
ated the flow of various production factors between cities, which has led to increasingly
close spatial linkages within the urban agglomeration. Therefore, the urbanization process
of one city is likely to have an impact on the water resource use of neighboring cities,
which is the spatial externality of urbanization on WEF, and the attention paid to this issue
remains insufficient in the WEF literature. In addition, urbanization involves changes
in many dimensions, such as population migration, industrial development, and land
use changes [46]; however, the existing studies on the relationship between urbanization
and WEFs mostly focus on population urbanization but rarely discuss the impact of other
dimensions of urbanization.

This study endeavors to enrich the literature from the following aspects. We focus
on the three urban agglomerations in the Yangtze River Economic Belt and explores the
temporal changes and spatial variations of its water use conditions. For this purpose, an
improved WEF model, which uses city-level data to calculate yield factors and considers the
recycling of wastewater, was proposed. Moreover, the spatial autocorrelation of WEFs and
the spatial correlation between WEFs and three dimensions of urbanization (population,
economy, and land) were investigated in order to understand the interdependency of
regional water use and the spillover effects of urbanization on regional water use.

3. Methods
3.1. Research Area

This paper focuses on 73 cities at or above the prefecture level in the three major
urban agglomerations (Chengdu–Chongqing, the middle Yangtze River, and the Yangtze
River Delta) in China’s Yangtze River Economic Belt. According to the relevant national
policy documents, 26, 31, and 16 cities are classified as being in the Yangtze River Delta
urban agglomeration, the middle Yangtze River urban agglomeration, and the Chengdu–
Chongqing urban agglomeration, respectively [13]. The Appendix A lists the cities in each
urban agglomeration in detail, as well as the national policy documents that specify the
cities in each urban agglomeration.

3.2. Measurement of WEF
3.2.1. Basic WEF Model

The basic model involves the measurement of the water ecological footprint (WEF) and
water ecological carrying capacity (WEC) [24]. WEF refers to the area of water resources
land that humans occupy; WEC refers to the capacity of the study area to support various
human activities and the eco-environment [41]. WEF and WEC reflect the consumption
and supply of water resources, respectively. The basic model of WEF is as follows.

WEF = N × we f = γ × W/Pw (1)

WEC = N × wec = 0.4 × ϕ × γ × Q/Pw (2)

WES = WEF − WEC (3)

WEPI = WEF/WEC (4)

where WEC and WEF are in 10,000 hm2, N is the population, we f is the per capita WEF
(hm2/cap), wec is the per capita WEC (hm2/cap), γ is the global equalization factor of
water resources, ϕ is the global yield factor of water resources, W is the total amount of
water consumption (m3), Q is the total amount of water resources (m3), Pw is the global
average production capacity of water resources (m3/ hm2), which is the ratio of the total
area of water resources to the whole area of the region, WES is the ecological surplus
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(10,000 hm2), WEPI is the pressure index, and 0.4 is the ratio of water resources in nature
that can be appropriated by humans, since 60% of total water resources should be reserved
to maintain ecological equilibrium [47].

3.2.2. Improvement of the WEF Model

In line with its research purposes, this paper modifies the base model in three as-
pects: equalization factor measurement, yield factor measurement, and carrying capacity
measurement, which are now explained in detail.

The equalization factor is a coefficient that converts the productivity of different types
of bioproductive land into a comparable standard so as to sum up the area of different
types of bioproductive land [30]. This study involves nine provinces in three major urban
agglomerations in the Yangtze River Economic Belt, and the total water resources and
water resources utilization efficiency of different provinces vary in different periods. To
examine the temporal variations in WEF, it is necessary to measure the equalization factors
in different years, so as to convert the areas with different productivity of water resources
into land with the same productivity and make the city-level WEFs in different provinces
comparable. Due to the large volatility of annual water runoff and precipitation in different
provinces, this paper takes five years as an interval and sets 2005–2009, 2010–2014, and
2015–2019 as three time periods (1, 2, and 3) to measure the average provincial-level water
equalization factor for each period. The calculation formula is as follows.

γj,z =

(
pj,z

W j,z
GDP

)
/
(

Pw,z

Wz
GDP

)
(5)

where j is the province, z is the period (z = 1, 2, 3), γj,z is the equalization factor of province
j at time z, pj,z is production capacity of water resources (m3/ hm2) of province j at time

z, W j,z
GDP is the water consumption per CNY 10,000 of GDP (m3/ CNY 10,000), and the

division of the two means the water production capacity of province j at time z; Pw,z is the
national-level average production capacity of water resources (m3/ hm2) at time z; Wz

GDP is
the national-level average water consumption per CNY 10,000 of GDP (m3/ CNY 10,000).
The calculation results are shown in Table 1.

Table 1. Water resources equalization factors for nine provinces, 2005–2019.

Urban Agglomeration Provincial Districts 2005–2009 2010–2014 2015–2019

Yangtze River Delta

Anhui 1.29 1.28 1.56
Jiangsu 1.65 1.45 1.75

Shanghai 4.62 3.87 6.76
Zhejiang 6.49 7.77 8.15

Middle Yangtze River
Hubei 1.43 1.49 1.72
Hunan 1.78 2.10 2.21
Jiangxi 1.76 2.13 2.22

Chengdu–Chongqing Chongqing 3.14 3.31 3.97
Sichuan 1.97 2.06 1.81

Note(s): Shanghai and Chongqing are direct-controlled municipalities, which are provincial districts.

