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Abstract: The coordination between regional ecological and economic development has become
a crucial topic in current environmental and development research due to the establishment of
sustainable development goals and the acceleration of urbanization. In this study, an improved eco-
economy coordination (EEC) model is proposed to evaluate the coordination of regional ecological
and economic development. This study focuses on Wuhan, China, and utilizes socioeconomic
and remote sensing data from 2000 to 2015 to measure both static and dynamic ecosystem service
values (ESV). ESVs are the direct and indirect benefits produced by ecosystems that support human
survival and development. The calculated ESVs are then integrated into the ecological–economic
coordination (EEC) evaluation. This study aims to conduct a comparative analysis of the ecological-
economic coordination across various districts of Wuhan, with a focus on spatiotemporal factors. In
addition, this paper highlights the role of environmental adjustment coefficients in enhancing the
EEC assessment. The results show that (1) the total static ESV experienced a loss of RMB 1.2 billion
(approximately USD 169 million) and showed a decreasing trend, while the dynamically corrected
ESV reversed this trend; and (2) EEC based on static ESV showed a low degree of conflict between
ecological and economic reconciliation compared with a significant increase in EEC based on dynamic
ESV. Based on static ESV, the EEC showed a low degree of conflict between ecological and economic
reconciliation compared to a significant increase in EEC based on dynamic ESV. After being corrected
by environmental adjustment coefficients, the EEC values showed a more differentiated distribution.
Most regions demonstrated an overall upward trend in EEC, with a few, such as Wuchang District
and Jiang’an District, being notable examples. However, Jianghan District presented a high conflict
status. Finally, a series of decision-making suggestions are given based on relevant study results,
and an important policy implication is that the coordination of economic growth and ecological
protection, under large downward pressure from EEC values, needs to be paid special attention in
policy decision-making.

Keywords: eco-economy coordination; ecosystem service value; environmental adjustment coefficient;
willingness to pay

1. Introduction

Since the reform and opening up in 1978, China has experienced rapid economic
development and urbanization. China’s GDP has increased from CNY 406.2 billion in
1979 to CNY 1561.61 billion in 2020 [1]. However, the rapid economic development has
also led to a series of ecological and environmental problems, such as the aggravation
of air pollution, especially the aggravation of haze pollution; the shortage of resource
consumption, etc.; as well as a series of social problems, such as unbalanced regional
development and the widening gap between the rich and the poor [2,3]. Against the
backdrop of the United Nations’ Sustainable Development Goals (SDGs), the coordinated
development of socio-economic and ecological systems has become a popular topic in the
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field of sustainable development. The positive interaction between social economy and
ecological environment is closely related to the level of sustainable development [4] and is
also an important indicator to measure whether regional development is healthy or not [5].

Land ecosystems have both natural and social-economic attributes and are the result of
a comprehensive coupling between natural and economic systems [6]. Land use/land cover
change has a broad impact on land ecosystems [7,8]. For example, rapid urban expansion
that has occupied a large amount of ecological land such as grassland, water area, forest, and
cultivated land to meet the needs of construction may cause land desertification, land sec-
ondary salinization, land impoverishment, and other land ecological quality problems [9],
thereby leading to the destruction of land ecosystems [10,11]. Land use/land cover records
the extent to which human activities affect the natural environment [12]. The ecological ef-
fects of land use change can be measured from ecological footprint [13], eco-environmental
quality index [14,15], biodiversity change [11], and ecosystem services [16–19]. Ecosystem
services (ES) are the benefits that ecosystems provide for human survival and sustainable
development [20]. The services provided by ecosystems include provisioning, regulating,
supporting, and cultural services [21,22]. The concept of ecosystem services (ES) was first
introduced by SCEP in the 1970s. Since then, research on the classification of ecosystem
services has gradually emerged [23]. This includes the Millennium Ecosystem Assess-
ment [22], the Nature’s Contributions to People framework [24], and the continuously
updated Common International Classification of Ecosystem Services (CICES) [25]. Scholars
have conducted exploratory studies on the valuation of ecosystem services (ESV) [21,26–29],
building on the foundation of ecosystem service classification research. The methods for
estimating ESV (Ecosystem Service Value) can be broadly divided into two categories.
There are two methods for estimating ESV: the unit value method, which calculates ESV
based on the economic value per unit area of the ecosystem [21,26,30], and the functional
value method, which is based on calculations from a single service function [28]. In re-
cent years, scholars have extensively evaluated ecosystem service values in areas such as
cities, watersheds, and ecological reserves using ESV (Ecosystem Service Value) assess-
ment methods [31,32]. These studies are mostly based on land use data and incorporate
spatial technologies to explore the coupling relationship between land use changes and
ESV [33]. Ecosystem services are defined as the benefits generated by ecosystems that
directly or indirectly support human survival and development [21,34]. Most ecosystem
services have public characteristics that do not have market-oriented value and are easy
to over-consume [21,35,36]. To realize the sustainable development of human beings, it
is necessary to evaluate the value of ecosystem services and, therefore, establish a bridge
between the market value of ecosystem services and the socioeconomic development [37].
Land use changes inevitably lead to the change of ecosystem services [38,39]. For instance,
agricultural expansion and deforestation have resulted in a significant increase in soil
erosion rates. Urban expansion has led to a substantial reduction in water fields and paddy
fields, resulting in a loss of biodiversity. The urgent demands of food supply and economic
development have caused a large amount of woodland to be converted into farmland,
which has subsequently been transformed into construction land [40–44]. These human
activities lead to the gradual reduction of ecosystem services, and may cause the aggra-
vation of ecosystems imbalance and an increase in restoration costs [45,46]. Maintaining
and protecting ecosystem services is the foundation of sustainable development [12,38].
Analyzing the interaction between the ecological service value of land use and regional
economic development has a great influence on adjusting land use structure and promoting
economic development [17,47].

