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Abstract

Cultural ecosystem services (CES) represent fundamental expressions of human-environment
interactions. A comprehensive assessment of CES supply and demand offers a robust scien-
tific foundation for optimizing the transformation of ecosystem service values to improve
human well-being. This study integrates multi-source datasets and employs Maximum
Entropy (MaxEnt) modeling with the ArcGIS platform to analyze the spatial distribution
of CES supply and demand in Hunan Province, a typical mountain tourism regions in
China. Furthermore, geographical detector methods were used to identify and quantify the
driving factors influencing these spatial patterns. The findings reveal that: (1) Both CES
supply and demand demonstrate pronounced spatial heterogeneity. High-demand areas
are predominantly concentrated around prominent scenic locations, forming a “multi-core,
clustered” pattern, whereas high-supply areas are primarily located in urban centers, water
systems, and mountainous regions, exhibiting a gradient decline along transportation
corridors and river networks. (2) According to the CES supply-demand pattern, Hunan
Province can be classified into demand, coordination, and enhancement zones. Coordina-
tion zones dominate (45–70%), followed by demand zones (20–30%), while enhancement
zones account for the smallest proportion (5–20%). (3) Urbanization intensity and land use
emerged as the primary drivers of CES supply-demand alignment, followed by vegetation
cover, distance to water bodies, and population density. (4) The explanatory power of
two-factor interactions across all eight CES categories surpasses that of any individual
factor, highlighting the critical role of synergistic multi-factorial influences in shaping the
spatial pattern of CES. This study provides a systematic analysis of the categories and
driving factors underlying the spatial alignment between CES supply and demand in
Hunan Province. The findings offer a scientific foundation for the preservation of ecological
and cultural values and the optimization of spatial patterns in mountain tourist areas, while
also serving as a valuable reference for the large-scale quantitative assessment of cultural
ecosystem services.

Keywords: mountain tourist area; cultural ecosystem services (CES); MaxEnt model;
multi-source data; supply-demand pattern; driving factors; planning implications

1. Introduction
Cultural ecosystem services (CES) encompass the non-material benefits that humans

derive from ecosystems, including spiritual enrichment, cognitive development, intro-
spection, recreation, and esthetic appreciation, as defined by the Millennium Ecosystem
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Assessment [1]. CES are increasingly recognized as essential to human well-being across
diverse socioeconomic contexts, particularly in industrialized nations, where their de-
mand is projected to exceed that of other ecosystem service categories [2,3]. This growing
demand is largely driven by a societal shift toward greater investment in leisure and
recreational activities [4]. Yet, despite their widespread recognition and strong public
support—as consistently demonstrated in perception-based studies—CES remain signif-
icantly underrepresented in policy and land use planning. Decision-makers frequently
prioritize economic growth or ecological conservation, often at the expense of cultural
dimensions embedded within ecosystems [5]. This persistent gap highlights the need for
a science-based decision-making framework that explicitly incorporates both the spatial
heterogeneity of CES and the dynamics of supply-demand relationships. Such a framework
is critical for promoting sustainable ecosystem management while ensuring that cultural
values are systematically integrated into environmental governance and policy-making.

To date, a substantial body of research has systematically elucidated CES through a
wide array of conceptual frameworks and methodological approaches. Many of these stud-
ies employed monetary valuation techniques, such as the travel cost method, contingent
valuation, and willingness-to-pay models, to assess CES demands [6–8]. However, these
methods are predominantly suited to CES categories with explicit economic value, partic-
ularly recreation and tourism [9], and often fail to capture the multifaceted and intrinsic
values of CES. In response to the limitations inherent in monetary approaches, scholars have
increasingly adopted non-monetary evaluation techniques, including preference-based
surveys [10], biophysical indices [11], and participatory mapping [12]. Although these
approaches are more reflective of actual user perceptions and values, their effectiveness is
constrained by issues such as subjectivity, limited sample representativeness, high costs,
and challenges in quantification [13]. Concurrently, the supply capacity of CES is primarily
assessed using value accounting techniques [14], land use matrix approaches [15], and
simulation-based modeling methods [16]. Nevertheless, despite the growing volume of
research in this domain, existing evidence on the non-material dimensions of human-nature
interactions remains highly fragmented, particularly concerning their actual linkages to
human well-being and the ways in which these relationships are expressed. This frag-
mentation largely stems from the inherently context-specific nature of both non-material
CES provision and their associated contributions to well-being, which poses significant
challenges for generalization and hinders the development of a coherent and scalable
analytical framework across different geographic and sociocultural contexts [17].