To make the land with different water productivity comparable, yield factors are
needed [48]. The yield factor in this study is used to reflect the water supply capacity
within the study area. This paper improves the measurement of yield factors by using
city-level data. The calculation formula is as follows.

ϕi,z = pi,z/pj,z (6)

where pi,z is the production capacity of water resources (m3/ hm2) of city i at time z, and
pj,z is the production capacity of water resources (m3/ hm2) of province j at time z; the
division of different periods is the same as that used for measuring the equalization factor.
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Finally, this paper introduces the total amount of recycled water from sewage treatment
in the measurement of WEC to measure water-carrying capacity more accurately.

Due to the large variations in the populations of different provinces and cities, this
paper uses per capita indicators to better compare the water resource utilization status of
different regions. The improved model of WEF is as follows.

we fi,k = γj,z × wi,k/pj,k (7)

weci,k = γj,z × ϕi,z × (0.4 × qi,k + si,k)/pj,k (8)

wesi,k = we fi,k − weci,k (9)

wepii,k = we fi,k/ weci,k (10)

Based on the literature [49], this paper introduces size and depth indicators to distin-
guish water resources flow and stock. The small size and large depth suggest that the use
of water resources is unsustainable.

The size formula is as follows.

wsi,k = min[we fi,k, weci,k] (11)

where wsi,k denotes the size (hm2).
The depth formula is as follows.

wdi,k = 1 +
max[we fi,k − weci,k, 0]

weci,k
(12)

where wdi,k denotes depth. The product of WEF size and depth is the three-dimensional
WEF (hm2), which is shown as follows.

we f 3d
i,k = wsi,k × wdi,k (13)

The indicators used in this paper are shown in Table 2.

Table 2. Water ecological footprint (WEF) measurement indicators.

Indicators Meaning Data to Be Collected

WEF Water ecological footprint

Agricultural WEF

Water production area required for
agricultural/industrial/domestic/

public ecological uses

Agricultural water consumption (m3), regional WREF (Water
Resources Equalization Factor), WRAPC (Water Resources

Average Production Capacity, m3/hm2)

Industrial WEF Industrial water consumption (m3), regional WREF, WRAPC

Domestic WEF Domestic water consumption (m3), regional WREF, WRAPC

Eco-environment WEF Public ecological water consumption (m3),
global WREF, WRAPC

WEC (water ecological
carrying capacity)

Maximum regional water
resources supply

Regional WREF, city-level water yield factor, total amount of
water resources (m3), regional rate of water resources

utilization (maximum 40%)

Water resources ecological
pressure index

Measures the sustainability level of
water resource use in the region WEF/WEC

WEF size Human appropriation of water
resources capital flows Minimum of WF and WC

WEF depth Human appropriation of water
resources capital stocks

If WEF ≤ WEC, the WEF depth is 1; if WEF > WEC, the WEF
depth is 1 + (WEF − WEC)/WEC. Higher depth means the
higher appropriation of water resource capital stocks and

lower sustainability of water resource use.
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3.3. Spatial Driving Mechanism of Urbanization on Water Ecological Footprint

Population migration, economic development, and land use changes are three im-
portant manifestations of urbanization [46]; therefore, this paper examines urbanization
from these three dimensions. In line with the literature, this paper uses “gross output of
secondary industry/gross GDP” to measure economic urbanization [50], “urban perma-
nent resident population/total permanent resident population” to measure demographic
urbanization [44], and “urban built-up area/total area of the administrative district” to
measure land urbanization [51].

The spatial autocorrelation of the WEFs of three major urban agglomerations will be
investigated using GeoDa software based on data from 2005 and 2019. To examine the
spatial externality of urbanization on water resource use within each urban agglomeration,
Moran’s I index is calculated based on the data in 2019. Moran’s I index can be used to
quantify the potential interdependence between observations in different regions [52]. In
this study, it is used to estimate the bivariate global spatial autocorrelation coefficient of
urbanization and WEF. Since adjacent regions often have strong correlations in water use,
this paper uses queen contiguity to assign spatial weights, and the rank for adjacent cities
is set to be 1. The significance of Moran’s I index indicates that at the global level, for the
regions whose urbanization levels are high, their surrounding areas tend to have higher
WEFs. However, it cannot demonstrate in which areas the aggregation is concentrated. To
identify the areas where urbanization has significant spatial externalities on regional water
use, the local spatial autocorrelation coefficient is calculated based on the data from 2019 to
measure the degree of spatial autocorrelation between the urbanization level of one city
and the WEF of the areas adjacent to the city.

3.4. Data Sources

Data on the water resources, water use, and recycled water of each city are obtained
from water resources bulletins at the national, provincial, and city levels. Data on popula-
tion and economic development, which are used to measure urbanization indicators, are
obtained from the statistical yearbooks of provinces and cities. The data on urban built-up
areas and administrative district areas are obtained from the urban construction yearbook.