The measurement of coordination degree of an eco-economic system is one of the
hotspots of sustainable development fields [48]. Quantitative evaluation of coordination
between a social economic system and a natural ecosystem can provide a relevant the-
oretical basis for the realization of sustainable development [14]. At present, relevant
methods to measure the coordinated development of ecological and economic systems
include emergy analysis, material flow analysis, system dynamics model [49,50], ecological
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footprint analysis [50], market value method, and sustainability evaluation method [51].
However, the applicability of these approaches is still limited by external ecological and
socio-economic factors and the accuracy of regional spatial analysis [52]. In addition, as the
coordinated development of the environment and economy involves many fields such as
ecology, economy, and geography that are characterized by comprehensiveness and com-
plexity, although the current research has achieved excellent achievements, the quantitative
evaluation is still in the exploratory stage and needs to deepen quantitative analysis [53].

Supported by remote sensing and geographic information system (GIS) technologies,
the eco-economy coordination (EEC) model was used to evaluate the coordination of re-
gional ecological and economic development [28]. The EEC model was proposed by [54]
to measure the coordination between ecological and economic development of a region
through quantitative analysis. This model has been widely used to assess the degree of
coordination between ecology and economy. In [55], they studied the scope of ecological
compensation in a fragile oasis in China by measuring the ecological–economic coordina-
tion index. According to this model, [56] conducted a quantitative study on the level of
ecological–economic harmony in Harbin by quantifying land use/cover change (LUCC).
Because ecosystem services can reflect the interaction, mutual influence, and synergistic
evolution of land use and ecosystems, as well as the close interaction between land use and
economic development, ESV is used to describe the ecological environment. The impact of
land use on regional economic development can be revealed by evaluating the ecological
service and the excessive consumption of ecosystem services can restrict regional economic
development [57]. The objective of this study was to calculate the ecological–economic
coherence (EEC) based on static and dynamic ecosystem service values (ESV). This will
improve the reliability and accuracy of the assessment results. Static ESV is the assessment
of ecosystem services related to ecosystem structure and function, and its changes represent
the variations of human well-being [21]. The application of the static ESV in EEC assessment
can fully reflect the restrictive relationship between ecosystem services, human welfare,
and social-economic development. Dynamic ESV is the assessment of ecosystem services
at different stages of social development and its changes represent the impact of people’s
understanding of the ecological environment and changes in demand on ecosystem service
benefits [19]. Applying it to EEC assessment can help us better understand the role of
dynamic changes of ESV in promoting the coordinated development of eco-economy.

However, the traditional EEC model still has certain limitations, mainly because it can
only analyze whether the ecological environment of a certain area is improved or not and
whether the development lags behind through the vertical comparison in different peri-
ods [58]. Nevertheless, it is necessary to conduct a comprehensive study on the coordinated
development of ecological economy in a region by comparing and analyzing the differences
of spatial geography and regional economic level of all subregions. Hence, to make EEC
comparative analysis more objective, this paper proposed an environmental adjustment co-
efficient to improve this situation. Taking Wuhan as a study object, this paper quantitatively
evaluated the variation of static and dynamic ecological service values of land use, and fur-
ther explored the coordinated development level and spatial differences between regional
ecological environment and economic development. On this basis, the interaction mecha-
nism and evolution law of economic development and ecosystem services were analyzed,
and the coordinated development of ecological economy in Wuhan was comprehensively
analyzed from the perspectives of vertical analysis and horizontal comparison.

2. Materials
2.1. Study Area

Wuhan, located at 30◦35′36′ ′ N, 114◦18′17′ ′ E (Figure 1), is one of the fastest growing
cities and the largest city in the center China. The compound annual growth rate of the
gross domestic product (GDP) is over 14%. The GDP increased by 803.7% from 2000 to
2020. The permanent resident population of Wuhan was 11.21 million in 2020, an increase
of 18.6% compared to 7.492 million in 2000 [1]. In 2020, a large-scale COVID-19 event broke
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out in Wuhan. As the city with the longest containment period, the latest resumption, and
the greatest impact of the epidemic, Wuhan’s GDP dropped by 40.5% in the first quarter of
2020. However, through the implementation of a series of favorable economic development
policies, the strong economic growth eventually turned positive, with the total amount
reaching CNY 1561.61 billion, ranking among the top ten cities in China [1]. In 2021,
Wuhan’s GDP exceeded CNY 1.77 trillion, with a year-on-year growth of 12.2%, and the
per capita disposable income of urban and rural residents in Wuhan was CNY 55,297 and
CNY 27,209, respectively, an increase of 9.8% and 13.1% compared with 2020. Wuhan has
experienced rapid urbanization and the urbanization rate of registered population reached
84% in 2020. However, rapid urbanization has also brought a series of environmental
problems, such as haze pollution, water pollution, and so on. The outstanding performance
is the “spreading the cake” urban expansion mode, occupying a large amount of the natural
landscape, especially large-scale high-quality arable land, resulting in the degradation of
the natural ecosystem, and affecting the supply of ecosystem services. Hence, this paper
chose Wuhan as a case study to explore the coordination between economic development
and eco-environmental transformation in Wuhan.
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2.2. Data Sources

