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Abstract: As a vital bridge linking human well-being with ecological processes, cultural
ecosystem services (CESs) play a pivotal role in understanding the equilibrium of social—-
ecological systems. However, the spatial supply-demand relationships of CESs remain
underexplored in rapidly urbanizing regions. This study establishes an integrated frame-
work by synthesizing multi-source geospatial data, socioeconomic indicators, and the
Maximum Entropy (MaxEnt) model to investigate the spatial dynamics of CESs in Taiyuan
City. Key findings include the following: (1) A pronounced spatial heterogeneity in CES
supply distribution, exhibiting a core-to-periphery diminishing gradient, with inverse cor-
relations observed among different CES categories. (2) Accessibility, topographic features,
and fractional vegetation cover emerged as primary drivers of spatial supply differentia-
tion, while climatic factors and elevation exerted non-negligible influences on this Loess
Plateau urban system. (3) Four spatial mismatch patterns were identified through the
supply—demand analysis: high supply-high demand (38.1%), low supply-low demand
(37.2%), low supply-high demand (13.6%), and high supply—low demand (10.9%). The
coupling coordination degree of CESs in Taiyuan City indicated moderate coordination,
with severe imbalances observed in urban-rural transitional zones. This study reveals
nonlinear interactions between natural landscapes and anthropogenic factors in shaping
CES spatial distributions, particularly the trade-offs between esthetic value and transporta-
tion constraints. By integrating big data and spatial modeling, this research advances
CES quantification methodologies and provides actionable insights for optimizing green
infrastructure, prioritizing ecological restoration, and balancing urban—rural CES provision.
These outcomes address methodological gaps in coupled social-ecological system research
while informing practical spatial governance strategies.

Keywords: cultural ecosystem services; supply—demand relationships; land space planning;
spatial heterogeneity; ecosystem management; human well-being

1. Introduction

A socio-ecological system is characterized by a complex amalgamation of social and
ecological subsystems and their intricate interactions [1]. Historically, the perception of this
relationship has been biased, emphasizing the negative impact of economic development
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on ecological stability while overlooking bidirectional interactions. This bias has led to
inefficient resource utilization and hindered socioeconomic development. Consequently,
understanding the dynamic equilibrium of socio-ecological systems has emerged as a
critical research imperative [2]. In this context, cultural ecosystem services (CESs) have
garnered widespread attention. CESs are defined as the non-material benefits that humans
derive from ecosystems through spiritual fulfillment, cognitive development, reflection,
recreation, and esthetic experiences [3]. As a product of the interaction between human
society and ecosystems [4], CESs serve as an intangible link between natural ecosystems and
socioeconomic systems, connecting natural processes with social activities [3]. The supply—
demand dynamics of CESs reflect the flux from natural ecosystems to human social systems.
Investigating the coupling relationship between the CES supply and demand provides a
novel paradigm for comprehending complex socio-ecological interactions. This approach
elucidates the mechanisms underlying human-environment interactions, enhancing our
understanding of human-land relationships and providing a robust scientific foundation
for the sustainable coupling of human society and natural ecosystems [5].

CESs present unique challenges in quantitative assessment compared to other ecosys-
tem services owing to their intangible nature and dependence on human subjective per-
ceptions [6]. While traditional CES valuation methods, such as questionnaires [7] and
interviews [8], are capable of exploring individual or group emotional values and per-
sonal experiences in depth, they are constrained by their subjectivity, instability, and
spatiotemporal limitations. These constraints impede the comprehensive reflection of CESs’
contributions to human well-being. Consequently, the development of more objective and
stable methods with large-scale assessment capabilities has become a focal point of the
current research. In recent years, spatially oriented analytical models have been widely
applied to CES assessments. These models are operationally efficient and capable of com-
prehensively quantifying various types of cultural services to achieve the spatial mapping
of CESs. The main approaches include biophysical methods [9,10], Public Participation
Geographic Information Systems (PPGISs) [11-13], Social Values for Ecosystem Services
(SolVES) models [11,14,15], and Maximum Entropy (MaxEnt) models [16-18].

Concurrently, social media data, as an emerging enormous data resource, have pro-
vided new avenues for CES research, owing to the large volume, rapid updates, and
comprehensive coverage. Combining social media data with modeling or questionnaire
methods [19-21] can mitigate the limitations of small-scale and traditional non-monetary
evaluations in CES assessments. This integration allows for the quantitative evaluation
of CESs supply and demand on a unified spatial scale. Through a spatial overlay analy-
sis [22,23] and hotspot analysis [24,25], areas of CES supply-demand imbalance can be
precisely identified, revealing spatial patterns and influencing factors of supply-demand
matching. Integrating diverse data sources and analytical techniques represents a signifi-
cant advancement in CES research, offering a more comprehensive and nuanced under-
standing of the complex interactions between human societies and ecosystems.

The integration of social media data with the MaxEnt model provides an innovative
methodological framework for CES research. This approach enables a supply—demand
matching analysis at finer spatial scales, enhancing matching precision and providing
accurate evidence for identifying priority restoration areas and optimizing management
measures. The MaxEnt analysis model explores the relationships between environmental
variables and given observation points [16,26]. This allows for the objective mapping of
CESs and facilitates the identification of key influencing factors, enabling an in-depth study
of CES distribution mechanisms [16]. When combined with big data, this approach can
more comprehensively characterize the multi-dimensional attributes of cultural services,
expanding the expression and assessment of cultural service connotations [27,28]. This
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facilitates the comprehensive consideration of ecosystem attributes, human preferences,
and spatial accessibility, thus helping in formulating more scientific and rational land
use planning and ecological protection policies. Furthermore, the MaxEnt model can be
used to conduct quantitative attribution analyses and interactive studies of CES flows
using multi-year data [29,30]. This capability allows researchers to focus on complex
human-nature interactions both within regional systems and between different regions.
This evaluation method provides a scientifically quantitative assessment of CESs, offering
conceptual references for decision-making bodies to understand spatial utilization patterns,
coordinate ecological, cultural, and economic benefits, and guide the optimization and
upgrading of national land space [31].

Urbanization has intensified ecosystem service supply pressures while demand
persists [32]. Research on the spatial differentiation characteristics and influencing factors of
CES supply and demand is crucial for promoting coordinated regional social-ecological sys-
tem development, optimizing land resource utilization, and enhancing human well-being.
A CES is influenced by many natural and social factors that affect human well-being [33].
Studies have demonstrated that factors such as topography, human activity intensity, and
land use changes can lead to the spatial differentiation of CESs [34-36]. However, the
current research predominantly employs qualitative descriptions and correlation analy-
ses of natural factors [25] and lacks a quantitative characterization of multi-dimensional
social-ecological factors. Additionally, the existing research has predominantly focused
on small-scale attribution analyses, neglecting the synergistic effects and scale-dependent
variations in the influencing factors. CES supply and demand determinants exhibit complex
regional, landscape, cultural, and topographical interactions. Comprehensive, multi-scale
investigations are imperative to elucidate the intricate interplay between social and ecologi-
cal factors in shaping CES supply-demand patterns.

The research on CES supply—-demand relationships has evolved from early-stage sup-
ply assessments using land use matrix scoring to the dual spatial matching characterized
by supply—demand ratios and Z-score standardization and further progressed to the cur-
rent systematic optimization analysis through the coupling coordination degree [37]. This
progression has gradually achieved the quantitative analysis of spatial mapping for CES
supply—demand relationships and regional coordination. However, existing studies indi-
cate that in the context of rapid urbanization, while the single coupling coordination index
can reflect spatial coordination patterns of the CES supply—demand, it proves inadequate in
deciphering the unique “supply-depressed areas and demand hotspots” spatial mismatch
mechanism characteristic of high-density built-up areas. The spatial controllability of
supply—demand matching across entire regions remains challenging, potentially hindering
the subsequent spatial management and adjustment of CES relationships.

The rapid urbanization of Taiyuan City, the capital of Shanxi Province, China, has
intensified socio-ecological tensions, resulting in significant spatial imbalances between
the CES supply and demand, necessitating comprehensive CES management in this urban
environment. As a typical valley basin city on the Loess Plateau, Taiyuan possesses
unique geographical features (surrounded by mountains on three sides, bisected by the
Fenhe River), rapid socioeconomic development, and rich heritage resources as a national
historical and cultural city. This makes it an exemplary case for studying the spatial
dynamics of CESs under rapid urbanization and complex terrain constraints. Revealing
the spatial heterogeneity patterns and coupling coordination effects of the CES supply
and demand in Taiyuan holds direct practical value for local ecological restoration, green
infrastructure optimization, and an equitable cultural service provision between urban
and rural areas. Moreover, the methodologies and findings can offer valuable insights for
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urban regions globally facing similar challenges, such as topographic constraints, rapid
urbanization pressures, and cultural heritage conservation.

