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Abstract: The rapid economic development (ED) of the Yangtze River Economic Belt (YREB) has had
a significant negative impact on regional ecosystem services (ES). Accurately understanding and
properly handling the relationship between ES and ED is critical to achieving coordinated regional
development of the YREB. Restricted by a minimal number of research units, traditional studies have
not fully considered the spatial heterogeneity of the influencing factors, leading to results with poor
accuracy and applicability. To address these problems, this paper introduces a spatial econometric
model to explore the impact of influencing factors on the level of coordinated development in the
YREB. For the 1013 counties in the YREB, we used the value equivalent method, the entropy weight
method, and the coupling coordination model to quantify the coupling coordination relationship
between the ecosystem services value (ESV) and ED from 2010 to 2020. The multi-scale geographically
weighted regression model (MGWR) was adopted to analyze the role of influencing factors. The
results showed the following: (1) The coupling coordination degree (CCD) of ESV and ED along the
YREB demonstrated significant spatial heterogeneity, with Sichuan and Anhui provinces forming
a low-value lag. The average CCD from high to low were found in the Triangle of Central China
(TOCC), the Yangtze River Delta urban agglomeration (YRDUA), and the Chengdu–Chongqing
urban agglomeration (CCUA). (2) There was spatial autocorrelation in the distribution of CCD, with
high–high clustering mainly distributed in Hunan, Jiangxi, and Zhejiang provinces. The counties with
high–high clustering were expanding, mainly centering on Kunming City in Yunnan Province and
expanding outward. (3) There was significant spatial heterogeneity in the impact of each influencing
factor on CCD. Per capita fiscal expenditure was sensitive to low–low clustering areas of CCD; per
capita, food production was a negative influence, and the rate of urbanization transitioned from
negative to positive values from west to east.

Keywords: the value of ecosystem services; economic development; coupled coordination; multi-scale
geographically weighted regression model; influencing factors; the Yangtze River Economic Belt;
county scale

1. Introduction

The ecosystem is the material basis for meeting the essential requirements for the
survival and development of humanity. It is central to the sustainable development of
regions and countries. The rational use of ecosystems for economic development can
contribute to regional economies, but overexploitation can seriously damage ecosystem
integrity. With the rapid development of China’s economy, problems such as deteriora-
tion of the ecological environment, frequent natural disasters, and significant regional
economic disparities have become increasingly prominent [1–3]. Therefore, accelerating
the implementation of coordinated regional development has become a significant national
strategy [4]. The YREB is a central strategic development region in China. In the last few
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years, the rapid economic growth and urbanization of the YREB induced huge consumption
of natural resources and degradation of the ecosystem [5], which restricted its sustainable
development [6]. “The 14th Five-Year Plan” makes proposals to comprehensively promote
the development of the YREB and coordinate protection of the ecological environment and
economic development. Protecting the YREB’s ecological environment, rather than carrying
out low-quality economic development, has become the key focus of the country’s river
development plans [6,7]. Therefore, objectively and accurately evaluating the development
status of the ecosystem and economic system, clarifying the intrinsic relationship between
them, and exploring the correct development path have become challenging hot topics in
academic research. It is a critical path to achieving high-quality development in China.
Related studies have shown that there are many other large watersheds in developing
countries in the world, such as the Ganges River Basin and the Amazon River Basin, with
similar problems, such as prominent human–land conflicts and polluted ecological envi-
ronments [8,9]. This study will provide sustainable development ideas for these regions of
ecological and economic imbalance. It also provides a theoretical and practical basis for the
green and healthy evolution of other developing countries.

Ecosystem Service Values (ESV), as core indicator of ES [10], have been highly valued
by academics since the early 1990s. ESV represents the total value of the various benefits
humans derive from ecosystems [11]. Implementation of UN Millennium Ecosystem
Assessment Project has made more scholars recognize the importance of ES, which plays
a significant role in human survival and sustainable socio-economic development. As a
consequence, research on relation ecosystem service functions, values, and drivers has
been promoted [12–14]. In current studies, some scholars have quantitatively assessed the
values of single ES in the study area [15,16], including soil and water conservation and
water use [17]. Some scholars have also used the value-equivalent method to measure the
ecological value of land in the study area from the perspective of land value [18]. This is a
simple and efficient method for assessing ecological value on a large scale and is therefore
mainly used in empirical studies [19]. ESV is the value expressions of the utility of ES and
can quantify the service functions of natural ecosystems [20]. ESV are also closely related
to land use change, which is a crucial factor affecting global environmental change [21].
Therefore, using ESV to evaluate the degree of development of natural ecosystems can
accurately reflect the evolution of regional ecosystem quality and the impact of human
social production activities on the ecosystem [22].

As early as the 1990s, Grossman et al. [23] proposed the theory of Kuznets curve (EKC),
which states that the relationship between economic growth and environmental pollution
is not linearly correlated, but rather an inverted “U” shape. It is believed that the impact
of ED on the environment involves initial deterioration followed by later improvement.
Research into the relationship between the socio-economic development and ecology
in China started late, but, since the 1980s, the issue of coordinated socioeconomic and
ecological development has gradually received more attention from an increasing number
of scholars [24]. To better measure the linkages and synergistic evolution of ecological
and socio-economic development, assess the status of the human–Earth relationship, and
achieve coordinated regional development, the use of quantitative research methods to
analyze the collaborative relationship between ecology and economy has gradually become
a key research direction [25]. There is an inherent need for coordinated development
because the regional economy and natural environment can benefit each other in a coupled
and coordinated co-development process. The coupling effect and CCD have now become
an effective research tool for the evaluation of the overall balanced development of a region
or society’s levels of coordination and development [26], and it is widely used in the
research into ED and the ecological environment [27,28], ES and urban development [29],
urbanization and the eco-environment [30,31]. Most of the studies have focused on the
large, national [32], river basins [27], urban agglomeration [33], and provincial areas [34].