The data mainly covered socio-economic data and remote sensing image data. The
remote sensing image data were all from the Resource and Environment Science Data
Center of Chinese Academy of Sciences [59]. It included the four periods of land use
classification maps from 2000 to 2015 and an administrative division map of Wuhan city
and its subordinate counties. In addition, it also included the maps of Chinese net primary
productivity distribution, which was calculated by using a Light Energy Utilization Model.
The social and economic data sets included permanent resident population, GDP and Engel
coefficients were from Wuhan Statistical Yearbooks. The price of Japonica rice, Indica rice,
corn, and soybeans was taken from the China Price Statistics Yearbook and the China
Agricultural Product Price Survey Yearbooks, with all prices adjusted to the 2000 price
level. The residential garbage treatment fee was taken from the service fee standard of
Wuhan municipal household garbage [60]. The treatment fees of wastewater and waste gas
were taken from China Statistical Yearbooks. The treatment cost of industrial wastes was
obtained from Statistical Bulletin of Ecological Environment of Wuhan.

3. Methods
3.1. Ecosystem Services Valuation

The equivalent factor method proposed by [21] is widely used in evaluating ecosystem
services [61], which is only associated with structure, function, and process, while the
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dynamic ESV evaluation needs to modify spatial heterogeneity of ecosystem services
and the willingness to pay (WTP) changing with the social development. Based on the
traditional evaluation method of ESV, this paper constructed the spatial heterogeneity
coefficients and social development stage coefficients to adjust the dynamic ESV assessment,
and analyzed the structure and characteristics of ecosystem services from the spatio-
temporal variation of static ESV and dynamic ESV.

3.1.1. Evaluation of Static ESV

Static ESV is usually calculated based on land area and land use type, but many studies
set the ESV of construction land as 0, ignoring the negative impact of construction land on
ecosystem services such as gas regulation, environment purification, and other ecosystem
service functions [62–64]. Therefore, this paper evaluated static ESV from two aspects:
construction land and non-construction land.

The non-construction land included dry land, paddy field, wetland, waters, woodland,
and grassland, and the ESVs of these land ecosystems were calculated as follows [21].

ESVn = ∑i ∑j Aj × VCij (1)

where ESVn is the ecosystem service value of non-construction land, Aj is the area of land
use type j, VCij is the value equivalent of land use type j with ecosystem service i, which is
determined according to the equivalent factors of [65] presented in Table 1 and the actual
grain yield of Wuhan.

Table 1. Value coefficients of non-construction lands in Wuhan (Yuan/ha).

Ecosystem
Classification

Paddy
Field Dry Land Woodland Grassland Waters Wetland

Supply
services

Food production 2029 1268 433 567 1194 761
Raw material 134 597 985 836 343 746
Water supply −3925 30 507 463 12,371 3865

Regulation
services

Gas conditioning 1656 1000 3238 2940 1149 2835
Climate regulation 851 537 9700 7775 3417 5372
Waste treatment 254 149 2880 2567 8282 5372
Hydrological regulation 4059 403 7073 5700 152,567 36157

Support
services

Soil conservation 15 1537 3954 3581 1388 3447
Nutrient cycle 284 179 298 269 104 269
Biodiversity conservation 313 194 3596 3253 3805 11,744

Cultural
Services Aesthetic landscape 134 90 1582 1433 2820 7058

Notes: Wetland refers to marshland, swampland, and beach. Waters refers to terrestrial aquatic ecosystems
including natural river, lake, ditch, and canal, etc.

The ESVs of gas regulation, water supply, and waste disposal of construction land
were calculated based on the method of [66,67], and the ESV of aesthetic landscape was
calculated by using the market value method. The details are as follows:

The calculation formula for the ESV of gas regulation in construction land is:

Eq = −
Cq

S
(2)

where Eq is the ecosystem service value of gas regulation per unit area of construction
land, Cq is the cost of waste gas treatment, and S is the total area of construction land.

The calculation formula for the ESV of water supply in construction land is:

Ew =
−(Cw + WPw)

S
(3)
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where Ew represents the ecosystem service value of water supply per unit area of construc-
tion land, Cw is the cost of wastewater treatment, W is the total water consumption, and
Pw is the price of water supply (the unit price of residential water supply is CNY 1.52/ton,
and that of non-residential water supply is CNY 2.35/ton).