Therefore, this study aims to achieve the following: (1) Establish an integrated frame-
work synthesizing multi-source geospatial data (including POI), socioeconomic indicators,
and the MaxEnt model to quantify the supply—demand and spatial distribution patterns
of CESs in Taiyuan City; (2) identify the key natural and socioeconomic drivers of the
spatial differentiation in the CES supply; (3) systematically analyze the spatial matching
relationships and coordination levels between the CES supply and demand using Z-score
standardization and a coupling coordination model; and (4) propose differentiated spatial
optimization and management strategies based on supply-demand matching types and
coupling coordination zones, providing a scientific basis for sustainable territorial spatial
planning and ecosystem management in Taiyuan and similar regions. By uncovering the
nonlinear interactions between natural landscapes and anthropogenic factors in shaping
CES spatial distributions, particularly the trade-offs (e.g., esthetic value vs. accessibility),
this research aims to advance CES quantification methodologies and provide actionable in-
sights for optimizing green infrastructure, prioritizing ecological restoration, and balancing
urban-rural CES provisions.

2. Materials and Methods
2.1. Study Area

Taiyuan City, situated in central Shanxi Province (37°27'-38°25' N, 111°30’-113°09’ E),
encompasses 6988 km? within the northern Jinzhong Basin (Figure 1a). Administra-
tively, the city is divided into 6 districts, 3 counties, and 1 county-level city comprising
55 subdistricts and 46 towns. Geomorphologically, Taiyuan is characterized by a north—
south topographical descent, flanked by mountains on three sides (Figure 1b), with the
Fenhe River bisecting the region longitudinally. This configuration contributes to a diverse
landscape of mountains, hills, plains, basins, and valleys. Climatologically, the area is
governed by a warm temperate continental monsoon climate, exhibiting a mean annual
temperature and precipitation of 9.5 °C and 456 mm, respectively. Ecologically, the city
is enriched by nature reserves and scenic areas (Figure 1c), including the upper Fenhe
River and Yunding Mountain reserves. Furthermore, as a national historical and cultural
center, Taiyuan is imbued with significant heritage sites, such as Mount Meng and Shuangta
Temple. Demographically and economically, by 2022, the city’s permanent population will
reach 5.435 million, with a regional GDP of CNY 557.12 billion. However, concurrent with
the rapid socioeconomic development, a worsening imbalance between the CES supply
and demand has been observed. Specifically, an insufficient supply and quality deficiencies
are critical constraints on residential well-being and social-ecological system development.
Consequently, addressing this CES supply-demand disparity and fostering harmonious so-
cioeconomic and ecological coexistence have emerged as essential challenges for Taiyuan’s
sustainable development, necessitating comprehensive research and targeted interventions
to enhance urban sustainability and quality of life.
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Figure 1. (a) Geographical location of Taiyuan City; (b) elevation of Taiyuan City; and (c) distribution
of scenic sites and nature reserves in Taiyuan City.

2.2. Data Sources

This study integrated diverse datasets encompassing land use, digital elevation models

(DEMs), meteorological temperature, socioeconomic variables, and points of interest (POls).

To ensure data accuracy, we supplemented and refined these sources using information

from statistical yearbooks and official government portals. All raster data were resampled
using ArcGIS 10.5 and standardized to the WGS_1984_UTM_Zone_49N coordinate system
at a 30 m resolution (Table 1). For POI data related to cultural ecosystem services-related
POI data, we utilized the GAODE Map owing to its comprehensive classification system,

which facilitated efficient site filtering and curation. The dataset comprises 12 primary
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categories—healthcare, leisure, residential services, commerce, finance, dining, and retail—
providing a robust representation of visitor preferences for CESs.

Table 1. Data sources.

Date Name

Resolution Year Sources

Digital elevation model

30m ) Geospatial Data Cloud (https://www.gscloud.cn/)

(accessed on 8 May 2024)
China Resources and Environment Science Data
Land use data 30 m 2020 Center, CRESDC
(https:/ /www.resdc.cn/) (accessed on 8§ May 2024)
Administrative division Natlonal. Geographic Info.rmatlon Resources Catalog
vector date - - Service System (https://www.webmap.cn/).
(accessed on 1 May 2024)
Points of interest
(POIs) data - 2022 Open platform of the GAODE map
Open Street Map website
Road network data - 2020 (https:/ /www.openstreetmap.org/) (accessed on
6 May 2024)
Raster data for Gross China Resources and Environment Science Data
domestic product (GDP) 1000 m 2020 Center, CRESDC (https://www.resdc.cn/) (accessed
per unit area on 6 May 2024)
WorldPop project
Population density 100 m 2020 (https:/ /www.worldpop.org/) (accessed on
8 May 2024)
Normalized Difference China Resources and Environment Science Data
. 30 m 2020 Center, CRESDC
Vegetation Index (NDVI) )
(https://www.resdc.cn/) (accessed on 1 May 2024)
Annual 1000 m 2020 National Earth System Science Data Center
average temperature (http:/ /www.geodata.cn/) (accessed on 8 May 2024)
Annual 1000 m 2020 National Earth System Science Data Center
average precipitation (http:/ /www.geodata.cn/) (accessed on 8 May 2024)
o . National Earth System Science Data Center
Nighttime light data 1000 m 2020 (http:/ /www.geodata.cn/) (accessed on 3 May 2024)
2.3. Methods

Considering the rich cultural heritage and natural landscapes within the study area,
four categories of CESs were selected for assessment: native esthetic, recreation leisure,
historical—-cultural, and knowledge educational. This selection was based on three interna-
tionally recognized ecosystem service classification systems: the Millennium Ecosystem
Assessment, the Economics of Ecosystems and Biodiversity, and the Common International
Classification of Ecosystem Services, in conjunction with the relevant literature [3,17,38—-40].

The CES supply and demand research framework for Taiyuan City (Figure 2) com-
prised four main steps:

(1) Data collection and processing: POIs obtained from the Gaode Map API were screened
and categorized to establish a POI dataset as social data. A comprehensive literature
review identified the environmental factors influencing various CES supplies, and an
environmental factor database was constructed.

(2) Model input and analysis: The POI dataset and environmental factors were inputted
into the MaxEnt model. CES supply maps were generated and quantified using both
natural and anthropogenic variables. The determinant variables and their impacts on


https://www.gscloud.cn/
https://www.resdc.cn/
https://www.webmap.cn/
https://www.openstreetmap.org/
https://www.resdc.cn/
https://www.worldpop.org/
https://www.resdc.cn/
http://www.geodata.cn/
http://www.geodata.cn/
http://www.geodata.cn/

Land 2025, 14,1212

7 of 34

®G)

@)

the CES supply in Taiyuan City were quantified. CES demand levels were quantified
from two dimensions: social and material demands.

Supply—demand coordination analysis: The research units are categorized into four
distinct matching typologies through the supply—-demand matching analysis, fol-
lowed by an examination of coordinated development levels utilizing a coupling
coordination model to assess the evolutionary progression of the supply-demand
equilibrium.

Policy management and recommendations for sustainable development: Specific
measures and suggestions for different types of coupling coordination development.
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Figure 2. Analytical framework for spatial differentiation and influencing factors of CES supply
and demand.
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2.3.1. Quantification of CES Supply and Influencing Factors

This study comprehensively considers multiple aspects of CESs, including the service
potential, opportunities, and processes. CES provision encompasses both potential and
actual provisions. Potential provision refers to the theoretical capacity of ecosystems to
deliver cultural services under specific environmental conditions, whereas actual provision
requires an implementation through infrastructure and management interventions. By
referencing the relevant literature, we conceptualized the CES supply in this study as the
ecosystem’s potential supply and the potential benefits humans may derive from this supply.
Actual provision locations were marked using POI data, while supply potential was quan-
tified through MaxEnt modeling, providing differentiated spatial decision-making bases
for planning. POI data are widely utilized in geographical and social research due to their
advantages in information richness, real-time updates, and precise positional/attribute
details [22]. In the MaxEnt model, POI-marked actual provision locations were combined
with environmental variables related to specific CES types to predict their potential spa-
tial distribution. To ensure consistency between POI data and the natural, cultural, and
social conditions of the study area, while considering potential logical causal relationships
and functional overlaps among different CES types, detailed specifications for four CES
categories and POI classification criteria were established based on references [6,41-43]
(Table 2).

Table 2. Classification criteria for cultural ecosystem service points of interest.