4. Results
4.1. Trends of Changes in the WEF of the Yangtze River Economic Belt
4.1.1. Trends of Changes in the WEFs of the Three Major Urban Agglomerations

As shown in Figure 1a, the WEF of the Yangtze River Delta urban agglomeration was
relatively stable until 2009 and then showed a relatively large decreasing trend, with a
33.68% decrease from 2009 to 2019. In contrast, as shown in Figure 1b, the WEFs of the
middle Yangtze River urban agglomeration and the Chengdu–Chongqing urban agglomer-
ation experienced very limited changes. Overall, the WEF of the Yangtze River Delta urban
agglomeration is much higher than that of the other two urban agglomerations, and the
Chengyu urban agglomeration has the lowest WEF. Compared with the WEF, the pattern
of changes in the WEC for three urban agglomerations is less obvious.

The water ecological surplus is determined by the difference between the WEF and
WEC. As shown in Figure 1c, the Yangtze River Delta urban agglomeration has been in
ecological deficit for a long time, but the scale of the ecological deficit shows a decreasing
trend, and there is even an ecological surplus in 2015 and 2016. Except for 2011, the middle
Yangtze River urban agglomeration generally has an ecological surplus, with little pressure
on water resource utilization. The WEF of the Chengdu–Chongqing urban agglomeration
is much lower than the WEC and is in an ecological surplus state. The results of the
water resources ecological pressure index in Figure 1d are similar to those of ecological
surplus. The water resources ecological pressure index in the Yangtze River Delta urban
agglomeration is significantly larger than that of the other two urban agglomerations, but
shows a decreasing trend overall.



Water 2023, 15, 760 9 of 19

Water 2023, 15, x FOR PEER REVIEW 9 of 22 
 

 

middle Yangtze River urban agglomeration and the Chengdu–Chongqing urban agglom-

eration experienced very limited changes. Overall, the WEF of the Yangtze River Delta 

urban agglomeration is much higher than that of the other two urban agglomerations, and 

the Chengyu urban agglomeration has the lowest WEF. Compared with the WEF, the pat-

tern of changes in the WEC for three urban agglomerations is less obvious. 

The water ecological surplus is determined by the difference between the WEF and 

WEC. As shown in Figure 1c, the Yangtze River Delta urban agglomeration has been in 

ecological deficit for a long time, but the scale of the ecological deficit shows a decreasing 

trend, and there is even an ecological surplus in 2015 and 2016. Except for 2011, the middle 

Yangtze River urban agglomeration generally has an ecological surplus, with little pres-

sure on water resource utilization. The WEF of the Chengdu–Chongqing urban agglom-

eration is much lower than the WEC and is in an ecological surplus state. The results of 

the water resources ecological pressure index in Figure 1d are similar to those of ecological 

surplus. The water resources ecological pressure index in the Yangtze River Delta urban 

agglomeration is significantly larger than that of the other two urban agglomerations, but 

shows a decreasing trend overall.  

  

(a) (b) 

  

(c) (d) 

Figure 1. Trends of changes in WEF-related indicators in three urban agglomerations: (a) water eco-

logical footprint; (b) water ecological capacity; (c) water ecological surplus/deficit; and (d) water 

resources ecological pressure index. 

Table 3 shows that in the Yangtze River Delta urban agglomeration, the WEF size 

roughly shows an increasing trend, indicating that water resources flow increases and 

provides more support for human activities; the depth of WEF roughly shows a decreas-

ing trend, indicating that the human appropriation of water resources capital stocks grad-

ually decreases and the sustainability of water resources utilization increases. The WEF 

depth of the middle Yangtze River urban agglomeration is 1.0000 hm2/cap in all years 

(except 2011). Similarly, the WEF depth of the Chengdu–Chongqing urban agglomeration 
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resources ecological pressure index.

Table 3 shows that in the Yangtze River Delta urban agglomeration, the WEF size
roughly shows an increasing trend, indicating that water resources flow increases and
provides more support for human activities; the depth of WEF roughly shows a decreasing
trend, indicating that the human appropriation of water resources capital stocks gradually
decreases and the sustainability of water resources utilization increases. The WEF depth
of the middle Yangtze River urban agglomeration is 1.0000 hm2/cap in all years (except
2011). Similarly, the WEF depth of the Chengdu–Chongqing urban agglomeration is
1.0000 hm2/cap in all years, and the WEF size is consistent with the three-dimensional
WEF. This indicates that for these two urban agglomerations, the flow of water resources
capital can meet the water demand, and there is no need to deplete the water stock;
therefore, the water use is sustainable.

4.1.2. Trends of Changes in WEFs by Water Use Types for the Three Urban Agglomerations

Figure 2a shows that in terms of the agricultural WEF, the three major urban ag-
glomerations in descending order are the Yangtze River Delta, the middle Yangtze River,
and Chengdu–Chongqing. The WEF for agricultural use in the Yangtze River Delta ur-
ban agglomeration shows a decreasing trend, while that in the middle Yangtze River
and the Chengdu–Chongqing urban agglomerations shows less fluctuation during the
study period.
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Table 3. Size and depth of WEF and three-dimensional WEF.

