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Abstract: The shortage and overexploitation of water resources restrict the sustainable development
of metropolitan areas. To evaluate the sustainable utilization level of water resources, we identified
the occupancy of natural capital stock and the consumption of natural capital flow by water resources
consumption and analyzed the factors influencing water resources consumption in metropolitan area
development. We took the Wuhan Metropolitan Area in China from 2010 to 2019 as the research object
and introduced footprint depth and size, the water ecological footprint (WEF) model was expanded
into the three-dimensional WEF model. Based on this model, an evaluation system for the sustainable
utilization level of water resources was constructed with five indices—water ecological deficit, water
ecological surplus, water ecological pressure, WEF depth, and WEF size. Finally, the driving factors
of WEF change were analyzed using the Logarithmic Mean Divisia Index. The evaluation of the
sustainable utilization level of water resources showed that the Wuhan Metropolitan Area as a whole
experienced water ecological surplus from 2010 to 2019, but there were different degrees of water
ecological deficit in its inner urban areas, and the most serious cumulative deficit was 5.02 ha/cap
in Ezhou. In 2011 and 2019, the sustainable utilization level of water resources in the metropolitan
area reached a relatively unsustainable state. Xianning was the urban area with the most sustainable
utilization level of water resources. During the study period, the metropolitan area did not occupy
the natural capital stock of water resources, and the natural capital flow of water resources in the
inner urban areas could meet the demand of the current consumption of the region in 2010 and
2016. The analysis of the driving factors of WEF change showed that economic development effect
and population pressure effect had a positive driving effect on WEF change, while WEF intensity
effect and water resources carrying capacity effect had the opposite effect. Finally, according to the
research results, it can be seen that improving the efficiency of water resources utilization, protecting
the natural capital stock of water resources, realizing differentiated regional development through
the market economy and developing water policy can be helpful to improve the level of sustainable
water resources utilization.

Keywords: three-dimensional water ecological footprint model; sustainable utilization level of water
resources; LMDI; Wuhan Metropolitan Area

1. Introduction

Water, as the vital natural resource, plays a critical supporting role in the development
of human society and the maintenance of ecosystem [1–4]. Currently, coping with the
shortage and overexploitation of water resources has become a global challenge [5–8].
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Rapid urbanization has increased the demand of human society for water resources and
its related ecosystem services [9–13] and further increases this challenge. Metropolitan
areas, as regional units which generally exist in developed nations and participate in global
competition and international division of labor [14–18], are the most concentrated areas
of human activities. So, the sustainable utilization of water resources in such areas needs
thorough specific attention.

The ecological footprint model, proposed by Rees and Wackernagel [19–22], reveals
the relationship between ecological carrying capacity and the consumption of natural
resources based on the concept of carrying capacity. The model has been widely used to
evaluate the sustainability of human society by unifying measures of different types of
natural resources [23,24]. Subsequently, scholars constructed the water ecological footprint
(WEF) model based on the concept of ecological footprint, used the land area to represent
water resources consumption and regional water resources supply capacity (i.e., the total
amount of water resources within the region, consisting of precipitation and the reserves
of surface water and groundwater), namely, WEF, and water ecological carrying capacity
(WECC), respectively [25]. Meanwhile, the evaluation of the sustainable utilization level of
water resources based on WEF is gradually emerging. For instance, Wang et al. calculated
the per capita WEF and WECC and analyzed the water resources ecological pressure index
to assess the sustainable utilization level of water resources in Hubei, China [25]. Li et al.
comprehensively evaluated the utilization of water resources and the spatial and temporal
evolution of WEF and WECC in the lower Yellow River [26]. Su et al. calculated WEF and
WECC of four urban areas in China and suggested that adjusting industrial structure and
repairing the inequality of water resources can promote the sustainable development of
social economy [27]. As a kind of natural capital, water has two attributes of stock and flow
of natural capital [28]. In the event that the capital stock of water resources is occupied, a
series of serious consequences will restrict the sustainable development of human beings,
such as the depletion of water resources and the decline of groundwater levels [29–32].
However, it should be noted that existing studies did not consider the occupation of natural
capital stock (NCS) and the consumption of natural capital flow (NCF) by WEF.

If NCF cannot meet the demand of consumption, this would threaten sustainable de-
velopment [17]. Ecological economics has reached a consensus that increasing sustainable
development as far as possible could prevent a decrease in NCS [33]. To solve this problem,
Niccolucci et al. [34,35] introduced footprint size and footprint depth to the ecological
footprint model to reflect the occupation of NCS and NCF consumption, respectively.
Subsequently, NCS and NCF were included in the assessment of regional sustainable
development. Therefore, to identify the occupation of NCS and the consumption of NCF
by WEF, we need to expand the WEF model into a three-dimensional model.