Category Description Classification Keywords Quantity
Agricultural Fields,
Sites of Natural and e Lakes, Rivers, Streams,
. . Scenic Sites, Natural .
Native Cultural Significance Sites. and Springs, Waterfalls, 671
Esthetic Service with Unique Nature ll?eserves Wetlands, Caves, Parks,
Esthetic Value Gardens, Scenic Areas,
Nature Reserves, etc.
Tourist Orchards, Farms,
Recreational Facilities, Amusement Parks,
Venues for Local .
. . Dining and Hotels, Rural Home
Recreational Recreational . .
. . . Entertainment Venues, Stays, Sanatoriums, 507
Leisure Service Experiences and L .
Leisure Activities Resort Destinations, Observation Towers,
and Commercial Areas  Pick-Your-Own Farms,
Parks, etc.
Cultural Sites, Former
. . . . Residences, Pagodas,
Locations of Historical Cultural Heritage . |
. . ) . . > Bridges, Shrines,
Historical Heritage with Conservation Units,
. o™ . Ancestral Halls, 496
Cultural Service Humanistic and Folk Custom Venues, .
.. . . . ) Monuments, Traditional
Traditional Significance and Historical Relics s .
Pavilions, Ancient
Wells, etc.
Capacity to Provide
Learning Resources Innovation Training
Knowledee and Venues for the Nature Education Bases, Ecomuseums,
& Formation of Human Bases and Science Scientific Research 499

Educational Service

Ideology and
Enhancement
of Cognition

Popularization Centers

Centers, Educational
Practice Gardens, etc.

CES-related tags and keywords were gathered from urban open data platforms

and government websites as supplementary information for data collection. Initially,
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237,290 raw data points were obtained. After the preliminary screening, 3571 valid POI
data points were identified. To further enhance the data quality, a series of operations,
including cleaning, classification, screening, and preprocessing, were performed on the
original POI data, resulting in 2173 high-quality POI data points. The geographical loca-
tion information of POIs was acquired through the Gaode Map API, and the coordinate
conversion was conducted using ArcGIS 10.5 software to accurately map their spatial
distribution (Figure 3).
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@ Native Aesthetic Service Points

Figure 3. Distribution of cultural ecosystem service points in Taiyuan City.

In this study, the MaxEnt3.4.1 software, typically used for predicting species niches
and distributions, was employed to measure the social value of ecosystems by integrating
both natural and anthropogenic variables [16]. The core principle of the MaxEnt model is
to maximize the entropy of the distribution information in unknown areas while satisfying
known constraints. Let P(x) denote the probability distribution of an unknown area x, and
X represent the finite x set within the study area [44,45]. The entropy calculation formula
for MaxEnt operations is expressed as follows:

H(P) = — ) P(x)InP(x) (1)
xeX

The MaxEnt model’s performance was evaluated using the Receiver Operating Charac-
teristic (ROC) curve, with the Area Under the Curve (AUC) as a key indicator of simulation
accuracy. Two AUC types were considered: Test AUC, which reflects the model’s potential
for value transfer applications, and Training AUC, which indicates the model’s goodness
of fit. AUC values range from 0 to 1, with values approaching 1 signifying a superior
simulation performance [46,47].

This study integrated natural and socioeconomic characteristics, employing a Pearson
correlation analysis to mitigate multicollinearity [16,17,40]. For screening potential envi-
ronmental indicators, factors with correlation coefficients exceeding 0.75 were eliminated,
ultimately selecting 15 variables (Table 3) comprising natural environmental variables
(e.g., elevation and slope) and anthropogenic activity variables (e.g., distance to roads
and residential areas) as key drivers of spatial heterogeneity in the CES supply, aiming
to comprehensively elucidate the spatial differentiation mechanisms of CES provisions.
Among these variables, the landscape diversity index was typically represented by Shan-
non’s Diversity Index, with connectivity indices calculated using Fragstats 4.2.1 through
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a moving window method, where window dimensions were set to reflect specific char-
acteristics. These environmental variables were converted into the ASCII grid format in
ArcGIS 10.5 for MaxEnt modeling, while POI data corresponding to four CES types were
incorporated into the species distribution module. A random sampling approach allocated
75% of distribution points to the training dataset and 25% to the testing dataset for model
validation [26,48]. Finally, the total cultural service value distribution was generated by
aggregating values from four CES types through arithmetic summations of original value
indices, followed by normalization using ArcGIS 10.5’s fuzzy membership tool.

Table 3. Environmental variables for MaxEnt modeling.

Variable Category

Natural environmental

Environmental Variable Source and Processing
. Geospatial Data Cloud (https:/ /www.gscloud.cn/)
Elevation (accessed on 8 May 2024)
Slope
Calculated using ArcGIS 10.5
Aspect
Annual Mean Temperature National Earth System Science Data Center
Annual Precipitation (http:/ /www.geodata.cn/) (accessed on 8 May 2024)
Fractional Vegetation Cover Derived from NDVI calculation in ENVI

Landscape Diversity Index

Calculated using Fragstats 4.2.1
Landscape Connectivity Index

China Resources and Environment Science Data Center,

Anthropogenic activity

Land Use Type CRESDC (https:/ /www.resdc.cn/) (accessed on
8 May 2024)
Distance to Water Bodies Euclidean Distance
Distance to Natural Scenic Areas Euclidean Distance
Distance to Infrastructure Euclidean Distance
Distance to Roads Euclidean Distance

Distance to

. . Euclidean Dist.
Transportation Stations uchidean Listance

Distance to Residential Areas Euclidean Distance

2.3.2. Quantification of CES Demand

This study defines the concept of CES demand as the collective willingness of social
groups regarding the quantity and quality of CESs provided within the research area.
Socioeconomic development factors constitute key drivers of the CES demand in the study
region. Wang et al. categorized this demand into safety requirements, material needs,
health requirements, and socio-cultural/spiritual needs, encompassing both subjective
and objective dimensions [49]. Consistent with Wei et al.’s findings [23], socioeconomic
development factors were identified as primary drivers of the urban park CES demand.
Building upon this theoretical framework and constrained by data availability, this research
operationalized the cultural service demand intensity across different social groups through
three indicators: the population density, special population distribution, and economic
development level. These indicators were selected based on references to the Millennium
Ecosystem Assessment [3], the Common International Classification of Ecosystem Ser-
vices [38], and prior scholarly works [50,51]. Practical utilization demands for cultural
services were reflected through metrics of human activity intensity and urban development
pressure. The demand framework was subsequently stratified into social and material
dimensions (Table 4). Social demand represents quantitative and scalar requirements.
Beyond economic factors, explicit consideration was given to local residents” needs and
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special population requirements to comprehensively capture demand diversity. Material
demand was quantified through indicators of human activity intensity and developmental
pressures within urban clusters. These metrics were used to characterize potential demand
concentration areas. Collinearity tests confirmed the validity of selected indicators, with all
variance inflation factor (VIF) values below 10, meeting experimental requirements.

Table 4. Demand index and weights for cultural ecosystem services.

Category

Indicator Indicator Description Weight

Social Demand

Changes in the spatial distribution of the

population affect the demand level for CESs. 0-269

Population Density

Reflects the output density and economic
development level within urban clusters.
GDP per Unit Area Higher GDP indicates higher internal 0.234
development and economic concentration,
leading to greater demand.

Population Density of The density of the population over 60 years 0.098

60+ Years Old old within the city. ’
Population Density of Under Density of population under 14 years old 0.089

14 Years Old within the city. '

This is measured by the proportion of

Development and built-up areas within the city, representing 0.144

) Construction Intensity that higher urban construction levels lead to '

Material Demand greater spatial demand for CESs.

Human Activity Intensity Measured by the nighttime light index 0.166

within the city.

This study employed the entropy weight method to determine the weights of CES
demands. As an objective weighting approach rooted in information entropy theory, the
entropy weight method is primarily applied to multi-criteria comprehensive evaluations.
Its fundamental principle states that indicators demonstrating greater dispersion contain
more informational value and should therefore receive higher weights. By calculating
weights based on the inherent distribution characteristics of data, this method eliminates
subjective bias and proves particularly suitable for data-driven decision-making scenarios.
The implementation process involved two key steps [52]: First, range standardization
was applied to normalize all indicators to a 0-1 scale, ensuring dimensional consistency.
Subsequently, the entropy weight method was utilized to derive specific weights for various
CES demand indicators in Taiyuan City. Finally, a weighted superposition analysis was
conducted to calculate the total CES demand. The detailed calculation formulas and
implementation procedures are as follows:

(a) Indicator normalization:

Xi — Ximin
Yi=— " — 2)
Ximax — Ximin
In the formula, Y; represents the standardized indicator value, x; denotes the original
indicator value, Xj,,y and xj,;;, correspond to the maximum and minimum values of the

indicator, respectively. The subscript i ranges from 0 to 7.

(b) The conversion of Y; into proportion form P; is achieved through

Y;

P= ——1
YL

where 7 represents the total number of indicators.
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(¢) The information entropy value M; for each indicator was calculated using the
following formula:

1 n
Mi = — mlzzl Pill’l Pi (4)

where k denotes the number of samples.

