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Abstract: The global ecological decline resulting from urban development presents a significant
challenge for numerous regions striving to reconcile conservation efforts with developmental needs.
This study explores the relationship between ecosystem service value (ESV) and habitat quality (HQ)
under various scenarios to elucidate prospective development trajectories. This study utilized the
PLUS model to simulate land use patterns in the Chengdu metropolitan area across four distinct
development scenarios. Furthermore, it employed the equivalent factor method and the Invest model
to quantify ESV and HQ values, and investigated the coupling coordination between ESV and HQ for
each city using a coupling coordination model (CCM). The findings are as follows: (1) Between 2000
and 2020, land use in the Chengdu metropolitan area primarily expanded through the development
of construction land. (2) Concurrently, ESV demonstrated a fluctuating trend characterized by an
initial decline succeeded by an upsurge, culminating under the Development–Ecological Balance
Scenario. Likewise, HQ displayed a similar fluctuating pattern with an initial decline succeeded by an
increase, reaching its zenith under the Ecological Dominance Scenario. (3) The coupling coordination
between ESV and HQ exhibited variability across cities and scenarios. Ultimately, this study offers a
distinctive perspective on evaluating the interplay between urban development and conservation,
providing valuable insights for promoting sustainable development in other regions.

Keywords: ecosystem service value (ESV); habitat quality (HQ); land use simulation; coupling
coordination model (CCM); Chengdu metropolitan area

1. Introduction

The global ecological balance between environmental preservation and economic
growth has increasingly become a paramount concern for nations worldwide. The 2023
Global Sustainable Development Report (GSDR), published by the United Nations, empha-
sizes the imperative of aligning future development with sustainable practices, integrating
environmental preservation with economic progress [1]. Numerous studies have demon-
strated the escalating harm inflicted on ecosystems by human activities. Amidst ongoing
economic expansion and land development, ecosystem diversity continues to decline [2].
Consequently, achieving a balance between protection and development has emerged as a
pivotal challenge in regional studies [3]. Since the adoption of China’s reform and opening-
up policy, the nation’s economy has exhibited traits of constrained growth, indicative of a
government-led “growth-oriented” development paradigm. Consequently, it progressively
encroaches upon ecological habitats, significantly impacting the environment. Thus, it is
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imperative to chart a viable course for urban development to foster the sustainable growth
of cities.

Ecosystem services encompass the direct and indirect benefits humans derive from
ecosystems that are crucial for their sustenance and development. Ecosystem Services
Value (ESV) serves as an indicator for quantifying the value derived from ecosystem ser-
vices [4]. Analyzing changes in ESV characteristics reveals the benefits ecosystems bestow
upon humanity, pivotal in understanding regional ecosystem values and fostering regional
sustainable development. The ESV is the value that can be directly or indirectly obtained
from ecosystems and utilized by humans. Various methods have been proposed by scholars
for ESV estimation, encompassing the direct market method [5], the hypothetical market
value method [6], the substitution market method [7], the energy value analysis method [8],
and the equivalent factor method [9]. Among them, the equivalent factor method has
been widely used due to its comprehensive assessment scope and simplicity of operation.
However, the equivalent factor method is based on the value equivalent of various service
functions of different types of ecosystems, combined with the area of the ecosystem for
calculation and evaluation. It does not fully reflect the actual situation in different regions
in terms of defining the value equivalent. Building upon Costanza et al.’s research, Chinese
scholars have introduced the concept of “Equivalent ecosystem services value per Unit Area
of Chinese Terrestrial Ecosystems [10,11]”. Consequently, the equivalent factor method
finds extensive utility in ESV estimation. Many scholars have conducted in-depth analysis
of ESV under land use change (LUC) based on this method. Nevertheless, these studies
predominantly investigate the spatiotemporal dynamics and interactions between ESV and
LUC at provincial [12,13], basin [14], and nature reserve scales [15]. While these studies of-
fer a theoretical foundation for devising regional management strategies, they inadequately
address the complexities of metropolitan areas, a spatial unit of greater intricacy [16].
Secondly, in terms of research content, some scholars have explored ecological risk assess-
ment [17], scale effect assessment [18], ecological security patterns [19], and related topics
rooted in regional ESV exploration, offering diverse measures and recommendations for
ecological preservation and management.

Habitat Quality (HQ) frequently serves as a metric for assessing biodiversity levels
within specific regions. HQ reflects the vitality of the local ecosystem and constitutes
a crucial criterion for evaluating ecosystem sustainability. Methods for calculating HQ
primarily comprise ecological surveys, evaluation indices, and model-based computations.
Ecological survey methods gather data through field surveys, but their high costs render
them impractical for large-scale research. The evaluation index method assesses HQ via
predetermined indicators, yet its operational complexity and lack of regional universality
pose limitations. Model-based computations, in contrast, offer greater scientific rigor, with
open-source software such as Invest streamlining operational procedures. The Invest model
accurately computes results and facilitates visualization, rendering it a popular choice for
HQ assessment in various regions. Consequently, the Invest model has seen widespread
application in elucidating the spatiotemporal dynamics of HQ and its influencing factors.
Presently, research predominantly concentrates on individual ecological reserves [20],
urban units [21], and provincial scales [22]. Nonetheless, there exists a relative dearth
of comprehensive investigations concerning large-scale, composite spatial entities like
metropolitan areas. Furthermore, while tools like geographically weighted regression [23],
geographic detectors [24], and PLUS have been used to analyze the changes in HQ and
their driving forces, there are also many scholars who combine PLUS and other land
use simulation software to explore the characteristics of HQ changes under multiple
scenarios [25,26].

Nonetheless, within the current research domain, there remains a dearth of exploration
regarding the interaction mechanisms and relationships between ESV and HQ [27,28]. Nu-
merous studies often analyze these aspects in isolation, employing methodologies such
as land use change models and the Invest model to assess ecological risks in urban and
nature reserve areas [29,30], or investigating the repercussions of urban land use change on
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ESV [31]. Serving as pivotal metrics for evaluating ecosystem health comprehensively, ESV
and HQ offer quantitative insights into ecosystem development trends and human habita-
tion quality, elucidating economic and qualitative aspects with considerable explanatory
power. Nevertheless, as society progresses, striking a balance between urban expansion
and environmental preservation has emerged as a critical concern in urban development
planning and enhancing human living conditions. Nonetheless, investigations into the
interaction and significance of ESV and HQ in future urban planning and environmental
management remain sparse, let alone in-depth analyses of their coupling and coordination
mechanisms amidst environmental changes.

Previous research readily reveals that both ESV and HQ assessments necessitate land
use as an evaluation medium, suggesting a reciprocal relationship wherein they mutually
influence each other. Presently, numerous researchers concentrate on the correlation be-
tween land use change and ecosystems, recognizing that land use and its alterations are
pivotal factors driving ESV and HQ fluctuations [32]. Land use changes exert direct effects
on HQ [33,34], either enhancing or degrading it, consequently influencing species diversity
indirectly [26,35,36]. Furthermore, land use change can modify ecosystems’ capacity to
furnish ESV [12,37], consequently shaping the spatiotemporal attributes of HQ [38–41].
Hence, optimizing HQ and ESV through land use change simulation holds both theo-
retical underpinning and practical significance [42]. Various land use models have been
developed, encompassing the CLUE-S model [43], cellular automaton (CA) [44], FLUS
model [45], and PLUS model [16]. The PLUS model integrates cutting-edge analytical
techniques and distinctive multi-type seed growth algorithms, facilitating a more nuanced
examination of dynamic LUC and surpassing the constraints of conventional models in
simulation accuracy and mechanistic explanation [16].