Yangtze River Delta Middle Yangtze River Chengdu–Chongqing

Year Size Depth 3D-WEF Size Depth 3D-WEF Size Depth 3D-WEF
2005 0.1428 2.3964 0.3423 0.1255 1.0000 0.1255 0.1036 1.0000 0.1036
2006 0.1188 2.8471 0.3382 0.1242 1.0000 0.1242 0.1045 1.0000 0.1045
2007 0.1431 2.3953 0.3427 0.1270 1.0000 0.1270 0.1052 1.0000 0.1052
2008 0.1581 2.1775 0.3442 0.1277 1.0000 0.1277 0.1043 1.0000 0.1043
2009 0.1935 1.7923 0.3468 0.1335 1.0000 0.1335 0.1095 1.0000 0.1095
2010 0.2010 1.5191 0.3053 0.1356 1.0000 0.1356 0.1123 1.0000 0.1123
2011 0.1568 1.9373 0.3038 0.1284 1.0883 0.1398 0.1126 1.0000 0.1126
2012 0.2117 1.3983 0.2961 0.1373 1.0000 0.1373 0.1098 1.0000 0.1098
2013 0.1433 1.9947 0.2859 0.1385 1.0000 0.1385 0.1116 1.0000 0.1116
2014 0.1812 1.4642 0.2653 0.1356 1.0000 0.1356 0.1080 1.0000 0.1080
2015 0.2550 1.0000 0.2550 0.1334 1.0000 0.1334 0.1334 1.0000 0.1334
2016 0.2474 1.0000 0.2474 0.1283 1.0000 0.1283 0.1533 1.0000 0.1533
2017 0.1640 1.5226 0.2497 0.1219 1.0000 0.1219 0.1219 1.0000 0.1219
2018 0.1685 1.4362 0.2420 0.1251 1.0000 0.1251 0.1251 1.0000 0.1251
2019 0.1893 1.2149 0.2300 0.1257 1.0000 0.1257 0.1257 1.0000 0.1257

Note(s): Size: WEF size (hm2/cap); depth: WEF depth; 3D-WEF: three-dimensional water ecological footprint
(hm2/cap).
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In terms of the industrial WEF, Figure 2b shows that this is much higher in the
Yangtze River Delta urban agglomeration than in the other two urban agglomerations. The
industrial WEF of the Yangtze River Delta urban agglomeration remained stable from 2005
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to 2009 and declined rapidly after 2009. The middle Yangtze River urban agglomeration
generally has the same industrial WEF as the Chengdu–Chongqing urban agglomeration
from 2005 to 2009, but a slightly higher industrial WEF than the Chengdu–Chongqing
urban agglomeration after 2009. During the study period, the fluctuations of industrial
WEFs are limited for both urban agglomerations.

In terms of the WEF for domestic use, Figure 2c shows that the three urban agglom-
erations in descending order are the Yangtze River Delta, Chengdu–Chongqing, and the
middle Yangtze River. The domestic WEF of the Yangtze River Delta urban agglomeration
increased from 2005 to 2009 and remained generally stable after 2009. The Chengdu–
Chongqing urban agglomeration maintained an increasing trend in all years except for
2012 when there was a significant decline. The middle Yangtze River urban agglomeration
experienced stable but slow growth during the study period.

In terms of the WEF for eco-environmental uses, as shown in Figure 2d, the Yangtze
River Delta urban agglomeration is much higher than the other two urban agglomerations.
The eco-environment WEF of the Yangtze River Delta urban agglomeration increased
rapidly from 2005 to 2014, then experienced a large decrease in 2015 and remained stable
afterwards. The middle Yangtze River and the Chengdu–Chongqing urban agglomerations
are very low in terms of WEF for ecological use and this showed very slow growth during
the study period.

4.2. Spatial Distribution Characteristics of Water Ecological Footprint in the Yangtze River
Economic Zone
4.2.1. Spatial Distribution Characteristics of the Water Ecological Footprint of the
Three Major Urban Clusters

As shown in Figure 3, the WEF of the three major urban agglomerations in the Yangtze
River Economic Belt has the characteristics of being high in the east and low in the west in
the spatial distribution. The WEFs of different cities within each urban agglomeration also
show some distinctions.
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The overall WEF of the Yangtze River Delta urban agglomeration is high, showing
the spatial distribution characteristics of high in the middle and low at the two ends.
Specifically, there are two local “peaks” in the WEF. One is the area formed by Zhenjiang
City as the center and its surrounding cities. The second is the area at the junction of
three provinces: Jiangsu, Zhejiang, and Anhui, including the cities of Shanghai, Huzhou,
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and Jiaxing. The WEF is low in the northeast, southeast, and west of the Yangtze River
Delta urban agglomeration. The WEFs of Anhui Province, except Maanshan City, are much
lower than those of Jiangsu Province, Zhejiang Province, and Shanghai.

The WEF of the middle Yangtze River urban agglomeration roughly decreases from
northwest to southeast in its spatial distribution. In this urban agglomeration, there are also
two “peak” areas of WEF. The first one is the area composed of Ezhou City and Huangshi
City. The second is the area composed of Jingmen City, Xiantao City, and their neighboring
cities. Some cities in Hunan Province such as Changde, Yueyang, Changsha, and Zhuzhou,
which border with Hubei and Jiangxi provinces, have medium WEFs. The WEF of cities in
Jiangxi province is low.

