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Abstract: Mountainous regions typically exhibit a strained relationship between humans and the
land, with noticeable spatial differences in the supply and demand of ecosystem services (ESS
and ESD, respectively). ESS and ESD display varying characteristics at different spatial scales.
Research on ESS and ESD at multiple scales can aid regional development and efficient ecosystem
management. However, the current research focuses on ESS and neglects the ES characteristic changes
at different scales. This study concentrates on the Hengduan Mountain region in southwest China. It
evaluated ESS and ESD, analyzed the spatial matching relationship, and proposed a corresponding
development strategy. The results demonstrated four key findings. First, ESS displayed an inverse
spatial distribution on the two scales and was lower in the north and higher in the south at the raster
scale. Over the period 2000–2020, ESS exhibited a pattern of initial increase, followed by a decrease,
albeit with varying spatial patterns. Changes in land use primarily drove these ESS changes. Second,
ESD increased from northwest to southeast on both scales and showed a rising trend over time.
Third, at the grid scale, the low supply and low demand (L-L) region is primarily situated in the
northwestern part, and it is crucial to prevent grassland degradation and manage grazing intensity.
The low supply and high demand (L-H) region is located in the southeast, where the protection of
cultivated land, along with comprehensive control of rocky desertification and debris flow, should be
prioritized. High supply and low demand (H-L) are found in the northern mountain area, where
paying attention to soil erosion control is essential. For areas with high supply and high demand
(H-H) types, efforts should be directed toward maintaining forest habitat integrity. Fourth, on the
county scale, L-H types should focus on realizing the ecosystem service value and implementing
ecological agriculture. H-L counties can appropriately develop economic activities. Simultaneously,
ecological compensation should be conducted among counties.

Keywords: ecosystem service supply; scales; demand; land use change; Hengduan Mountain region

1. Introduction

According to the ecosystem services (ES) cascade framework [1], ecological functions,
derived from ecosystem structures and processes, form ecosystem services. These services,
in conjunction with other forms of capital, ultimately contribute to human well-being [2,3].
ESs, as an intermediate link in this process, effectively bridge the natural and social ecosys-
tems, biogeographic processes, and human well-being [4–8]. Therefore, research on ESs
requires a comprehensive study that involves multiple disciplines, including natural sci-
ence, sociology, and management [4]. The supply and demand of ecosystem services (ESS
and ESD, respectively) mirror the changes in natural and societal systems, respectively,
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which are crucial aspects of ecosystem service research [9,10]. At the natural ecosystem,
climate change profoundly affects natural capital and ESS, leading to future uncertainty.
At the same time, in socioeconomic systems, the rapid pace of urbanization and economic
development will persistently escalate ESD. The discrepancy between the supply and de-
mand of ecosystem services has given rise to a series of ecological issues [11]. For instance,
to satisfy the demand for timber, extensive deforestation has occurred, leading to soil
erosion and other ecological problems [12]. Based on the spatial difference analysis of ESS
and ESD, the enrichment and shortage regions can be effectively identified, and different
development strategies can be proposed for each region [13,14]. Policies will promote the
balanced development of ESS and ESD by adjusting the land use intensity and other human
activities, which will further help achieve the regional sustainable development goal [9].

Research on ESs has been conducted for many years, focusing primarily on ESS [15].
Numerous scholars have extensively studied the value of ESS [16,17], the quantitative as-
sessment of individual ES [18,19], the trade-off among multiple ESs [20–22], and ecosystem
service clusters [23,24]. These studies have significantly enriched the ES literature. The
study of ESS is intrinsically linked to the study of ESD [25]. Currently, the research on
ESS, ESD, and their corresponding relationships is in its nascent stage [26–28]. Various
methodologies have been developed to examine the supply and demand of ecosystem
services. The matrix method, proposed by Burkhard et al. [29], uses expert scores for
various land use types as their ESS and ESD values, encompassing 22 ESs and 24 land use
types. This method has seen enhancements and applications at the regional level [30–32]
because it requires less data. However, it is intrinsically influenced by the quality of the
experts and tends to exhibit subjectivity. Other researchers are focusing on individual
ESs, evaluating ESS using ecological models, and considering ecosystem service usage
as ESD. The methodologies differ across various ESs [5,9,33]. For instance, Sun et al. [34]
employed this method to assess the supply and demand of a range of ESs, including soil
and water conservation, carbon sequestration, and wood production in northeast China.
While this method provides a detailed description of the supply and demand relationship
for individual ES, the calculation process is complex. Compared with the first two meth-
ods, the third method considers the ecosystem services value (ESV), calculated using the
equivalent method, as supply. It quantifies ESD based on economic and population data,
thereby simplifying the assessment process to some degree and enriching the influencing
factors. This method has been used in ecological protection and restoration zoning, as well
as regional development strategies in numerous areas [13,14,35].