Concurrently, owing to the swift urban construction progress in China, metropolitan
areas have emerged as crucial pillars for the nation’s new urbanization endeavors [46]. Ad-
ditionally, the Chinese government has implemented pertinent policies to bolster metropoli-
tan area development. Numerous studies have illustrated that, over the past two decades,
while cities within the Chengdu metropolitan area have undergone rapid economic growth
and land expansion, their ecological environment quality has steadily deteriorated [47,48].
Nevertheless, indiscriminate economic development control may impede societal progress
and advancement. Thus, the challenge for future Chengdu metropolitan area develop-
ment lies in effectively coordinating and balancing economic development with ecological
preservation. The stringent protections on cropland preservation boundaries during the
Chengdu metropolitan area’s development signify not only the keen focus on safeguarding
agricultural land but also offer a distinctive lens for investigating the intricate ESV–HQ
relationship in the region. Cropland serves not only as the cornerstone of food production
but also plays an indispensable role in supplying material resources, regulating climate,
and preserving biodiversity. Nevertheless, certain studies have highlighted the imperative
to acknowledge the adverse effects of cropland expansion and utilization on HQ, render-
ing the Chengdu metropolitan area an optimal study site for investigating the ESV–HQ
relationship through land use change analysis.

Hence, this study concentrates on the spatial dimensions of the Chengdu metropolitan
area. It comprehensively assesses the spatiotemporal evolution of ESV, employing the
“Equivalent Value of Ecosystem Services per Unit Area of Chinese Terrestrial Ecosystems”
alongside its distinct urban environmental features. Moreover, it precisely computes the HQ
of the metropolitan area by integrating the PLUS model and the Invest model, endeavoring
to portray the holistic health condition of the regional ecosystem on a macroscopic level.
Furthermore, it examines the spatiotemporal aspects of the ecological environment quality
of the metropolitan area from an economic standpoint, seeking to elucidate the coupling and
coordination mechanisms between ESV and HQ. This study endeavors to furnish a scientific
foundation for decision-making concerning the ecological protection and management of
metropolitan areas, holding significant theoretical and practical implications for fostering
the harmonious coexistence of ecosystems and human activities.



Sustainability 2024, 16, 3741 4 of 27

2. Materials and Methods
2.1. Geographic Area of Investigation

The study area chosen for this research is the Chengdu metropolitan area. The
Chengdu metropolitan area, located in the southwestern part of China, is a key area
for economic development and is known for its strong economic capabilities and abundant
ecological resources [49,50]. From a geographical perspective, the Chengdu metropolitan
area is situated in the eastern part of Sichuan Province, China. It primarily comprises
cities and counties such as Chengdu, Deyang, Ziyang, and Meishan. The total area covers
33,100 square kilometers (Figure 1).
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2.2. Research Structure

This study examined the LUC in the Chengdu metropolitan area over the years.
It utilized natural geographic data and socio-economic data, combined with the PLUS
model, to simulate LUC in the Chengdu metropolitan area under four different scenarios.
Additionally, it employed the equivalent factor method in conjunction with statistical
yearbook data to calculate changes in the ESV over the years in the Chengdu metropolitan
area. The Invest model was also used to investigate the spatiotemporal variations in HQ in
the Chengdu metropolitan area. Furthermore, by integrating the results of ESV and HQ
calculations, a coupling coordination model (CCM) was applied to explore the coupling
and coordination relationships between ESV and HQ across different areas within the
Chengdu metropolitan area. Finally, based on the research findings, this study delved into
the spatiotemporal characteristics of ESV and HQ, as well as their coupling coordination
(CC) relationships in the Chengdu metropolitan area. It also discussed potential urban
development model paths based on the outcomes of the multifaceted scenario simulations
(Figure 2).
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2.3. Data Source

This research utilizes various datasets, including land use data, elevation data, slope
data, population density data, nighttime light data, normalized difference vegetation
index (NDVI) data, gross domestic product (GDP) data, road distance data, and railway
distance data, as shown in Table 1. These datasets are crucial for the analysis and modeling
conducted in the research.

Table 1. Data sources for the study.

Data Types Data Name Abbreviations Data Description Data Origins Reference

Land use data Land use LU

Land use data for 2000,
2010, and 2020 within the
study area, reflecting the
type of land use within

the unit space.

The GlobeLand30 data
(www.globallandcover.
com, accessed 24 June

2023)

[26,51,52]

Physical
geography data

Elevation DEM

Distribution of surface
heights within the study

area, reflecting the
elevation of the surface

per unit of space.

The geospatial data
cloud platform

(https://www.gscloud.
cn/#page1/1, accessed

25 June 2023)

[26,51,52]

Slope SLOPE

Calculated from elevation
data with the help of

Arcgis 10.8, responding to
the value of the slope per

unit of space.

Using DEM elevation
data and the slope

analysis tool in ArcGIS
10.8, the slope

information was
obtained.

[26,51,52]

Mean annual
temperature TEMP

Annual average surface
temperature within the

study area, reflecting the
value of surface

temperature per unit
of space.

Earth data open access
for open science (https:

//ladsweb.modaps.
eosdis.nasa.gov/,

accessed 26 June 2023)

[26,51,52]

Normalized
Difference

Vegetation Index
NDVI

Vegetation cover on the
ground surface within the
study area, reflecting the

amount of vegetation
cover per unit of space.

The national ecological
data center resource

sharing service platform
(http:

//www.nesdc.org.cn/,
accessed 26 June 2023)

[26,51,52]

Distance from
water WATER

Calculated from the
watershed data in

OpenStreetMap with the
help of Acrgis 10.8,

responding to the spatial
distance of the unit from

watersheds.

OpenStreetMap
(https://www.

openstreetmap.org/,
accessed 26 June 2023)

[26,51,52]

Socio-economic
data

Population POP

Number of people within
the study area, responding
to the number of people

per unit of space.

Worldpop (https:
//www.worldpop.org/,
accessed 27 June 2023)

[26,51,52]

Night light LIGHT

Night-time light
magnitude within the

study area, responding to
night-time light values per

unit of space.

The Resource and
Environmental Science
and Data Center of the

Institute of Geographical
Sciences and Resources,

Chinese Academy of
Sciences (https:

//www.resdc.cn/,
accessed 25 June 2023)

[26,51,52]

www.globallandcover.com
www.globallandcover.com
https://www.gscloud.cn/#page1/1
https://www.gscloud.cn/#page1/1
https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/
http://www.nesdc.org.cn/
http://www.nesdc.org.cn/
https://www.openstreetmap.org/
https://www.openstreetmap.org/
https://www.worldpop.org/
https://www.worldpop.org/
https://www.resdc.cn/
https://www.resdc.cn/
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Table 1. Cont.

Data Types Data Name Abbreviations Data Description Data Origins Reference

Gross domestic
product GDP

GDP values within the
study area, responding to

GDP values per unit
of space.

The Resource and
Environmental Science
and Data Center of the

Institute of Geographical
Sciences and Resources,

Chinese Academy of
Sciences (https:

//www.resdc.cn/,
accessed 25 June 2023)

[26,51,52]

Socio-economic
data Distance to road ROAD

Calculated from the road
data in OpenStreetMap
with the help of Arcgis
10.8, responding to the

distance from the road per
unit of space.

OpenStreetMap
(https://www.

openstreetmap.org/,
accessed 26 June 2023)

[26,51,52]

Distance to
railroad RAIL

Calculated from the
railroad data in

OpenStreetMap with the
help of Arcgis 10.8,

responding to the distance
from the railroad per unit

of space.