The calculation formula for the ESV of waste disposal in construction land is:

Ed =
−(Cr + Cc)

S
(4)

where Ed is the ecosystem service value of waste disposal per unit area of construction
land, Cr is the fee of resident waste treatment, Cc is the cost of industrial waste treatment,
and S is the area of construction land.

The calculation formula for the ESV of aesthetic landscape in construction land is:

Ea =
Ct

S
(5)

where Ea is the ecosystem service value of aesthetic landscape per unit area of construction
land, Ct is the operating revenue of tourist attractions, and S is the area of construction land.

3.1.2. Evaluation of Dynamic ESV

The net primary productivity, as the quantitative value of the final product of land,
is positively related to eight types of ecosystem services such as gas regulation, grain
production, raw material, etc. [65]. So, the net primary productivity is used to construct
spatial heterogeneity coefficient as follows:

Q =
NPPwh
NPPna

(6)

where Q is the spatial heterogeneity coefficient, and NPPwh and NPPna are the average
values of net primary productivity of Wuhan and China, respectively.

Pears S growth curve, a general method to express the coefficients of social develop-
ment stages, can be used to modify the static ESV in different stages of social develop-
ment [3,68,69]. Its formula is as follows:

l =
1

1 + e−(1/En−3)
(7)

where l is the coefficient of social development stage, and En is Engel’s coefficient.
The above calculated coefficient l is less than 1, meaning that the dynamic ESV after

correction is much smaller than that of static ESV. This is contrary to the common cognition
that economic and social strides can promote the growth of willingness to pay for ecological
environment [70]. Because the average price of static ESV was calculated at the 2000 price
level, the ratio of social development stage coefficients in other years and that of 2000 was
used to further revise the social development stage coefficient:

Dh =
lh

l2000
(8)

where lh is the social development stage coefficient in h year, and Dh is the modified social
development stage coefficient.

Finally, the dynamic ESV is estimated as below:

ESVd = Q × Dh × ESVs (9)

where ESVd is dynamic ecosystem service value, Dh is the revised social development stage
coefficient, Q is the spatial heterogeneity coefficient, and ESVs is static ESV.
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3.2. Ecological and Economic Coordination Index (EEC) Model

The EEC model was first proposed by [54] to measure whether the ecological and
economic development of a region is coordinated through quantitative analysis. ESV
is used as an indicator of the ecological environment and GDP is used as an economic
indicator. The general form of the EEC model is as follows:

ESVpr =
ESVpn − ESVpm

ESVpm
(10)

GDPpr =
GDPpn − GDPpm

GDPpm
(11)

EEC =
ESVpr

GDPpr
(12)

where ESVpn and ESVpm are the ecosystem service values per unit area in the later and
earlier period of the study area, respectively; GDPpn and GDPpm are the GDP per unit area
in the later and earlier stages of the study area, respectively; and ESVpr and GDPpr refer to
the change rate of ESV and GDP, respectively.

Improvement of EEC Evaluation

The above EEC model can only analyze whether the ecological environment of a
certain area is improved or not and whether the development lags behind through the
vertical comparison in different periods. The difference of ESV between regions is ignored
whether it is calculated based on static ESV or dynamic ESV. The EEC calculated in this
way is not appropriate to compare the development of districts horizontally. This paper
proposed an environmental adjustment coefficient to improve this situation. The ratio of
regional to national ESV was used to construct the environmental adjustment coefficient.
In addition, the ESV per unit area was adopted for avoiding the difference of ESV caused
by land area changes in different districts. The formula is as follows:

E =

(
ESVpm

ESVtm

)SIGN(ESVpm)

(13)

where E is the environmental adjustment coefficient; ESVpm and ESVtm are the ecosystem
service values per unit area of the study area and the whole country in m period; and SIGN
is the judgment symbol, when ESVpm is greater than 0, the value is 1, on the contrary, it
is −1.

Accordingly, the revised EEC model is shown as follows:

EECa = EEC × E (14)

where EEC is the original ecological and economic co-ordination index model, calculated
from Equation (13), and E is the environmental adjustment coefficient, calculated from
Equation (12).

In this paper, the static and dynamic ESV of Wuhan were comprehensively assessed
and the EEC was estimated based on the static ESV and dynamic ESV, respectively, and
a comparative analysis was also conducted. According to the study of [54], the specific
connotation and classification of the EEC index is summarized in Table 2.
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Table 2. The connotation of EEC index.

Classification Descriptions

EEC ≥ 1 The ecological environment preservation and economic growth are in
a state of high coordination

0.8 ≤ EEC < 1 The ecological environment preservation and economic growth are in
a state of relatively moderate coordination

0.6 ≤ EEC < 0.8 The ecological environment preservation and economic growth are in
a state of moderate coordination

0.4 ≤ EEC < 0.6 The ecological environment preservation and economic growth are in
a state of relatively low coordination

0.2 ≤ EEC < 0.4 The ecological environment preservation and economic growth are in
a state of low coordination

0 ≤ EEC < 0.2 The ecological environment preservation and economic growth are in
a state of potential crisis

−0.2 ≤ EEC < 0 The ecological environment preservation and economic growth are in
a state of low conflict

−0.4 ≤ EEC < −0.2 The ecological environment preservation and economic growth are in
a state of relatively low conflict

−0.6 ≤ EEC < −0.4 The ecological environment preservation and economic growth are in
a state of moderate conflict

−0.8 ≤ EEC < −0.6 The ecological environment preservation and economic growth are in
a state of relatively high conflict

−1 ≤ EEC < −0.8 The ecological environment preservation and economic growth are in
a state of high conflict

EEC ≤ −1 A deteriorating relationship between ecological environment
preservation and economic growth

Notes: EEC is eco-economy coordination.