(d) The entropy weight s; for the i-th indicator is defined as follows:

1—M; 1—M;
s; = = (5)
Z i —M; n—Yi, M,

(e) Calculating weighted composite scores for CES demand values

n
CESI' = ZYiSi (6)
i=1

2.3.3. CES Supply-Demand Balance and Coupling Coordination

The study of supply—demand relationships, encompassing metrics such as the supply-
demand ratio and Z-score method, primarily focuses on characterizing the immediate
matching status at a unit scale. In contrast, the degree of the coupling coordination
reveals the sustainability potential at the system level. The synergistic application of
these two approaches enables not only the diagnosis of localized hotspots of supply—
demand imbalance but also the assessment of broader regional coordination trends. This
integrated methodology provides a more robust understanding of the distribution patterns
of CES values within the study area, thereby facilitating policy-based spatial guidance
and regulation.

Therefore, this study selected an urban area as the research unit. Based on the
aforementioned assessment of the CES supply and demand, the Z-score method was
introduced for data standardization. The standardized CES supply and demand values
were represented along the X-axis and Y-axis, respectively, dividing the study area into
four quadrants—Quadrant I (high supply-high demand), Quadrant II (low supply-high
demand), Quadrant III (low supply-low demand), and Quadrant IV (high supply-low
demand) [51]—representing different types of ecological zoning. This approach charac-
terized the spatial matching relationship between the supply and demand. Furthermore,
a coupling coordination model was employed to analyze the coordinated development
level between the supply and demand. The coupling coordination model is typically used
to measure the mutual interactions and consistency among two or more variables. In
ecosystem service supply-demand studies, this model evaluates the spatial consistency
between supply and demand while identifying their coordinated relationships. This study
conceptualizes the CES supply and demand as two interactive systems. The calculation
formulas of the coupling coordination model are as follows:

c=”{{ulxuzxu3 """ u”}}kzzx/m @)
[T[ui+ uj]k

T =uau + ﬁuz (8)

D= m (9)

In the model, u represents the supply and demand indices; C denotes the coupling
degree between the supply and demand; T is the coordination index, where T € [0,1];
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and « and S are coefficients to be determined. Here, it is assumed that the supply side
and demand side are of equal importance; therefore, both « and p are assigned a value
of 0.5. D represents the coupling coordination degree, where D € [0,1] [53]. A higher D
value indicates a higher degree of coupling coordination between supply and demand.
Based on the relevant literature [53-55], the D values are categorized into 10 levels of CES
supply—demand coupling coordination. These levels are further classified into coupling
coordination development types (Table 5).

Table 5. Classification of coupling coordination degrees.

Coupling Coordination Type Coordination Degree

Coupling Coordination

Index Range
High-quality
o 0.8-1
Coordinated Development Coordination
Intermediate Coordination 0.6-0.8
Primary Coordination 0.5-0.6
Excessive Development
Endangered Incoordination 04-0.5
Intermediate Incoordination 0.2-04
Uncoordinated Development —
Severe Incoordination 0-0.2

3. Results
3.1. Measurement and Spatial Expression of CES Supply in Taiyuan City

The MaxEnt model was employed to spatially predict the CES supply capacity
across Taiyuan City, revealing regional variations in service provisions. Spatial clus-
tering results and maximum index values derived from the model are illustrated in
Figure 4. Notably, all the established CES supply prediction models exhibited AUC values
exceeding 0.8 (Figure 5), indicating a robust model fit within the study area. The four CES
types demonstrated consistent spatial distribution patterns, with supply capacity indices
peaking in central urban areas. Further analysis revealed that high-supply areas for inher-
ent esthetic and recreational values were more widely distributed, exhibiting an east-high
and west-low gradient and forming dispersed core supply areas. In contrast, high-supply
areas for historical, cultural, and educational values were more concentrated within the
central urban zone (Table 6).

The spatial distribution of cultural values, as predicted by the MaxEnt model, was vi-
sualized at the subdistrict level (Figure 6). We categorized cultural values into five distinct
levels (I-V), ranging from low to high, to facilitate a nuanced analysis of the spatial hetero-
geneity of cultural ecosystem services across the urban landscape. Taiyuan City’s distinctive
geographical configuration engenders pronounced spatial heterogeneity in the CES supply.
A consistent spatial gradient was observed across native esthetics, recreational leisure,
knowledge educational, and historical-cultural services, with supply capacities diminish-
ing from the central area towards the north and south. Notably, recreational, educational,
and historical cultural services exhibited a relatively higher supply in the northwestern
region than in the northeastern area. Conversely, the spatial distribution of inherent esthetic
services showed an inverse pattern, with higher values in the northeast and lower values
in the northwest.
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Figure 4. Spatial clustering results of cultural ecosystem services supply: (a) native esthetic;
(b) recreational leisure; (c) historical cultural; and (d) knowledge educational.
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Figure 5. Validation curves for distribution results.

Taiyuan City’s topography, characterized by mountains on three sides, significantly
influenced its CES distribution. The northern and eastern regions with lower population
densities and higher fractional vegetation cover, including natural reserves such as Lingjing
Gou, exhibit prominent inherent esthetic service values. However, these areas demonstrate
a relatively weak supply capacity for recreational, historical-cultural, and educational
services owing to the lower road network density and the sparse distribution of natural
scenic areas. Conversely, the latter three CES types are concentrated in central urban
and town areas, characterized by a flat terrain, frequent human activities, abundant blue—
green space tourism resources, and high traffic accessibility. Taking Huangzhai Village,
Dujiaoqu Town, and Loufan County as examples, these core areas exhibit a lower intrinsic
esthetic service supply due to their high population density, reduced vegetation coverage,
diminished landscape heterogeneity, and increased anthropogenic disturbances.
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Table 6. Model fit and classification criteria for four types of CES.

Low-Level Zone

Medium-Level Zone

High-Level Zone

Cultural TSS TPT
. AUC Area Proportion Area Proportion Area Proportion
Service Type Threshol Threshold P p P
P reshold resho (km?) (%) (km?) (%) (km?) (%)
Native Esthetic 0.888 0.239 0.077 3089.62 4421 2966.52 42.45 931.86 13.34
Recreational 0.959 0.145 0.037 4857.24 69.51 1260.17 18.33 870.59 12.16
Leisure
Knowledge
¢ 0.949 0.132 0.026 4652.01 66.57 1824.70 26.11 511.29 732
Educational
Historical 0.946 0.192 0.050 5234.06 74.90 1078.99 15.44 674.95 9.66
Cultural
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Figure 6. Distribution of four types of CES supply classified by subdistrict level: (a) native esthetic;
(b) recreational leisure; (c) historical cultural; and (d) knowledge educational.

The analysis of the CES supply value in Taiyuan City reveals that high-value CES areas
are spatially consistent with the distribution of urban scenic zones and nature reserves
(Figures 1c and 7). However, certain nature reserves, such as the Upper Fenhe River, exhibit
a relatively high potential esthetic value. Due to the natural topography and management
constraints, the values of the three other service types remain comparatively low, resulting
in an overall limited supply service value. Notably, inherent esthetic services extend into
the northern and eastern regions, with high-supply areas predominantly located in areas
with an elevated topography and rich landscape diversity. This spatial heterogeneity in
the CES supply underscores the complex interplay between urban development, natural
landscapes, and ecosystem service provisions (Figure 6).



Land 2025, 14,1212

17 of 34

1.Nanzhai
2.Yingxin
3.Xincheng
4.Guangshe
5.Jiancaoping
6.Gucheng

7 Jianhe
8.Zhongjianhe
9.Yangjiayu
10.Huifeng
11.Julun
12.Dunhuafang

13.Wanbailin
14.Xinghua
Legend 15.Sanqiao
16.Gulou
I (<03) 17.Balinggiao
I (0.3-0.45) 18 Xinghualing

19.Zhigongxin
I 11 0.45-0.6) 20.Dadongguan
Bl 1V (0.6-0.75)

Bl vV 075

j

(b)

21.Minying
22.Heping
23.Nanhan
24.Qianfeng
25.Miaoqian
26.Liuxiang
27.Wenmiao

28 Xiaojingyu
29 Xiayuan
30.Laojunying
31.Yingze
32.Qiaodong
33.Yingpan
34.Shentanggou
35.Yijing
36.Changfengxi
37.Pingyanglu
38.Wucheng
39.Gaoxin
40.Pingyanglu

Figure 7. Total supply map of CES: (a) spatial divergence map of CES supply and (b) CES supply

map by subdistrict.

3.2. Analysis of Spatial Influencing Factors on CES Supply in Taiyuan City

The environmental variable impact analysis (Table 7) identified key factors influencing

the spatial differentiation of CESs in Taiyuan City, including the distance to natural scenic

areas and infrastructure, elevation, land use type, fractional vegetation cover, and road

proximity (Figure 8). Notably, the distances to natural scenic areas and infrastructure
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exhibited the highest cumulative contribution rates (>20%) across all four CES types,
underscoring their comprehensive influence on environmental accessibility, experiential
continuity, and social well-being. Elevation was significantly correlated with all CES types,
contributing substantially to inherent esthetic services (25.1%) by shaping unique habitats
and landscape diversity. However, its contribution to educational services was minimal
(0.1%), likely owing to accessibility constraints.