OpenStreetMap
(https://www.

openstreetmap.org/,
accessed 26 June 2023)

[26,51,52]

2.4. Research Method
2.4.1. PLUS Mode

The Plus model builds upon the Flus model, integrating Land Expansion Strategy
Analysis (LES) and Cell-based Auto-Regressive Spatial (CARS) modeling for land use
prediction. While similar to other land use models, Plus, based on Cellular Automata (CA),
overcomes the limitations of CA models in terms of strategic analysis.

In the workflow, the Plus model first identifies regions with changes in land use data
over two periods. Then, using the Random Forest algorithm, it calculates the probabilities
of various land uses and the driving factors contributing to land expansion based on land
expansion analysis strategies.

Ultimately, employing the CA model with a foundation in multi-class random patch
seeds, it replicates the process of land use generation to ascertain land use alterations.

LUC results from various factors. In this study, factors influencing LUC were selected
from both natural and socioeconomic aspects. A total of 10 factors, including elevation,
slope, NDVI, night-time light index, population density, road distance, and others, were
comprehensively chosen as the driving factors for LUC, as listed in Table 1. These factors
play a vital role in modeling and predicting LUC within the research area.

The domain weight represents the expansion capability of different land types and
reflects the influence of different land types on each other.

Ωt
i,k =

con
(

ct−1
i = k

)
n × n − 1

× wk (1)

Within the equation, Ωt
i,k stands for the land use type k’s coverage ratio within its

specific domain, signifying the neighborhood impact on the grid cell.
The expression con

(
ct−1

i = k
)

represents the total count of grid cells that were occu-
pied by land use type k within the n × n window during the previous iteration; wk is the
variable weight attributed to various land use categories.

In this study, domain weight coefficients were determined by reviewing relevant
research and considering the real circumstances within the study region (Table 2) [52].

https://www.resdc.cn/
https://www.resdc.cn/
https://www.openstreetmap.org/
https://www.openstreetmap.org/
https://www.openstreetmap.org/
https://www.openstreetmap.org/
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Table 2. Table of domain weighting parameters.

Land Type Cropland Forest
Land

Grassland Waters Unused
Land

Building
Land

Weights 0.129 0.113 0.097 0.111 0.048 0.072

To assess the model’s precision, this research employed the Kappa coefficient for
testing. The Kappa coefficient is a continuous value between 0 and 1, where a higher value
indicates greater consistency. A Kappa value greater than 0.6 suggests good agreement [29].
The calculation equation is as presented below:

Kappa =
Po − Pc

Pp − Pc
(2)

In the equation, Po represents the number of correctly simulated grids, Pc denotes
the proportion accurately simulated under random circumstances, and Pp signifies the
proportion accurately simulated in an ideal situation, typically taking a value of 1.

Based on land use data from 2000 and 2010, this study predicts the LUC for 2020.
Comparing the predicted 2020 LUC with the actual data, the Figure of Merit (FOM) is 0.178,
and the Kappa coefficient is 0.877, indicating high simulation accuracy.

2.4.2. Multi-Scenario Construction

This study aims to explore the various possibilities of land use change in future
development. Four different development scenarios were set: Natural Development
Scenario (NDS), Ecological Dominant Scenario (EDS), Urban development Scenario (UDS),
and Development–Ecological Balance Scenario (DEBS). Based on previous research on
multi-scenario simulations, this study adjusted the land use transition matrix obtained
from Markov chains for the years 2010–2020. The adjustment was made according to the
development characteristics of different scenarios. The following are detailed descriptions
of the four scenarios:

(1) Natural Development Scenario (NDS):
The NDS maintains the original pattern of land changes without any intervention from

influencing factors. The land use transition probability matrix is calculated based on the
Markov chain, and the probabilities are the same as those in the 2010–2020 land use transi-
tion probability matrix [51,53]. This scenario is commonly used as a control experiment in
previous studies on land use simulation to differentiate it from other scenario models.

(2) Ecological Dominant Scenario (EDS):
With the gradual deterioration of the global ecological environment, governments

worldwide are increasingly focusing on environmental protection. Therefore, the ecological
dominant scenario is considered a future development model. In this scenario, emphasis is
placed on protecting ecological spaces and reducing human-induced damage and impact.
Specifically, it involves the expansion of forest land, grassland, and water areas. The
ecological dominant scenario has been identified as an important scenario model in many
studies on ecological protection [54]. Additionally, the Chengdu metropolitan area has
prominent natural features, and governments at all levels are actively promoting ecological
protection and development, enacting corresponding protection and development policies.
Based on previous research on the ecological dominant scenario [55,56], this study adjusted
the original land use transition matrix. Specifically, the probability of conversion from
building land to forest land, grassland, and water areas was increased by 30%, while the
probabilities of conversion from forest land, grassland, and water areas to building land
were decreased by 40%. The probability of conversion from cropland to building land was
reduced by 10%, simulating land use changes under the dominance of ecological protection.

(3) Urban Development Scenario (UDS):
China’s cities are still in a stage of outward expansion, and many studies have dis-

cussed development dominance as a future urban development scenario [57]. In the UDS,
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emphasis is placed on urban construction and development, specifically the expansion
of urban building land. Based on previous research on the development dominance sce-
nario [58], this study adjusted the original land use transition matrix. The probability of
conversion from cropland, forest land, and grassland to building land was increased by
30%, while the probability of conversion from water areas to building land was increased by
10%. The probability of conversion from building land to cropland, forest land, grassland,
and unused land was reduced by 30%, simulating land use changes under the dominance
of development.

(4) Development–Ecological Balance Scenario (DEBS):
Balancing protection and development for sustainable development has always been

emphasized by the Chinese government. In the DEBS, urban development and ecological
protection are required to be coordinated. Therefore, attention should be given to both
protection and development [59,60]. Many studies have used land use simulation software
to simulate and evaluate sustainable urban development. Based on previous research on
the development dominance scenario, this study adjusted the original land use transition
matrix [61]. In terms of urban development, the probability of conversion from building
land to cropland, forest land, grassland, and water areas was reduced by 10%. In terms
of ecological protection, the probability of conversion from cropland to building land was
reduced by 15%, while the probabilities of conversion from forest land, water areas, and
grassland to building land were reduced by 10% [53].

2.4.3. Measurement of Habitat Quality

Within this study, the HQ module of the Invest model was employed to evaluate and
compute the HQ for different counties within the Chengdu metropolitan area. The model’s
underlying principle integrates external threat factors, their respective intensities, and the
sensitivity of various land use types to these threat factors in order to compute HQ values.
The calculation equation is as presented below:

Qik = Hk

(
1 −

Mz
ik

Mz
ik + Kz

)
(3)

Mik =
R

∑
r=1

Yr

∑
y=1

 Wr
R
∑

r=1
Wr

ryirxyβxSkr (4)

In this equation, Qik represents the HQ for land type k at spatial unit i, ranging from 0
to 1, where higher values indicate better HQ.

Hk represents the habitat suitability for land type k. Mz
ik signifies habitat degradation

at spatial unit i, with z as a model default parameter set to 2.5. K is the half-saturation
coefficient, usually configured at half of the maximum habitat degradation. R stands for
the count of threat factors. Yr denotes the number of spatial units in the threat layer within
the land-type layer. Wr represents the weight assigned to the threat factor. ry signifies the
intensity of the threat factor’s impact on habitats. irxy represents the threat level of the
threat factor on habitats. βx is indicative of the legal protection level. Skr stands for the
sensitivity of land type k to the threat factor.