China is a country with uneven distribution of water resources [36–38], and water
shortage is one of the major constraints to the development of many Chinese urban
areas [39,40]. To this end, the Chinese government has issued a series of regulations on
water management, development and protection, such as the Groundwater Management
Regulation issued on 15 September 2021 [41]. Therefore, factors influencing the change
in WEF need to be identified. Decomposition analysis is used to quantify changes with
time for a wide range of variables [42], and the method mainly consists of the Laspeyres
Index [43,44], the Adaptive Weighting Divisia Index [45] and the Logarithmic Mean Divisia
Index (LMDI) [46]. The LMDI can effectively solve the residual term, zero data and
negative value problem, and is widely applied in the analysis of factors influencing water
footprint [47], ecological footprint [48], carbon footprint [49], etc.

Therefore, we took the Wuhan Metropolitan Area, a typical metropolitan area in
central China, as the research object to achieve the following research aims: (1) construct a
three-dimensional WEF model; (2) construct an evaluation index system for the regional
sustainable utilization level of water resources based on the model; (3) analyze the factors
influencing the change in WEF using the LMDI. This research would help to improve
and supplement the theoretical system of sustainable water resources development by
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constructing a three-dimensional WEF model and introducing two indicators of NCF
and NCS [25–27]. In addition, we provide references for government policies and plans
in the metropolitan area development, water resources allocation and dispatching and
industrial structure adjustment by analyzing the contribution of WEF intensity, economic
development, population pressure and WECC to the change in WEF based on LMDI.

2. Materials and Methods
2.1. Study Area and Data Sources

The Wuhan Metropolitan Area is located in central China, in eastern Hubei province—
situated in the middle reach of the Yangtze River (Figure 1a), with Wuhan as the urban cen-
ter, surrounded by Huangshi, Ezhou, Xiaogan, Huanggang, Xianning, Xiantao, Tianmen,
and Qianjiang, a regional economic union composed of eight urban areas (Figure 1b). It
is a national resources-saving and environmentally-friendly society and a comprehensive
construction reform pilot area. The metropolitan area is also an important engine driving
the rise of central China and one of the key relay points for the coordinated development
of east, central and west China, with the Yangtze River Basin Economic Belt as the axis.
The total land area of the study area is 5.81 × 104 km2, and the terrain is generally high
in the north, northeast and south, and gradually decreases to the west and central areas
(Figure 1b). Landforms are diverse, with plains (including hills) accounting for approx-
imately 50% of the total area, hills for approximately 30%, and mountains (middle and
low mountains) for 20% (Figure 1b). The regional water system is developed (Figure 1c),
and there are numerous rivers and lakes—the total amount of freshwater resources is
333.06 × 108 m3. Its water resources are not evenly distributed in time and space. The
metropolitan is imbalanced in terms of socio-economic development (Figure 1d). At the
end of 2019, the resident population was 31.90 million, the Gross Domestic Product (GDP)
was 2.77 trillion ¥ and secondary industry accounted for 40.17%.

Figure 1. Overview of the Wuhan Metropolitan Area. (a) Relative location of the Wuhan Metropolitan
Area; (b) the terrain and 9 urban areas and prefectures in the Wuhan Metropolitan Area; (c) land
use in the Wuhan Metropolitan Area in 2020; (d) the population, GDP and industrial structure (the
proportion of secondary industry) of the Wuhan Metropolitan Area in 2019.
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Data on GDP and population are all obtained from Hubei Statistical Yearbooks
(2011–2020) and water-related data are all from the Hubei Water Resources Bulletin (2011–2020).
Data on topography and land use are from the Resource and Environment Science and
Data Center (https://www.resdc.cn/, accessed on 1 November 2021).

2.2. Construction of a Three-Dimensional Water Ecological Footprint Model

Ecological footprint depth represents the portion that exceeds the range of the ecologi-
cal carrying capacity and could be expressed as follows: How many hectares of land are
needed to provide sufficient resources to meet the consumption requirement of humans
on per unit land? How many years are needed to regenerate the resources that humans
will consume in the current year [50]? The value of ecological footprint depth is between
[1, +∞), and when it is greater, the amount of capital consumed is greater. The ecological
footprint size is the size of the capital flow within the limited ecological carrying capacity,
and when it is greater, the region is more sustainable.

We refer to the definition above to expand the existing WEF model into a three-
dimensional model. The calculation is as follows:

WEFdepth = 1 + max(WEF−WECC, 0)/WECC (1)

WEFsize = min(WEF, WECC) (2)

WEF = WEFdepth·WEFsize (3)

where the WEFdepth and the WEFsize are the regional WEF depth and size, respectively.
When the WEFdepth is greater than 1, the NCS is used.