China is a country characterized by a broad distribution of mountains, with such
terrain constituting approximately 70% of its total land area [36]. In the strategic planning
for key ecosystem protection and restoration projects in China for the period 2021–2035,
many mountainous regions, including Changbai Mountain, Nanling Mountain, Qinling
Mountain, and Qilian Mountain, are incorporated within ecological barrier areas and
ecological belts. This inclusion underscores the significant and diverse ecosystem service
supply capabilities of these mountainous areas [37]. The direct use of land in mountainous
regions is considerably limited, owing to substantial terrain variations, often resulting in a
strained relationship between humans and the land [38]. Populations and urban areas are
predominantly concentrated and distributed in relatively slow areas, and the level of ESS
usually presents obvious vertical heterogeneity. Consequently, there are significant spatial
differences in ESS and ESD within mountainous regions [39]. Mountainous regions are
typically economically underdeveloped areas with minimal economic activity. In the con-
text of urbanization and industrial advancement, these regions are also likely to experience
rapid development, which will inevitably affect ESS and ESD. Conducting research on ESS
and ESD in mountainous areas could support regional management strategies, facilitating
a balance between regional ecology and economy. Moreover, ecogeographic elements, as
well as ESS and ESD, display varying characteristics at different scales. The pronounced
spatial heterogeneity resulting from the rugged terrain in mountainous regions further
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amplifies the differences in ESS and ESD across various scales. Studying ESS and ESD at
different scales will assist in proposing effective management measures.

As an important ecological security barrier in China, southwest China has been listed
as an important research area to conduct relevant ecosystem services research based on
biophysical model assessment. However, existing studies mostly focus on the spatial
characteristics of ecosystem service supply and its tradeoff effects [40–42], and there is a
lack of ESD research in ecologically complex regions to a certain extent. In addition, it is
not sufficient to explore the changes in ES characteristics in large spatial areas at different
scales. In this study, we chose the Hengduan Mountain region (HD region), a location
characterized by a complex relationship between humans and the land, as our research area.
We evaluated the supply and demand of ESs over the past two decades and conducted
matching analyses, focusing on changes at both grid and county levels. The objectives
include (1) elucidating the drivers of ESS and ESD changes based on their spatiotemporal
characteristics and (2) proposing different regional development strategies based on the
corresponding analysis of ESS and ESD matching at different scales. The findings from this
research are anticipated to offer scientific backing for regional development and ecosystem
management.

2. Materials and Methodology
2.1. Study Area

The HD region, located in southwest China (Figure 1), exhibits a terrain that progres-
sively increases from southeast to northwest. This region is primarily characterized by
mountains and ravines. It boasts a variety of climate types and a rich vertical gradient of
vegetation, leading to abundant biodiversity, particularly in northwest Yunnan. The HD
region, being the upper reaches of numerous rivers and having a wide distribution of eco-
logical land, provides significant ESs. However, the population distribution in the region is
relatively concentrated, resulting in an uneven demand for these services. Consequently,
there is a spatial mismatch between the distribution of ESS and ESD. This region, therefore,
serves as an excellent example for studying the spatiotemporal variation of ESS and ESD.

2.2. Data source and Preparation

This study primarily uses land use data, derived from the 30 m land use interpretation
data of Wuhan University, encompassing the years 2000, 2010, and 2020. Additionally,
these data are employed to compute the comprehensive index of land use degree. The
original data comprise nine categories: cropland, forest, shrub, grassland, water, snow/ice,
barren land, impervious land, and wetland. Following the methodology of previous
research [43,44], we consolidated shrubs with forest into a single category, and merged
snow/ice into wetland, resulting in a seven-category land use data set. Data pertaining to
grain production, sown area, and grain prices were sourced from the Statistical Yearbook.
Spatial distribution data for population and gross domestic product (GDP) were obtained
from the Resource and Environmental Science Data Center of the Chinese Academy of
Sciences”https://www.resdc.cn/ (accessed on 1 September 2023)”.