This research, based on land use data for the Chengdu metropolitan area and a review
of existing research, selected cropland, developed land, and unused land as the threat
factors. Weightings were assigned and degradation types and their maximum impact
distances were determined, as shown in Table 3. Sensitivity values for each land use type
to the habitat threat factors were also established, as presented in Table 4 [26,62,63].
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Table 3. Maximum impact radius and stress factor weight.

Threat Factor Maximum Impact
Distance/km Weighting Distance Decay

Function

Cropland 1 0.2 Linear
Building land 8 0.6 Exponential
Unused land 3 0.5 Exponential

Table 4. Land use type sensitivity to habitat threat factors.

Land Type Habitat Suitability Building Land Cropland Unused Land

Cropland 0.3 0.6 0 0.5
Forest land 1 0.5 0.6 0
Grassland 0.7 0.6 0.8 0.4

Waters 0.7 0.8 0.7 0.4
Unused land 0.2 0.7 0.1 0
Building land 0 0 0 0

2.4.4. Ecosystem Service Value

Drawing from research by Costanza and others on ecosystem services, it is clear that
ESV is a crucial metric for quantifying the benefits provided by ecosystems. Building
upon the methodology of Xie Gaodi and his team for assessing ESV in China, a per
unit area ESV table for the Chengdu metropolitan area was established, as presented in
Table 5 [10,11,31,64].

Ea =
1
7
×

3

∑
i=1

Pi × Qi
Mg

(5)

Table 5. ESV per unit area in Chengdu metropolitan area (Unit: CNY/(hm2·year·)).

Value of Ecosystem Services Cropland Forest Land Grassland Waters Unused
Land

Building
Land

Supply Services
Food production 2160.55 737.13 965.89 2033.46 0.00 0.00

Raw material
production 1016.73 1677.61 1423.42 584.62 0.00 0.00

Water supply 50.84 864.22 787.97 21,071.74 0.00 0.00

Regulating
services

Gas regulation 1703.02 5515.76 5007.40 1957.21 50.84 0.00
Climate regulation 915.06 16,521.87 13,242.91 5820.78 0.00 0.00
Purification of the

environment 254.18 4905.72 4371.94 14,107.14 25.42 0.00

Hydrological
regulation 686.29 12,048.26 9709.78 259,876.31 76.25 0.00

Support services
Soil conservation 2618.08 6735.84 6100.38 2363.90 50.84 0.00

Nutrient
maintenance 305.02 508.37 457.53 177.93 0.00 0.00

Biodiversity 330.44 6125.80 5541.18 6481.66 50.84 0.00
Cultural services Aesthetic landscapes 152.51 2694.34 2440.15 4804.05 25.42 0.00

In the equation, Ea represents the per unit area ESV provided by cropland (in CNY
per hectare), where i signifies the chosen crop type, with a total of three categories. Pi
denotes the average price (in CNY per kilogram) of the i-th crop in the study area, while Qi
represents the total yield (in kilograms) of the type i crop in the study area. Mg signifies
the total cropland area for cultivation in the study area.

Vjk = ejk × Ea (6)
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In the equation, Vjk represents the ESV coefficient (in CNY per hectare) of the j-th land
type in the study area for the k-th ecosystem service function, while ejk represents the equiv-
alence factor of the j-th land type in the study area for the k-th ecosystem service function.

E =
m

∑
i=1

Aj × Vjk (7)

In the equation, E represents the total ESV in the study area (in CNY), and Aj represents
the area (in hectares) of the j-th land type.

2.4.5. Coupling Coordination Model

The CCM is frequently employed to examine the extent of interactions and the level
of harmonious development between two or more systems. It measures the coupling
relationship between HQ and ESV, assessing the extent to which these two systems mutually
influence each other. The equation is as follows:

T = aU1 + bU2 (8)

T represents the comprehensive evaluation index. U1 represents the values of HQ
in various counties. U2 represents the ESV in various counties. a and b are coefficients.
In this case, both a and b are set to 0.5. A higher value of T indicates a higher overall
ecological level.

C =
2
√

U1×U2

U1 + U2
(9)

The equation is as follows: C represents the degree of coupling. A higher value of
C signifies a more robust correlation between HQ and ESV, whereas a lower value of C
indicates a weaker relationship between HQ and ESV.

D =
√

C × T (10)

The equation is as follows: D represents the degree of coordination. A greater D value
indicates a heightened level of coordination between HQ and ESV, whereas a lower D value
implies a diminished level of coordination between HQ and ESV.

Based on related research [65,66], the determination of coupling and coordination
stages and types between ESV and HQ in the Chengdu metropolitan area is presented in
the following table (Table 6).

Table 6. Coupling degree and coupling level.

Value of CC Level of CC

0 < D ≤ 0.1 Extreme dissonance
0.1 < D ≤ 0.2 Severe dissonance
0.2 < D ≤ 0.3 Moderate dissonance
0.3 < D ≤ 0.4 Mild dissonance
0.4 < D ≤ 0.5 On the verge of dissonance
0.5 < D ≤ 0.6 Grudging coordination
0.6 < D ≤ 0.7 Primary coordination
0.7 < D ≤ 0.8 Intermediate coordination
0.8 < D ≤ 0.9 Good coordination
0.9 < D ≤ 1 Quality coordination

3. Results
3.1. Spatiotemporal Evolution Characteristics of Land Use in Chengdu Metropolitan Area

From the trends in land area changes, between 2000 and 2020, the building land of the
Chengdu metropolitan area increased by 4.19%, while the unused land increased by 0.01%.
However, the cropland area experienced a temporary increase from 2000 to 2010, but in



Sustainability 2024, 16, 3741 12 of 27

the period from 2010 to 2020, it saw a decline. Specifically, from 2000 to 2010, the cropland
area grew by 127.13 km2, while from 2010 to 2020, it decreased by 2083.17 km2. The forest
land showed a pattern of decreasing from 2000 to 2010 by 872.6 km2 but increased by
1357.17 km2 from 2010 to 2020, resulting in a net expansion of 484.56 km2 over the two
decades. The grassland area has continued to increase slightly, expanding by a total of
24.51 km2 over the 20-year period. The water area exhibited a trend of increasing until 2010
with a growth of 89.03 km2, but it decreased by 33.19 km2 from 2010 to 2020. In total, the
water area expanded by 55.85 km2 over the two decades.

In terms of spatial distribution (refer to Figure 3), during the period from 2000 to
2020, urban building land in the Chengdu metropolitan area expanded from the central
area around Chengdu City outward to the periphery. Other counties and cities within the
Chengdu metropolitan area also exhibited a similar pattern of expansion from the center
towards the periphery. Cropland showed an initial trend of spreading into the mountainous
areas in the northwest from 2000 to 2010. However, by 2020, this expansion trend had
disappeared, and cropland, on the whole, demonstrated a shrinking pattern. Forest land
showed a contraction trend from 2000 to 2010, with the main changes occurring in the
mountainous regions in the northwest, where forest land was converted to cropland. In
2020, the forest land started to grow again, with significant expansion in the mountainous
regions of both the northwest and southwest. There were also minor expansions in the
central mountainous areas and the plain areas in the southeast. The water area experienced
minimal changes from 2000 to 2020, mainly involving slight expansions in the northern
mountainous regions. Grassland and unused land showed no significant changes over the
two-decade period.
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Based on the simulation results for the four scenarios in 2030 (Figure 4), under the
NDS, cropland decreased to 22,084.42 km2, forest land expanded to 7752.49 km2, grassland
decreased to 106.45 km2, water area expanded to 400.51 km2, and building land expanded
to 2775.66 km2. Compared to the NDS, in the EDS, there was some growth in ecologically
related land uses, with cropland, forest land, and grassland all experiencing growth, while
the area of building land decreased. Similarly, compared to the NDS, under the UDS,
cropland, forest land, and waters experienced reductions, while building land showed
a significant increase, adding 209 km2. In the DEBS, compared to the NDS, cropland,
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forest land, and waters, experienced slight increases, while grassland and building land
experienced slight decreases.
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3.2. Characteristics of Spatial and Temporal Evolution of ESV in Chengdu Metropolitan Area

Using the adjusted unit area ESV coefficient table and land use data for various
cities within the Chengdu metropolitan area, the ESVs for each city within the Chengdu
metropolitan area from 2000 to 2020 were calculated, as well as the ESVs under four
different scenario simulations.