The WEF model includes WECC and WEF, which reflect the supply and consumption
of regional water resources. In this paper, WEF is defined as the area of water resources
land occupied by humans that can continuously provide resources. WEF includes three
types: production WEF (PWEF), domestic WEF (DWEF) and ecological WEF (EWEF). The
calculation is as follows:

WEF WEF = PWEF + DWEF + EWEF = N · wef (4)

PWEF PWEF = N · pwef = a · Qp/P (5)

DWEF DWEF = N · dwef = a · Qd/P (6)

EWEF EWEF = N · ewef = a · Qe/P (7)

where N is the population, a is the global equilibrium factor of water resources, and P
(m3/ha) is the global average productivity of water resources. WEF, PWEF, DWEF and
EWEF are the per capita WEF (ha/cap), PWEF (ha/cap), DWEF (ha/cap) and EWEF
(ha/cap), respectively. Qp (m3), Qd (m3) and Qe (m3) represent the regional water con-
sumption of production, domestic and ecological, respectively.

WECC represents the water resources supply ability that could sustainably support
the development of resources, the ecosystem, and society under certain management
conditions and development stages. The calculation is as follows:

WECC = N·wecc = α·ϕ·a·Q/P (8)

where α is the biodiversity compensation coefficient [25] (the proportion of resources
remaining after deducting water resources for maintaining water ecological environmental
quality and biodiversity to total water resources), and ϕ is the water production factor [51].
The parameters required for the above calculations are presented in Appendix A Table A1.

2.3. Indicators Used to Assess Water Resources’ Sustainable Utilization Level

In this paper, water ecological deficit (WED) and surplus (WES), the water pressure in-
dex (WPI), WEFdepth and WEFsize are used to assess water resources’ sustainable utilization
level.

https://www.resdc.cn/
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2.3.1. Water Ecological Deficit and Surplus

In terms of deficit and surplus [21,22,52], the WED is referred to as the water capacity
of water consumption activities that consume more water resources than natural capital
and lead to an imbalance in water load, and the WES is referred to as the scenario in which
human activities consume water resources but remain within WECC. The WED and WES
can be used to quantify the water resources’ sustainable utilization level of a region and is
the difference between WECC and WEF. When the difference is negative, it is the WED. If
not, it is the WES.

2.3.2. Water Pressure Index and the Sustainable Utilization Level of Water Resources

The WPI is the “threat state” of WEF to WECC and refers to the degree of water
consumption activities with the water resources and the water resources’ sustainable
utilization level. The indicator could be calculated as follows [53]:

WPI =
WEF

WECC
(9)

If WPI is between 0 and 1, the supply of water resources exceeds the demand, and
WEF is within the reasonable range. If WPI = 1, the supply and demand are balanced. If
WPI > 1, the demand is greater than the supply and WECC is in an unsustainable state
(Table 1).

Table 1. The level of water resources’ sustainable utilization based on the WPI value (refer to [54]).

Level of Water Resources’
Sustainable Utilization WPI Representation State

1 <0.50 Very sustainable
2 0.5–0.8 Relatively sustainable
3 0.81–1.00 Relatively unsustainable
4 1.01–1.50 Quite unsustainable
5 1.51–2.00 Very unsustainable
6 >2.00 Completely unsustainable

Very sustainable means water resources consumption is within the supply of water resources, and consumption
will not lead to water depletion. Completely unsustainable means the consumption of water resources exceeds
the supply and also threatens regional ecological environmental quality and biodiversity.

2.3.3. Water Ecological Footprint Depth and Size

When the consumption rates of water resources are faster than the regeneration rates,
the resources inventory may be depleted. Technological progress could reduce the WED
by improving the existing WECC, i.e., by building the water storage facilities. However,
technological progress does not compensate for the fact that resources are scarce [14].
Therefore, it is necessary to evaluate the utilization level of NCS and NCF by water
resources consumption through a three-dimensional WEF model.

2.4. Driving Factors of Water Ecological Footprint Change

The LMDI is selected to identify factors influencing the change in WEF. These factors
are divided into four effects in the paper—WEF intensity (WEFI) effect, the economic
development (ED) effect, the population pressure (PP) effect and the WECC effect. The
calculation is as follows:

WEFt =
WEF
GDP

·GDP
POP

· POP
WECC

·WECC (10)

∆WEFI = ∑
i

(
WEFt −WEF0

lnWEFt − lnWEF0

)
× ln

WEFIt

WEFI0 (11)
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∆ED = ∑
i

(
WEFt −WEF0

lnWEFt − lnWEF0

)
× ln

EDt

ED0 (12)

∆PP = ∑
i

(
WEFt −WEF0

lnWEFt − lnWEF0

)
× ln

PPt

PP0 (13)