2.3. Methods
2.3.1. Mapping ESS

In this study, we use ESVs as an index of ESS level. We refer to the framework of
equivalent factors developed by Xie et al. [45], which provides an ESV assessment method
specifically designed for China and has been employed extensively in ecosystem services
research across various regions [13,35]. This method uses the natural grain production
capacity (the grain yield of one hectare) of cultivated land as a benchmark to calculate the
value of diverse ESs for other types of land use by multiplying the coefficient. We have
calibrated the equivalent factor table with the assistance of vegetation growth data to make
it suitable for the HD region [44].

https://www.resdc.cn/
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We calculated the per unit area value of grain production for the years 2000, 2010,
and 2020 for grain crops, which include soybeans, wheat, corn, and rice. Considering the
influence of economic prices, we have converted the 2010 and 2020 values to constant
2000 prices [44]. Our results reveal that the per unit area grain production capacity of
cultivated land in the HD region is 1000 CNY/ha. We posit that built-up land negatively
affects the supply of ecosystem services. By consulting the relevant literature [46] and
incorporating information from the HD region, we determined that the per unit area value
of ESs for built-up land is −10,531.78 CNY/ha. ESS in the Hengduan Mountain area is
calculated using the following formula:

ESS =
7

∑
i=1

(
Eij × Aj

)
.

In this expression, Eij refers to the unit value of ESVi in ecosystem j, and Aj is the area
of land type j.

2.3.2. Mapping ESD

Currently, scholars offer varying definitions of ESD. In this study, we concur with
Villamagna et al. [47], who argue that ESD refers to the ecosystem services that humans can
acquire or consume. The level of demand for ecosystem services is intimately tied to the
level of socioeconomic development.
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It is widely accepted that ESD is influenced by the extent of land use development,
population density, and the level of economic development [13]:

ESDi = LUDi × lg(Pi)× lg(Gi),

where ESDi represents the ESD value of grid i, LUDi represents the degree of land use
development in grid i, Pi represents the population in grid i, and Gi represents the GDP of
grid i.

Drawing on the relevant literature [48], we allocated distinct values to various land
use types to denote their respective degrees of development. Unused land was assigned
a value of 1; forest, grassland, and water were assigned a value of 2; cultivated land was
assigned a value of 3; and built-up land was assigned a value of 4. When a calculation unit
contains multiple land use types, the degree of land use development is ascertained by the
type of land use and its proportion. The higher the degree of land use development, the
greater the need for ESD support. This yields the following formula:

LUDi =
n

∑
i=1

Ai ×
Si
S

,

where Ai is the grade of development intensity for the land use type, Si is the area of grade
i land use, S is the total area of land use within the evaluation unit, and n is the graded
number of land use degree.

The demand for ecosystem services increases with population growth. In this study,
we use the GDP as an indicator of economic development. A higher GDP corresponds to a
greater need for ecosystem services.

2.3.3. Matching the Degree of ESS and ESD

The four-quadrant method effectively illustrates the relationship between ESS and
ESD and has been used in numerous studies [13,14]. The units of ESS and ESD can be
removed through standardization, thereby facilitating a more effective comparison between
the two. The following Z-score method is typically employed for standardization:

ESI =
ESIi − ESI
std(ESI)

,

where ESI denotes the ES index (ESS or ESD), i stands for grid i, ESI stands for the average
value of ESI, and Std (ESI) is the standard deviation of ESI.

The normalized ESS and ESD values are matched and positioned in a two-dimensional
coordinate system, with ESS on the x-axis and ESD on the y-axis. The first quadrant signifies
a high supply and high demand (H-H type), the second quadrant indicates a low supply
and high demand (L-H type), the third quadrant denotes a low supply and low demand
(L-L type), and the fourth quadrant represents a high supply and low demand (H-L type).
The H-L and L-H types depict two kinds of supply and demand mismatches, with H-L
being the more desirable state.