Many studies considered the relationship between ESV and ED. With regard to re-
search scale, Yanni Cao et al. [35] studied the relationship between provincial ESV and ED
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in China from three dimensions (nationwide, eastern, central, and western regions, and
provincial administrative regions). Wanxu Chen et al. [25] studied the relationship between
ESV and ED in Hunan Province at county scale. At present, there are few studies on county
ESV and ED in large economic belts. China is a vast country with significant spatial hetero-
geneity. There are differences in the distribution of economic and ecological development,
even within the same provincial and municipal administrative regions. Therefore, precise
research is required to assess the ESV and ED at county level, and this could improve
the accuracy and reliability of results. From the perspective of influencing factors, many
studies have only focused on time-series changes or spatial–temporal distribution charac-
teristics of the relationship between ESV and ED and given less attention to analysis of the
influencing factors. In recent years, however, continuous attention has been given to the
analysis of factors that influence the development of coupling coordination relationships.
Most studies have used the multivariable linear regression model [36], geographic detector
model [37], panel Tobit econometric model [38], etc., but few studies have made use of
spatial econometric methods to analyze factors influencing the relationship between ESV
and ED. By introducing a spatial econometric model, this paper is able to fill the MGWR
gap for the study of the coupling coordination relationship between ESV and ED at small
levels in the large economic belt.

Based on this, our study took the county (district) unit of the YREB as the research
object and constructed its ecology–economy coupling coordination system. We selected
spatial autocorrelation analysis tools, incorporated the multi-scale geographically weighted
regression model (MGWR) in the analysis of the drivers of the ecology–economy coupling
coordination relationship, and then analyzed the coupling coordination for each region
of the YREB at different periods. The spatial variation of the CCD and the specific spatial
effects of the factors influencing the CCD were analyzed. Through the scientific and
objective evaluation system, we searched for the inner logic of the ecology–economy
coordinated development of the YREB, explored the path of their coordinated development,
and identified the relevant external drivers to provide a theoretical basis for a coordinated
development policy for the YREB and other regions.

This study aimed to address the following issues:

(1) To evaluate the number distribution characteristics of the coupling coordination
relationship between the ESV and ED of the YREB and its three major urban clusters
from 2010 to 2020.

(2) To analyze the spatiotemporal evolution characteristics of the coupling coordination
relationship between the ESV and ED of the YREB from 2010 to 2020.

(3) To measure the spatial autocorrelation relationship between the ESV and ED in the
YREB from 2000 to 2020.

(4) To explore the spatial heterogeneity of the effect of different influencing factors on
CCD in the YREB from 2000 to 2020.

2. Study Area

The YREB (Figure 1) spans three regions in the east and west of China and three terrains
of landforms, covering 11 provinces and cities, including Shanghai, Jiangsu, Zhejiang,
Anhui, Jiangxi, Hubei, Hunan, Chongqing, Sichuan, Guizhou, and Yunnan, with a total
area of about 2.05 million square kilometers. By 2020, the regional GDP of the YREB
reached 47.16 trillion yuan, and the resident population reached 548 million, respectively,
accounting for 46.4% and 37.96% of the total for the country, making this a significant area
of economic growth and population concentration in China. The region has three major city
clusters: the Yangtze River Delta urban agglomeration (YRDUA), the Triangle of Central
China (TOCC), and the Chengdu–Chongqing urban agglomeration (CCUA). The three
major urban agglomerations radiate from the central cities and create three major poles of
growth in the YREB. The three major urban agglomerations make significant contributions
to the overall ED of the YREB. The YREB is a vast area with considerable differences
in natural resource endowments and socio-economic conditions across its districts and
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counties. The natural environment in the region has been damaged to different degrees
since the last century. At the same time, the coordinated development of ecology and
economy faces a severe challenge because of the imperfect mechanism for coordination
of regional development and the imbalance in regional development levels. Therefore,
reducing the scale of the study areas to the county units for quantitative analysis of the
coupling coordination relationship between ES and ED will benefit coordination of regional
development and the construction of an ecological civilization.
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Figure 1. Regional overview of the YREB.

3. Methods and Data Sources
3.1. Methods
3.1.1. Construction of the Economic Development Index System

The construction of the evaluation index system followed the principles of system-
aticity, scientificity, accessibility, and representativeness, and this study referred to existing
studies [39–42] to construct the social development evaluation index system. The indicators
in Table 1 were selected from the three dimensions of ED: scale, quality, and structure.
These indicators were used to support the rationality of the selection of the ED evaluation
index system.

Table 1. Composition and weights of ED evaluation index system.

Secondary Indicators Level Three Indicators Weight

Scale of ED GDP per capita (yuan/person) 0.15
Local fiscal revenue per capita (yuan/person) 0.16

Quality of ED Social fixed asset investment per capita
(yuan/person) 0.13

Retail sales of social consumer goods per capita
(yuan/person) 0.15

Structure of ED Proportion of secondary industry (%) 0.20
Proportion of tertiary industry (%) 0.21
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Scale of ED

This century is characterized by a changing distribution of GDP per capita growth
rates, which is reflected in different shapes and a persistent asymmetry at the regional
level and for countries at different development levels [43]. The YREB is the economic
belt with the highest level of ED and the strongest overall competitiveness in China, and
the YREB’s GDP accounted for 46.42% of the entire Chinese GDP in 2020. The GDP of
the YREB varies widely, with the GDP of each province gradually decreasing from east to
west, and there is strong spatial heterogeneity among the counties within each province.
According to Zhiqiang Jiang’s study, the key to measuring regional ED is the GDP and its
growth rate [44]. To exclude the effect of population size, this paper used GDP per capita
as an indicator to evaluate the scale of ED.

According to Sorana Vatavu et al., taxes are important instruments for governments
and should be used for economic growth [45]. Local fiscal revenue reflects the revenue
capacity of local governments, and generally regions with higher local fiscal revenue have
larger economies. Therefore, this study selected local fiscal revenue per capita as another
key indicator to measure the scale of ED.

Quality of ED

The quality of ED in the YREB was determined using two indicators: social fixed
asset investment per capita (yuan/person) and retail sales of social consumer goods per
capita (yuan/person). The reasons for choosing social fixed asset investment per capita
are as follows: on the one hand, fixed asset investment can be directly converted into
productivity and promote economic growth in the short term. On the other hand, the YREB
is currently facing a serious dilemma concerning industrial upgrading, and fixed asset
investment is an important driver for the transformation and upgrade of manufacturing
industries [46], which can effectively contribute to high-quality economic development.
Therefore, this paper selected social fixed asset investment as an indicator to measure the
quality of economic development. Due to the large population disparity among counties,
social fixed asset investment per capita (yuan/person) was used for the study.