∆WECC = ∑
i

(
WEFt −WEF0

lnWEFt − lnWEF0

)
× ln

WECCt

WECC0 (14)

where t is the year. WEFI = WEF
GDP represents WEFI, ED = GDP

POP represents the ED, and
PP = PP

WECC represents the PP and means the population pressure on WECC. WEF0 is
defined as the base-period WEF, WEFt is the end-stage WEF, and 4WEF represents the
change in WEF from base-period to end-stage. Therefore, the change in WEF can be
expressed as:

∆WEF = WEFt −WEF0 = ∆WEFI + ∆ED + ∆PP + ∆WECC (15)

3. Results
3.1. Per Capita Water Ecological Deficit and Surplus

The per capita WEF, per capita WECC, per capita WED and WES of the Wuhan
Metropolitan Area from 2010 to 2019 were calculated according to Equations (4) and (8)
(Figure 2). For the Wuhan Metropolitan Area, the per capita WEF was always within the
range of the per capita WECC and there was no deficit (Figure 2a). In 2016, per capita
WES was the highest during the period 2010–2019. This is because the range in the per
capita WEF was small, and 2016 was a wet season in the metropolitan area, resulting in
sufficient water resources supply (Appendix A Table A2). However, per capita WED and
WES of urban areas within the metropolitan area was quite different. The cumulative WED
of Ezhou was highest at 5.02 ha/cap from 2010 to 2019, which indicated that Ezhou had
the highest per capita WEF (Appendix A Table A3) in the metropolitan area with a smaller
WECC (Figure 2c). Xianning and Huanggang had no WED, and Huangshi, with a higher
WECC, only had a deficit in 2019. Overall, the sustainable utilization level of regional water
resources is more affected by WECC and leads to regional differences. However, to realize
the sustainable utilization of water resources and sustainable development of the social
economy, it needs to be carried out within the scope of WECC. Therefore, the composition
of WEF needs to be further analyzed.

PWEF was the chief component of WEF of the Wuhan Metropolitan Area and its inner
urban areas (Figure 2b). Among the nine urban areas, Wuhan had the smallest propor-
tion of PWEF in WEF, and also had the smallest per capita WEF and PWEF (Appendix A
Tables A3 and A4). This is because although Wuhan had the highest GDP, its low pro-
portion of secondary industry inhibited the growth of WEF (Figure 1d). However, the
emergence of its WED emphasizes that it still needs to further improve the efficiency of
water resources utilization.

At the same time, the spatial distribution of the per capita WECC was mainly con-
centrated in the southeast of the metropolitan area. For urban areas without WED, the
industrial scale could be appropriately increased to develop GDP, but it still needs to be
carried out within the scope of WECC and improve the utilization efficiency of water
resources.
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Figure 2. Per capita water ecological deficits (WED) and surplus (WES), and composition of water
ecological footprint (WEF) and per capita water ecological carrying capacity (WECC) of the Wuhan
Metropolitan Area. (a) Dynamics of WED and WES. (b) The average composition of WEF during
the period 2010–2019. PWEF, DWEF and EWEF are the production WEF, the domestic WEF and
the ecological WEF, respectively. (c) Per capita WECC during the period 2010–2019 (cumulative
WECC/cumulative population).

3.2. Water Resources’ Sustainable Utilization Level Assessment

Equation (9) was used to calculate the WPI of the Wuhan Metropolitan Area from
2010 to 2019 (Figure 3).

Figure 3. Changes in the water pressure index (WPI) in the Wuhan Metropolitan Area from 2010 to
2019.
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The WPI of the metropolitan area fluctuated between 0.31 and 0.96 from 2010 to 2019,
and the WPI was always lower than 1. In 2011 and 2019, the WPI was the highest at 0.96
and was the lowest in 2016 at 0.31. The level of water resources’ sustainable utilization
reached level 3 (relatively unsustainable) in 2011 and 2019, it was in the state of relatively
sustainable in the periods 2012–2015 and 2017–2018, and the state of very sustainable
in 2010 and 2016. When WECC was smaller, the grade of water resources’ sustainable
utilization level was higher. However, overall, the metropolitan area was still in the state
of sustainable development of water resources consumption.

In terms of the inner urban areas of the metropolitan area, the WPI of each urban were
showed the same dynamics and there was a significant difference between those urban
areas. The WPI of Huanggang and Xianning was always lower than 0.5, and it was always
the lowest in Xianning. During the period 2010–2012, the WPI in Xiaogan was the highest;
and in 2011 and 2012, Xiaogan was in the state of completely unsustainable. Excluding
2014, the WPI in Ezhou was the highest.

3.3. Natural Capital Occupation Analysis

WEFsize and WEFdepth reflect the NCS occupation and NCF consumption by WEF,
respectively, and the result is shown in Figure 4. In terms of the Wuhan Metropolitan
Area, WEFsize did not substantially change and only fluctuated around 0.87 (ha/cap) and
WEFdepth was always 1 from 2010 to 2019. Thus, the NCF is used first, the NCS is not
occupied and the supply capacity of water resources is unaffected.