4. Results
4.1. Analysis of ESV
4.1.1. Variation of the Static ESV

Figures 2 and 3 show the values and percentages of various types of land ecosystem
services in Wuhan from 2000 to 2015. The ESV of Wuhan experienced a process of first rising
and then falling, with the total ESV decreasing by CNY 1.242 billion. But, the percentage
change was not all decreased. The percentage of woodland in total value increased by
0.122%, which is closely related to the policy of returning farmland to forests. The value
of the water area increased by CNY 806 million, and the percentage increased by 5.865%,
which was obviously positively affected by the policies of returning farmland to the lake.
The value change of wetland showed a trend of decreasing first and then increasing, with a
total change of CNY −256 million, a percentage decrease of only 0.19%, which is closely
related to the gradual implementation of wetland protection projects. The ESVs of paddy
fields and dry land experienced a decline. The value of ecosystem services provided by
construction land was negative and expanding constantly in quantity, and the decline
in its ESV was greater than the total decrease in ESV of other land ecosystems. In brief,
although Wuhan has benefited from various ecological protection policies and improved its
ecological environment, the ecosystem services still face considerable downward pressure
and need to be further improved.
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100 million).

Figures 4 and 5 show the levels and changes of ESV for different ecosystem services of
Wuhan from 2000 to 2015. The ecosystem services in Wuhan were dominated by hydrologi-
cal regulation and supplemented by other services. Hydrologic regulation contributed the
most to the total ESV; its ESV accounted for more than 70% of the total ESV in four study
periods. In contrast, the ESV of water supply suffered the most loss. This is because to the
large-scale increase in construction land led to a huge increase in industrial and residential
water consumption. In addition, the dry field irrigation also imposed a certain load of
water supply. The ESV of esthetic landscape raised year by year, the main reason is that
the esthetic landscape provided by construction land increased continuously. Overall, the
ESVs of all ecosystem services changed in a negative direction and showed an expanding
trend except the esthetic landscape and hydrologic regulation services.

4.1.2. Variation of the Dynamic ESV

After the revision, the dynamic ESV was, respectively, 1.52-, 1.52-, 1.61-, and 2.06-fold
compared to static ESV in four periods. Moreover, the dynamic ESV variation presented a
downward–upward–upward trend, which is the opposite compared to static ESV. These
reflected that the social and economic development and changes were very drastic and
meanwhile the people’s willingness to pay for ecological environment improved signifi-
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cantly. Most notably, the magnitude of ESV changes varied in different periods. The most
dramatic changes occurred in the period 2010–2015, which implied that the dynamic ESV
increased rapidly, but meanwhile the static ESV also experienced a huge loss during this
period of rapid urbanization.
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All ecosystem services, except for aesthetic landscape and hydrological regulation,
experienced a process of decline first and then rise. The ESV of hydrological regulation
and aesthetic landscape services kept rising, mainly affected by the expansion of the areas
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of waters and construction land. The ESV of water supply services was negative and the
loss continued to expand, reaching CNY −4.832 billion in 2015, reflecting the increasing
pressure on the urban water supply. In short, the dynamic ESV assessment showed that
Wuhan had a good ecological environment for the government’s policy-making and was
paying more and more attention to ecological protection, and the people’s willingness to
pay for ecosystem services grew continuously.

4.2. Application of ESV in ECC Evaluation
4.2.1. Application of Static ESV in EEC Evaluation

Figure 6 presents the EEC of each district in Wuhan based on static ESV. The EEC
of Wuhan calculated based on static ESV was 0.008, −0.008, and −0.038, respectively, in
three study stages, corresponding to low-degree coordination, low-degree conflict, and
low-degree conflict states. It shows that the ecological and economic development of
Wuhan in the study period was basically in a low-degree conflict state, and the economic
development was far faster than the growth of ecosystem services value. Especially in the
latter two stages, the ecological environment was in a slow retrogression, and people’s
well-being had declined, which is inconsistent with rapid economic development.
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The EEC assessment of each district in Wuhan is shown in Figure 5. It can be seen
that the EEC values calculated according to the static ESV were basically in the vicinity of
zero value, with a negative value in the majority. The maximum value appeared in Caidian
District and Huangpi District and the minimum value (−0.54) appeared in Qiaokou District
from 2000 to 2005, indicating that the ecological and economic development in all districts
of Wuhan except Qiaokou District was basically between low-degree coordination and
low-degree conflict. The economic development had a certain impact on the ecological
environment, but the conflict was relatively low.