The reasons for selecting retail sales of social consumer goods per capita were as
follows: The total retail sales of consumer goods is not only an important indicator to
measure the consumption level of the Chinese people, but also an important indicator
of the healthy development of the national economy [47]. Retail sales of social goods
measure the level of economic activity within a region from the perspective of consumer
spending. There are more than 1000 counties in the YREB, and there are large disparities
in the consumption capacity of the population between counties, so the per capita retail
sales of social goods were used as an indicator of the quality of economic development
in the region.

Structure of ED

According to the Petty–Clark Theorem, as economic development and the level of
national income per capita increase, there is an evolutionary trend of the labor force shifting
first from primary industry to secondary industry and then to tertiary industry [48]. From
2010 to 2020, the YREB experienced industrial transformation and industrial upgrading,
and the ratio of its secondary industry to tertiary industry changed from 38.74:54.02 to
49.69:41.08, which is a very drastic change. Therefore, the simultaneous introduction of
secondary and tertiary industries can be used as an indicator to reflect the ED structure of
the YREB in a more targeted way.

3.1.2. Ecosystem Service Value Assessment Methods

Based on the terrestrial ESV per unit area equivalent factor table developed by Gaodi
Xie et al. [18,49], one standard unit ESV equivalent factor is defined as 1/7 of the annual
economic value of the natural food production of farmland with an average yield of
1 hm2 [50,51]. We utilized this method to calculate ESV in the study area, and corrected ESV
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using the consumer price index (CPI) in conjunction with related research [52]. The level
of ecosystem development in each county (district) was measured using the land-average
ESV according to the following formula.

In Formulas (1) and (2), e is the economic value of food production per unit area of
farmland ecosystem (yuan), P is the average price of food crops (yuan), Q is the yield per
unit area of food crops (kg/hm2), q is the equivalent value of ES per unit area (yuan), and
E is the value of ES per unit area.

e =
1
7
× (P×Q) (1)

E = e× q (2)

In Formulas (3) and (4), ESV is the regional value of ES, Ai is the area of the ith land
use type (hm2). vi is the i unit area value of the first land use type (yuan), and ESVa is
the county (district) area land-average ecosystem service value. The corrected ecosystem
service values per unit area of the YREB are shown in Table 2.

ESV =
n

∑
i=1

Ai ×Vi (3)

ESVa =
ESV

∑n
i=1 Ai

(4)

Table 2. ESV per unit area of YREB (Yuan/hm2).

First-Class
Services Second-Class Services Forest Land Grassland Farmland Wetland Water Area Barren Land

Provisioning
services Food 897.15 1169.02 2718.65 978.71 1440.89 54.37

Materials 8101.58 978.71 1060.27 652.48 951.53 108.75

Regulating
services Air quality regulation 11,744.57 4077.98 1957.43 6551.95 1386.51 163.12

Climate regulation 11,064.91 4241.09 2637.09 36,837.71 5600.42 353.42
Regulation of water

flows 11,119.28 4132.35 2093.36 36,538.66 51,029.06 190.31

Waste treatment 4676.08 3588.62 3778.92 39,148.56 40,371.95 706.85

Support
Services

Maintenance of soil
fertility 10,928.97 6089.78 3996.42 5410.11 1114.65 462.17

Maintain biodiversity 12,261.11 5083.88 2773.02 10,031.82 9324.97 1087.46

Cultural
services

Provide aesthetic
landscape 5654.79 2365.23 462.17 12,750.47 12,070.81 652.48

sum 76,448.44 31,726.65 21,477.34 148,900.50 123,290.80 3778.92

3.1.3. Measurement of Coupling Degree

Coupling refers to a phenomenon whereby two or more systems affect each other
through various links or effects. When the elements within or between systems act posi-
tively, cooperating and developing in a coordinated way, it is called benign coupling, and
vice versa [38]. The degree of coupling is a specific value which reflects the strength of
interaction between different systems but cannot reflect the level of coordination between
those systems. It is therefore necessary to introduce a degree of coupling coordination
model to quantify the coordination between ecological and economic development systems.
The specific formula is as follows.

D =
√

C× T (5)

In Formula (5), D is the CCD, and the more extensive the value, the higher the
level of coordinated development between the two systems, whereas a smaller value
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indicates a lower level of coordination [53]; C represents the coupling degree, with larger
values indicating greater coupling of the two systems and the smaller values, lower levels
of coupling.

C =

√√√√ U1U2

(U1+U2
2 )

2 =
2
√

U1U2

U1 + U2
(6)

T = α×U1 + β×U2 (7)

In Formulas (6) and (7), U1 is the standardized level of development of ecosystem
service values, U2 is the level of the standardized ED index system, and T is the sum of the
integrated evaluation index of the ecosystem and economic system. Coefficients α and β are
to be determined, and this paper assumed that the two subsystems were equally important,
with both values at 0.5 [25]. The distribution function created by Chongbin Liao [54] was
used to determine the CCD classification criteria (Table 3).

Table 3. Classification of coupling coordination level of YREB.

CCD Coupling Coordination Level CCD Coupling Coordination Level

0.000–0.099 extreme disorder 0.500–0.599 barely coordination
0.100–0.199 severe disorder 0.600–0.699 primary coordination
0.200–0.299 moderate disorder 0.700–0.799 intermediate coordination
0.300–0.399 mild disorder 0.800–0.899 good coordination
0.400–0.499 imminent disorder 0.900–1.000 quality coordination

3.1.4. Analysis of Autocorrelation

The use of spatial autocorrelation analysis makes it possible to portray the spatial
characteristics of the collaborative ecological–economic development of the study area.
Global autocorrelation was used to evaluate the overall spatial dependence of all units in
the study area, which was measured in this paper using the global Moran’s I index with
the following Equation.

Global Moran′s I =
∑n

i=1 ∑n
j=1 wij(xi − x)(xj − x)

s2∑n
i=1 ∑n

j=1 wij
(8)

In Formula (8), n is the number of cells in the space, xi and xj represent cells i and j of
observations, wij is the spatial weight array based on the spatial k, the spatial weight array
established by the adjacency relation, x is the mean value, and s is the standard deviation.

In order to further reflect the local instability of spatial autocorrelation and analyze the
aggregation and divergence characteristics of local cells, local Moran’s I was introduced,
and its specific formula is:

Moran′s I =
(xi − x)∑n

i 6=j wij(xj − x)

s2 (9)

According to the spatial characteristics of the distribution of ecology–economy cou-
pling coordination in the YREB, the local Moran’s–I–index can be divided into four types
of aggregation: high–high, low–low, high–low, and low–high. High–high agglomeration
indicates that counties (districts) with high CCD are surrounded by counties (districts) with
high CCD, high–low agglomeration indicates that counties (districts) with high CCD are
surrounded by counties (districts) with low CCD, low–high agglomeration indicates that
counties (districts) with low CCD are surrounded by counties (districts) with high CCD.