A precise evaluation of the supply and demand of CES is essential for understand-
ing their interconnections with human well-being. However, the intangible and non-
consumptive characteristics of CES present considerable methodological challenges [18].
Recent developments in computational technologies, coupled with the increasing avail-
ability of large-scale online data, offer promising opportunities to overcome these con-
straints [19]. With the accelerated proliferation of smart technologies and widespread
internet accessibility, digital platforms that facilitate route planning and user-generated
content have emerged as pivotal instruments that influence tourist decision-making pro-
cesses [20]. These platforms disseminate comprehensive information about destinations,
including user ratings, reviews, and travel recommendations. The data generated through
these interactions encapsulate visitors’ experiences and perceptions across multiple di-
mensions, offering an innovative and scalable means of understanding and quantifying
CES [21]. In this context, the MaxEnt model offers distinct methodological advantages.
By integrating geospatial data with environmental variables, the model enables both the
quantitative estimation of regional CES supply potential [22] and the generation of response
curves that reflect the sensitivity of the CES supply to environmental gradients [23]. These
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capabilities constitute a robust analytical framework for exploring supply-demand dy-
namics. For instance, Chen et al. [24] employed the MaxEnt model alongside multi-source
datasets to evaluate the spatiotemporal dynamics of recreational services in Beijing’s urban
green spaces. Similarly, Zhao et al. [16] integrated MaxEnt modeling with social media data
to examine CES coupling patterns within the Wuling Mountain conservation area.

Environmental variables constitute essential inputs for the operation of MaxEnt, with
variations in dataset composition and the number of variables exerting a significant im-
pact on model performance and predictive accuracy [25]. Nevertheless, most MaxEnt
applications in CES assessment emphasize natural geographic attributes and spatial dis-
tance metrics [26–28], whereas socioeconomic indicators reflecting human activities and
anthropogenic disturbances are frequently underrepresented. This disproportion may
compromise the comprehensiveness and accuracy of potential CES evaluations. Further-
more, current research on CES supply-demand dynamics primarily focuses on localized,
high-service areas, such as urban parks, watersheds, rural settlements, and protected re-
gions [29,30]. Consequently, investigations conducted at broader spatial scales remain
limited, thereby constraining the understanding of the large-scale spatial heterogeneity
that characterizes CES distribution and demand.

Mountain tourism is crucial to the development of regional tourism [31]. According to
the Asia-Pacific Mountain Tourism Development Report (2025 Edition), mountain tourism
attracts approximately 375 million tourists annually, contributing 15% to 20% of global
tourism revenue. Benefiting from high-quality ecological environments and abundant
cultural resources, mountain tourism destinations are increasingly favored by tourists
seeking a return to nature and cultural experiences. As a key ecological security zone in
central China, Hunan Province possesses abundant mountain ecological resources, provid-
ing a solid foundation for the sustained enhancement of mountain ecosystem functions.
However, the inherent fragility of mountain ecosystems, coupled with the rapid increase
in tourism-driven CES demand, has intensified the imbalance between the supply and
demand of CES in the region [32]. Therefore, identifying critical CES conflict zones and
developing systematic coordination strategies are essential to achieving synergy between
ecological conservation and tourism development, optimizing natural resource allocation,
and promoting the sustainable evolution of mountain tourism systems.

Against this background, this study selected Hunan Province as a representative
mountain tourism area to test the following hypotheses: (1) Whether the MaxEnt model is
applicable and effective in evaluating the supply capacity of CES at a large-scale regions;
(2) Whether there is significant spatial heterogeneity in hot and cold areas of supply
and demand across different CES categories; (3) Whether socioeconomic factors such as
urbanization intensity have a significant impact on the supply capacity and the spatial
configuration of CES supply-demand patterns.

2. Materials and Methods
2.1. Study Area Overview

Hunan Province (108◦47′–114◦15′ E, 24◦38′–30◦08′ N), located in the middle reaches
of the Yangtze River, serves as a strategic transition zone between China’s eastern coastal
region and its western inland areas. Covering 211,800 km2, the province features a moun-
tainous terrain enclosing its eastern, southern, and western boundaries, accounting for
more than half of its land area (Figure 1). Hunan hosts rich natural and cultural resources,
including two UNESCO World Natural Heritage Sites—Zhangjiajie and Langshan—and
landmarks such as Mount Heng, the Xiang River, and Dongting Lake. As the birth-
place of revolutionary leaders Mao Zedong and Liu Shaoqi and home to eight ethnic
groups (e.g., Tujia, Miao, Dong), Hunan embodies both historical and ethnocultural di-
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versity. These attributes have shaped a distinctive cultural landscape and positioned the
province as a major tourism destination, receiving 658 million visitors and generating RMB
956.52 billion in revenue in 2023.

Figure 1. (a–c) Overview of the study area and spatial distribution map of scenic spots in
Hunan Province.

2.2. Overall Research Framework

Based on social media data and multiple analytical models, this study developed
an integrated framework for assessing and mapping the supply-demand pattern of CES
(Figure 2). The framework comprises four key components: (1) Building CES types indica-
tors; (2) Evaluating and mapping the demand level and supply capacity of CES; (3) Analyz-
ing the spatial distribution characteristics of CES supply-demand matching; (4) identifying
and examining the major driving factors influencing the CES supply-demand pattern.

Figure 2. Schematic representation of the integrated methodological framework for the evaluation
and spatial mapping of CES.

2.3. Data Collection and Processing

To analyze the supply and demand pattern of different CES in Hunan Province, a
comprehensive multi-source database was established, integrating attraction data, user
evaluation related data and environmental raster data (Table 1).
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Table 1. Data collection and processing.