Compared with the cities in the Yangtze River Delta and middle Yangtze River urban
agglomerations, cities in the Chengdu–Chongqing urban agglomeration have significantly
smaller WEFs. Figure 3 shows that the WEFs of the Chengdu–Chongqing urban agglom-
eration are relatively high on the west and east sides and low in the middle in terms of
spatial distribution.

4.2.2. Spatial Autocorrelation Analysis of the WEFs of the Three Major
Urban Agglomerations

Table 4 shows the results of the global spatial autocorrelation of the WEFs of three
major urban agglomerations. In terms of the spatial weights for the 26 cities in the Yangtze
River Delta urban agglomeration, the maximum number of neighbors is 8 and the minimum
number is 1. As shown in Table 4, the WEF of the Yangtze River Delta urban agglomeration
exhibited significant spatial autocorrelation during the study period. The spatial autocor-
relation is the highest in 2005 and 2007 and is significant at the 1% confidence level. The
spatial autocorrelation decreases between 2009 and 2019 but is still significant at the 5%
confidence level. The Global Moran’s I index is positive, indicating that the spatial auto-
correlation of WEF in this urban agglomeration is positive at the global level. This result
implies that cities with higher WEFs tend to have higher WEFs in their neighboring cities.

Table 4. Global spatial autocorrelation results of WEFs of three urban agglomerations from 2005–2019.

Yangtze River Delta Middle Yangtze River Chengdu–Chongqing

Year Moran’s I Z-value p-value Moran’s I Z-value p-value Moran’s I Z-value p-value
2005 0.528 *** 4.6058 0.0010 −0.086 −0.4703 0.3250 0.342 *** 2.8481 0.0090
2007 0.428 *** 3.6647 0.0010 −0.042 −0.0814 0.4960 0.226 ** 2.1737 0.0230
2009 0.219 ** 2.0573 0.0280 0.209 ** 2.0887 0.0220 0.279 ** 2.3614 0.0180
2011 0.299 *** 2.6847 0.0060 0.339 *** 3.1455 0.0010 0.215 ** 1.9660 0.0350
2013 0.228 ** 2.1207 0.0250 0.109 * 1.4706 0.0720 0.281 ** 2.3718 0.0200
2015 0.246 ** 2.4196 0.0160 0.238 ** 2.6081 0.0070 0.229 ** 1.9801 0.0360
2017 0.255 ** 2.2935 0.0160 0.365 *** 3.5639 0.0010 0.236 ** 2.0282 0.0360
2019 0.256 ** 2.3782 0.0140 0.294 *** 3.3309 0.0020 0.085 1.0247 0.1470

Note(s): * p < 0.1, ** p < 0.05, *** p < 0.01.

Spatial weights are assigned to 31 cities in the middle Yangtze River urban agglomera-
tion: the maximum number of neighbors is 9 and the minimum number is 1. As shown in
Table 4, the Global Moran’s I index for the middle Yangtze River urban agglomeration in
2005 and 2007 is negative but not significant. After 2009, the Global Moran’s I index turns
positive, implying a significant positive spatial autocorrelation: cities with higher WEFs
tend to have higher WEFs in their neighboring cities.

Spatial weights are assigned to the 16 cities in the Chengdu–Chongqing urban ag-
glomeration: the maximum number of neighbors is 6 and the minimum number is 3. As
shown in Table 4, the Global Moran’s I index of WEF for the Chengdu–Chongqing urban
agglomeration is positive and significant at the 5% confidence level from 2005 to 2017,
showing a significant positive spatial autocorrelation. However, the Global Moran’s I index
decreased to 0.085 in 2019 and is no longer significant.
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4.3. Spatial Externality of Urbanization on WEF
4.3.1. Population Urbanization

As shown in Table 5, population urbanization in the Yangtze River Delta urban
agglomeration has a significantly positive spatial correlation with the WEF in 2019 (Moran’s
I = 0.233, p-value = 0.008). Areas with higher levels of population urbanization also have
higher WEFs in their surrounding areas. Figure 4 presents the results of the local spatial
autocorrelation analysis. In 2019, Suzhou City is characterized by “high–high” clustering,
with a high level of population urbanization and a high WEF in its surrounding areas. This
indicates that Suzhou is attractive to the population and places large pressure on the water
resources in the surrounding areas. The cities of Tongling, Anqing, and Chihuahua are
characterized by “low–low” clustering, with a low level of population urbanization and
a low WEF in their surrounding areas. Hefei and Maanshan show a type of “high–low”
clustering, with a high level of population urbanization but a low WEF in their surrounding
areas. Jiaxing is characterized by “low–high” clustering, with a low level of population
urbanization and a high WEF in its surrounding area.

Table 5. Global bivariate spatial autocorrelation analysis of urbanization and WEF.

Yangtze River Delta Middle Yangtze River Chengdu and Chongqing

Moran’s I Z-value p-value Moran’s I Z-value p-value Moran’s I Z-value p-value
Population urbanization 0.233 *** 2.4626 0.008 −0.052 −0.6335 0.264 −0.001 0.2565 0.388
Economic urbanization −0.029 −0.3508 0.365 0.001 0.1116 0.434 −0.159 * −1.4229 0.074

Land urbanization 0.137 ** 1.7342 0.050 0.113* 1.4242 0.085 0.08 0.795 0.208

Note(s): * p < 0.1; ** p < 0.05; *** p < 0.01.