3.1.5. Multiscale Geographically Weighted Regression (MGWR)

The MGWR was proposed by Fotheringham in 2017 [55]. This paper used MGWR
to explore how the drivers influenced the ecological–economic coupling coordination in
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the YREB at the spatial level. Compared with the traditional multiple linear regression
model (OLS), the classical geographically weighted regression model (GWR) introduces
a spatial distance weight matrix, and its evaluation results are more reliable at spatial
scales. GWR has the same bandwidth for all variables and does not allow different spatial
smoothing levels for each variable, whereas MGWR applies different bandwidths to mea-
sure the geospatial scale of action of the explained variables affected by the explanatory
variables. Compared to the GWR, MGWR is more consistent with the spatial heterogeneity
of geographic processes and is calculated as follows.

yi =
k

∑
j=1

βbwj(ui, vi)xij + εi (10)

In Formula (10), yi is the explanatory variable, xij is the first j explanatory variable,
denoting the local parameter estimate of the kth explanatory variable of sample denoting
sample i, bwj is the bandwidth used for the regression coefficient of the jth variable, (ui, vi)
represents the coordinates of the spatial unit i, βbwj(ui, vi) is the regression coefficient of
the explanatory variable, and εi is the random error.

3.2. Data Sources

In this study, remote sensing detection data of current land use in China for 2010, 2015,
and 2020 at 30 m resolution were provided by the Resource and Data Science Center of the
Chinese Academy of Sciences (https://www.resdc.cn/ (accessed on 1 July 2022)). They
were resampled to 100 m resolution and reclassified into seven land use types (farmland, for-
est land, grassland, water area, construction land, barren land, and wetland) for ecosystem
service value calculation. The production, area, and price of significant grains (rice, wheat,
corn, and soybean) were in the ecosystem service value equivalent. The consumer price
index (CPI) data used in the correction of the identical factor were obtained from the China
Statistical Yearbook and the China Agricultural Price Survey Yearbook. Elevation data were
derived from (http://www.gscloud.cn/ (accessed on 1 July 2022)), using SRTMDEMUTM
90M data. Annual average temperature, rainfall, and potential evapotranspiration data
were obtained from meteorological observation data (http://data.cma.cn/ (accessed on
1 July 2022)) using the Kriging interpolation method to process data from each meteoro-
logical station to calculate the annual average temperature, rainfall, and potential evapo-
transpiration of the whole region. NDVI data were obtained from (https://www.resdc.cn/
(accessed on 1 July 2022)). PM2.5 data were obtained from (http://www.geodata.cn (ac-
cessed on 1 July 2022)). Finally, socio-economic data were obtained from the China County
Statistical Yearbook, provincial and municipal statistical yearbooks, and published statisti-
cal bulletins on national economic and social development.

4. Results
4.1. Comprehensive Development of the Ecological-Economic System

As shown in Table 4, the overall coupling coordination of the YREB improved from
2010 to 2020. The overall mean value of 1013 study units increased from 0.4678 to 0.4872,
which was on the verge of disorder. The extreme value showed a positive trend (both
the maximum and minimum values showed different degrees of increase). The coupling
coordination level of the YREB showed a trend of “shrinking disorder and expanding coor-
dination” over 10 years, in which the proportion of near-disorder decreased significantly
(from 59.62% to 45.61%) and the proportion of barely coordinated increased significantly
(from 27.05% to 46.59%). Specifically for the county (district) study unit, Changning Dis-
trict in Shanghai was the lowest coupling coordination area in 2010 and 2020 and was
in moderate dissonance; Junshan District in Yueyang City, Hunan Province; Shiyan City,
Hubei Province; and Shengsi County in Zhoushan City, Zhejiang Province were the highest
coupling coordination areas in 2010, 2015, and 2020, with values of 0.6429, 0.5989, and
0.7114, respectively.

https://www.resdc.cn/
http://www.gscloud.cn/
http://data.cma.cn/
https://www.resdc.cn/
http://www.geodata.cn
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Table 4. Measurement results of the CCD of the YREB and the three major urban agglomeration.

Area Name YREB YRDUA TOCC CCUA

Year 2010 2015 2020 2010 2015 2020 2010 2015 2020 2010 2015 2020

Number of units 1013 176 216 141
moderate disorder (%) 0.59 0.39 0.39 1.69 1.69 1.69 0.00 0.00 0.00 1.42 0.71 0.71

mild disorder (%) 11.94 8.39 7.01 16.95 12.43 8.47 2.78 2.31 1.85 34.04 21.28 18.44
imminent disorder (%) 59.62 53.41 45.61 48.02 44.07 41.81 50.93 36.57 30.09 60.99 73.05 70.92
barely coordination (%) 27.05 37.81 46.59 33.33 41.81 46.33 43.06 61.57 67.59 3.55 4.96 9.93

primary coordination (%) 0.79 0.00 0.30 0.00 0.00 1.13 3.24 0.00 0.46 0.00 0.00 0.00
intermediate coordination (%) 0.00 0.00 0.10 0.00 0.00 0.56 0.00 0.00 0.00 0.00 0.00 0.00

Max 0.64 0.60 0.71 0.58 0.59 0.71 0.64 0.58 0.60 0.54 0.55 0.54
Min 0.21 0.23 0.25 0.21 0.24 0.25 0.36 0.35 0.38 0.28 0.28 0.27

Mean 0.47 0.48 0.49 0.46 0.47 0.48 0.50 0.50 0.51 0.42 0.43 0.44

The CCDs of the different urban agglomerations varied significantly. The YRDUA,
the TOCC, and the CCUA had 176, 216, and 141 counties (districts) which were primary
research units, respectively. Then, the quantitative characteristics of their CCDs were
counted. The percentage of disorder (or coordination) units reflected the dynamic changes
in CCD among the three major urban agglomerations in different periods. The overall CCD
of the urban agglomeration in the TOCC was higher than that of the YRDUA and the CCUA
over 10 years. In addition, the TOCC had the highest percentage of barely coordinated
regions. It has become the region with the best degree of ecological–economic coupling and
coordinated development. The proportion of imminent disorder and barely coordinated
in the TOCC changed significantly, with the proportion of imminent disorder decreasing
from 50.93% to 30.09%, a decrease of 20.84%, and the proportion of barely coordinated
increased from 43.06% to 67.59%, an increase of 24.51%. The proportion of areas on the
verge of disorder in the CCUA was high, reaching 70.92% in 2020, whereas the proportion
with mild disorder was decreasing year by year, and ecological–economic coupling and
coordinated development has improved. It is worth noting that the characteristics of the
three major urban agglomerations were different, with the YRDUA having the best degree
of coupling and coordination. In addition, the TOCC had no moderate disorder unit and
the CCUA had no prior coordination unit.