Type Classification Name Description Source

Attraction data
Attraction name - Specific name of the

attraction
Ctrip online platform

(https://you.ctrip.com/)
Geographical coordinates

of attractions - Geographical location of
the attraction Baidu coordinate picker

User evaluation
related data

Comment text data - User-written description of
the attraction

Ctrip online platform
(https://you.ctrip.com/)Number of comments - Total number of user

comments

Rating data - Comprehensive rating of
attractions by users

MaxEnt
environment
raster data

Natural environmental
factors

ELEV Digital Elevation Model
(DEM)

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

SLO Slope Calculation based on DEM

NDVI Normalized difference
vegetation index

Zenodo open-access repository
(https://zenodo.org/)

LUCC Land use/cover
classification

GeoVIS Earth Developer Platform
(https://open.geovisearth.com/)

Spatial accessibility factors
DTW Distance to water bodies Calculation based on road network and

water body data from OpenStreetMap
(https://www.openstreetmap.org/)DTR Distance to transportation

routes

Socioeconomic factors

PD Population density Hunan Statistical Yearbook 2023 (https:
//tjj.hunan.gov.cn/gnxlm/wzjj/)

(acessed on 20 June 2024)
GDP Per capital gross domestic

product
UI Urbanization intensity

2.3.1. Attraction Data

Attraction data were collected from the Ctrip platform and Baidu Maps API [v 3.0] to
support spatial analysis. The dataset included all officially registered tourist attractions
in Hunan Province with corresponding names, coordinates, and administrative divisions.
After spatial correction and data cleaning, 946 validated attractions were retained, providing
a solid basis for CES supply–demand analysis.

2.3.2. User Review Data

To quantify the level of CES demand, user-generated content (UGC) from the Ctrip
platform (updated to June 2024) was extracted using Python-based web scraping and
preprocessing procedures. To ensure representativeness and reduce noise, samples with
fewer than 10 reviews or missing rating values were excluded. Textual data were rigorously
filtered by retaining only the most recent valid review per user ID and removing irrelevant,
off-topic, or exaggerated comments [33].

2.3.3. Environmental Variables

To accurately simulate the supply capacity of CES, environmental variables for the
MaxEnt model were selected from three dimensions—natural environment, spatial acces-
sibility, and socio-economic factors—based on the characteristics of Hunan Province. All
variables were standardized, and multicollinearity testing in SPSS 27.0 showed VIF values
below 3, indicating acceptable independence for subsequent modeling.

2.4. Analytical Methods
2.4.1. Construction of the CES Classification Framework

To analyze differences in supply–demand patterns of different CES types, a localized
CES classification was developed based on the Millennium Ecosystem Assessment frame-

https://you.ctrip.com/
https://you.ctrip.com/
https://www.gscloud.cn/
https://zenodo.org/
https://open.geovisearth.com/
https://www.openstreetmap.org/
https://tjj.hunan.gov.cn/gnxlm/wzjj/
https://tjj.hunan.gov.cn/gnxlm/wzjj/


Sustainability 2025, 17, 9702 6 of 18

work [34] and the regional characteristics of Hunan Province. Specifically: (1) extracting
high-frequency keywords from UGC data; (2) screening and determining representative
keywords through natural language processing (NLP) technology and manual semantic
verification; (3) thematically clustering the keywords, based on which 946 scenic spots were
divided into eight types of CES (Table 2).

Table 2. The basis for CES-type classification in Hunan province and the number of attractions
included.

CES-Type Regional Attributes Tourist Comment Keywords Attractions (n, %)

Esthetics Areas offering esthetic satisfaction
and mental enjoyment

lakes, rivers, streams, waterfalls, bays,
islands, mountains, ridges, flower

fields, etc.
334 (18.27%)

Recreation Offer venues and environments for
relaxation and leisure activities

wandering, taking photos, camping,
rowing, angling, drifting, skiing, etc. 363 (19.86%)

Cultural
diversity

Regions providing cultural or
traditional folk experiences

historic towns, traditional hamlets, festivals,
museums, arts, local customs, folklore, etc. 189 (10.34%)

Therapeutic
Areas enabling people to engage

with nature for therapeutic benefits
to body and mind

exercise, hiking, cycling, running, field
sketching, hot springs, oxygen bars,

summer retreats, vacations, etc.
229 (12.53%)

Biodiversity Regions that support species
habitation and reproduction

wetlands, conservation areas, flora,
zoological parks, endangered species, etc. 237 (12.96%)

Learning
Venues offering education, research,

and experiential learning
opportunities

Karst caves, peculiar rocks, exploration,
scientific observation, cognition,

revolutionary culture, etc.
262 (14.33%)

Historic
Areas that hold natural and cultural

heritage of significant
historical value

pavilions, steles, terraces, towers, pagodas,
relics, ruins, stone carvings, totems, rock

paintings, former residences, etc.
147 (8.04%)

Spiritual Regions that provide religious faith
and spiritual solace for people

temples, shrines, pagodas, filial piety,
Buddhist worship, prayer, religion, etc. 67 (3.67%)