Figure 4. Water ecological footprint size (a, WEFsize) and depth (b, WEFdepth) of the Wuhan Metropoli-
tan Area during the period 2010–2019.
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However, in terms of inner urban areas in the metropolitan area, WEFsize of Ezhou
was the highest during the periods 2010–2012 and 2014–2016, and excluded 2010 and 2016,
WEFdepth of Ezhou was greater than 1. In 2019, WEFdepth was the highest and reached
2.73, suggesting that 2.73-fold the current area was required to support the water resources
consumption of Ezhou. In terms of the urban areas which consumed water resources NCF
and occupied water resources NCS, water resources utilization was unsustainable. The
reason is that the supply of NCF would decrease over the following year, and reduce WECC
by the accumulative nature of WED [10]. Adverse effects on local water environment, such
as aquifer depletion [31,32], are caused. Therefore, these urban areas must develop their
industries within the scope of region’s WECC, and determine the scale of industries and
urban areas by setting production and people based on WECC.

3.4. Factors Influencing Water Ecological Footprint Change

Considering that WEF is more easily affected by human production and management
activities. In this paper, WEF increment of the Wuhan Metropolitan Area in China from
2010 to 2019 was decomposed into four effects—WEFI effect, ED effect, PP effect and WECC
effect (Figure 5). The change in their values is shown in Appendix A Tables A5–A8. Both
ED and PP were effects that lead to the increase in WEF of the metropolitan area and nine
urban areas within it, while WEFI effect and WECC effect had the opposite effect.

Figure 5. Decomposition results of factors affecting water ecological footprint change (4WEF) in the
Wuhan Metropolitan Area from 2010 to 2019.

In terms of the metropolitan area, WEF increased by 1.67 million ha from 2010 to 2019,
ED effect was the main effect of WEF and resulted in an increased WEF of 27.65 million ha.
On the contrary, WEFI effect was the chief negative effect that inhibited the increase in
WEF. This is consistent with previous research conclusions [47,55]. Meanwhile, we found
that PP effect had a positive effect on the increase in WEF, which was second only to ED
effect. This is because the increase in population not only reduces WECC by occupying
wetlands through urban expansion [56,57] but improves WEF by expanding the industrial
scale, thus showing a positive driving effect on the change in WEF. However, WECC
effect inhibited the change in WEF, which may be because the reduction in WECC forces
water-consuming industries to improve the utilization efficiency of water resources and
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reduce the consumption of water resources, that is, to use WECC to limit the industrial
scale.

In terms of the inner urban areas of the metropolitan area, the contribution of the
four effects to the change in WEF was significantly different, but the relative relationship
between each effect and WEF change was consistent with that of the metropolitan area.

4. Discussion

The three-dimensional WEF model was constructed in this paper and was incorpo-
rated into the evaluation system of the sustainable utilization level of water resources.
The advantage of this model is that it can quantitatively analyze the utilization of water
resources capital by human activities, which is an important topic in the quantitative
field of sustainable development [58,59]. Wang et al. believed that the sustainability of
regional development was related to time variables, so they used Arima to predict the
ecological footprint [54]. However, Yang et al. believed that human activity occupation
of NCS will reduce the NCF in the next year, thus restricting the sustainability of human
development [14]. This paper also reached a similar conclusion that a significant increase
in WECC could reduce WEFsize, thereby increasing NCF and supplementing historical
WED. Different from the ecological footprint, the range in WECC is greater than that of
WEF. Therefore, it is emphasized that human activities should be constrained by the multi-
year average of WECC to avoid the accumulation of WED and enhance the sustainability
of water resources utilization. Meanwhile, we believe that the three-dimensional WEF
model could be more widely applied in Central Asia and Africa, where water resources are
scarce [60,61].

5. Conclusions and Implications
5.1. Conclusions

To identify the occupancy of natural capital stock and the consumption of natural
capital flow by water resources consumption in the Wuhan Metropolitan Area, we extended
the water ecological footprint model into a three-dimensional water ecological footprint
model. By analyzing the relationship between the supply and demand of water resources
in the metropolitan area and its inner urban areas, the sustainable utilization level of
water resources was evaluated, and the stock occupancy and flow consumption of natural
capital were integrated into the evaluation system of the sustainable utilization level of
water resources. The three-dimensional water ecological footprint model provided a new
perspective for the assessment of sustainable utilization level of water resources.