4.2. Temporal and Spatial Coupling Coordination Characteristics of the
Ecological–Economic System

We compared the CCD trend of county (district) units in the YREB during the ten- year
period, and the results are shown in the Figure 2. We identified three main distribution
characteristics. The first was that the CCD increased from west to east and from south to
north in an “inverted U” distribution. The second was that the spatial heterogeneity of
the CCD decreased year by year. The third was that the slope of the trend line in both the
east–west and north–south directions decreased. These distribution characteristics indicate
that the coordinated development concepts and policies of the YREB were intensifying,
and synergistic development was achieving significant results within that period

As shown in Figure 2, Zhejiang Province was the province with the best ecological–
economic coupling coordination development. The border of Zhejiang, Anhui, and Jiangxi
Provinces was the densest area with a high CCD in the whole economic belt. A large
number of counties (districts) with low CCD existed in northern Jiangsu Province and
central and western Sichuan Province. Among the remaining regions, Jiangxi, Hunan, and
Hubei Provinces had high coupling coordination, and most districts and counties in their
territories had a CCD higher than 0.479, nearly reaching barely coordinated.
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Figure 2. Spatial and temporal distribution and trend surface analysis of ecological–economic
coupling coordination by county units in the Yangtze River Economic Zone.

The coupling coordination level in Sichuan Basin was low. A large number of central
counties (districts) such as Jinyang City, Jintang County, Neijiang City District, and Ziyang
City District were showing mild disorder, which was a fundamental reason for the low CCD
of the CCUA. Most counties (districts) in Yunnan Province had developed rapidly in terms
of coupling coordination, with counties in the Chuxiong Yi Autonomous Prefecture and
Jinghong City in Xishuangbanna Dai Autonomous Prefecture, urban Kunming, Jingdong
Yi Autonomous Prefecture in Pu’er City, and counties (districts) in Yuxi City being fully
developed. They were the most changed areas in the YREB. It was noteworthy that the
coupling coordination level of Suzhou City in Jiangsu Province had steadily increased from
2015 to 2020 based on an initially high CCD. Zhejiang Province had the largest concentration
of barely coordinated with balanced and high-quality ecological–economic development,
and the variability of its CCD continued to narrow and began to spread to surrounding
provinces in 2020.

4.3. Spatial Autocorrelation Analysis of the CCD of the YREB

The global Moran’s I value of ecological–economic coupling coordination in each
county (district) from 2010 to 2020 was calculated according to Formula (8) with the help of
the spatial statistical analysis tool in GeoDa software. The Moran’s I values for 2010, 2015,
and 2020 were 0.447, 0.452, and 0.461, respectively, and all of them pass the significance test
at the 1% level, indicating that the spatial distribution of ecological–economic CCD in the
counties (districts) of the YREB was not randomly distributed. Instead, it showed that the
spatial distribution of the CCD in certain counties (districts) of the YREB tended to cluster
in space. In addition, the increasing trend of Moran’s I value from 2010 to 2020 indicated
that the spatial aggregation of the study units in the YREB was increasing.

We used local spatial autocorrelation analysis according to Formula (9) to analyze
the spatial autocorrelation existing between different counties (districts) and finally obtain
the LISA clustering map (Figure 3). The number of counties (districts) passing the 1%
significance test for local Moran’s I in the YREB in 2010, 2015, and 2020 were 682, 703, and
735, accounting for 67.32%, 69.40%, and 72.56% of the total study units, respectively, an
increase of 7.71% over the decade, which indicated that more and more research units
with similar coordination levels were tending to cluster. We can see that the number of
high–high and low–low clusters was increasing, whereas the number of low–high and
high–low clusters was less changeable. The number of high–high clusters increased by
14.88% in ten years, forming an evolution pattern of “high–high clusters expanding, other
clusters holding steady”. This evolution pattern indicates that the ecological–economic
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coupling is continuously improving, which verifies the previous conclusion. With regard
to spatial distribution, the high–high clusters were mainly concentrated in Hunan, Jiangxi,
and Zhejiang provinces. They were distributed more closely in concentrated continuous
blocks, whereas the low–low clusters were mainly concentrated in Sichuan, Anhui, and
Jiangsu provinces.
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In terms of time, the main changes in clustering from 2010 to 2020 were concentrated
in Yunnan, Hubei, and Sichuan Provinces. High–high clustering changes were the most
obvious in Yunnan Province, with a number of clustered insignificant areas evolving into
high-value aggregation areas. In Chuxiong Yi Autonomous Prefecture, Yuxi City, Honghe
Hani Yi Autonomous Prefecture, and Pu’er City of Yunnan Province, there were many
non-significant clustering areas that were transformed into high–high clustering areas. This
indicates that in recent years, Yunnan Province has relied on its location to vigorously
develop tourism to promote ED, while also protecting the ecological environment. Coupled
with the policy advantages adopted by the state to actively drive shared prosperity, this
has created a positive situation of high-value CCD aggregation which has spread outward
over time. It is worth noting that most counties (districts) which experienced a significant
shift in clustering were better endowed in terms of the natural environment but had a
weaker economic base. These counties (districts) had made full use of their characteristics
during the decade in which China’s economic model shifted from being export-oriented
and labor-intensive to investment-oriented and capital-intensive. These counties (districts)
promoted the concept of sustainable development to encourage the growth of tertiary
industries that would eventually achieve coordinated ecological–economic development.