3. Results
3.1. ESS at the Raster and County Scale
3.1.1. Spatial Distribution of ESS

On the raster scale, ESS exhibited significant spatial variations (Figure 2). We catego-
rized ESS values, noting that areas with negative values are extremely limited, primarily
coinciding with the regional county seat. The area where ESS ranged between CNY zero
and one million was small, constituting only 4.28% of the entire region (using the year 2000
as a reference). These areas were dispersed in low-lying intermountain basins or valleys in
the southern part of the study area, such as the Anning River Valley in Xichang, Xundian
Basin in Xundian and Chongming counties, basins in Binchuan and Xiangyun counties,
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and Lijiang Basin. The regions where ESS ranges between CNY one and two million were
predominantly located in the north and southeast of the study area, covering approximately
56.29% of the total area. Specifically, the northern part encompasses Jiangda–Gongjue coun-
ties, areas from Serta to Litang counties, and most of Aba and Hongyuan counties. The
southeastern part included the southwest of Sichuan Basin (Xide, Meigu, and Zhaojue
counties) and the southeast corner of the HD region (Qiaojia–Huize–Xundian counties). Re-
gions with an ESS between CNY two and three million were widely dispersed (accounting
for about 39.11% of the entire region) and primarily concentrated in the southern part of the
HD region, areas surrounding river valleys in the northern part, and the northwestern edge
of Sichuan Basin. The areas in the north extend along major rivers, such as the Lancang
River, Jinsha River, Yalong River, and Dadu River, exhibiting a tree-branching distribution.
The area with an ESS above CNY three million is a mere 0.31% and is scattered.
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At the county scale, ESS exhibited a distribution pattern distinct from that observed at
the raster scale. Overall, ESS values ranged from CNY 27 million to 27,722 million. Counties
with ESS values less than CNY 5000 million were primarily located in the southeastern
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region, including Ganluo, Meigu, Zhaojue, Puge, Qiaojia, Miyi, and Yongren counties, as
well as the southern part of the HD region, such as Jianchuan, Heqing, Binchuan, Xiangyun,
and Yaoan counties. Counties with ESS values ranging from CNY 5000–10,000 million
were primarily in the south, including Huidong and Lufeng counties in the southeast, and
counties along the three parallel rivers in the west, extending from Gaongshan to Yongping
counties. This group also includes some counties in the central region, such as Derong
and Xiangcheng, along with some northeastern counties ranging from Heishui to Baoxing,
Jinchuan, Danba, and Luhuo. Eighteen counties, primarily located in the northern region,
including areas from Garze to Jiuzhaigou and Xinlong–Daofu–Yajiang, Xiaojin, as well as
some western counties, such as Chayab, Deqin, and Batang, have an ESS value fluctuating
between CNY 10,000 and 15,000 million, with a relatively concentrated distribution. Seven
counties, including Jiangda, Dege, Baiyu, and Mangkang in the northwest, Kangding in the
east, and Yanyuan and Lijiang Gucheng in the central region, have ESS values ranging from
CNY 15,000 to 20,000 million. Only three counties, namely Litang, Muli, and Shangri-La,
located centrally, have ESS values exceeding CNY 20,000 million.

3.1.2. Temporal Changes of Ecosystem Service Supply

In terms of total value, the ESS of the HD region was valued at CNY 787 billion in 2000
and CNY 792 billion in 2010. We assessed the rate of ESS changes from 2000 to 2010 and
2010 to 2020 on a raster scale, considering changes between −5% and 5% as stable. Overall,
areas with stable ESS values accounted for approximately 83.34–85.96% of the total from
2000 to 2020 (Figure 3).

In the HD region, areas with declining ESS values represented approximately 5.52%
from 2000 to 2010, while areas with increasing ESS values were more extensive, constituting
about 8.52% of the entire region. In the southern part of the HD region, the areas of ESS
increase and decrease were interspersed. Most areas with ESS increases were situated in
mountainous regions, such as the high-altitude areas in the southeast corner of the HD
region, the mountainous areas stretching from Heqing to Dali and Xiangyun county in
the southwest, the mountainous areas of Yongping in the southwest corner, and the valley
extending from Weixi to Lanping. The regions exhibiting a decrease in ESS are primarily
flat areas, including the vicinity of Panzhihua, the mountain valley bordering Heqing and
Yongsheng counties, and the valley and basin stretching from Xichang to Yanyuan and
Dechang. Conversely, in the northern section, ESS predominantly displayed an increasing
trend, notably in the mountainous region in the northeast, the mountainous terrain from
Dege to Luhuo, and the areas extending from Mangkang to Kangding.

Between 2010 and 2020, the total ESS values in the HD region exhibited a decreasing
trend, with the value in 2020 amounting to CNY 788 billion. Approximately 9.68% of
the areas showed a decrease in ESS values, while about 6.98% demonstrated an increase
(Figure 3). Spatially, the southern part of the region displayed a staggered pattern of ESS
increases and decreases. The regions with increased ESS values were primarily located
in mountainous areas, such as those stretching from Ganluo to Xundian county on the
eastern side of the HD region, and the Lanping county section of the Lancang River valley.
Conversely, areas with decreased ESS values were found in relatively flat regions, such as
the basin in Panzhihua–Yongren–Yuanmou–Huili, the Anning River valley in Xichang, and
the basin in Heqing–Binchuan–Yongsheng counties. The ESS value primarily decreased
in the northern region, particularly in higher elevations, like the mountainous areas from
Dege to Luhuo counties, and the mountainous areas of Jiangda county. The regions with
increased ESS values were limited, including the Dadu River and Minjiang River valleys.