2.4.2. Quantification and Spatial Mapping of CES Demand

To quantify CES demand in Hunan Province, this study integrated two key indicators
derived from the Ctrip platform: the composite rating of attractions (visitor satisfaction)
and the number of user reviews (public attention and visitation frequency). These metrics
jointly represent public preference intensity across CES categories [35]. For attractions
associated with multiple CES attributes, each site was assigned to all relevant categories
to capture the multidimensional nature of CES perception [36]. To minimize bias from ex-
treme variations in review counts, a stratified weighting scheme was applied: [10–20] = 10;
[21–100] = 20; [101–500] = 30; [501–1000] = 40; [>1000] = 50. Sensitivity analysis indicated
that spatial patterns of CES demand remained stable across weighing intervals, confirming
the robustness of the scheme. The CES demand value was calculated as:

Di = 10 × Si + Ni (1)

where Di denotes the CES demand value of site i; Si represents the composite rating score;
and Ni is the review-weighted value derived from the total review counts.

To visually reveal the spatial clustering characteristics of CES demand, kernel density
estimation was applied to map its spatial distribution. To improve regional comparability,
the density surface was reclassified using the quantile method: the top 20% were defined
as high-demand areas, the middle 60% as medium-demand areas, and the bottom 20% as
low-demand areas, assigned demand indices of 3, 2, and 1, respectively.
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2.4.3. Quantification and Spatial Mapping of CES Supply

To quantify the spatial distribution of CES supply in Hunan Province, this study
employed the MaxEnt model. The model estimates occurrence probabilities by contrasting
known sample points with background environmental attributes [37]. Owing to its low
parameter dependence and high robustness, MaxEnt is well suited to large-scale CES
studies characterized by limited or unevenly distributed samples.

Geographic coordinates of CES samples and environmental raster data were standard-
ized in ArcGIS 10.8 and exported in CSV and ASC formats for MaxEnt modeling. To ensure
the reliability of model evaluation, 75% of samples were used for training and 25% for
validation, with the Bootstrap method applied for 10 iterations to obtain mean results [38].
Model performance was evaluated using the Area Under the Receiver Operating Charac-
teristic Curve (AUC), where values closer to 1 indicate better performance. The resulting
ASCII raster representing CES supply potential was imported into ArcGIS for visualization,
and classified into high, medium, and low supply levels (indices 3, 2, and 1) using the
quantile method to generate CES supply hotspot maps.

2.4.4. Analysis of CES Supply and Demand Alignment

To quantitatively assess spatial mismatches between CES supply and demand in Hu-
nan Province, the Ecological Supply–Demand Ratio (ESDR) was used as the core evaluation
metric. The ESDR is a widely recognized indicator that measures the balance between
CES supply and demand, providing an intuitive quantification of regional surpluses or
deficits [39]. The ESDR was calculated as follows:

ESDR =
S − D

(Smax + Dmax)/2
(2)

In this equation, ESDR denotes the CES supply–demand ratio, where S and D are the
normalized values of supply and demand, respectively, and Smax and Dmax correspond to
their maximum normalized values. The ESDR ranges from −1 to 1: positive values indicate
supply exceeds demand, values near zero indicate balance, and negative values indicate a
supply shortfall.

Based on the calculated ESDR values, the spatial pattern of CES supply and demand
in Hunan Province was classified into three categories: demand zones (ESDR < 0), coordi-
nation zones (ESDR = 0), and enhancement zones (ESDR > 0).

2.4.5. Analysis of Factors Influencing Supply-Demand Matching

To explore the mechanisms driving the spatial distribution of CES supply and demand,
this study applied the GeoDetector model. The model quantifies the explanatory power
of potential drivers by assessing spatial consistency between dependent and independent
variables based on spatial stratified heterogeneity [40]. Free from linear assumptions,
GeoDetector effectively captures nonlinear and non-normal relationships, enabling robust
interpretation of complex socio-ecological interactions.

The analytical procedure was as follows. First, multiple environmental raster datasets
and the pattern distribution of CES supply and demand were preprocessed in GIS. To
improve analytical precision and spatial resolution, the study area was divided into uniform
grid cells of 5000 × 5000 m using the Create Fishnet tool in ArcGIS 10.8. After removing
incomplete edge cells, a total of 8480 valid analysis units were retained. Subsequently, using
the Spatial Analyst tool, ESDR values and environmental variables were extracted from
each cell centroid and exported for analysis. Finally, the standardized dataset was analyzed
using the GeoDetector model to quantitatively assess the influence of each environmental
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factor on the spatial pattern of CES supply and demand in Hunan Province and to identify
the dominant driving factors.

3. Results
3.1. Spatial Patterns of CES Demand

The spatial distribution of CES demand across Hunan Province exhibits pronounced
heterogeneity among the eight evaluated CES categories (Figure 3). High-demand areas are
primarily concentrated around urban hubs and major scenic locales, collectively forming
a characteristic multi-nodal spatial configuration. Among all categories, high-demand
areas for biodiversity and learning services were the most extensive, accounting for 13.7%
and 13.2% of the province’s total area, respectively, while spiritual services exhibited
the smallest spatial extent (3.0%). The remaining categories ranked by the proportion of
high-demand areas were as follows: therapeutic (12.1%), esthetic (11.0%), historic (10.1%),
cultural diversity (8.8%), and recreation (6.9%).