Table 7. The importance and contribution rate (%) of environmental variables to the spatial distribu-
tion of CESs.

Native Recreational Knowledge Historical
Envi Esthetic Leisure Educational Cultural
nvironmental
Variables I : Contribu- I ¢ Contribu- I : Contribu- I ¢ Contribu-
TPOTHANCE 4 on Rate MPpOTIANCe ;i on Rate MPpOrtance  on Rate MPpOTtance i on Rate
Elevation 7.0 25.1 3.6 1.2 0.6 0.1 1.1 4.8
Slope 3.7 1.9 2.4 1.8 04 1.5 0.8 1.9
Aspect 2.0 1.8 2.0 0.2 0.3 1.2 0.8 1.9
Annual Mean Temperature 0.6 44 1.7 0.5 3.1 0.4 1.6 1.7
Annual Precipitation 22 8.3 0.5 0.0 0.3 1.0 0.6 0.6
Distance to Water Bodies 2.8 14 1.8 2.1 0.2 1.1 0.4 19
Distance to Scenic Areas 38.6 20.4 10.0 17.6 10.3 11.1 36.3 38.3
Distance to Infrastructure 19.5 11.6 49.1 43.1 81.3 70.1 1.0 1.0
Distance to Roads 29 3.8 37 6.8 1.3 2.2 1.1 3.9
Distance to Transportation Hubs 3.8 4.1 1.3 4.6 0.3 0.9 1.0 35
Distance to Residential Areas 2.6 1.5 32 1.1 0.3 2.2 39.9 6.5
Fractional Vegetation Cover 5.0 5.0 6.4 8.5 0.8 5.1 6.8 24.5
Landscape Diversity Index 3.0 3.8 49 0.3 1.6 0.7 3.7
Landscape Connectivity Index 2.4 1.0 0.3 0.2 1.0 1.6 2.6
Land Use Type 4.2 9.5 7.3 0.3 0.5 6.3 3.2
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114
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Figure 8. Response curves of supply spatial distribution to environmental factors.

The CESs in the Loess Plateau study area are significantly influenced by natural
environmental factors, particularly climatic conditions and land use patterns. Climatic
conditions critically shape vegetation growth and seasonal landscape dynamics, thereby
affecting esthetic value perceptions. The land use diversity and fractional vegetation cover
exert particularly prominent impacts on recreational and historical-cultural services, con-
structing complex interactive forces within compound ecosystem services and supporting
recreational heterogeneity and accessibility. Notably, vegetation serves a dual function as
both a physical carrier and spiritual symbol of cultural-historical memory while simul-
taneously maintaining and deepening historical-cultural services. Road proximity has
emerged as a strong influencer across all CES types, underscoring the promotional effect
of transportation accessibility on service provision. Enhanced road networks augment
the connectivity between residential areas and scenic spots, facilitating element flow and
increasing the CES supply capacity.
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Despite their less pronounced contributions, factors such as the distance to water
bodies, landscape diversity, and connectivity indices play integral roles in shaping inherent
esthetic, recreational, and historical-cultural values. Slope and aspect exhibited minimal in-
fluences on recreational services (1.8% and 0.2%, respectively), whereas the annual average
temperature (4.4%) and precipitation (8.3%) significantly impacted the inherent esthetic
value. Notably, the distance to transportation hubs minimally affects educational value,
which primarily targets specific learning groups and transcends spatial accessibility consid-
erations by relying heavily on educational resource distribution. Conversely, the proximity
to residential areas substantially influences historical-cultural values, reflecting the depen-
dence of these services on human activity accumulation and cultural heritage preservation.
This spatial relationship underscores the intricate interplay between settlement patterns
and cultural landscape development.

3.3. Measurement and Spatial Expression of CES Demand in Taiyuan City

The spatial distribution of individual CES demand indicators exhibited relative consis-
tency, characterized by a high central concentration with multiple dispersed cores (Figure 9).
Peak population densities were observed in Taiyuan City’s central urban area, specifically
in the southern Xinghualing District (Balingqiao, Xinghualing), western Yingze District
(Qiaodong, Yingze), northern Xiaodian District (Pingyanglu, Wucheng), and Wanbailin Dis-
trict (Xiayuan, Changfengxi). These areas are distinguished by their concentrated service
infrastructure, numerous historical and cultural sites, and tourist attractions. Conversely,
remote urban county—township peripheries and regions, exemplified by Loufan County’s
central metropolitan area, demonstrate lower population densities. These regions are
characterized by expansive blue-green spaces, a lower development intensity, and sparse
populations and infrastructure. Consequently, these areas maintain superior ecological
quality and significant development potential while exhibiting a lower overall CES demand.

The spatial distribution patterns of specific demographic groups exhibit notable consis-
tency. The elderly population (aged 60 and above) is primarily concentrated in Xinghualing
District and Yingze District, while the youth population (under the age of 14) is predomi-
nantly clustered in Xiaodian District, Xinghualing District, and Yingze District, necessitating
enhanced public services and robust social support systems. In contrast, natural factors,
such as land use intensity, display more pronounced spatial heterogeneity. While concen-
trated in Taiyuan City’s central urban area, a high land use intensity is also prominent in
the core areas of townships and county towns, directly influencing regional CES demands.
High-intensity areas typically form CES demand hotspots, characterized by elevated popu-
lation densities and economic activity levels. The human activity intensity and GDP closely
align with the overall population density, exhibiting a “high center, low periphery” spatial
pattern. This economic concentration strongly correlates with population density, further
catalyzing the CES demand in these areas.
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Figure 9. Classification map of cultural ecosystem services demand factors: (a) population density;
(b) density of population over 60 years of age; (c) density of population under 14 years of age;
(d) dross domestic product per unit area; (e) intensity of human activity; (f) development and
construction intensity; and (g) classification map of total demand for cultural ecosystem services.
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3.4. Analysis of CES Supply—Demand Balance and Coupling Coordination in Taiyuan City

The spatial matching analysis of the ecosystem cultural service supply and demand
based on the Z-score standardization reveals four characteristic relationship patterns in
Taiyuan City (Figure 10a,b): high supply-high demand (38.1%), low supply-low demand
(37.2%), low supply-high demand (13.6%), and high supply—low demand (10.9%). High
supply-high demand clusters predominantly concentrate along the Fen River corridor in
the Xinghualing, Yingze, and Xiaodian Districts. These areas achieve a supply—demand syn-
ergy through concentrated historical relics (e.g., Kaihua and Shuangta Temples), favorable
terrain conditions, and dense transportation networks. Low supply-low demand zones are
extensively distributed across the Liiliang Mountain ranges in western regions and Xizhou
Mountain areas in the northeast and are constrained by topographic fragmentation and
sparse population density, forming dual-deficit depressions.
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Figure 10. CES supply and demand diagram: (a) supply and demand scatterplot; (b) supply and
demand balance diagram; and (c) CES supply and demand coupling harmonization.

Among mismatched types, low supply-high demand areas primarily cluster in transi-
tional urban-rural zones, like Haozhuang Town (Yingze District) and Beige Town (Xiaodian
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District), where acute contradictions between a high population density and inadequate
cultural infrastructure coverage highlight service provision lags during rapid urbanization.
Conversely, high supply-low demand areas occur in suburban ecological nodes, such as
Jinci Town (Jinyuan District), where premium cultural heritage resources (e.g., Tianlong
Mountain Grottoes) remain underutilized due to their low population density. Spatial
matching patterns demonstrate that the topographic gradient and population density
jointly shape heterogeneous supply—demand configurations, establishing a foundational
framework for the subsequent coupled coordination mechanism analysis.

The analysis of the supply—-demand coupling coordination model reveals significant
spatial heterogeneity in the cultural service coordination across Taiyuan City (0.16-0.98),
with its distribution pattern closely correlated with topographic features and rapid ur-
banization processes (Figure 10c). The average coordination degree of 0.65 indicates an
overall primary coordination stage. Spatially, the coupling coordination degree demon-
strates a concentric attenuation pattern radiating outward from core areas of high-quality
coordination in historic urban centers, such as the Gulou, Sanqgiao, and Balingqgiao sub-
districts. Intermediate coordination zones predominantly cluster along both banks of the
Fen River in central urban areas. Primary coordination and endangered incoordination
areas form concentric aggregations around intermediate coordination zones and certain
county—-township centers. Intermediate incoordination areas exhibit patchy distribution
patterns in northern and central regions, while severed incoordination primarily occurs in
western peripheries.