4.4. Analysis of Influencing Factors Based on MGWR
4.4.1. Variable Selection

Based on the availability of data and the synthesis of existing studies, this paper
selected rainfall (in mm), potential evapotranspiration (in mm), temperature (in ◦C),
and relief amplitude (in m) as natural drivers of CCD, and the NDVI as the initial data
sources [56]. Per capita financial expenditure (million yuan/person), population density
(unit: person/km2), PM2.5 concentration (unit: um), per capita food production (unit:
t/million), and urbanization rate (unit: %) were selected as social drivers of CCD [37,57,58].
Rainfall, potential evapotranspiration, and temperature were the annual average values of
the region. The relief amplitude was calculated as the difference between the maximum
and minimum elevation values of all the image elements in the unit. NDVI referred to
the normalized vegetation index, which was used to reflect natural plant and crop growth.
The per capita fiscal expenditure was calculated from the ratio of the amount of local
fiscal expenditure to the resident population, to measure the scale of fiscal expenditure.
PM2.5 referred to delicate particulate matter (the higher its concentration, the worse the
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air quality), which can be used to measure the degree of human pollution of nature. Per
capita food production was calculated from the ratio of total food production to resident
population and the urbanization rate was calculated from the ratio of the area of built-up
land to total area.

4.4.2. Model Comparison

We used different models to calculate the impact of each driver on the coupling
coordination in 2010, 2015, and 2020. The statistical results for these three years were
averaged as a comparison and the results are shown in Table 5. The fit of the MGWR was
better than the OLS and GWR models, and the AICc value was also the lowest, so it could
be concluded that the results from the MGWR were better than the other two models. In
addition, the number of effective parameters and the sum of squared residuals were smaller
for the MGWR, indicating that the model is able to obtain more accurate regression results
using fewer parameters.

Table 5. Regression results of OLS, GWR, and MGWR.

Model R2 AICc Effective Number of
Parameters

Residual Sum of
Squares

OLS 0.506 2172.629 - 495.563
GWR 0.832 1345.460 193.551 136.244

MGWR 0.837 1293.136 189.937 133.973

4.4.3. Scale Analysis

From a comparison of the GWR and MGWR bandwidths (Table 6), it was found that
the MGWR could fully reflect the bandwidths of different driver effects and express the
spatial heterogeneity more accurately, providing results that were closer to the natural
spatial processes. In contrast, the GWR could only reflect the average value of the driver
effect scales. The bandwidth of the GWR was 86, accounting for 8.49% of the total number
of cells, whereas the scale of action of the different drivers of the MGWR varied widely.
Through the MGWR calculation, it was found that there were a large number of areas with
insignificant regression coefficients for the four variables, and these were rainfall, potential
evapotranspiration, PM2.5 concentration, and population density. Although some variables
in the results were insignificant in local areas, such as NDVI, temperature, relief amplitude,
per capita fiscal expenditure, per capita food production, and urbanization rate, there were
more significant areas overall, which explained the changes in coupling coordination from
a spatial perspective. Finally, the variables of rainfall, potential evapotranspiration, PM2.5
concentration, and population were excluded from further analysis.

Table 6. GWR and MGWR bandwidth for each influencing factor.

Influencing Factors MGWR Bandwidth GWR Bandwidth

Constants 416 86
NDVI 44 86

Rainfall 703 86
Potential evaporation 99 86

Temperature 936 86
Relief amplitude 88 86

PM2.5 concentration 1012 86
Per capita financial

expenditure 148 86

Population density 1004 86
Food production per capita 64 86

Urbanization rate 59 86
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The constant indicates the influence on the CCD resulting from different geographical
locations under the condition that other driving factors are determined, and it reflects
the overall influence on the CCD of other influencing factors such as the strength of
environmental protection and economic structure that are not considered in this paper. The
constant works on a scale of 416, accounting for a more significant proportion of all cells
and indicating that other influencing factors had a more extensive influence on the CCD,
with lower spatial heterogeneity and smoother coefficient distribution in space. The NDVI
value had the least effect on the CCD, at only 44, which accounted for 4.34% of the total
number of cells. This indicated that the NDVI value had a similar effect on the CCD in half
of the province, but its effect changed dramatically when the range exceeded half of the
province. It also indicated that the CCD was more sensitive to changes in the NDVI value.
The action scale of temperature was 936, which was almost the global scale, indicating
that although temperature affected the coupling coordination, the difference in its effect
on each location was minimal, and there was almost no spatial heterogeneity. The action
scale of relief amplitude was also minor at 88, almost reaching the local scale, indicating
significant spatial heterogeneity in the influence of topographic factors on the CCD. The
per capita fiscal expenditure effect scale was 148, which corresponded to the local scale
range of one central province, accounting for 14.61% of the total sample size, and indicating
that there was spatial heterogeneity between provincial size ranges in terms of its effect
on the CCD. The effects of per capita food production and urbanization rate on coupling
coordination were 64 and 59, respectively, which belong to a small range scale, indicating
that both effects on coupling coordination varied widely from a spatial perspective and
that the coefficients were more unstable.

4.4.4. Spatial Heterogeneity Analysis of Drivers

Since the multi-scale geographically weighted regression model was applied to cross-
sectional data, the YREB data from 2010 to 2020 were averaged to obtain the average
magnitude of the contribution of each driver to the coupling coordination over the decade
and to enable the representation to be visualized. The MGWR results reflected the magni-
tude of the effect of a driver on the dependent variable for each study unit locally, and there
could be problems if a driver had a significant effect on the dependent variable globally
but not locally for the unit. Ignoring the local significance would make the research results
lose their practical significance, so this study used the local p-value size to verify whether
the local influence factors significantly impacted the coupling coordination and set values
below 0.05 as significant. Units with other values were considered nonsignificant.

As shown in Figure 4, there was an obvious pattern of spatial ladder distribution.
The coefficients constantly decreased from west to east and the high values were mainly
concentrated in the coastal provinces. This means that under the condition that the driving
factors were determined in this paper, the influence of other driving factors on the CCD
was more significant in the east than in the center of the study area. Factors such as the
strength of environmental protection and economic structure that were not considered in
this paper had a more significant influence on the CCD in the eastern region of the YREB.
This may be because of the higher level of socio-economic development in the eastern region
of the YREB, where social drivers (e.g., per capita fiscal expenditure, urbanization rate)
have reached a higher level and have less impact on the economic system, and where the
natural drivers have little overall impact on the ecosystem because of internal offsetting (for
example, the influence direction between NDVI and fluctuation amplitude is inconsistent).
Therefore, our results indicated that, the economy and ecosystem were less affected by the
selected driving factors and were sensitive to other influencing factors.
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Figure 4. Spatial heterogeneity of each influencing factor of ecological–economic coupling coordina-
tion in the YREB.