Figure 3. Spatial distribution patterns of demand for eight categories of CES in Hunan province.

Distinct spatial patterns were evident for various categories of CES: (1) Demand
for esthetic and learning services was concentrated in ecologically scenic areas such as
Mangshan, Hengshan, and the Dehang Grand Canyon, where magnificent landscapes
and unique landforms are regarded as key sources of natural beauty and environmen-
tal knowledge. (2) Recreational demand was predominantly focused in urbanized areas,
closely associated with high population density and economic development, particularly
within the Chang-Zhu-Tan metropolitan area. (3) Historic and cultural diversity demands
were mainly distributed in regions rich in historical landmarks and cultural heritage,
including Chang-Zhu-Tan, Hengyang, and Xiangxi. (4) Therapeutic and biodiversity de-
mands were prominent along the Xiang River, Dongting Lake ecological corridor, and
key ecological regions such as Wuling Mountains and Nanling Mountains. These areas
serve as critical habitats and align with public demand for nature-based health benefits.
(5) Spiritual service demand exhibited a linear distribution pattern associated with
well-known religious landmarks, extending across Changsha, Xiangtan, Hengyang, and
Yongzhou.
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3.2. Spatial Patterns of CES Supply

The AUC values of both the training and validation datasets in the MaxEnt model
exceeded 0.85, with more than half of them above 0.90, indicating high predictive accuracy
and model stability [41] (Table 3). The model outputs revealed that all eight categories
of CES in Hunan Province exhibited substantial supply potential. High-supply areas
predominantly concentrated across urban centers, major water systems, mountain ranges,
and cultural heritage sites, extending outward along transportation networks and water
systems, with supply capacity gradually decreasing across space (Figure 4). Among the
various services, esthetic and therapeutic services constitute the largest proportion (19.7%),
followed by biodiversity (19.0%), recreation and learning services (18.8%), while spiritual
services exhibited the smallest share (9.3%).

Table 3. The area under the characteristic curve (AUC) values of the standard deviation, training
subset, and testing subset of the eight types of cultural services in Hunan province.

Types of Cultural
Ecosystem Service

Standard
Deviation

Area Under the
Curve (AUC) Value

of the Training

Area Under the
Curve (AUC) Value

of the Testing

Esthetics 0.02 0.89 0.88
Recreation 0.01 0.92 0.92

Cultural diversity 0.03 0.93 0.90
Therapeutic 0.02 0.90 0.89
Biodiversity 0.02 0.91 0.90

Learning 0.02 0.91 0.89
Historic 0.02 0.92 0.93
Spiritual 0.01 0.92 0.94

Figure 4. Spatial distribution patterns of supply for eight categories of CES in Hunan province.

Distinct spatial characteristics were observed among different CES supply types:
(1) Esthetic, therapeutic, and biodiversity high-supply areas were predominantly provided
in ecologically superior lake and mountain regions, such as Dongting Lake, Tianmen
Mountain, and Mangshan. (2) Recreational services were mainly concentrated in the
central areas of economically developed cities, particularly Changsha, Yueyang, Changde,
and Hengyang. (3) Learning, historic, and cultural diversity services were primarily
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sustained by national and provincial historical and cultural cities and their surrounding
areas, notably Changsha, Fenghuang County, Yueyang, and Yongzhou. (4) Spiritual services
were distributed in regions with a rich religious heritage and a high density of sacred sites,
such as Changsha, Hengyang, Chenzhou, and Xiangxi.

3.3. Spatial Patterns of CES Supply and Demand

In the overall spatial distribution of various CES categories in Hunan Province,
coordination zones constituted the largest proportion (45–70%), followed by demand
zones (20–30%), with enhancement zones accounting for the smallest share (5–20%).
(Figures 5 and 6; Table 4). This pattern indicates that although CES supply is generally
adequate across the province, certain areas continue to experience issues such as underuti-
lization of resources and low efficiency in CES value transformation. The detailed findings
are as follows:

Figure 5. Supply-demand matching types and the proportion of area for eight categories of cultural
service in Hunan province.

Figure 6. Spatial distribution patterns of supply-demand matching across eight categories of CES in
Hunan province.
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Table 4. Eight categories of cultural service supply-demand matching types and the proportion of
area in Hunan province.