The coordination model analysis shows 43.64% of township-level units achieving
coordinated development, mainly concentrated in the Fen River alluvial plain. Sixteen
subdistricts (14.55%) attain high-quality coordination, characterized by spatial maxima in
both supply and demand values. These areas benefit from a high population density and
developed infrastructure, where historical-cultural assets (e.g., Chunyang Palace) and eco-
logical landscapes (e.g., Xihaizi Park) synergistically create a positive feedback loop through
cultural memory mechanisms, effectively transforming green space services into emotional
identity carriers. Excessive development areas contain 18.19% primary coordination and
10.09% endangered incoordination zones, showing concentric distributions around coordi-
nated development regions. These areas maintain positive feedback mechanisms through
their favorable topography (Figure 1c) and concentrated populations (Figure 9a), enhancing
the cultural service synergy. In contrast, 27.28% of uncoordinated development areas are
concentrated in mountainous regions of the Lvliang and Taihang ranges. Severely uncoor-
dinated townships, like Yangxing and Gaijiazhuang, exhibit “low supply-low demand”
lock-in effects, revealing mountain social-ecological system vulnerabilities: topographic
fragmentation impedes coordination through dual pathways—elevated altitudes directly
reduce service accessibility, while population emigration indirectly weakens the cultural
demand intensity.

Notably, the anomalous coordination degree peak in Loufan Town suggests that institu-
tional interventions (ecological compensation policies) can partially overcome topographic
constraints. Meanwhile, certain suburban subdistricts like Jinci Town (Jinyuan District),
despite favorable terrain conditions, exhibit low supply characteristics, exposing spatial
planning deficiencies in the delayed allocation of cultural land use during rapid urbaniza-
tion. These findings contrast markedly with coordination mechanisms observed in plain
cities’ cultural ecosystem services, validating the unique applicability of the “topography—
institution—economy” tripartite driving model in mountainous urban contexts.
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4. Discussion
4.1. Comparative Analysis of MaxEnt Model and Other Methods

This study selected the MaxEnt model integrated with POI data to quantitatively
assess the spatial distribution value of CESs. The core advantage of the MaxEnt model lies
in its ability to integrate multi-source geospatial data, including environmental variables
and POl-based social preferences, and to predict the CES supply potential through proba-
bilistic distribution mapping. Compared to other mainstream evaluation systems, such as
SolVES and participatory mapping, MaxEnt demonstrates unique advantages in capturing
the spatial heterogeneity and nonlinear interactions between natural and anthropogenic
factors [37].

The SolVES model primarily relies on questionnaire-based social value mapping.
While it can precisely quantify subjective perceived values, such as native esthetic or
historical cultural values, it faces scalability challenges in rapidly urbanizing areas due to
high survey costs and insufficient timelines. Currently, it is commonly applied to small-
and medium-scale CES studies. For instance, Huo et al. evaluated the cultural ecosystem
service value of southern ecological parks in Wuyi County using the SolVES model [56].
To address the model’s subjectivity, they supplemented it with the willingness-to-pay
method to enhance the result reliability, thereby better reflecting stakeholder preferences.
Compared to the MaxEnt model, SolVES can quantify the social value of cultural services
but requires extensive survey data for large-scale studies, with results constrained by
sample sizes and temporal limitations. In contrast, the MaxEnt model, relying more on
environmental variables and devoid of subjective data inputs, typically achieves higher
AUC values and a superior prediction accuracy. This study further combines MaxEnt with
POI data to comprehensively assess data-scarce scenarios, such as high-altitude areas in
the study region.

Participatory mapping involves collaborative map creation by community members to
reflect local spatial perceptions and resource needs. It is widely used in rural development,
ecological planning, and small- to medium-scale CES studies. For example, Dumitru et al.
investigated the cultural service value of Baneasa Forest through participatory mapping,
demonstrating its effectiveness in capturing resident preferences and informing community
planning [57]. However, compared to MaxEnt, participatory mapping results are more
susceptible to respondents’ subjective preferences, requiring a careful balance between
efficiency and standardization. Additionally, its resource demands (time, funding, and
expertise) pose greater challenges for large-scale studies. In comparison, MaxEnt constructs
a flexible framework connecting objective facility distribution (via POI data as “presence
points”) with subjective visitation preferences, mitigating an excessive reliance on subjective
biases inherent in participatory mapping.

In CES supply—demand relationship studies, scholars have combined MaxEnt and
participatory mapping to separately investigate CES supply and demand values. Partic-
ipatory mapping compensates for MaxEnt’s neglect of social attributes, while MaxEnt
enables a precise quantitative CES valuation. Future research could enhance the integration
of these methods, such as using MaxEnt to delineate supply hotspots and employing
internet-based participatory mapping to validate demand priorities. This integrated ap-
proach would achieve comprehensive CES assessments across multiple scales, preserving
policy-relevant spatial outputs while enhancing inclusivity in cultural service planning
through community engagement.

4.2. Spatial Distribution and Influencing Factors of CES Supply and Demand in Taiyuan City

This study addresses a crucial aspect in CES research by investigating the spatial
relationships between supply and demand across different service categories, building
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upon previous studies [58,59]. Taiyuan City was selected as the study area due to its
representative status as a rapidly urbanizing region in China and its distinctive topo-
graphic characteristics within the Yellow River Basin. We developed a comprehensive
CES supply—demand evaluation system and research framework incorporating multi-
dimensional indicators, which simultaneously considers urban development patterns and
geomorphological features. The framework was enhanced by incorporating a coupling
coordination degree model to analyze the synergistic evolution mechanisms within the
supply—demand system. Our analytical framework elucidates the spatial differentiation
characteristics of the CES supply and demand while revealing potential mismatches. The
results indicate that Taiyuan exhibits a distinct “central agglomeration and peripheral
diminution” spatial pattern, demonstrating a gradual decrease from urban core areas to
rural peripheries. This spatial configuration aligns with findings from previous urban
ecosystem services studies [60-63].

Taiyuan City’s central areas, straddling the Fenhe River, exhibited a high CES supply
capacity, predominantly concentrated around blue—green landscapes, historical relics,
temples, and nature reserves. These areas provided a robust infrastructure for visitors
and residents alike, corroborating previous findings that regions with abundant natural
landscapes and cultural attractions demonstrate a high CES supply potential [16,23,64-67].
However, accessibility limitations may constrain areas with an exceptionally high CES
supply capacity, particularly in protected nature reserves. Urban green spaces near the
city center primarily offer recreational value, while peripheral areas such as the Taigang
Suburban Forest Park attract visitors through unique esthetic services and specialized
infrastructure. This study further substantiated the significance of historical and cultural
heritage for CES-related stakeholder groups [68] and the association between superior
urban infrastructure and an enhanced CES supply potential [69-72].

In alignment with Taiyuan City’s spatial planning and development strategy, this
investigation identified high-demand areas for CESs as predominantly located in densely
populated urban-rural central regions or areas characterized by a relatively flat terrain. The
overall CES demand exhibited a spatial distribution pattern that closely mirrored socioe-
conomic activities. Simultaneously, the CES supply and resident demand demonstrate a
generally high degree of congruence; instances of mismatch persist, underscoring the com-
plex nature of ecosystem service dynamics. Notably, simplistic approaches to augmenting
or diminishing the CES supply may not effectively modulate the resident demand [73]. The
alignment of the CES supply and demand is a multifaceted, dynamic process influenced by
a constellation of factors, including spatial heterogeneity, scale effects, policy coherence,
and planning adaptability. A unilateral emphasis on supply-side adjustments is insufficient
to achieve dynamic coupling and an equilibrium between supply and demand across
multiple hierarchical levels and spatial scales. For instance, limited accessibility in certain
areas may constrain effective CES provisions, whereas poor ecological network connectivity
may impede the flow and transmission of CESs within urban green infrastructure systems.

This investigation identified the key factors that significantly influence CESs, including
the proximity to natural scenic areas and infrastructure, elevation, land use typology,
fractional vegetation cover, and road network accessibility. These findings align with
the extant literature on critical variables in CES assessments, which are closely linked
to landscape complexity and connectivity [16,62,64,74,75]. Landscape complexity is a
crucial driver of biodiversity, and topographic factors serve as key variables affecting
this complexity. The integration of topographic factors with supply and demand areas
facilitates the determination of hierarchical CES value structures, enhances stakeholder
comprehension, and facilitates regional planning. While high-value regions generally
exhibit balanced supply-demand dynamics, persistent supply gaps are observed. Areas
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such as Mayu and Liudu town in Qingxu County and Nitun and Huangzhai towns in
Yangqu County demonstrate significant potential for rural tourism development. However,
inefficient road networks impede access to high-altitude natural areas, particularly in
eastern and western mountainous regions. Furthermore, the CES spatial distribution and
value assessment may fluctuate seasonally, notably in inherent esthetic services. These
seasonal variations significantly influence the spatiotemporal congruence between the
CES supply and demand, underscoring the need for dynamic and adaptive management
approaches to urban ecosystem service planning and conservation.