1. During the period 2010–2019, the change in water ecological carrying capacity was
larger than water ecological footprint, and there was no water ecological deficit in
the Wuhan Metropolitan Area. Water ecological deficit and surplus were different
for inner urban areas of the metropolitan area, Ezhou had the highest cumulative
water ecological deficit with 5.02 ha/cap. Water ecological footprint of production
was the main component of the water ecological footprint of the metropolitan area.
The spatial distribution of per capita water ecological carrying capacity was mainly
concentrated in the southeast of the metropolitan area. In general, although there was
no water ecological deficit in the metropolitan area, there were great differences in
water ecological footprint and water ecological carrying capacity of the inner urban
areas, leading to different degrees of deficit.

2. The level of water resources’ sustainable utilization level in the Wuhan Metropolitan
Area was relatively unsustainable in 2011 and 2019. Xianning was the most sustainable
urban area in terms of water resources utilization among the nine urban areas within
the metropolitan area. In the periods 2011–2012 and 2018–2019, the sustainable
utilization level of water resources in some urban areas was in the state of completely
unsustainable.

3. Regarding the natural capital flow consumption and the natural capital stock occu-
pancy in the Wuhan Metropolitan Area, there was never occupancy of natural capital
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stock. In the periods 2011–2015 and 2017–2019, there were always some urban areas
occupying on natural capital stock, and Ezhou was always one of them. This indicates
that the natural capital flow cannot meet the water resources consumption demand,
and that the high occupation of the natural capital stock would seriously hinder the
recovery of water ecological carrying capacity.

4. The factors affecting the change in water ecological footprint were divided into four
effects—water ecological footprint intensity effect, economic development effect,
population pressure effect and water ecological carrying capacity effect—and the
relative contribution of each effect was determined using the Logarithmic Mean
Divisia Index. Economic growth effect and population pressure effect had a positive
driving effect on the change in water ecological footprint, while the intensity effect
of water ecological footprint and water ecological carrying capacity effect had the
opposite effect.

5.2. Implications

This paper suggests that the local government should strengthen control of water
resources consumption in the production sector, and take the annual average water ecolog-
ical carrying capacity of the region as the upper limit of production, living and ecological
water consumption in the region. Therefore, the metropolitan area should be encouraged
to eliminate or upgrade systems with low water resources utilization efficiency; apply strict
restrictions at the industrial scale, the population scale and the city scale based on water
resources supply capacity; and improve water efficiency.

Second, the protection of water sources should be strengthened, the scale of urban
expansion should be carefully planned, and the natural capital flow of water resources in
the dry season should be ensured to meet the production, living and ecological needs of
the region. Further, the occupation of natural capital stock of water resources should be
reduced.

Thirdly, it is suggested that based on the market economy, methods such as water
ecological compensation could be used to restrain the consumption of water resources
and realize the allocation of water resources in areas with high water consumption and
promote differentiated regional development models and water policy.

Author Contributions: Conceptualization, D.L.; methodology, D.L.; validation, L.H. and H.L.; formal
analysis, D.L.; investigation, D.L.; resources, L.H.; data curation, D.L., L.F. and L.Q.; writing—original
draft preparation, D.L.; writing—review and editing, D.L.; visualization, D.L.; supervision, L.H.;
project administration, L.H.; funding acquisition, L.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by National Key Research and Development Program of
China (Grant No. 2019YFC0507801), and Key Program of National Natural Science Foundation of
China (No. 41890824).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Acknowledgments: We would like to extend special thanks to the editor and Reviewers for insightful
advice and comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



www.manaraa.com

Water 2021, 13, 3505 12 of 16

Appendix A

Table A1. Related parameters of the calculation of water ecological footprint and water ecological
carrying capacity.

Item Value Reference

global equilibrium factor of water resources (a) 5.19 [26]
global average productivity of water resources (P) 3140 m3/ha [62]

biodiversity compensation coefficient (α) 0.4 [25]
water production factor (ϕ) 1.79 [63]

Table A2. Dynamics of water ecological footprint (WEF, ha) and water ecological carrying capacity
(WECC) of the Wuhan Metropolitan Area from 2010 to 2019.

WEF WECC

2010 26,622,716.56 65,444,575.06
2011 26,911,968.15 28,028,210.87
2012 27,421,050.96 39,104,667.88
2013 27,078,907.64 34,588,307.40
2014 26,397,926.75 42,019,213.21
2015 27,733,442.68 53,443,993.93
2016 24,971,503.18 79,759,020.84
2017 26,330,159.24 49,233,305.27
2018 27,202,872.61 35,025,489.20
2019 28,297,070.06 29,369,375.63

Table A3. Dynamics of per capita water ecological footprint (WEF, ha/cap) of each urban area within the Wuhan Metropoli-
tan Area from 2010 to 2019.