Types of Cultural
Ecosystem Service

Supply—Demand

Supply Is Less than Demand Balance Supply Exceeds Demand

Low-
Mid

Low-
High

Mid-
High

Low-
Low

Mid-
Mid

High-
High

Mid-
Low

High-
Low

High-
Mid

Esthetics 13.92 1.09 4.12 2.25 36.61 11.88 15.24 2.69 12.20
Recreation 4.58 0.07 2.03 5.47 26.72 11.59 31.48 4.58 13.49

Cul-diversity 14.96 1.13 5.22 23.44 27.34 2.12 24.38 0.29 1.13
Therapeutic 1.86 0.09 7.20 6.64 42.84 4.29 31.26 1.43 4.38
Biodiversity 4.29 0.18 8.30 4.76 43.45 4.81 29.17 0.75 4.29

Learning 4.10 0.28 8.55 2.50 51.80 3.77 25.74 0.76 2.50
Historic 14.38 1.76 5.94 24.92 23.64 2.19 24.73 0.58 1.86
Spiritual 3.93 0.71 1.18 62.09 6.62 0.87 22.73 0.98 0.90

3.3.1. Demand Zones

The demand zones for different CES categories in Hunan Province were relatively
limited in extent, generally characterized by a “low-supply–medium-demand” structure.
Among all service types, (1) historic (22.1%), cultural diversity (21.3%), and esthetics (19.1%)
had the largest demand zones, mainly distributed in culturally rich regions such as Xiangxi,
Yongzhou, Changde, and Yueyang County. (2) Learning (12.9%) and biodiversity (12.8%)
demand zones exhibited considerable spatial overlap, concentrated in ecologically favorable
areas such as Wuling Mountains, Mount Heng, and Dongting Lake. (3) Recreational
demand zones (6.7%) were mostly located in the buffer areas surrounding major scenic
attractions, including Xiangxi, Wulingyuan, and Yueyang Tower. (4) Therapeutic demand
zones (9.1%) were clustered around Junshan Island, Mangshan, and hot spring areas such
as Jiangya and Haitang. (5) Spiritual demand zones accounted for the smallest proportion
(5.8%), dispersed among well-known religious sites including Nanyue Temple, Wanfosi
Temple, and Bailu Temple.

Overall, CES demand zones tended to cluster around scenic areas with superior natural
conditions and convenient transportation, reflecting high service demand and increasing
resource pressure driven by tourism development.

3.3.2. Coordination Zones

Coordination zones dominated the spatial structure of CES in Hunan Province, primar-
ily characterized by a “moderate-supply–medium-demand” pattern. Specifically, spiritual
coordination zones accounted for the highest proportion (69.6%), mainly concentrated
in Xiangxi, while recreational coordination zones occupied the smallest share (43.8%),
predominantly distributed along the Xiang River Basin. Cultural diversity (52.8%) and
historic value (50.8%) coordination zones were concentrated in the peripheral counties of
Shaoyang, Loudi, Zhangjiajie, Changde, and Chenzhou. These areas, though relatively lim-
ited in cultural infrastructure, have low population densities and moderate CES demand,
which helps maintain supply-demand equilibrium. The coordination zones of other CES
categories were more scattered.

In general, Hunan Province exhibited good overall CES coordination; however, tar-
geted improvements remain necessary, particularly in recreational and historic services.

3.3.3. Enhancement Zones

Enhancement zones occupy over 20% of the land area, generally exhibiting a “medium-
supply–low-demand” structure. Among all categories, Recreational services comprise the
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largest proportion (49.5%), followed by therapeutic (37.1%) and biodiversity (34.2%), while
spiritual services hold the least proportion (24.6%). The proportions of other CES categories
were relatively similar.

Spatially, the spiritual service enhancement zones formed a corridor linking Yueyang,
Changsha, Loudi, and Shaoyang. The esthetic, recreational, learning, biodiversity, and
therapeutic enhancement zones were mainly concentrated in the Wuling Mountains (Xi-
angxi), the Xuefeng Mountains (western Shaoyang), and the Luoxiao Mountains (eastern
Chenzhou). These areas are rich in natural resources and ethnic cultural heritage; however,
disadvantages such as poor transportation accessibility and low regional visibility limit the
transformation and utilization of cultural services.

Overall, although the CES enhancement zones in Hunan Province possess a solid
ecological and cultural resource foundation, the value of CES has not been fully realized
due to constraints related to transportation accessibility, infrastructure development, and
public awareness.

3.4. Detection of Driving Factors Influencing CES Supply-Demand Matching
3.4.1. Single-Factor Analysis

The single-factor analysis (Table 5) indicated that urbanization intensity and land
use type are the primary drivers of the cultural ecosystem service (CES) supply–demand
patterns in Hunan Province. Further analysis reveals that urbanization intensity plays a
dominant role across multiple CES categories, exerting the strongest influence on esthetic
and recreational services. Land use patterns profoundly shape regional cultural diversity,
educational values, and historical heritage by regulating the continuity of cultural practices,
integrity of heritage conservation, and structure of natural landscapes. In addition, NDVI,
proximity to water bodies, and population density significantly contribute to the spatial
heterogeneity of CES.

Table 5. Geographic detector single factor detection results.