At the county scale, we classified change rates between −0.5% and 0.5% as stable
(Figure 3). The proportions of stable areas from 2000 to 2020 were approximately 27.27%
and 32.72%. From 2000 to 2010, the primary changes in ESS were increases, with 53 counties
accounting for about 63.55% of the HD region. These counties were predominantly located
in the northern part, as well as the southeastern and southwestern edges. ESS values
showed a decreasing trend in 12 counties, which accounted for about 9.18% of the total
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area. These counties were primarily situated around Panzhihua and the areas from Ebian
to Jinyang county. From 2010 to 2020, the numbers of counties with ESS increases and
decreases were 23 and 48, respectively, representing approximately 18.65% and 48.63%,
respectively, of the entire HD region. Counties with increased ESS included the eastern
part (from Maoxian to Chongming) and some western counties. Counties with reduced
ESS were mainly located in the northern and southern regions.
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3.2. ESD for Raster and County Scale
3.2.1. Spatial Patterns for ESD at Different Scales

ESD exhibited significant spatial variations on the raster scale. Overall, it demonstrated
an upward trend from the northwest to the southeast (Figure 4). Areas with low values
were continuously distributed, while those with high values were dispersed. For instance,
in 2000, regions with ESD values below zero were located primarily in the northwest,
encompassing most of Ganzi Prefecture and the northern part of Qamdo. Regions with
ESD values between 0 and 2 were adjacent to those with ESD values below zero, including
Aba Prefecture, eastern Ganzi, southern Qamdo, northwestern Liangshan Prefecture, and
Diqing Prefecture. Areas with ESD values between 2 and 5 were situated primarily around
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Sichuan Basin, southwestern Liangshan Prefecture, Lijiang, and the western part of Dali
Prefecture. ESD values between 5 and 10 were continuously distributed in the southeastern
and southern regions of the HD region. The distribution of areas with ESD values exceeding
10 was relatively scattered, including Xichang, Huize County, Panzhihua, Dali, and so on.
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The distribution of ESD at the county level differs from the raster level. Overall,
ESD was lower in the northwestern counties and higher in the southeastern region. For
instance, in 2000, the northwestern area of the study region (encompassing Jiangda, Dege,
Chaya, Gongjue, Baiyu, Xinlong, Yajiang, Litang, Batang, Daocheng counties, and so on)
exhibited negative ESD values, affecting a total of 11 counties. Approximately 22 counties
had ESD values ranging from 0 to 7500, located primarily in the northeastern, central, and
west–central regions of the HD region. Specifically, these counties included most of the
counties in Aba Prefecture, Luhuo, Ganzi, Daofu, Danba, Jiulong, Xiangcheng, Derong,
and Luding counties in Ganzi Prefecture, Muli county in the central part, and Deqin, Gong-
shan, Mangkang, and Fugong counties in the western part. Counties with ESD values
ranging from 7500 to 17,000 were located primarily along the eastern line of the HD region
(from Maoxian to Tianquan counties), in the southwest portion of Sichuan Basin (west of
the Shimian–Ganluo–Ebian–Yuexi–Xide–Puge–Dechang–Miyi counties and north of Ning-
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nan), in the southwest part (areas of Shangri-La–Ninglang–Yanbian–Huaping–Yuanmou–
Chongming counties), and the southwest edge region. Counties with ESD values ranging
from 17,000 to 26,000 were more concentrated, including the areas of Qiaojia–Huidong–
Luquan–Xundian in the southeast, Yongsheng-Dayao–Binchuan–Xiangyun–Eyuan counties
in the southwest, and Yanyuan, Mianning, and Kangding in the north. Only seven counties,
namely Huili, Xichang, Panzhihua, Huize, Lufeng, Chuxiong, and Lijiang, had ESD values
exceeding 26,000.