In terms of trend changes (Figure 5), from 2000 to 2020, the ESVs of Chengdu and
Deyang cities decreased around 2010, but gradually began to rise again. Meanwhile,
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Meishan and Ziyang cities showed a consistent upward trend in ESV. Considering the
simulation results of the four different scenarios, Chengdu, Deyang, and Ziyang cities
exhibited similar patterns across all scenarios. Specifically, the ESV peaked under the DEBS
and reached its lowest under the UDS. However, Meishan city differed from the others,
with relatively lower ESVs under the EDS and UDS but relatively higher ESVs under the
DEBS. Overall, except for Meishan city, the ESV reached its maximum value under the
DEBS in the Chengdu metropolitan area, followed by the EDS and NDS, while the ESV
was lowest under the UDS.
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Figure 5. ESV statistics by city within Chengdu metropolitan area.

From different city perspectives, Chengdu has a significantly higher ESV compared
to the other three cities. Meishan’s ESVs are higher than those of Deyang and Ziyang.
Deyang and Ziyang have relatively lower ESVs among the four cities in the study area,
with Deyang’s values slightly higher than Ziyang’s. Ziyang has the lowest ESV among the
four cities.
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3.3. Characteristics of Spatial and Temporal Evolution of HQ in Chengdu Metropolitan Area

The study utilized the HQ module of the Invest model to generate HQ distribution
maps for the Chengdu metropolitan area in the years 2000, 2010, and 2020, as well as under
various scenario simulations. These HQ maps were further categorized into five quality
levels using ArcGIS 10.8 software: Very low HQ (0–0.15), Low HQ (0.15–0.4), Medium HQ
(0.4–0.7), High HQ (0.7–0.9), and Very high HQ (0.9–1).

In terms of spatial distribution (refer to Figure 6), within the Chengdu metropolitan
area from 2000 to 2020, the very low HQ areas mainly expanded outward from the urban
centers, while, correspondingly, the low HQ areas decreased in size. The medium HQ
areas were predominantly located in the northwestern Longmen Mountains, the central
Longquan Mountains, and the southeastern plains of the metropolitan area. During
the period from 2000 to 2010, there was a declining pattern observed in the medium
HQ area near the northwestern Longmen Mountains, while the southeastern plain areas
experienced a rising trend. In the subsequent period from 2010 to 2020, the medium
HQ areas showed a slight contraction. Areas with high and very high HQ were mainly
distributed in the northwestern Longmen Mountains, southwestern Wawushan Mountains,
the central Longquan Mountains, and the eastern plains. From 2000 to 2010, the areas with
high and very high HQ near the northwestern Longmen Mountains and in the eastern plains
showed a shrinking trend. However, in the period from 2010 to 2020, areas surrounding
the northwestern Longmen Mountains, the central Longquan Mountains, and the eastern
plains displayed noticeable expansion in high and very high HQ regions.
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Figure 6. Changes in HQ in the Chengdu metropolitan area during the period 2000–2020: (A) 2000,
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Across the four distinct scenarios, it is evident that HQ within the study area will
exhibit an ascending trend in 2030 (refer to Figure 7). Under the EDS, HQ is the best among
the four scenarios. The areas with high and very high HQ cover 7761.96 km2, accounting
for 23.43% of the total study area. Conversely, under the UDS, HQ is the poorest among the
four scenarios. Areas with low and very low HQ cover 25,046.83 km2, representing 75.60%
of the total study area. Under the DEBS scenario, areas with high and very high HQ cover
7759.42 km2, making up 23.42% of the total study area, which is second only to the EDS
scenario. Under the NDS scenario, areas with high and very high HQ cover 7752.49 km2,
representing 23.40% of the total study area, slightly higher than the UDS.

Combining the observations from the figure (Figure 8), it is evident that, during the
period from 2000 to 2020, HQ within the study area exhibited an overall upward trend,
with the exception of a decline in 2010. During the period, regions with relatively high
and very high HQ increased by 1.46%, while areas with relatively very low and low HQ
decreased by 1.61%. However, in 2010, there was a noticeable decrease in HQ across the
study area. Compared to 2000, regions with relatively high and very high HQ decreased by
2.63% in 2010, while areas with relatively very low and low HQ increased by 2.43%.
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From the perspective of various cities within the Chengdu metropolitan area (as shown
in Figure 9), the average HQ also experiences changes. Chengdu, Meishan, and Deyang
have slightly higher average HQ values than Ziyang. In terms of the trend, Chengdu and
Meishan show similar patterns, with 2000 being the year of the highest average HQ. After
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a decrease in 2010, it started to rise again after 2020. Considering the four different scenario
simulations, Chengdu has higher average HQ values in the EDS (0.38267) and DEBS
(0.38273) scenarios compared to NDS (0.38064) and UDS (0.37876). Meishan’s average HQ
value is slightly higher under NDS (0.40702) compared to EDS (0.40683), DEBS (0.40685),
and UDS (0.40566). In the case of Deyang city, the average HQ values exhibited a trend of
initially decreasing and then increasing from 2000 to 2020, similar to Chengdu city. The
maximum value was observed under the EDS scenario (0.39738), and the minimum value
occurred under the UDS scenario (0.39501). However, Ziyang city showed a different
pattern compared to the other three cities. Ziyang city demonstrated a continuous upward
trend from 2000 to 2020. In scenario simulations, it reached its maximum value under
DEBS (0.35479) and its minimum value under UDS (0.35244). Overall, in the Chengdu
metropolitan area, the HQ exhibited a trend of initially decreasing and then increasing
from 2000 to 2020. Across the four simulated scenarios, the average HQ values ranked
from highest to lowest as follows: EDS (0.39794), NDS (0.39662), UDS (0.39469), and DEBS
(0.37720).

Sustainability 2024, 16, 3741 20 of 31 
 

 
Figure 9. HQ values for cities within the Chengdu metropolitan area. 

3.4. Coupling and Harmonization of ESV and HQ under Multi-Scenario Modeling 
The study utilized CCM to calculate the CC values of ESV and HQ for each city 

within the Chengdu metropolitan area from 2000 to 2020 under four different scenario 
simulations (Table 7). Overall, the CC values between ESV and HQ fluctuated minimally, 
and each city within the metropolitan area exhibited a relatively stable state. Specifically, 
during the period from 2000 to 2020, Chengdu city showed grudging coordination, 
Deyang city was on the verge of dissonance, Meishan city exhibited grudging 
coordination, and Ziyang city showed mild dissonance and was on the verge of 
dissonance. Meanwhile, during the same period, Chengdu city had the highest average 
CC value (0.5841), followed by Meishan city (0.5112), Deyang city (0.4656), and Ziyang 
city (0.3998). Spatially, areas with higher CC values were located in the western part of 
the metropolitan area, primarily comprising Chengdu city, Meishan city, and Deyang city, 
while Ziyang city in the eastern region had relatively weaker CC values. 