In brief, in the whole study stage, the ecological and economic development of all
districts in Wuhan was in a state of low-degree conflict except for Hannan district, indicating
that economic development had a certain negative impact on the ecological environment
and people’s well-being had been damaged to some extent. Nevertheless, the Qingshan
District was the least ideal; its EEC was close to the critical point of moderate conflict, so
the ecological environment needed to be improved urgently.
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4.2.2. Application of Dynamic ESV in EEC Evaluation

Figure 7 presents the EEC of each district in Wuhan based on dynamic ESV. The EEC
of Wuhan calculated based on dynamic ESV was −0.0024, 0.0414, and 0.2389, respectively,
in the three stages, corresponding to low-degree conflict, low-degree coordination, and
low-degree coordination, which is quite different from the estimating results based on static
ESV, and the EEC greatly improved, indicating that social development and progress have
a positive role in promoting ecological and economic development.
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The EEC calculated results of different districts are shown in Figure 5. Because
the spatial heterogeneity and the impact of changes in willingness to pay on ESV were
included in the dynamic ESV evaluation, the variations of ESV in each year were amplified,
which makes the EEC differentiation of each region more obvious and is conducive to
distinguishing the coordinated development level of each region.

From 2000 to 2005, Caidian District, Huangpi District, Xinzhou District, and Jianghan
District were in a low-degree coordination state. Among them, the coordination level of
Jianghan District was relatively low, its EEC was only 0.009, while the coordination levels
of Caidian District, Huangpi District, and Xinzhou District were in the leading positions in
the whole city due to the increase of ESV after dynamic correction and the adjustment of
land use structure. The EEC of eight districts such as Dongxihu was between −0.5 and 0,
all of which were in a low-degree conflict state. The EEC of the Qiaokou estuary was the
lowest in the whole city and was only −0.504, which just falls into the moderate conflict
zone; the reason is that many lands were developed and a lot of farmland was transformed
into construction land from 2000 to 2005.

From 2005 to 2010, the number of conflict districts dropped from nine to one, and
the environmental conditions in these districts improved comprehensively. The level of
ecological and economic coordination increased to a certain extent except for a slight
decline in Caidian District, among which the four central urban areas of Jiang’an, Qiaokou,
Qingshan, and Wuchang showed outstanding performance, and the EEC increased by 0.25,
0.59, 0.17, and 0.15, respectively, thus changing from low-level conflict state to low-level
coordination state.

From 2010 to 2015, the EHH of most districts in Wuhan increased significantly. The
ecological and economic coordination in Hannan District, Jiang’an District, Wuchang
District, and Qiaokou District further rose and approached the moderate coordination level.
However, Jianghan District and Qingshan District showed an opposite trend, with EEC
dropping rapidly and falling into the moderate conflict zone, indicating that the ecological
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and economic development of Jianghan District and Qingshan District was not coordinated
and there was a risk of further deterioration.

In brief, the EEC assessment results based on dynamic ESV showed a more positive
aspect of urban development in Wuhan. This is mainly because the public’s willingness to
pay for the ecological environment has improved significantly, which has promoted the
ecological and economic coordination in most districts of Wuhan.

4.2.3. Comparison of Static and Dynamic ESV in EEC Evaluation

The EEC evaluation results based on static ESV found that the coordination degree of
Wuhan and its subordinate districts was decreasing, and there were some conflicts between
ecological and economic development. The EEC evaluation results based on dynamic ESV
showed that the promotion of social development effectively improved the coordinated
development of Wuhan and its subordinate districts.

The application of static ESV in EEC evaluation focuses on the relationship between
the value change of ecosystem service function and economic growth. However, the results
of ESV assessment showed that the static ESV change was only 4.1% in 15 years, with a GDP
change of 803.6 over the same period. The EEC value calculated by this benchmark was very
low, most of which were within ±0.1, and the differences were very small. The EEC value
obtained from a few regions was relatively large due to the smaller size of various regions.
Dynamic ESV is a correction based on spatial heterogeneity and differences of willingness
to pay in different social stages. It is a quantification of the actual utility of ESV in social
development and progress. Therefore, the application of dynamic ESV in EEC assessment
focuses on the relationship between the actual utility change of ecological services and
the growth rate of economic development. Compared with static ESV accounting results,
dynamic ESV accounting results can show obvious differences; it made the calculation
results of different regions and years show certain hierarchy and diversity. However, the
EEC model is calculated by the change of growth rate, and the application of either static
ESV or dynamic ESV in EEC evaluation ignores the differences in ESV between districts.
For example, in 2000, the static ESV of Jiangxia District was CNY 9.3679 billion, which
was 225-times higher than the static ESV of Qiaokou District, which was CNY 41.6 million.
Assuming their GDP is the same, if the static ESV of Qiaokou District increases by RMB
4.16 million, it would need to increase by RMB 936 million in Jiangxia District to achieve
the same level of ecological and economic coordination as that of Qiaokou District. But, the
areas with higher ESV tend to have better ecological environment and relatively backward
economic development, which makes coordinated development more difficult. Obviously,
it is not appropriate to compare the development of districts horizontally with the EEC
calculated in this way.