4.3. Urban—Rural CES Supply—Demand Balance and Coupling Coordination in Taiyuan City

The nexus between human well-being and CESs is intricately intertwined with the
supply capacity of urban blue-green spaces and demand preferences. The research on CESs
at the urban—rural interface remains nascent, predominantly focusing on quantitative value
assessments owing to methodological constraints and limited data availability [75-77].
Constructing comprehensive evaluation indicator systems for supply and demand dimen-
sions, coupled with the spatial coupling analysis of supply—demand relationships, presents
significant challenges in contemporary research paradigms.

This study employs Z-score quadrants and the coupling coordination degree to inves-
tigate the holistic supply—demand relationship. The findings reveal that over half of the
study area exhibits a congruity between coupling coordination levels and supply—demand
distributions, yet discrepancies persist in specific regions. Although a relatively high overall
consistency exists between the CES supply and residential demand, persistent mismatches
remain evident according to supply—demand relationships. These manifest primarily as a
CES undersupply in urban core areas and an oversupply in peripheral zones. As shown
in Figure 10, neighborhoods including Jinsheng and Luocheng maintain a coordinated
development status in the coupling coordination degree, yet still demonstrate internal high
supply-low demand mismatches. Conversely, areas such as the Zhongxin urban district in
Yangqu County, Huangzhai, and Minyingyang exhibit low supply-low demand matching
patterns. Nevertheless, their concentrated internal resources and relatively developed in-
frastructure facilitate coordinated and transitional development trends in supply—demand
coupling. Furthermore, within the spatial distribution pattern, the development of the
Tai—Xin Integrated Economic Zone has shifted urban expansion toward southern and
eastern regions. These areas demonstrate distinct advantages in the quantity, scale, and
diversity of ecological infrastructure. However, they simultaneously represent primary
locations for supply—demand conflicts. In regions like Haozhuang, Xiaofan, and Yangqu,
rapid urbanization has outpaced planning efforts, hindering rational resource allocations.

Furthermore, the complex topography and inadequate transportation infrastructure
in western and northern mountainous areas emerge as significant contributors to localized
CES supply-demand imbalances. This observation suggests that the natural geographical
conditions characteristic of basin cities, coupled with the temporal sequence of urban
development, may be pivotal in shaping CES dynamics. These findings underscore the
need for a nuanced, spatially explicit approach to CES management. Future urban planning
and policy initiatives should aim to rectify existing mismatches by adopting adaptive
strategies that account for both heterogeneous landscape characteristics and evolving
socioeconomic fabrics.

The CES provision in Taiyuan City exhibits a pronounced urban-rural gradient in-
fluenced by the complex interplay of accessibility, topography, and socioeconomic devel-
opment trajectories. This spatial heterogeneity is intricately linked to the infrastructure
distribution, a consequence of rapid urbanization. Urban ecosystems—characterized by
anthropogenic elements, such as designed parks and engineered water systems—prioritize
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direct experiential services. In contrast, rural areas dominated by natural and semi-natural
ecosystems excel in cultural heritage preservation and knowledge educational dissemi-
nation. The ongoing urbanization process continually reshapes demographic structures
and socioeconomic attributes, influencing the spatiotemporal differentiation of the CES
demand. Urban centers experience an increased demand for esthetic appreciation and
recreational services, whereas rural areas face the challenges of demographic aging and
population hollowing, potentially attenuating traditional CES demands. This dynamic
interplay among urbanization, ecosystem characteristics, and societal demands under-
scores the complexity of CES provisions. Future policy initiatives should aim to bridge
the urban-rural CES divide while preserving the unique cultural and ecological values
inherent to each landscape.

Future endeavors should prioritize the construction of an integrated urban—rural green
infrastructure network and the enhancement of ecological corridor development to facilitate
a seamless flow and efficient transmission of CESs across the urban-rural gradient. Critical
measures for optimizing spatial supply-demand matching and mitigating the urban-rural
disparity include improving the spatial connectivity and service-sharing capacity of urban
and rural ecosystems and enhancing the transportation infrastructure in rural areas to
augment residents’ accessibility to CES resources. In the process of spatial planning and
policy formulation, a comprehensive consideration should be given to the heterogeneity of
resource endowments and disparate development stages between urban and rural areas.
By adopting this holistic strategy, policymakers can foster a more equitable distribution
of CES benefits across the urban—rural continuum, thereby enhancing the overall regional
sustainability and socio-ecological resilience.

4.4. Sustainable Development Management and Planning Recommendations Based on CES

Policy formulation and implementation play a pivotal role in mitigating CES supply—
demand imbalances. The findings elucidate that the Fenhe River, serving as a significant
geographical axis, crucially shapes the CES supply—demand pattern by functioning as an
essential carrier of diverse services and a natural corridor guiding urban spatial optimiza-
tion. Consequently, priority should be given to protecting and enhancing high-value CES
areas within the Fenhe River basin to augment the overall CES value and sustainability.
This study investigates CES supply—demand relationships using the Z-score quadrant
method and a coupling coordination degree analysis. With reference to the relevant lit-
erature, we classified coupling coordination degrees into three categories (as shown in
Table 8) [53,78]: Coordinated Development Zone, Excessive Development Zone, and Unco-
ordinated Development Zone, aiming to propose differentiated optimization measures for
distinct development areas. Concurrently, this study employs the Z-score quadrant method
to reflect the regional supply-demand status, providing targeted guidance for formulating
internal optimization strategies within specific zones.

Table 8. Proportion of CES supply—demand coupling coordination degree categories in Taiyuan City.

Coupling Coordination Type Coordination Degree

Type Percentage Type Percentage
High-quality o

Coordinated Development 38(43.64%) Coordination 16 (14.55%)
Intermediate Coordination 32 (29.09%)
. o Primary Coordination 20 (18.19%)
Excessive Development 32(29.09%) Endangered Incoordination 12 (10.09%)
. o Intermediate Incoordination 15 (13.64%
Uncoordinated Development 30(27.28%) Severe Incoordination 15 E13_ 6 4%;

Differentiated optimization strategies should be implemented for regions exhibiting
varying CES supply—demand relationships:
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(1) Coordinated Development Zone: Implement service value enhancements and re-
silience strengthening to improve the premium green space supply.

For high-supply-high-demand areas, focus on optimizing service precision in core
zones. In regions with established CES foundations, enhance the management efficiency
and service radiation capacity through policy guidance. For low-supply-high-demand
areas, reinforce community co-governance mechanisms to create tourism routes connecting
cultural facilities and scenic spots, promoting the coupling of ecological efficiency and
cultural services for quality-oriented upgrades. Concurrently, strategically integrate unique
cultural heritage resources with natural landscapes to develop distinctive eco-cultural
tourism products. This approach enhances both the CES attractiveness and sustainable
development capacity while safeguarding local biodiversity and historical-cultural heritage.
Finally, given the relatively complete infrastructure in Coordinated Development Zones,
establish a quality improvement system that prioritizes urban green space protection while
upgrading infrastructure and monitoring mechanisms. Implement comprehensive, long-
term monitoring and evaluation frameworks to ensure a dynamic supply—demand balance
of CESs, achieving dual objectives of enhanced attractiveness and sustainable development.

(2) Excessive Development Zone: Strengthen spatial connectivity and network transmis-
sion to activate green space service efficiency.

The Transitional Development Zone encompasses high-supply-low-demand, low-
supply-high-demand, and low-supply-low-demand areas, primarily distributed in south-
ern/western regions and county—town centers. For high-supply-low-demand areas, prior-
ity should be given to resolving spatiotemporal mismatches. This involves enhancing the
systemic connectivity and functional complexity of recreational spaces like urban green
areas, establishing flexible supply mechanisms to facilitate the transformation of single-
function spaces into integrated nodes. For instance, in Jinci Town of the Jinyuan District,
the optimization of CES facility types and spatial layouts should holistically consider the
ecological carrying capacity, population distribution patterns, and industrial structure.
While cultural tourism activities require rational development under policy support to
stimulate local economic growth, cautious measures must prevent ecosystem degradation
from overexploitation.

Concurrently, revitalizing underutilized facilities can enhance the CES supply’s rele-
vance and effectiveness. This should be complemented by strengthening ecological corridor
construction to promote cultural exchange with supply-deficient areas and refining regional
ecological compensation and benefit-sharing mechanisms. For low-supply-high-demand
areas, the priority deployment of flexible service modules should target high-population-
density zones. Composite ecological corridors along urban arterial roads should address
green space service fragmentation and ecological efficiency attenuation. An emphasis
should be placed on enhancing the CES transmission between new and old urban districts,
achieving an adaptive transformation from rigid supply to flexible response systems.