Wuhan Huangshi Ezhou Huanggang Xiaogan Xianning Xiantao Tianmen Qianjiang

2010 0.66 1.10 1.49 0.78 0.93 1.04 1.33 0.99 1.10
2011 0.65 1.02 1.40 0.78 1.00 1.04 1.37 1.10 1.11
2012 0.65 1.02 1.39 0.77 1.09 1.06 1.34 1.18 1.13
2013 0.62 1.02 1.91 0.76 1.05 0.90 1.28 1.28 1.03
2014 0.60 1.05 1.91 0.75 0.92 0.88 1.30 1.26 1.16
2015 0.59 1.24 2.06 0.78 0.97 0.97 1.30 1.17 1.19
2016 0.53 1.16 1.90 0.71 0.78 0.89 1.18 1.04 1.18
2017 0.53 1.22 1.86 0.75 0.87 0.89 1.35 1.20 1.27
2018 0.54 1.24 2.03 0.75 0.88 1.00 1.36 1.23 1.27
2019 0.56 1.26 2.48 0.75 0.92 0.94 1.50 1.24 1.36

Table A4. Dynamics of per capita production water ecological footprint (PWEF, ha/cap) of each urban area within the
Wuhan Metropolitan Area from 2010 to 2019.

Wuhan Huaangshi Ezhou Huanggang Xiaogan Xianning Xiantao Tianmen Qianjiang

2010 0.58 1.02 1.41 0.72 0.88 0.97 1.25 0.93 1.04
2011 0.57 0.95 1.32 0.72 0.93 0.98 1.30 1.02 1.04
2012 0.56 0.94 1.31 0.71 1.01 0.98 1.27 1.10 1.05
2013 0.53 0.94 1.82 0.70 0.97 0.82 1.20 1.20 0.96
2014 0.51 0.97 1.82 0.68 0.85 0.79 1.22 1.19 1.08
2015 0.50 1.16 1.97 0.71 0.89 0.89 1.22 1.10 1.11
2016 0.44 1.07 1.80 0.63 0.69 0.81 1.09 0.96 1.09
2017 0.43 1.13 1.76 0.67 0.79 0.81 1.27 1.12 1.18
2018 0.45 1.15 1.93 0.67 0.80 0.91 1.28 1.14 1.17
2019 0.47 1.17 2.38 0.67 0.84 0.85 1.41 1.15 1.25
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Table A5. The water ecological footprint intensity (WEFI, ha/104 ¥) in the Wuhan Metropolitan Area and its inner urban
areas from 2010 to 2019.

Wuhan Huaangshi Ezhou Huanggang Xiaogan Xianning Xiantao Tianmen Qianjiang Metropolitan
Area

2010 0.71 0.39 0.68 0.25 0.84 0.16 0.59 0.74 0.64 0.41
2011 2.03 0.74 1.26 0.63 2.61 0.33 1.34 1.74 1.12 0.96
2012 1.25 0.57 1.16 0.46 2.23 0.21 1.23 1.63 1.14 0.70
2013 1.34 0.89 1.84 0.45 1.68 0.28 0.98 1.16 0.86 0.78
2014 1.26 0.61 1.56 0.34 1.30 0.19 1.16 1.83 1.32 0.63
2015 0.85 0.67 1.43 0.30 0.89 0.19 0.64 0.81 0.68 0.52
2016 0.49 0.41 0.77 0.17 0.40 0.15 0.46 0.47 0.59 0.31
2017 1.09 0.56 1.81 0.35 1.06 0.15 0.83 1.32 0.99 0.53
2018 1.45 0.98 2.46 0.47 1.52 0.26 0.95 1.34 0.85 0.78
2019 1.57 1.14 2.73 0.57 2.11 0.30 1.27 1.79 1.50 0.96

Table A6. The economic development (ED, 104 ¥/cap) in the Wuhan Metropolitan Area and its inner urban areas from 2010
to 2019.

Wuhan Huaangshi Ezhou Huanggang Xiaogan Xianning Xiantao Tianmen Qianjiang Metropolitan
Area

2010 56,369.55 28,411.69 37,682.55 13,993.83 16,628.66 21,110.03 24,763.40 15,467.23 30,726.22 31,693.95
2011 67,487.03 38,027.10 46,706.95 16,829.47 19,858.24 26,418.56 31,991.55 20,052.59 39,895.57 38,891.87
2012 79,089.13 42,644.41 53,167.93 19,141.21 22,866.96 30,747.07 37,485.23 23,989.54 46,501.05 45,288.35
2013 88,564.58 46,707.57 59,687.80 21,314.78 25,528.54 35,094.57 42,556.96 28,332.04 51,754.20 50,849.11
2014 97,402.59 49,753.39 64,850.77 23,299.80 27,867.44 38,737.35 47,364.49 32,213.53 56,603.10 55,914.48
2015 102,808.34 49,963.38 68,901.37 25,262.12 29,872.90 41,087.75 51,741.13 35,948.61 58,201.46 59,474.90
2016 110,648.23 52,952.75 74,667.29 27,308.50 32,149.13 43,861.05 56,406.79 38,578.66 62,597.71 64,146.52
2017 123,110.83 59,882.61 84,122.95 30,308.31 35,447.20 48,710.50 62,985.10 41,156.99 69,622.80 71,514.00
2018 133,988.72 64,246.17 93,281.99 32,151.66 38,880.08 53,568.99 70,186.84 46,463.10 78,238.10 78,291.56
2019 144,695.06 71,496.95 107,584.22 36,676.61 46,766.92 62,587.51 76,174.90 52,174.12 84,114.48 86,777.49

Table A7. The population pressure (PP, cap/ha) in the Wuhan Metropolitan Area and its inner urban areas from 2010 to
2019.