Considering the four scenario simulations, each city within the Chengdu 
metropolitan area exhibited different characteristics in CC values under different 
scenarios. Chengdu city and Deyang city reached their maximum under EDS, while 
Meishan city peaked under UDS, and Ziyang city reached its maximum under DEBS. 
Moreover, the CC values under DEBS were relatively high, with all cities except Meishan 
city ranking within the top two among the four scenarios. Additionally, the CC values 
under UDS and NDS were slightly lower overall compared to EDS and DEBS. In 
conclusion, overall, the CC values of each city within the Chengdu metropolitan area were 
slightly higher under EDS and DEBS compared to other scenarios, with some variations 
among cities. 

  

Figure 9. HQ values for cities within the Chengdu metropolitan area.

3.4. Coupling and Harmonization of ESV and HQ under Multi-Scenario Modeling

The study utilized CCM to calculate the CC values of ESV and HQ for each city within
the Chengdu metropolitan area from 2000 to 2020 under four different scenario simulations
(Table 7). Overall, the CC values between ESV and HQ fluctuated minimally, and each
city within the metropolitan area exhibited a relatively stable state. Specifically, during the
period from 2000 to 2020, Chengdu city showed grudging coordination, Deyang city was
on the verge of dissonance, Meishan city exhibited grudging coordination, and Ziyang city
showed mild dissonance and was on the verge of dissonance. Meanwhile, during the same
period, Chengdu city had the highest average CC value (0.5841), followed by Meishan city
(0.5112), Deyang city (0.4656), and Ziyang city (0.3998). Spatially, areas with higher CC
values were located in the western part of the metropolitan area, primarily comprising
Chengdu city, Meishan city, and Deyang city, while Ziyang city in the eastern region had
relatively weaker CC values.
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Table 7. Coupled harmonization of ESV and HQ in Chengdu metropolitan area.

Region Year 2000 2010 2020 NDS EDS UDS DEBS

Chengdu

Coordination
Index T Value 0.3618 0.3456 0.3533 0.3352 0.3358 0.3342 0.3355

Coupling Degree
C Value 0.9668 0.9645 0.9642 0.9654 0.9655 0.9657 0.9657

CC Value 0.5914 0.5773 0.5837 0.5689 0.5694 0.5681 0.5692
CC Degree Gc Gc Gc Gc Gc Gc Gc

Deyang

Coordination
Index T Value 0.2193 0.2215 0.2217 0.2165 0.2168 0.2167 0.2166

Coupling Degree
C Value 0.9813 0.9822 0.9816 0.9818 0.9818 0.9817 0.9818

CC Value 0.4639 0.4664 0.4665 0.461 0.4613 0.4612 0.4611
CC Degree Od Od Od Od Od Od Od

Meishan

Coordination
Index T Value 0.2615 0.2637 0.2599 0.2537 0.2525 0.2542 0.2529

Coupling Degree
C Value 0.9988 0.9991 0.9988 0.999 0.999 0.9991 0.999

CC Value 0.5111 0.5133 0.5095 0.5034 0.5023 0.504 0.5026
CC Degree Gc Gc Gc Gc Gc Gc Gc

Ziyang

Coordination
Index T Value 0.1579 0.1697 0.1655 0.195 0.1952 0.1954 0.1955

Coupling Degree
C Value 0.9712 0.9743 0.9726 0.9838 0.9839 0.984 0.9841

CC Value 0.3915 0.4066 0.4012 0.438 0.4383 0.4385 0.4386
CC Degree Md Od Od Od Od Od Od

Note: Gc: Grudging coordination; Od: On the verge of dissonance; Md: Mild dissonance.

Considering the four scenario simulations, each city within the Chengdu metropolitan
area exhibited different characteristics in CC values under different scenarios. Chengdu
city and Deyang city reached their maximum under EDS, while Meishan city peaked under
UDS, and Ziyang city reached its maximum under DEBS. Moreover, the CC values under
DEBS were relatively high, with all cities except Meishan city ranking within the top two
among the four scenarios. Additionally, the CC values under UDS and NDS were slightly
lower overall compared to EDS and DEBS. In conclusion, overall, the CC values of each
city within the Chengdu metropolitan area were slightly higher under EDS and DEBS
compared to other scenarios, with some variations among cities.

4. Discussion
4.1. Characterization of the Spatial and Temporal Evolution of ESV and HQ

In light of current research, it is evident that LUC has a significant impact on ESV
and HQ [36]. An examination of land use changes in the Chengdu metropolitan area from
2000 to 2020 reveals a marked decline in the extent of forest land in 2010 compared to
the figures from both 2000 and 2020. Conversely, the area of cropland in 2010 surpassed
the figures recorded for 2000 and 2020. Furthermore, the urban building land area in
the Chengdu metropolitan area experienced continuous expansion from 2000 to 2020.
These characteristic changes can be attributed to the rapid pace of urbanization in China
following the implementation of the reform and opening-up policy. The urbanization
rate has increased significantly, leading to a continuous expansion of urban building land
area, which, in turn, has resulted in a continual shrinking of cropland [47]. The 2008
Wenchuan earthquake had a significant impact on vegetation in the Chengdu region,
resulting in a sharp decline in forest land. Nevertheless, the Chinese government gradually
acknowledged the risks associated with the decline of cropland and forest land areas,
leading to the introduction of protective policies starting in 2003. Consequently, the
cropland area peaked in 2010. Nonetheless, as the Chengdu metropolitan area continued to
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grow, experiencing population influxes and government policy directives, urban expansion
ensued, leading to the conversion of a substantial portion of cropland [67].

Concerning ESV, the Chengdu metropolitan area experienced an initial decline fol-
lowed by an subsequent increase. The ESV in the Chengdu metropolitan area was lower in
2010 compared to both 2000 and 2020. The decrease in ESV in 2010 was linked to the sub-
stantial reduction in forest land area in the Chengdu metropolitan area, mainly attributable
to the devastation caused by the Wenchuan earthquake. Previous studies have indicated
that forest land and grassland make greater contributions to ESV compared to other land
use categories [12,14]. In various scenario simulations, under the DEBS, all four cities
within the Chengdu metropolitan area attained the maximum ESV. In the UDS, Chengdu,
Deyang, and Ziyang had the lowest ESV, while in the EDS, Meishan had the lowest ESV.
Prior research has demonstrated that natural elements such as cropland, forest land, and
water bodies are the primary contributors to ESV. Cropland, forest land, and water areas
can effectively enhance the ESV of a region [68]. Therefore, under the UDS, where building
land area increases and natural elements decrease relatively, this leads to a decrease in
ESV. When considering Meishan, in the UDS, urban expansion encroaches upon forest
land, grassland, and waters, resulting in a reduction in ESV [69]. However, as the Chinese
government strengthens the construction of ecological civilization, more waters and forest
land areas are brought under protection. Urban expansion frequently comes at the cost of
cropland [70]. This leads to a reduction in cropland area, an increase in waters and forest
land area, and, as shown in Table 4, it is evident that the ESV per unit area for waters and
forest land is much higher than for cropland. Thus, under the UDS, the ESV surpasses that
of the other scenarios.