(38) Uncoordinated Development Zone: Implement cross-regional coordination and eco-
logical reciprocity to reconstruct systemic service resilience.

The Uncoordinated Development Zone mainly comprises urban-rural fringe areas
beyond central urban districts and certain townships, characterized by a relatively scarce
resource distribution and weak overall attractiveness. Most townships belong to the low-
supply-low-demand matching category. For nature reserves such as the Fenhe Reservoir
and Yunding Mountain, the principle of protection priority with moderate development
should be adhered to. Conduct comprehensive evaluations of natural elements including
mountains, water bodies, forests, farmlands, lakes, and grasslands to strengthen ecosystem
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conservation and restoration, thereby consolidating the ecological foundation for the
CES supply.

On this basis, the strategic optimization of cultural-tourism infrastructure spatial
layouts should be implemented to enhance CES accessibility and equity. Establish a
cross-regional resource circulation through coordinated linkages with areas exhibiting
higher supply levels, while developing distinctive tourism resources in pristine ecologi-
cal zones. Specific intervention measures may include constructing specialized cultural
facilities, attracting cultural industry investments, improving transportation networks,
and enhancing protection measures in ecologically vulnerable areas. These collective ef-
forts aim to promote socioeconomic development while minimizing adverse impacts on
ecological environments.

4.5. Limitations of the Study and Future Prospects

The relationship between the CES supply and demand represents a complex and
dynamic interplay between the natural and sociocultural ecosystems. Consistent with the
extant literature, the MaxEnt model has been demonstrated to offer enhanced objectiv-
ity and efficacy compared to traditional qualitative approaches, such as questionnaires
and interviews, providing robust spatial outputs and quantifying the relative influence of
variables on resultant patterns [79]. Although this investigation demonstrates consider-
able scientific rigor and objectivity by synergistically combining the MaxEnt model with
POI big data for regional CES supply mapping and assessments, certain methodological
limitations persist.

First, although this study obtained high AUC values from the MaxEnt model, indicat-
ing an excellent prediction accuracy, the spatial mapping of POI data shows limitations in
representing implicit CESs, such as local folk activities and informal social spaces. Simulta-
neously, the generation mechanism of POI data leads to an inadequate characterization of
cultural demands from special populations, including elderly and low-income residents,
thereby affecting the equity of the supply-demand matching analysis. Furthermore, the
research lacks an exploration and assessment of cultural service preference differences
among groups with varying ages, occupations, and socioeconomic backgrounds. Therefore,
future studies could enhance the POI data selectivity by integrating subjective percep-
tion data from multiple stakeholders through questionnaires or participatory mapping
before utilizing them as sample points, enabling a systematic analysis of cultural service
preference disparities across social groups. Additionally, incorporating geographically
tagged photographs or other social media data could verify the accuracy and representa-
tiveness of POI data points, helping correct spatial biases in POI datasets and improve the
comprehensiveness of the demand characterization.

Second, due to the intangible nature of CESs and the scale limitations of the study
area, we defined and quantified cultural service supply through multi-source literature
references, employing POI data integrated with the MaxEnt model to assess the CES supply
potential. However, it should be noted that while POI data do not directly reflect CES
quality, the MaxEnt model captures ecological characteristics related to CES quality through
environmental variable integration. Nevertheless, the model’s environmental suitability
focus excludes socio-institutional factors, such as governance capacity and stakeholder
preferences. Future research could therefore incorporate field surveys or social media text
data to reflect stakeholder preferences, thereby advancing investigations into the actual
CES supply.

Simultaneously, due to challenges in acquiring comprehensive socioeconomic data,
our demand indicator construction primarily considered static demands derived from
social and natural environments. This approach failed to fully account for dynamic
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demand fluctuations arising from population agglomeration, preference heterogeneity
across demographic groups, and multifaceted demand characteristics associated with func-
tional land uses, such as agricultural land, medical facilities, educational institutions, and
commercial centers.

Therefore, future research endeavors should incorporate qualitative analytical meth-
ods, such as structured questionnaires, semi-structured interviews, and participatory
mapping techniques, to obtain subjective cognitive data from a diverse range of stake-
holders. Additionally, an emphasis should be placed on quantifying the perception differ-
ences among various sociodemographic groups. Through a more granular socioeconomic
data collection and analysis, researchers can capture the dynamic demands and evolv-
ing preferences of different population segments, thereby facilitating the construction of
multi-dimensional demand models.

While this study constructed an evaluation index system for the urban CES supply
and demand, it did not fully address the driving mechanisms and internal principles
governing how individual indicators influence the overall supply and demand levels,
thereby constraining the optimization of supply—demand imbalances. Future research
could employ system dynamics and structural equation models to analyze the interactions
among various indicators and their impact on supply-demand relationships, enabling
the development of more effective optimization strategies through the precise control of
influencing factors. Furthermore, as this study primarily investigates CES supply-demand
relationships on a single temporal scale, future studies should adopt multi-temporal scale
analysis methods to capture dynamic demands and preference changes among different
population groups, integrating long-term monitoring data to explore the dynamic changes
and driving factors of supply—demand relationships across various temporal scales.

5. Conclusions

This study developed an integrated CES supply—demand evaluation framework for
rapidly urbanizing regions by combining the MaxEnt model with a coupling coordination
degree model, revealing the spatiotemporal differentiation mechanisms and regulatory
pathways of CESs. The findings demonstrate that, influenced by both topographic factors
and socioeconomic development in Taiyuan City, all four CES categories exhibited similar
spatial supply patterns characterized by “core-high-value areas with a peripheral decline”,
while demand showed a “highly centralized center with multiple dispersed cores” spatial
configuration. The methodological framework integrating multi-source data and spatial
modeling demonstrates scalability, providing scientific support for ecological collaborative
governance in similar global cities.

(1)  Supply-Demand Coupling Coordination Analysis and Spatial Management Implica-
tions. The coupling coordination analysis revealed an average coordination degree
of 0.65 across the city, with spatial patterns closely associated with topographic char-
acteristics and rapid urbanization. High CES supply areas were concentrated along
the Fen River’s historical relics and nature reserves, spatially coinciding with urban
scenic zones and ecological infrastructure. Demand hotspots coupled with population
density and economic vitality, showing significant supply—demand mismatches in
urban-rural transition areas. High coordination zones benefited from positive feed-
back effects of flat terrains, transportation accessibility, and population agglomeration,
while low coordination areas were distributed in the hinterlands of Liiliang and Tai-
hang Mountains. The environmental factor analysis identified the terrain gradient
and transportation accessibility as key drivers of the CES spatial differentiation. We
recommend prioritizing ecological network restoration in low-supply areas to enhance
service capacity, while activating cultural heritage resources in low-demand regions
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through cultural-tourism integration, such as incorporating underutilized heritage
sites, like the Tianlong Mountain Grottoes in Jinci Town, into regional tourism routes.
Methodological Innovations and Limitations. Methodologically, this study inno-
vatively integrated POI data with the MaxEnt model by analogizing the cultural
service distribution to “species habitats”, enabling the objective quantification of the
CES supply potential. The dual-dimensional supply—demand coupling framework
overcame static limitations of traditional Z-score matching, identifying systemic im-
balance origins in urban-rural systems. However, POI data’s inadequate coverage
of informal cultural spaces (e.g., traditional villages) may introduce a spatial bias
and underrepresent marginalized groups’ cultural needs. Future research should
integrate participatory mapping and a social media sentiment analysis to establish
an “objective facilities-subjective values” dual-dimensional index system, such as
supplementing indigenous ritual site data through community interviews to enhance
the assessment inclusiveness.

Framework Universality and Application Strategies. The modular structure enables
dynamic parameter adjustments for different urbanization stages and ecological con-
texts: in ecologically fragile mountainous cities (e.g., Kathmandu, Nepal), CES supply
assessments could be enhanced by replacing terrain factors (emphasizing slope sta-
bility) and modifying local cultural POI classifications (adding religious sites and
hiking trails). For industrial heritage transformation regions (e.g., Ruhr Area, Ger-
many), analyses should focus on industrial heritage reuse and the green infrastructure
supply—demand balance, incorporating economic transition indicators like industrial
substitution rates. The cross-scale adaptability enables multi-level planning applica-
tions: a macro-level analysis could combine nighttime light data and transportation
networks to identify regional CES flow corridors, while a micro-level implementation
might utilize high-resolution remote sensing and a social media sentiment analysis
to capture community demand dynamics. Addressing common challenges in rapid
urbanization (e.g., ecological restoration vs. heritage preservation conflicts), our
socio-ecological synergy model proposes strategies like digital platforms for cross-
administrative cultural resource sharing and ecological compensation mechanisms to
alleviate terrain constraints. Future research should validate the global applicability
through a case database construction and parameter sensitivity testing, ultimately
providing technical support for international cultural heritage conservation and urban
sustainable development.
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