The spatial correlation between population urbanization and WEF is not significant for
the middle Yangtze River and Chengdu–Chongqing urban agglomerations. The reason for
this is probably that the two urban agglomerations have abundant water resources but are
less attractive to populations from other regions; therefore, the population increase in these
two urban agglomerations has very limited influences on the water resource use in their
surrounding areas. Figure 4 shows that for the middle Yangtze River urban agglomeration,
in 2019, Wuhan is characterized by “high–high” clustering, Yichun, Fuzhou, Shangrao,
and Ji’an show a “low–low” type of clustering, Nanchang shows a “high–low” type of
clustering, and Qianjiang, Tianmen, and Huanggang are characterized by “low–high”
clustering. For the Chengdu–Chongqing urban agglomeration, Chongqing and Ya’an are
characterized by “high–low” and “low–high” clustering, respectively.

4.3.2. Economic Urbanization

Table 5 shows that for the Yangtze River Delta urban agglomeration, the spatial
correlation between economic urbanization and WEF is not significant. Figure 4 shows
that Suzhou and Jiaxing in the east are characterized by “high–high” clustering. Hefei and
Chizhou in the west are characterized by “low–low” clustering. Anqing, Tongling, Wuhu,
and Maanshan show “high–low” clustering characteristics.

For the middle Yangtze River urban agglomeration, the spatial correlation between
economic urbanization and the WEF is not significant. Figure 4 shows that in 2019, only
Tianmen and Qianjiang have significant “high–high” clustering characteristics. Yichun,
Fuzhou, and Shangrao have a “low–low” type of clustering. Ji’an and Nanchang show
“high–low” clustering characteristics, while Wuhan and Huanggang have “low–high”
clustering characteristics.

For the Chengdu–Chongqing urban agglomeration, economic urbanization and WEF
are significantly negatively correlated in 2019 (Moran’s I = −0.159, Z-value = −1.423, and
p-value = 0.074). This result indicates that economic urbanization contributes to improving
water resource use and decreasing WEF in the region. Figure 4 shows that in 2019, Chongqing
has a “high–low” type of clustering, while Ya’an has a “low–high” type of clustering.



Water 2023, 15, 760 14 of 19Water 2023, 15, x FOR PEER REVIEW 14 of 22 
 

 

 

Figure 4. Spatial correlation analysis of urbanization and WEF. 

Note: The top, middle, and bottom three sub-figures represent the result of population urbanization, 

economic urbanization, and land urbanization, respectively. For each of three sets of sub-figures, 

from the left to the right are the three urban agglomerations of Chengdu–Chongqing, the Middle 

Yangtze River, and the Yangtze River Delta. 

 

The spatial correlation between population urbanization and WEF is not significant 

for the middle Yangtze River and Chengdu–Chongqing urban agglomerations. The rea-

son for this is probably that the two urban agglomerations have abundant water resources 

but are less attractive to populations from other regions; therefore, the population increase 

in these two urban agglomerations has very limited influences on the water resource use 

in their surrounding areas. Figure 4 shows that for the middle Yangtze River urban ag-

glomeration, in 2019, Wuhan is characterized by “high–high” clustering, Yichun, Fuzhou, 

Shangrao, and Ji’an show a “low–low” type of clustering, Nanchang shows a “high–low” 

type of clustering, and Qianjiang, Tianmen, and Huanggang are characterized by “low–

high” clustering. For the Chengdu–Chongqing urban agglomeration, Chongqing and 

Ya’an are characterized by “high–low” and “low–high” clustering, respectively. 

Table 5. Global bivariate spatial autocorrelation analysis of urbanization and WEF. 

Figure 4. Spatial correlation analysis of urbanization and WEF. Note: The top, middle, and bottom
three sub-figures represent the result of population urbanization, economic urbanization, and land
urbanization, respectively. For each of three sets of sub-figures, from the left to the right are the
three urban agglomerations of Chengdu–Chongqing, the Middle Yangtze River, and the Yangtze
River Delta.

4.3.3. Land Urbanization

As shown in Table 5, the spatial correlation between land urbanization and the
WEF is significantly positive for the Yangtze River Delta urban agglomeration in 2019
(Moran’s I = −0.137, Z-value = −1.734, p-value = 0.050). Figure 4 shows that in 2019,
Suzhou has a “high–high” type of clustering. Wuhu, Maanshan, Tongling, and Anqing are
characterized by “low–low” clustering. Hefei shows a “high–low” type of clustering, while
Jiaxing shows a “low–high” type of clustering.

For the middle Yangtze River urban agglomeration, land urbanization has a significant
positive correlation with WEF (Moran’s I = −0.113, Z-value = −1.424, p-value = 0.085).
Figure 4 shows that in 2019, Wuhan, Tianmen, and Qianjiang have a “high–high “type
of clustering. Yichun, Shangrao, Fuzhou, and Ji’an have a “low–low” type clustering.
Nanchang and Huanggang are characterized by “high–low” and “low–high” types of
clustering, respectively.
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For the Chengdu–Chongqing urban agglomeration, the spatial correlation between
land urbanization and WEF is not significant. Figure 4 shows that Chongqing has a
“high–low” type of clustering in 2019, while Ya’an has a “low–high” type of clustering.