Regarding HQ, in 2010, fewer areas in the Chengdu metropolitan area exhibited high
and very high HQ levels compared to those in 2000 and 2020. This decline in 2010 can also
be attributed to the influence of the Wenchuan earthquake on the Chengdu metropolitan
area, causing disruption to local ecosystems and thereby impacting HQ. There has been
a sharp decrease in the number of forested areas. Meanwhile, China underwent rapid
development from 2000 to 2010, characterized by the continuous outward expansion of
cities. Previous studies have indicated that both forested areas and grasslands contribute
to the enhancement of HQ, while urban development land affects HQ development [71].
Consequently, HQ in the Chengdu metropolitan area was lower in 2010 compared to
that in 2000 and 2020. Despite relatively small fluctuations in HQ values across all four
scenarios, distinctions are still discernible. Under the UDS, the HQ values for all four
cities within the Chengdu metropolitan area are the lowest. This indicates that urban
construction and development exert a notable influence on HQ, consistent with previous
research findings [72]. Concerning maximum HQ values, cities in the EDS, NDS, and DEBS
scenarios attain the highest HQ levels. This relationship may be attributed to local natural
resource conditions [73]. Hence, further investigation into the relationship between ESV
and HQ is necessary to ascertain the optimal development model.

4.2. Analysis of the Coupled and Harmonized Relationship between the ESV and HQ

Considering the findings from the CCM, Chengdu city demonstrates higher CC values
between ESV and HQ compared to the other cities within the Chengdu metropolitan
area. Chengdu and Meishan exhibit a begrudging coordination between ESV and HQ,
as indicated by their CC values. Conversely, ESV and HQ in Deyang and Ziyang cities
approach a state of discord. The Chengdu city government has prioritized the development
of ecological civilization as a core component of urban development, particularly evident
with the introduction of the “ecological civilization construction” policy. This focus has led
to the protection of natural ecosystems. Meishan benefits from a favorable natural resource
situation, resulting in relatively high ESV and HQ values. Consequently, Chengdu and
Meishan demonstrate a state of begrudging coordination between ESV and HQ. While
Deyang plays a vital role in food production for China, its HQ remains relatively poor.
Consequently, the CC of ESV and HQ in Deyang City is on the verge of dissonance. Ziyang
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city is located in a plain area with relatively dispersed natural resources. Both HQ and
ESV are at relatively low levels in Ziyang city, resulting in a state of “the verge of disorder”
between ESV and HQ.

Analyzing the temporal changes specifically, the CC values between ESV and HQ
in various cities exhibited a relatively stable trend from 2000 to 2020, albeit with some
fluctuations. Since the beginning of the 21st century, the Chinese government has placed
increasing emphasis on environmental protection and introduced the concept of ecological
civilization in 2007. As a result, the overall quality of the ecological environment improved,
leading to a gradual increase in the CC values between ESV and HQ during this period.
Nonetheless, the significant decrease in the CC values between ESV and HQ resulted from
the devastating impact of the 2008 Wenchuan earthquake on vegetation in the mountainous
areas of the northwestern part of the Chengdu metropolitan area [74]. With ongoing urban
development and outward expansion, slight declines were observed in the CC between
ESV and HQ. For instance, Meishan and Ziyang, characterized by lower levels of urban
development compared to Chengdu and Deyang [75], were still undergoing phases of
urban expansion. This led to a certain degree of decline in the CC values between ESV and
HQ in these cities. Meanwhile, Chengdu and Deyang had shifted their focus from urban
expansion to prioritizing ecological security and protection [76], leading to an increase in
the CC values between ESV and HQ during the same period.

Considering the findings from multiple scenario simulations, Chengdu and Deyang
exhibited the highest CC values between ESV and HQ under the EDS. Meishan demon-
strated the highest CC between ESV and HQ under the UDS. Ziyang showed the highest
CC between ESV and HQ in the DEBS. Therefore, considering these experimental simula-
tion results alongside the current state of urban development, it is evident that Chengdu
and Deyang, characterized by relatively high levels of overall urban development, en-
counter challenges in harmonizing ecological protection with urban development under
the NDS. The maximum CC between ESV and HQ can only be achieved under the EDS,
which emphasizes stronger ecological protection. Thus, it is apparent that Chengdu and
Deyang should adhere to policies and measures for ecological protection in their future
development. The choice of this development model might be linked to the decline in
HQ resulting from the rapid urban expansion in Chengdu and Deyang in the past. Rapid
urban expansion has led to a decline in HQ [77], creating an imbalance between ESV and
HQ. The results of this study are also consistent with the recent development policies of
Chengdu [78].

Likewise, taking into account the prevailing patterns of urban development, Meishan
is endowed with natural ecological features such as the Longquan Mountain and the Min
River, contributing to its favorable ecological environment [76]. However, the city’s de-
velopment fails to align with its ecological advantages, resulting in a mismatch between
HQ and ESV. Thus, under the UDS, optimizing the allocation of resources towards urban
ecological environment protection in future development endeavors can maximize the CC
between ESV and HQ. As for Ziyang, characterized by a relatively lower overall devel-
opment level and a less favorable ecological environment [75,76], the DEBS, emphasizing
both urban development and ecological environment protection, leads to the highest CC
between urban ESV and HQ.

In conclusion, when comparing various cities within the Chengdu metropolitan area,
it is evident that each city differs in terms of urban development level and natural environ-
mental characteristics, leading to variations in the coupling and coordination levels of ESV
and HQ. Therefore, it is necessary to analyze the characteristics of each city at different
levels and formulate future development models accordingly.

4.3. Discussion on the Path of the Urban Development Model in the Multifaceted Scenario

This study found significant differences in the coupling and coordination relationship
between ESV and HQ under different scenario simulations. Taking into account the
coupling and coordination relationship between the value generated by the ecosystem in
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the Chengdu metropolitan area from 2000 to 2020 and its environmental quality, as well as
the degree of coupling and coordination between the value generated by the ecosystem
and its environmental quality under different development models, the following three
choices for urban development paths were explored in depth (Figure 10):
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(1) Ecological development scenario (EDS): Under the EDS, urban development fo-
cuses on ecological conservation, primarily aimed at the protection and sustainable utiliza-
tion of ecological resources. This approach is not only for the preservation of ecological
resources but also respects the spatial requirements and limitations of the city. For example,
in cities like Chengdu and Deyang, rapid urban development and construction in the past
have had a significant impact on the ecological environment. Cities that have experienced
rapid development often suffer certain damages to their ecological environment [79]. There-
fore, for such cities, emphasis should be placed on ecological protection. Specifically, they
should strengthen the protection of ecological source areas such as the Long-quan Moun-
tains and Longmen Mountains within the Chengdu metropolitan area, through measures
such as enhancing ecological protection boundaries, implementing ecological compensa-
tion, and strengthening supervision of ecological source areas, to protect the diversity of
ecological resources within the source areas, thereby enhancing HQ values. Additionally,
within the bounds of not disrupting the ecological balance, it allows for the rational de-
velopment and utilization of ecological resources, enhancing the efficiency of resource
transformation, and consequently raising HQ. Simultaneously, it is important to control
the uncontrolled sprawl of cities that causes damage to ecosystems, and plan urban and
ecological spaces reasonably to establish a spatial layout where urban and ecological areas
are mutually coordinated. In practical terms, many cities around the world have already
adopted development models led by ecology, ensuring coordination between the ecological
environment and economic development. Kitakyushu in Japan is one such example. Due
to its previously unregulated urban development, Kitakyushu faced environmental degra-
dation. However, under the establishment of an ecologically led development model, the
government, businesses, and the public collaborated to protect environmental resources.
Simultaneously, efforts were made to upgrade and transform traditional industries, as well
as develop emerging environmental protection industries [80].
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(2) Urban development scenarios (UDS): Under the UDS, urban development predom-
inantly leans towards construction and development. However, this is not a form of chaotic
urban sprawl. Unplanned urban sprawl can be detrimental to increasing both ESV and
HQ [69,81]. For example, Meishan City has a relatively good ecological environment, but
its level of urban development is relatively low, with low land-use efficiency. There are still
many cities in China with similar low land-use efficiency [82,83]. In the urban development
model, such cities should focus on improving urban land-use efficiency. Specifically, Meis-
han City should optimize the functional layout of urban spaces. This involves planning the
layout of various functional spaces within the city in a rational manner, coordinating blocks
with similar or related functions, thereby enhancing the efficiency of various production
and living activities within the city and improving its operational efficiency [84]. Secondly,
optimizing the spatial structure of the city involves appropriately adopting a multi-center
structure, dispersing and reorganizing various functions within the city, thereby improv-
ing land utilization efficiency and providing the necessary space for the development of
ecosystems, thereby enhancing the levels of ESV and HQ [85]. Furthermore, advancing in-
dustrial upgrading and transformation, optimizing the efficiency of the industrial structure,
increases land-use efficiency and avoids the wastage of land resources that could result in
declining HQ and ESV [86,87]. Currently, many countries and regions around the world
are also exploring intensive urban development models. For example, Singapore adopts
the Transit-Oriented Development (TOD) model, which involves the rational planning
of various functional land uses and transportation hubs, achieving intensive and mixed
land use [88]. Similarly, Sydney adopts a polycentric urban spatial structure, which has
alleviated urban pressures to some extent and improved land use efficiency [89].