Wuhan Huaangshi Ezhou Huanggang Xiaogan Xianning Xiantao Tianmen Qianjiang Metropolitan
Area

2010 1.08× 10−4 3.50× 10−5 4.58× 10−5 3.15 × 10−5 8.97× 10−5 1.54× 10−5 4.42× 10−5 7.43× 10−5 5.84× 10−5 4.62 × 10−5

2011 3.10× 10−4 7.22× 10−5 9.05× 10−5 8.07 × 10−5 2.61× 10−4 3.20× 10−5 9.72× 10−5 1.59× 10−4 1.01× 10−4 1.09 × 10−4

2012 1.93× 10−4 5.54× 10−5 8.35× 10−5 6.01 × 10−5 2.05× 10−4 2.02× 10−5 9.12× 10−5 1.39× 10−4 1.01× 10−4 7.83 × 10−5

2013 2.16× 10−4 8.70× 10−5 9.62× 10−5 5.83 × 10−5 1.61× 10−4 3.06× 10−5 7.67× 10−5 9.10× 10−5 8.34× 10−5 8.89 × 10−5

2014 2.12× 10−4 5.84× 10−5 8.15× 10−5 4.51 × 10−5 1.41× 10−4 2.21× 10−5 8.90× 10−5 1.45× 10−4 1.14× 10−4 7.35 × 10−5

2015 1.44× 10−4 5.37× 10−5 6.95× 10−5 3.88 × 10−5 9.17× 10−5 1.99× 10−5 4.93× 10−5 6.87× 10−5 5.71× 10−5 5.84 × 10−5

2016 9.20× 10−4 3.50× 10−5 4.05× 10−5 2.43 × 10−5 5.19× 10−5 1.66× 10−5 3.90× 10−5 4.49× 10−5 4.95× 10−5 3.94 × 10−5

2017 2.08× 10−4 4.57× 10−5 9.74× 10−5 4.63 × 10−5 1.22× 10−4 1.64× 10−5 6.12× 10−5 1.10× 10−4 7.79× 10−5 6.42 × 10−5

2018 2.68× 10−4 7.89× 10−5 1.21× 10−5 6.31 × 10−5 1.73× 10−4 2.61× 10−5 6.98× 10−5 1.10× 10−4 6.66× 10−5 9.08 × 10−5

2019 2.80× 10−4 9.00× 10−5 1.10× 10−4 7.62 × 10−5 2.28× 10−4 3.14× 10−5 8.47× 10−5 1.44× 10−4 1.11× 10−4 1.09 × 10−4

Table A8. The water ecological carrying capacity (WECC, ha) in the Wuhan Metropolitan Area and its inner urban areas
from 2010 to 2019.

Wuhan Huaangshi Ezhou Huanggang Xiaogan Xianning Xiantao Tianmen Qianjiang Metropolitan
Area

2010 0.09 0.07 0.02 0.20 0.05 0.16 0.03 0.02 0.02 0.65
2011 0.03 0.03 0.01 0.08 0.02 0.08 0.01 0.01 0.01 0.28
2012 0.05 0.04 0.01 0.10 0.02 0.12 0.01 0.01 0.01 0.39
2013 0.05 0.03 0.01 0.11 0.03 0.08 0.02 0.01 0.01 0.35
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Table A8. Cont.

Wuhan Huaangshi Ezhou Huanggang Xiaogan Xianning Xiantao Tianmen Qianjiang Metropolitan
Area

2014 0.05 0.04 0.01 0.14 0.03 0.11 0.01 0.01 0.01 0.42
2015 0.07 0.05 0.02 0.16 0.05 0.13 0.02 0.02 0.02 0.53
2016 0.12 0.07 0.03 0.26 0.09 0.15 0.03 0.03 0.02 0.80
2017 0.05 0.05 0.01 0.14 0.04 0.15 0.02 0.01 0.01 0.49
2018 0.04 0.03 0.01 0.10 0.03 0.10 0.02 0.01 0.01 0.35
2019 0.04 0.03 0.01 0.08 0.02 0.08 0.01 0.01 0.01 0.29
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