4.3. Improvement of EEC Evaluation Based on ESV

The correction results of EEC are shown in Figure 8, and the comparison results before
and after the correction are shown in Figure 9. After the revision, the EEC of all districts
showed an overall upward trend, but the difference between districts became more obvious.
Wuchang District, Hannan District, and Jiang’an District significantly improved their
coordination degree and entered into the moderate coordination zone, and the coordination
development of these districts is the best among all the districts. However, the coordination
degree of Qiaokou District has declined due to the small ESV per unit area. In addition,
Jianghan District experienced the largest decline, with an EEC of 0.0007, −0.9821, and
−6.9627 in the three study periods, which was in a state of high conflict, indicating that
the ecological environment deviated from the rapid economic development. The EEC of
other regions ranged from 0.49 to 1.95, with a relatively small change after adjustment.
Meanwhile, the EEC in these districts was on the rise after adjustment, with a range of
0.49~1.95, reflecting that the ecological and economic development of most districts was
coordinated and kept improving. However, the dynamic correction failed to improve the
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unsustainable development of Jianghan District and Qingshan District, which is mainly
related to their small zoning area and construction land occupying a lot of ecological land.
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5. Discussion

The coordinated development of economy and ecological environment has been
recognized as the best choice to deal with the relationship between economic growth and
environmental protection, and it is also recognized as the only way to ensure the realization
of the strategic goal of sustainable development of human society [71]. The quantitative
evaluation of coordination between economic development and ecological environment
can provide a relevant theoretical basis for the realization of this goal, which is conducive
to, in a timely manner, take effective measures to regulate social and economic activities
according to the change of coordination degree to ensure the coordinated development
of economic system and natural ecosystem [53]. Because ecosystem services can reflect
the interaction, mutual influence, and synergistic evolution of land use and ecosystems, as
well as the close interaction between land use and economic development [17], ecosystem
services are integrated into the evaluation of eco-economic coordination.

Based on the studies of [21,72], this paper evaluated the static values of different ecosys-
tem services that related to the structure, function, and ecosystem itself, and conducted
dynamic ESV evaluation by revising the method of the static ESV evaluation. Afterward,
the EEC was estimated by using the static ESV and dynamic ESV, respectively. However,
the EEC calculated in this way was not appropriate to compare the development of dis-
tricts horizontally, even though it is calculated based on static ESV or dynamic ESV [58].
Therefore, to make up for these shortcomings, this paper improved the method of EEC
assessment. The method proposed in this paper is helpful to promote the progress in
the quantification of eco-economic coordination degree, and the estimated EEC results
are more scientific and reliable. Nevertheless, as the economic system and ecosystem are
huge and complex systems, their coordination involves the harmonious and consistent
development of many aspects [14]. Therefore, the methods on ecological and economic
coordinated assessment need further development and improvement to better support
sustainable development.

The study discovered that between 2000 and 2015, the static ESV in Wuhan underwent
an initial increase followed by a decrease. All ecosystem services, except for hydrological
regulation and landscape aesthetic services, exhibited a declining trend. These findings
are consistent with the research conducted by [73,74]. The EEC evaluation results based on
static ESV found that the coordination degree of Wuhan and its subordinate districts was
decreasing, and there were some conflicts between ecological and economic development.
Especially in the latter two stages, the ecological environment was in a slow retrogression,
and people’s well-being had declined, which is inconsistent with rapid economic develop-
ment. As the static ESV is related to the ecosystem structure and function, the ecological
environment needed to be improved urgently especially for the Qingshan District since
its EEC was close to the critical point of moderate conflict. In conjunction with the related
research by [75,76], it is evident that Wuhan currently faces certain ecological risk issues,
and there is a long-term trend of increasing ecological risk. This may be closely related to
the lack of coordination between ecological and economic development in Wuhan. The
EEC assessment results based on dynamic ESV showed a more positive aspect of urban
development in Wuhan. In addition, the EEC assessment of Jianghan District and Qingshan
District is still in a moderate conflict zone for a large amount of farmland is occupied by
a rapid expansion of urban construction land, which further indicates that the ecological
environment of these two districts needs to be improved urgently. We suggest that the
disorderly expansion of construction land should be controlled and cultivated land should
be used intensively and efficiently.

However, the application of either static ESV or dynamic ESV in EEC evaluation
ignores the differences in ESV between districts. Obviously, it is not appropriate to compare
the development of districts horizontally with the EEC calculated in this way. Hence,
this paper revised the EEC estimation method. The revised EEC estimation showed that
the coordination of the ecological and economic development of most districts in Wuhan
keeps improving. Nevertheless, it is worth noting that Jianghan District and Qingshan



Land 2024, 13, 207 16 of 21

District are still in unsustainable development, especially for the Jianghan District which
experienced the largest decline and presented a state of high conflict. Therefore, we suggest
that the improvement of the harmonious development of ecological and economic system
in these two districts should be carried out by the adjustment of land use structure and the
improvement of environmental quality.

According to the different EEC calculation results, the coordination of ecological
and economic development of different districts in Wuhan was compared and analyzed.
Accordingly, several relevant policy suggestions can be provided as follows.

(1) Take ecological compensation measures. As the assessment of static ESV revealed
a significant loss of ecosystem service value throughout the study period, the gov-
ernment should promptly implement a series of ecological compensation measures.
These include adjusting the irrational land use structure, expanding the area of ecolog-
ical land, and strictly enforcing the farmland protection policy and ecological corridor
construction projects, among other ecological protection strategies.