(3) Development–Ecological Balance Scenario (DEBS): Under the DEBS, urban devel-
opment stresses a balance between development and conservation. This balanced approach
falls between the extremes of EDS and UDS. In this scenario, the focus is on regulating
ecological baseline resources while also emphasizing the efficient use of land. For example,
in Ziyang City, there are certain issues with both the level of economic development and
the quality of the ecological environment. In the process of construction and development,
cities like this may encounter obstacles due to deviations in their choice of development
path and direction, resulting in relatively poor ecological environment quality [90]. In the
development process, these cities should focus on the coordinated protection and devel-
opment of both aspects. This is achieved through the organized distribution of ecological
spaces alongside other spaces. It calls for the rational utilization of ecological space, the
increased protection of ecological resources, and the enhancement of both ESV and HQ [91].
It also encourages the efficient use of green resources, the development of green and eco-
logical industries, and the optimization of land-use efficiency, thereby increasing ESV [87].
Moreover, it is imperative to organize urban spatial structures rationally and enforce strict
control over urban development boundaries to mitigate declines in ESV and HQ caused by
uncontrolled urban sprawl during the development process.

In summary, due to the complex and contradictory relationship between urban devel-
opment and ecological conservation, many cities struggle to reconcile the two, leading to a
situation of imbalance between development and protection. In response to the problems
identified in urban development, this study proposes three different models to address
this imbalance. EDS and UDS represent two distinct development paths, suitable for
cities where there is a unilateral imbalance between urban development and ecological
conservation, while DEBS focuses on cities where both protection and development are
lacking to some extent. The application of these three models needs to be tailored to the
specific developmental stage of each city. After assessing the development issues faced by
each city, targeted plans for future urban development can be formulated, thereby achiev-
ing a sustainable development path that harmonizes urban development with ecological
conservation.
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4.4. The Limiting Factors of This Study

This study adopts a macro perspective, focusing on land use types, utilizing the Plus
model to simulate urban land use change (LUC) across various scenarios, and employing
the Invest model and equivalent factor method to examine the correlation between ESV and
HQ in different development scenarios. However, this study faces the following constraints:

Firstly, this study utilized the PLUS model to simulate LUCs across four distinct
scenarios. However, it would be more comprehensive to incorporate additional constraint
factors, such as ecological protection redlines and cropland protection redlines, during the
simulation process.

Secondly, for measuring HQ, this study utilized the Invest model and integrated
various stress factors and their impact levels on different land types. However, it would be
more precise to incorporate additional stress factors, such as plot ratio, building density, air
quality, and other relevant factors, when assessing HQ.

Finally, this study addressed the relationship between ESV and HQ from a relatively
macro-level research perspective, with limited discussion of the impact of various land
types on ESV and HQ at the micro-level. Collecting more precise land use data would enable
a detailed exploration of the relationships between different land types and their impact
on ESV and HQ, thus fostering a more comprehensive understanding of the operational
mechanisms governing ESV and HQ.

5. Conclusions

Since the industrial revolution, cities have undergone rapid development, accompa-
nied by environmental pollution. In response to the ongoing degradation of the ecological
environment, various disciplines are actively exploring models and pathways for sustain-
able urban development. This study, through simulations of future urban development and
the measurement of ESV and HQ values, utilized CCM to investigate the CC relationship
between ESV and HQ in various cities within the Chengdu metropolitan area. The results
are utilized to discuss the developmental trajectories of cities under diverse scenarios. This
study unveils the following insights:

(1) Between 2000 and 2020, the land use pattern in the Chengdu metropolitan area
underwent significant changes, mirroring the trends in other rapidly developing Chinese
cities. Initially, there was a decade of rapid urban expansion, marked by the outward
expansion of built-up areas, leading to environmental degradation. However, with the
implementation of ecological conservation policies, this expansion gradually decelerated.
Consequently, there were fluctuations in cropland and forest land areas during this twenty-
year period.

(2) From 2000 to 2020, the ESV in the Chengdu metropolitan area exhibited an initial
decrease followed by an increase. Under different scenarios, the ESV values ranked from
highest to lowest were DEBS, NDS, EDS, and UDS. Chengdu City and Deyang City wit-
nessed an initial decrease followed by an increase, while Deyang City and Ziyang City
experienced continuous growth. The ranking of ESV values among cities was Chengdu
City, Meishan City, Deyang City, and Ziyang City.

(3) Over the same period, HQ in the Chengdu metropolitan area showed an initial
decrease followed by growth. Regions with poor HQ expanded outward with urban
expansion, while those with moderate HQ remained relatively stable. Areas with good
and relatively good HQ were clustered around mountainous water systems, displaying a
trend of initial contraction followed by expansion. Under different scenarios, HQ values
ranked from highest to lowest were EDS, NDS, UDS, and DEBS. Meishan City exhibited
the highest HQ, whereas Ziyang City had the lowest. The HQ values of Deyang City and
Chengdu City were relatively similar.

(4) ESV and HQ demonstrate variations across cities and planning scenarios, high-
lighting the regulatory role of urban planning in ecological conservation. The CC of ESV
and HQ in the four cities within the Chengdu metropolitan area exhibits diverse trends:
Chengdu City and Meishan City are marginally coordinated, Deyang City is approaching
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imbalance, and Ziyang City is on the brink of imbalance. Regarding scenario simulations,
Chengdu City and Deyang City achieve their maximum CC value under the EDS scenario,
Meishan City under the UDS scenario, and Ziyang City under the DEBS scenario.

The findings of this study reveal a complex dynamic relationship between urban
development and ecological conservation, emphasizing the need for comprehensive con-
sideration of factors such as land use, natural environmental adjustments, and policies to
achieve a balance between the two. Additionally, variations in ESV and HQ performance
among different cities underscore the importance of accounting for specific local conditions
and demands in urban planning and environmental protection policies. Future research
should concentrate on optimizing the balance between urban development and environ-
mental protection under various geographical, natural, and social conditions, as well as
enhancing the efficiency and effectiveness of urban planning through technological innova-
tion and management improvements. This study offers a robust evaluation framework and
technical pathways, constructing four different development scenarios and corresponding
strategies, aiming to guide urban planning and development in similar regions.
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