5. Discussion and Conclusions
5.1. Discussion

This study examined the trends of changes in the WEF of three major urban agglomer-
ations in China’s Yangtze River Economic Belt. The WEF of the Yangtze River Delta urban
agglomeration has spatial distribution characteristics of high in the middle and low at both
ends. The Yangtze River Delta urban agglomeration has a water ecological deficit, and its
WEFs for all of the four water use types are significantly higher than those of the other
two major urban agglomerations, indicating a severe situation of water resource utilization.
However, the optimistic aspect is that the agricultural and industrial WEFs of the Yangtze
River Delta urban agglomeration have significantly decreased, indicating an increase in the
efficiency of water use [50]. The WEF of the middle Yangtze River urban agglomeration
is high in the northwest and low in the southeast. There is an ecological surplus, and in
the study period, there are only limited increases in WEFs for all water use types. It is
noteworthy that the WEC of this urban agglomeration fluctuates greatly, indicating that
water resource use in this region may be occasionally under pressure. The WEF of the
Chengdu–Chongqing urban agglomeration has the spatial distribution characteristics of
being high on the west and east sides and low in the middle, and its water resources are
abundant. However, there is a rapidly increasing demand for water for domestic water
use, suggesting a need to increase the water conservation awareness of the residents in this
region. These results indicate the significant spatial variations of water resource use in the
Yangtze River Economic Belt and also echo the findings of the extant literature that water
resource security is higher in the western region than in the central and western regions of
China [18]. The global spatial autocorrelation analysis of the WEFs shows that for each of
the three urban agglomerations, the city-level WEFs generally show significant positive
spatial autocorrelations, suggesting that the three urban agglomerations are characterized
by the clustering of water resource use. This result is consistent with the findings of many
previous studies, which show the spatial spillover effect of WEFs [20,44,49].

The results of the global spatial correlation analysis of urbanization and WEF show
that population urbanization and WEF show a significant positive spatial correlation in the
Yangtze River Delta urban agglomeration, indicating that the concentration of population in
cities has led to the spillover of water use demand, resulting in increased pressure on water
use in surrounding cities. Economic urbanization and WEF show a significantly negative
spatial correlation in the Chengdu–Chongqing urban agglomeration, which indicates the
positive environmental externality of industrialization on water use. The reason may be
that industrial agglomeration contributes to the upgrading of industrial structures and
the advancement of production technology, which increases the water use efficiency of
the cities in the Chengdu–Chongqing urban agglomeration. Land urbanization and WEF
show a significantly positive correlation in the Yangtze River Delta urban agglomeration
and the middle Yangtze River urban agglomeration, which indicates that the expansion
of urban built-up areas will lead to an increase in water demand in surrounding cities.
Local spatial autocorrelation analysis shows that, overall, Suzhou and Wuhan have “high–
high” clustering characteristics, while Jiaxing, Huanggang, and Ya’an have “low–high”
clustering characteristics. The common feature of these three cities is their proximity
to the provincial capital city; therefore, they not only suffer from a flow of population
and resources but also have to share part of the water use burden of provincial capital
cities. The low sustainability of water resource use in these five cities needs more attention
from policymakers. In contrast, Hefei, Maanshan, Nanchang, and Chongqing have “high–
low” clustering characteristics, showing significant positive environmental externalities of
urbanization, and their urbanization strategies are worthy of reference by other cities.
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The spatial spillover effects of urbanization have drawn increasing attention in the
recent literature. Evidence from sub-Saharan Africa shows that areas surrounded by highly
urbanized countries tend to have higher WEFs [5]. The essence of spatial externality is that
a change in the state of one city affects the state of other cities, and it is driven by multiple
factors. Urbanization involves the flow of information, population, technology, resources,
capital, and other factors of production between cities, which leads to increasingly close
spatial connections between cities. The results of the bivariate Moran’s I index in this paper
suggest that only a small number of cities shows a significant spatial correlation between
urbanization and WEF, indicating that the spatial linkage effect of urbanization within
the urban agglomerations of the Yangtze River Economic Belt is not yet significant. More
research is needed to understand the reasons for the variations in the spatial externalities of
urbanization on water resource use across cities and urban agglomerations, so that policy
instruments can be designed and optimized to expand positive spatial externalities and
reduce negative externalities.

Our findings have direct policy implications. The Yangtze River Delta urban ag-
glomeration, especially Shanghai and some cities in Jiangsu Province, has been under
a long-term water ecological deficit. Therefore, for the Yangtze River Delta urban ag-
glomeration, it is necessary to accelerate industrial transformation and develop green
industries. The middle Yangtze River urban agglomeration has a water ecological surplus,
but some cities in Hubei Province still have pressure on water resource use. For these
cities, especially those in the Wuhan metropolitan area, it is necessary to set strict sewage
discharge standards, strengthen sewage treatment, and promote the recycling of water. The
Chengdu–Chongqing urban agglomeration has a stable water ecological surplus, but there
is still some water ecological pressure in the Chengdu metropolitan area. In this area, it
is necessary to improve the efficiency of water use, enhance investment in constructing
sewage treatment plants, and increase the proportion of water for public ecological land-
scape use. For the whole Yangtze River Economic Belt, a unified water resource property
rights trading platform can be established to realize the efficient flow of water rights within
and between urban agglomerations.