The NDVI had both positive and negative effects on coupling coordination, and
its lower negative coefficient was mainly distributed in the dense farmland areas in the
east. In comparison, its higher positive coefficient was mainly distributed in the Dali
Bai Autonomous Prefecture and Lijiang City in Yunnan, which have excellent natural
environmental conditions. The main reason for the inconsistent influence direction is that
the NDVI value only reflects the vegetation cover. The ecological base of Yunnan Province
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was better than in other provinces, and there is still much room for ecological development,
so the increase in the NDVI value will continue to promote improvement of ESV in the
region, thus increasing the coupling coordination. An increase in the number of crops
also promotes higher NDVI. The higher NDVI values seen in Anhui, Jiangsu, and Hubei
provinces may be a manifestation of crop density, which is not conducive to ecosystem
service development. Therefore, our results indicated that the increase in NDVI instead
reduced the ESV per unit area, further reducing the coupling coordination of the initially
more fragile ecosystems in the grain-growing areas of Jianghuai. In addition, we found
that the CCD of Zhejiang and Jiangxi provinces was less affected by the NDVI values than
Anhui and Jiangsu provinces, because Zhejiang and Jiangxi have relatively less farmland.
Hence, the reduction in ecosystem service value per unit area was relatively small.

The effect of temperature on the CCD was minor, the regression results of temperature
were significant, and there were almost no nonsignificant cells. From the coefficients, it
can be seen that there was very little spatial heterogeneity of temperature on coupling
coordination, and its effects on coupling coordination were all positive and decreased
gradually from the west to the east, indicating that temperature had limited impacts on the
development of coupling coordination.

The influence of relief amplitude on the CCD was positive, and the higher degree of
influence was mainly in the plains because the ecological environment in the plains was
more vulnerable to human damage, which leads to an increase in the ESV in line with the
relief amplitude. In cases of the same economic level, increasing the ecological level will
increase the coupling coordination.

Fiscal expenditure per capita positively affected coupling coordination, and the regions
with negative coefficient values were mainly nonsignificant. There was significant spatial
heterogeneity in the impact of per capita fiscal expenditure on coupling coordination, with
higher coefficients in the urban agglomerations of Sichuan and Chongqing, eastern Yunnan
Province, western Guizhou Province, northern Zhejiang Province, and northern Anhui
Province, and lower coefficients in the urban agglomerations in the Middle Reaches of the
Yangtze River, western Yunnan Province, and western Sichuan Province. By comparison
with the LISA distribution map of the CCD of the YREB, we found that the regions in
which per capita fiscal expenditure had a high degree of influence on CCD significantly
overlapped with the low–low clustering regions of LISA distribution, indicating that per
capita fiscal expenditure had more influence on the counties (districts) with low-value
clustering. The law of diminishing marginal utility was evident when per capita fiscal
expenditure on CCD increased. Therefore, an appropriate increase in government fiscal
spending will benefit the development of regions with lower coupling coordination. In
contrast, the contribution of increased fiscal spending to coupling coordination will no
longer be apparent when the regional coupling coordination is high.

The per capita grain yield had negative impacts on coupling coordination. It had
a more significant adverse effect in Yunnan Province and a minor effect in the middle
Yangtze River counties (districts). The reason for this was that the ESV per unit area was
higher in Yunnan and lower in the middle Yangtze River counties (regions). Developing
the same area of arable land will significantly impact the ESV in Yunnan Province, reducing
the ESV and thus affecting the overall coupling coordination. Therefore, to ensure coordi-
nated development of the YREB, regions with a better ecological base should not sacrifice
the environment for the sake of food production, and provinces with higher existing lev-
els of food production should continue to promote centralization, industrialization, and
standardization of agricultural production.

The urbanization rate had positive and negative effects on the CCD. The effects were
positive for Yunnan, Guizhou province, and northern Sichuan, and negative for central
and eastern provinces, with the most significant improvement effect on CCD in Yunnan
province. Due to slow urbanization progress and weak economic foundations in Yunnan,
Guizhou, Sichuan, and other western provinces, an increase in the rate of urbanization can
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drive population growth and the development of industry and the wider economy. In the
west, coupling coordination increases in line with the rate of urbanization.

Since the 1978 reform and Open Door Policy, urbanization in the eastern coastal
provinces has rapidly increased. Urbanization in the central provinces of the YREB has
also accelerated with the promotion of the Central Rising Strategy, which increases the
vulnerability of the central and eastern ecosystems of the YREB to human activities. The
benefits to the economic system from continued urbanization will not be sufficient to offset
the ecosystem losses, with increasing urbanization rates thus leading to a decrease in
coupling coordination.

5. Discussion

The results, which are similar to the findings of Zhao et al. [59], show that the spatial
and temporal differences in CCD between the east, middle, and west of the YREB are
significant, in particular in TOCC, its fastest growing region. Zhao et al. showed that
the socio-economic development rate of the YREB was much faster than the ecological
development rate [60], and the ED was the main contributor to increase in CCD values.
Since the implementation of the Central Rising Strategy, the economic strength of TOCC
counties (districts) has improved significantly, but their overall coupling coordination
level is only at barely coordinated, and ESV still has much room for development. The
problem of unbalanced and insufficient development of the YREB is still prominent, and
ecological management and natural resource protection remain core concerns for the YREB
in the future.

Local fiscal expenditure, urbanization construction, grain production, NDVI, and
other influencing factors all have an impact on CCD. Li et al. also argued that the in-
fluencing factors of the coupled ecological and economic coordination relationship were
multifaceted [61]. Therefore, in order to accelerate the increase in CCD, we should develop
and manage policies from multiple perspectives rather than focusing on one aspect. In
their study, Peng et al. showed that the increase in grain production in northwest Yunnan
was at the expense of carbon storage and soil conservation [62]. This is consistent with the
results of this study, which indicate that an increase in per capita grain production would
severely inhibit the growth of CCD in Yunnan Province. This is because land use and
cover have a high positive correlation with ESV, indicating that the better the preservation
of the natural resources of the land, the higher the value of ecological services [63]. This
study also indicates that the impact of NDVI on CCD results from the combined effect of
nature and agriculture. According to the study by Zhang et al., the NDVI of the YREB area
from 2003 to 2019 might well reflect the degree of ecological restoration rather than the
degree of agricultural development [64]. We have, however, identified a gap in this study:
CCD is jointly influenced by both ED and ESV, and the impact of NDVI on agriculture will
indirectly act on ED, leading to different conclusions.