Types of CES Value
Influencing Factors

UI ELEV DTR DTW GDP NDVI SLO PD LUCC

Esthetics
q 0.24 0.01 0.18 0.03 0.08 0.17 0.01 0.16 0.10
p 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Recreation
q 0.35 0.07 0.20 0.04 0.23 0.35 0.06 0.33 0.28
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cultural diversity q 0.08 0.05 0.18 0.11 0.05 0.42 0.05 0.10 0.49
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Therapeutic q 0.31 0.05 0.20 0.04 0.22 0.28 0.05 0.24 0.23
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Biodiversity q 0.30 0.04 0.21 0.04 0.19 0.29 0.05 0.26 0.20
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Learning q 0.18 0.01 0.20 0.07 0.08 0.29 0.03 0.18 0.30
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Historic
q 0.12 0.03 0.24 0.14 0.03 0.30 0.03 0.10 0.30
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Spiritual q 0.38 0.13 0.36 0.13 0.19 0.25 0.07 0.35 0.27
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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3.4.2. Interactions Among Driving Factors

The explanatory power of two-factor interactions exceeds that of any single factor
in accounting for the supply–demand matching patterns of the eight CES categories in
Hunan Province (Figure 7). These findings indicate that these patterns are governed by
the synergistic effects of multiple factors rather than the linear influence of individual
variables. Specifically, the interplay between factors influencing esthetic and learning
values is primarily marked by nonlinear enhancement, whereas the other six CES categories
mainly exhibit bi-factor enhancement patterns. Further investigation indicates that, except
for spiritual services, the most significant interactive effects among the other seven CES
categories consistently involve the NDVI (X6) paired with other variables. This highlights
NDVI’s crucial role in influencing CES spatial distribution and underscores the fundamental
ecological importance of vegetation cover.

Figure 7. Heatmap illustrating the interaction detection results for the eight categories of CES
dual factors in Hunan province. # denotes nonlinear enhancement; no symbol indicates bivariate
enhancement; X1: Urbanization intensity; X2: Elevation; X3: Distance to roads; X4: Distance to water
bodies; X5: Per capita GDP; X6: Vegetation cover; X7: Slope; X8: Population density; X9: Land use.
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4. Discussion
4.1. Regional-Scale Assessment of CES Supply and Demand

Discrepancies between the supply and demand of CES undermine both their ecolog-
ical and social benefits [27]. Consequently, the spatial mapping of these mismatches is
essential for evidence-based resource management and sustainable development planning.
This study was conducted in Hunan Province and employed an integrated approach com-
bining ArcGIS spatial analysis with the MaxEnt modeling framework to quantify supply
and demand across eight CES categories. The analysis used a comprehensive dataset
incorporating online tourist reviews, attraction ratings, and multi-source environmental
variables. In contrast to prior research, which often focused on parks, urban green spaces,
or nature reserves [29,30], this study fully incorporates social-media data, characterized
by broad spatial coverage, high update frequency, and independence from administra-
tive boundaries [22]. This integration enabled the fine-scale, province-wide mapping
of CES supply-demand relationships, offering a scalable framework to inform regional
coordination and ecological conservation strategies.

4.2. MaxEnt Model and Predictive Performance

This research advances previous applications of the MaxEnt model [24,26] by inte-
grating socioeconomic indicators—namely, urbanization level, population density, and per
capita gross domestic product (GDP)—into the suite of environmental variables, alongside
biophysical and geographical factors. This comprehensive “nature–society” analytical
framework strengthens the model’s ability to capture the multifaceted mechanisms gov-
erning the supply of CES and facilitates a deeper examination of the interactions between
regional socioeconomic dynamics and ecosystem service provision. In this study, the model
demonstrated high prediction accuracy, highlighting the robustness and reliability of the
MaxEnt model in characterizing the spatial heterogeneity of CES supply and demand at the
regional scale. The findings affirm that, even in regions with limited access to conventional
statistical data, the distribution of CES can be effectively evaluated and spatially inferred
by integrating social media data with machine learning methodologies.

4.3. Spatial Heterogeneity and Consistency Validation of CES Supply and Demand

The spatial distribution of CES supply and demand in Hunan Province exhibits
pronounced heterogeneity, demonstrating a typical pattern of “concentrated urban demand
and dispersed ecological supply.” This pattern is primarily driven by two factors: The
process of urbanization has fostered concentrated demand for cultural consumption and
activities, while natural resource endowments determine the potential and distribution of
services from the supply side. This finding is highly consistent with the research results of
Vrbičanová [42] and Alvarez-Codoceo [43], indicating that the spatial separation of supply
and demand of CES is likely the inevitable result of the combined effects of urbanization
and regional differentiation of natural endowments, revealing the fundamental division of
labor in cultural service functions between urban and rural systems.

This study further reveals that balanced CES regions are primarily located in the
transitional zones between cities and scenic spots. These areas feature both high popula-
tion density and strong ecological foundations, effectively bridging concentrated cultural
demand with continuous ecological supply. This “transition zone balance” aligns with the
spatial flow model of cultural services proposed by Li [44], highlighting the pivotal role
of urban fringes as “spatial carriers” and “functional hubs” for coordinating supply and
demand. Rather than serving merely as buffers for urban overflow, these areas are key
nodes for the transformation and circulation of ecological service values.
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4.4. Drivers of CES Supply and Demand Patterns

GeoDetector analysis shows that urbanization intensity and land use structure are the
primary determinants of the spatial pattern of CES supply and demand in Hunan Province,
reinforcing the assertion that CES patterns are closely related to regional development
gradients [45]. Urbanization drives the conversion of natural ecological spaces into con-
struction land. This process systematically weakens the supply of cultural services while
simultaneously driving up demand due to population and economic concentration. The
resulting spatial imbalance between supply and demand reveals the inherent structural
contradictions in cultural services during urbanization, highlighting the need for refined
spatial governance and ecological planning to promote balanced regional development.