5.2. Conclusions

Based on an improved water ecological footprint (WEF) model, this study focuses on
the three major urban agglomerations in the Yangtze River Economic Belt, and measures the
WEF and other relevant indicators of three urban agglomerations from 2005 to 2019. The
temporal–spatial variations and spatial auto-correlations of water resource utilization in the
Yangtze River Economic Belt are examined. Moreover, this study decomposes urbanization
into three dimensions (population, economy, and land) and analyzes the spatial correlation
between urbanization and water resources utilization. The results show that among the
three major urban agglomerations in the Yangtze River Economic Zone, the water ecological
footprint is the highest in the downstream area of the Yangtze River and the lowest in the
upstream area. The Yangtze River Delta urban agglomeration has large water use pressure;
however, its situation is improving over time. Jiangsu Province, Shanghai City, Hubei
Province, and Chengdu City have obvious water resources ecological pressure. The WEF
at the city level has a significant spatial autocorrelation, and cities with high water use
are often concentrated. In some regions, urbanization and WEF show significant spatial
correlation, indicating the environmental externality of urbanization on water resource use.

This paper has both theoretical and practical implications. This study uses city-
level data to assess and compare the WEFs of three major urban agglomerations in the
Yangtze River Economic Belt of China, which may inform research on the water use of
urban agglomerations. The analysis of the spatial autocorrelation of WEFs and the spatial
externality of urbanization on water resource use may contribute to understanding the
environmental externality of urbanization and the driving factors of WEFs. In terms of
methodology, this paper improves the classic WEF model by introducing water balance
and yield factors that accommodate regional differences, and by incorporating recycled
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water into the water supply side; therefore, our approach may more accurately measure
the water ecological carrying capacity of different regions. In terms of policy implications,
by examining the changing trends and spatial distribution of water resource use at the
city level in three urban agglomerations, this paper sheds light on the differences in water
use characteristics and demands in different regions, and provides empirical support for
implementing more targeted water resources protection measures in the upper, middle,
and lower reaches of the Yangtze River.

Based on this paper, future research can be conducted from the following perspectives.
First, this paper examines the spatial correlation between urbanization and WEF within
each urban agglomeration. More theoretical explorations are needed to understand the
drivers of this spatial correlation to gain a deeper understanding of the reasons why
urbanization exhibits positive or negative spatial externalities on water use. Second, this
paper decomposed urbanization into three dimensions and explored their respective spatial
correlations with WEF. However, there is still room for improvement in measuring the
three dimensions of urbanization. Future studies could select more indicators to measure
urbanization and examine the spatial externalities of urbanization on water use more
accurately. Third, this paper considers water recycling in the calculation of water ecological
carrying capacity. However, due to the difficulty in obtaining water pollution data such as
COD, total phosphorus concentrations, and total nitrogen concentrations at the city level,
this paper does not assess the water quality in the Yangtze River Economic Zone, which is
to be explored in future studies.
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Appendix A

Table A1. List of provinces and cities corresponding to three urban agglomerations.

Study Area Yangtze River Delta
(Downstream)

Middle Yangtze River (Middle
Stream)

Chengdu–Chongqing (Upper
Stream)

Policy basis

The Yangtze River Delta Urban
Agglomeration Development Plan,

approved at the State Council
executive meeting on 11 May 2016

The Development Plan of the Middle
Yangtze River Urban Agglomeration,

approved by the State Council on
26 March 2015

Development Plan of
Chengdu–Chongqing Urban

Agglomeration, issued by the State
Council on 12 April 2016

Provinces and cities (in
parenthesis is the
number of cities)

Shanghai (1)
Jiangsu Province (9): Nanjing City,

Wuxi City, Changzhou City, Suzhou
City, Nantong City, Yancheng City,

Yangzhou City, Zhenjiang City,
Taizhou City

Zhejiang Province (8): Hangzhou
City, Ningbo City, Jiaxing City,

Huzhou City, Shaoxing City, Jinhua
City, Zhoushan City, Taizhou City

Anhui Province (8): Hefei City,
Wuhu City, Maanshan City,
Tongling City, Anqing City,

Chuzhou City, Chizhou City,
Xuancheng City

Hubei Province (13): Wuhan City,
Huangshi City, Ezhou City, Huanggang

City, Xiaogan City, Xianning City,
Xiantao City, Qianjiang City, Tianmen

City, Xiangyang City, Yichang City,
Jingzhou City, Jingmen City

Hunan Province (8): Changsha City,
Zhuzhou City, Xiangtan City, Yueyang

City, Yiyang City, Changde City,
Hengyang City, Loudi City

Jiangxi Province (10): Nanchang City,
Jiujiang City, Jingdezhen City, Yingtan

City, Xinyu City, Yichun City, Pingxiang
City, Shangrao City, Fuzhou City,

Ji’an City

Chongqing (1)
Sichuan Province (15): Chengdu
City, Zigong City, Luzhou City,
Deyang City, Mianyang City,

Suining City, Neijiang City, Leshan
City, Nanchong City, Meishan City,
Yibin City, Guang’an City, Dazhou

City, Ya’an City, Ziyang City
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