(2) Formulate targeted regional environmental policies. There are significant differences
in eco-economic coordination between different areas of Wuhan. Policy formulation
should take into account the specific circumstances of each district. For areas where
ecological and economic development are highly uncoordinated, such as Qingshan
District, special attention should be paid to improving the ecological environment to
prevent further loss of ecosystem service values.

(3) Enhance public awareness of ecological protection. The improvement in the dynamic
ESV indicates that the public’s willingness to pay for ecological services has increased.
To further strengthen this trend, it is recommended that a series of favorable policies
be introduced to enhance public awareness of ecological protection and promote
environmentally friendly consumption behavior. At the same time, relevant depart-
ments can improve public understanding of the value of ecosystem services through
education and publicity.

(4) Adopt sustainable business strategies and invest in environmentally friendly projects.
In order to promote the coordinated development of ecology and economy, enterprises
should adopt sustainable business strategies, minimize the improper use of land
resources, and improve the efficiency of resource use. Enterprises should expand
investment in eco-friendly projects, such as ecological corridor construction and
biodiversity protection projects, to promote sustainable development while creating a
corporate image with a sense of environmental responsibility.

Although this paper has made a robust and reliable assessment of eco-economic coor-
dination in Wuhan and its districts through the measurement of static and dynamic ESV
and the use of an improved EEC model, the current research still has some limitations.
First, the monetary valuation of ecosystem service values (ESVs) is influenced by a com-
bination of factors, including inflation rates, value coefficient settings, accuracy of land
resource data, and ability of residents to pay. Together, these factors affect the accuracy
and reliability of ESV valuations [43,77]. Moreover, due to the complexity of the economic
and ecological systems, their coordination involves harmonious development in many
aspects [78]. Therefore, assessment methods for eco-economic coordination need to be
further developed and refined. Future studies could consider incorporating more complex
ecosystem service functions such as biodiversity protection, soil formation, and conserva-
tion of construction lands into the scope of research for a deeper level of assessment [70,78].
In addition, ecosystems in different regions exhibit diversity and variability, so the selection
of ESV measurement indicators in future research should be more targeted to different
geographical areas. Finally, the limitations and timeliness of data collection can lead to dis-
crepancies between assessment results and actual situations. For example, consumption of
land resources and changes in the area of different land types may affect the measurement
of ESV. Therefore, future research efforts could focus on collecting more up-to-date data on
land and resource use to improve the timeliness of assessment results.
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6. Conclusions

In this paper, the ecosystem service values were integrated into the estimation of
eco-economic coordination degree, and static ESV and dynamic ESV were evaluated, re-
spectively. The traditional EEC evaluation method was improved by introducing the
environmental adjustment coefficient. Afterward, the traditional EEC evaluation method
and the modified EEC model were, respectively, used to estimate the eco-economic coordi-
nation degree, and a comparative analysis was carried out. The relevant conclusions are
summarized as follows.

(1) The static ESV assessment showed that the total ESV experienced a loss of CNY
1.24 billion, and the ESV of all ecosystem services showed an increasingly downward
trend, except for aesthetic landscape and hydrological regulation. After dynamic
revision, the dynamic ESV reversed the overall decreasing trend of the static ESV.

(2) The EEC calculated based on static ESV showed that the ecological and economic
development of all districts in Wuhan, except Hannan District, were basically in a
low degree of conflict state. However, the EEC calculated based on dynamic ESV has
greatly improved.

(3) After the revision, the calculated EEC showed a certain hierarchy and diversity in
different districts of Wuhan and the difference in different districts becomes more
obvious. The EEC of all districts showed an overall upward trend, reflecting that
the ecological and economic development of most districts was coordinated and
kept improving. However, the correction EEC failed to improve the unsustainable
development of Jianghan District and Qingshan District, especially for Jianghan
District which experienced the largest decline and presented in a state of high conflict.

In conclusion (1), the static ESV results showed that Wuhan’s ecosystem services
are under great pressure. The reversal observed in the dynamic ESV indicates significant
changes in social development and a positive shift in public willingness to pay for ecosystem
services. In conclusion (2), the EEC calculated from static ESV indicates that economic
development has a certain negative impact on the ecological environment and people’s
well-being has been damaged to some extent. This may be related to the rapid urbanization
process. For example, the massive expansion of construction land has led to a significant
increase in water consumption for industrial and residential purposes, resulting in a
substantial burden on the water supply. Conversely, the EEC derived from dynamic ESV
reflects improved coordination between ecological and economic development. This is
mainly because the public’s willingness to pay for the ecological environment has improved
significantly, which has promoted ecological and economic coordination in most districts of
Wuhan. In conclusion (3), the revised EEC reveals significant eco-economic discoordination
issues in Wuhan’s Jianghan District and Qingshan District, which may be closely related
to their small administrative area and the extensive occupation of ecological land by
construction land.

These findings imply that although the ecological environment of Wuhan is improved
to a certain extent, the coordination of economic growth and ecological conservation still
bears great downward pressure and needs further improvement.
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