6. Conclusions and Policy Implications
6.1. Conclusions
6.1.1. Theoretical Contributions of the Study

Firstly, our work expands the study of the coupling coordination relationship between
ED and ESV. The focus of existing studies has been on the spatial–temporal evolution
patterns of the coupled coordination relationship between ED and ESV, and there has been
less research on its influencing factors. Our study introduces the MGWR model, thus
filling the gap in the analysis of influencing factors with regard to the ED–ESV coupling
and coordination relationship. Additionally, in previous studies, the index selection of ED
often used GDP as the only measure of ED [65]. To improve on this, our study constructed
an ED evaluation index system, thus adding a new perspective to ED and ESV research.
Secondly, this study fills a gap regarding the application of the MGWR method in the
field of ecological and economic research. The MGWR method can effectively reflect the
spatial heterogeneity of influencing factors, and it is mainly applied to research in the



Sustainability 2022, 14, 15467 17 of 21

fields of housing prices [66], morbidity [67], and PM2.5 [68]. Our study focuses on the
bandwidth and spatial heterogeneity of the effect of influencing factors on CCD, which fills
the gap regarding the application of the MGWR method in the field of ecological–economic
research. Finally, this study narrows the research scale for the study of coupled coordination
relationship between ED and ESV. The minimum study unit used in most empirical studies
of large watersheds or economic zones is the provincial [69] or municipal [70] area. This
study uses 1013 county units as the base study unit, which addresses the lack of precision
in previous studies.

6.1.2. Practical Contributions of This Study

Firstly, this study used the entropy weight method and the value equivalent method
to calculate the ED and ESV levels of 1013 counties in the YREB, respectively. On this basis,
the coupled coordination relationship between ED and ESV was evaluated and compared
using the coupled coordination model. Secondly, this study explored the spatial clustering
of CCD using the spatial autocorrelation model. Finally, this study used natural and social
drivers as explanatory variables, and used the MGWR model to empirically investigate
the influence of each driver on CCD and its spatial heterogeneity. The main findings are
as follows:

(1) The coupling between the YREB’s ED and ESV had reached the barely balanced stage,
but low CCD remained the long-term trend in the YREB. Due to regional differences
in ED and ESV, the average CCD of the three major urban agglomerations was better
in the TOCC than in the YRDUA, which was in turn better than the CCUA.

(2) There was spatial autocorrelation in the distribution of coupling coordination in
the YREB. High–high clustering was mainly concentrated in Hunan, Jiangxi, and
Zhejiang provinces, and low–low clustering was mainly concentrated in Sichuan,
Anhui, and Jiangsu provinces. The number of high–high clustering counties (districts)
in Yunnan Province had increased and spread outward, centering on urban Kunming
and surrounding counties.

(3) We found that the scope, degree, and mechanism of influence of each influencing
factor on the CCD varied widely: in the eastern part of the YREB, the increase in
NDVI was detrimental to the growth of CCD; the effect of per capita fiscal expen-
diture was sensitive to the low–low clustering areas and obeyed the law of dimin-
ishing marginal utility; the entire YREB would see a decrease in CCD due to an
increase in per capita food production, with counties with little farmland affected
the most; and urbanization rates could effectively contribute to CCD growth in less
developed regions.

6.1.3. Limitations and Recommendations for Future Research

There are some shortcomings in this paper. Firstly, the object of this paper is the
coupled coordination between the ecosystem and the economic system, but there are fewer
descriptions of the two systems individually. Therefore, although this study can analyze
the development of the two systems interacting more comprehensively, it does not reflect
the development of individual systems. Secondly, due to the use of cross-sectional data,
it is not possible to analyze the mechanism of the coupling and coordination degree of
economic system development from the time dimension. The temporal variables should be
introduced to explore the relationship between the two in the future. Finally, although the
MGWR model used in this paper can reflect the spatial heterogeneity and action scale of
different influencing factors on the role of CCD, it does not reflect the spatial dependence.
Future research can further explore the relationship between the two coupling coordination
degrees from spatial interaction effects and spatial spillover processes.

6.2. Policy Recommendations

First, the government should allocate fiscal expenditure rationally and increase the
proportion of fiscal expenditure in areas of mild dislocation. Although the coupling
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coordination level of the YREB has continuously improved during the decade, there are
still many counties (e.g., several counties in northern Anhui Province) where the coupling
coordination level remains in mild disorder. While maintaining the current overall trend
of the YREB, we should focus on the improvement of counties with low CCD. Local
fiscal expenditure can effectively promote the development of low-CCD counties, so the
government should allocate fiscal expenditures reasonably and optimize its structure.
This would include prioritizing expenditure for the benefit of difficult and less developed
areas, strengthening the financial security of financially weak areas, and aiming to narrow
the per capita expenditure gap between regions, so as to better promote coordinated
regional development.

Second, we recommend that the agricultural provinces in the YREB should promote
the efficiency and intensification of agricultural production. Regions with high food pro-
duction generally have larger areas of agricultural land. The expansion of agricultural land
crowds out ecological land and thus reduces ESV, so the CCD value tends to be lower in
areas with a dense distribution of agricultural land (e.g., the Sichuan–Chongqing urban
cluster and Anhui Province). However, because of the implementation of farmland protec-
tion policies in recent years, these regions are required to retain large areas of farmland,
resulting in lower CCDs. In order to achieve a better balance of ecological and arable
land protection, agricultural production efficiency per unit area should be increased while
maintaining the existing farmland. The government should strictly limit agricultural devel-
opment in counties with a good ecological base and promote agricultural concentration
and modernization in the large agricultural provinces. We should build more modern
agricultural industrial parks and strong agricultural industry towns.

Finally, we recommend that the western counties of the YREB should continue to
promote town development. Due to the large gap between the ED levels in the east and
west of the YREB, urbanization will be beneficial to the CCD in the west of the YREB, but
not in the east. Therefore, the YRDUA should strictly limit the growth of construction
land, improve the efficiency of land use, and encourage the compact development of towns.
The western areas of the YREB, such as Yunnan province, should promote the inflow of
population, continue to expand the scale of urbanization, and appropriately increase new
construction land.
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