The results of the bivariate interaction detection further showed that the interaction
between the Normalized Difference Vegetation Index (NDVI) and other driving factors
exerted the strongest explanatory power, highlighting the critical role of vegetation cover
in maintaining ecosystem service functions and regulating spatial supply-demand pat-
terns [46]. Vegetation not only directly contributes to esthetic value and psychological
well-being, but also plays a vital role in mitigating the urban heat island effect and en-
hancing ecological livability, underscoring its importance in sustaining balanced cultural
ecosystem services across urban–rural gradients.

4.5. Implications for Planning Management

This study emphasizes that regional planning should be committed to coordinat-
ing the supply and demand of ecosystem services, comprehensively managing urban
growth boundaries and ecological protection spaces, scientifically guiding the optimization
of land use structure, and forming an ecological pattern with a reasonable layout and
functional connectivity.

For Hunan Province, it is essential to develop region-specific strategies for tourism
resource management to promote sustainable and high-quality tourism development. This
can be advanced through three key approaches:

(1) Optimize spatial layout and strengthen coordination. Given the significant spatial
heterogeneity of high-value CES supply–demand areas, it is necessary to system-
atically identify the distribution and types of imbalanced regions, make rational
use of transitional zones, and enhance spatial connectivity between high-supply
and high-demand areas to achieve effective matching of tourism resources and
regional synergy.

(2) Enhance the supply capacity of demand-driven cultural service areas. By improving
tourism infrastructure, diversifying products and routes, and advancing ecological
restoration and environmental management, the growing demand from tourists can
be effectively met.

(3) Improve the value transformation efficiency of supply oriented cultural service areas.
Through strategies such as digital promotion, collaborations with popular IPs, and
improved transportation accessibility, the ecological and cultural advantages can be
transformed into tourism attractiveness and economic benefits, thereby supporting
the sustainable use of ecosystem services and the long-term development of the
tourism industry.

4.6. Study Limitations and Future Research Directions

This study systematically reveals the spatial pattern and driving mechanism of CES
supply and demand at the provincial level, but it also has certain limitations. First, the
data mainly comes from user-generated content (UGC) on the Ctrip platform. Although
it has advantages such as wide coverage and strong timeliness, its user group is mainly
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digitally active people, which may underestimate the cognition and demand of marginal
groups such as the elderly and children for CES [47]. Second, although using the provincial
level as the analysis unit helps to grasp the overall spatial heterogeneity, it is difficult to
deeply reveal the socio-economic and governance mechanisms that lead to local supply
and demand imbalances.

Future research can be improved in two aspects. At the data level, multi-data in-
tegration should be promoted to improve sample representativeness. Specifically, the
following paths can be taken: (1) Integrate data from multiple tourism platforms to build
a more comprehensive user portrait and correct single-source bias; (2) Combine offline
survey methods (such as questionnaires or interviews for the elderly) to achieve mutual
verification of online findings and offline cognition. At the scale level, it is recommended
to conduct case studies in typical areas of supply and demand imbalance to enhance the
actual explanatory power and policy applicability of the macro pattern and provide a more
scientific and operational basis for regional ecological service management and sustainable
tourism development.

5. Conclusions
Taking Hunan Province as a representative mountain tourism region, this study

integrated multi-source data to analyze and detect the spatial matching patterns and
driving factors of CES supply and demand. The main findings are as follows:

(1) High-supply and -demand CES areas exhibit pronounced spatial heterogeneity. High-
demand areas are characterized by a “multi-core, clustered” distribution centered on
major scenic attractions, whereas high-supply areas predominantly cluster around
urban hubs, water systems, and mountain ranges, extending outward along trans-
portation corridors and river systems with a gradual decrease in intensity.

(2) According to the CES supply-demand pattern, Hunan Province can be classified
into demand, coordination, and enhancement zones. Coordination zones dominate
(45–70%), followed by demand zones (20–30%), while enhancement zones account for
the smallest proportion (5–20%).

(3) Urbanization intensity and land use patterns constitute the major drivers of CES
supply-demand congruence, followed by vegetation cover, proximity to water, and
population density.

(4) The explanatory power of two-factor interactions exceeds that of individual factors
across all eight CES categories, highlighting the critical role of synergistic multi-factor
in shaping the spatial patterns of CES.

The comprehensive research framework for CES supply and demand patterns con-
structed in this study is highly portable and scalable, providing a methodological reference
for resource management and spatial planning in other mountainous regions. The research
findings not only contribute to tourism development and ecological conservation practices
in Hunan Province, but also provide practical analytical tools and decision-making support
for promoting sustainable mountain tourism development globally.
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