3.2.2. ESD Evolution from 2000 to 2020

On a raster scale, the mean ESD in the HD region was 2.46, 4.23, and 5.72 for the
years 2000, 2010, and 2020, respectively, indicating an upward trend. Spatially, almost all
regions exhibited an increase in ESD values (Figure 4); thus, we did not employ change
rates to depict temporal variations. From 2000 to 2010, the area with an ESD less than zero
significantly decreased, from 26.25% to 0.09%, primarily in the northwestern part of the HD
region. The area with an ESD value between 2 and 5 rose from 17.80% in 2000 to 19.43% in
2010, with the increase predominantly located in the northeastern part (from Heishui to
Xiaojin and Jiulong counties), Jiuzhaigou county, and Shangri-La. The areas that decreased
were mainly located in the southwest of Sichuan Basin (Ebian–Meigu–Butuo counties),
Yanyuan county, and the areas of the Yongsheng–Yongren–Lijiang–Yangbi–Yongping–
Lanping counties, and the ESD value in these areas increased, fluctuating between 5 and 8.
For the areas where the ESD value ranged from 5 to 8 in 2000, the ESD value rose to more
than 8. Notably, in Xiangyun, Dali, Panzhihua, Xichang, Huize, Dongchuan, Chongming,
and Fumin, the increase was substantial, with the value in 2010 exceeding 10. The regions
with an ESD between 8 and 10, as well as those higher than 10, expanded. The areas
increased from 3.70% and 2.46% to 8.58% and 10.23%, respectively. From 2010 to 2020,
the proportion of the region with ESD values between 0 and 2 diminished (to 21.89% in
2020). This reduction primarily occurred because the ESD value in some regions rose
to the 2–5 range. These areas encompass most of the counties, excluding Litang county.
Consequently, the regions with an ESD between 2 and 5 expanded (to 35.88% in 2020).
For the majority of areas with an ESD between 5 and 8 in 2010, the value increased and
fluctuated between 8 and 10. For areas with an ESD between 8 and 10 in 2010, the value
increased to more than 10.

At the county level, ESD values exhibited a spatially increasing trend between 2000
and 2020 (Figure 4). From 2000 to 2010, the spatial range of counties with ESD values less
than zero diminished, with ESD values rising to the 0–7500 and 7500–17,000 ranges. In
most counties where the ESD value was between 0 and 7500, ESD values escalated to the
7500–17,000 range, with Jiulong and Muli experiencing a more significant increase to the
17,000–26,000 grade. For counties with ESD values between 7500 and 17,000, approximately
53.65% saw an increase in ESD by one grade. Ninglang and Lanping counties witnessed
a two-grade increase (26,000–45,000 in 2010), while Shangri-La experienced the most
substantial increase, reaching the highest grade. Most counties with an ESD value in
the range of 17,000–26,000 experienced an increase of one grade, with Yanyuan county
showing a more significant increase (exceeding 45,000 in 2010). Among the counties in the
26,000–45,000 grade, four experienced an increase. From 2010 to 2020, among the counties
with an ESD value less than 7500, 11 counties showed an increase of one degree, while
the rest increased by two degrees. For the counties in grade 2 (7500–17,000), over 60%
experienced an increase of one grade in their ESD value. In grade 3 (17,000–26,000), the
counties with increased ESD values were primarily located in Yanbian–Miyi–Dechang
and the southwestern part of the HD region. For counties with an ESD value between
26,000 and 45,000, only Kangding, Yongsheng, and Xichang experienced an increase in
their ESD grade.
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3.3. Matching ESS and ESD
3.3.1. Four-Quadrant Analysis and Spatial Distribution of Matching Types

The dot plots for 2000, 2010, and 2020, when mapped onto a two-dimensional co-
ordinate system of ESS and ESD, are similar (Figure 5). Approximately 24.32% of the
entire region demonstrated a high supply and high demand (H-H) type, predominantly
located in the first quadrant. These areas, characterized by a higher ESV than ESD, were
primarily situated in the southern part of the Hengduan Mountain (HD) region and were
continuously distributed. Specifically, they encompassed the southwestern part of the
HD region, the edge of Sichuan Basin in the eastern edge, the central southern region,
and the southern edge (Figure 6). The areas classified as low supply and high demand
(L-H) type, located in the second quadrant, constituted about 13.14% of the HD region,
with a relatively uniform distribution of the two components. The areas primarily lay
in the southern part of the line connecting Songpan, Xiaojin, Kangding, Jiulong, Muli,
Ninglang, Shangri-la, and Weixi counties. These areas predominantly encompass large
river valleys, such as the Anning valley stretching from Mianning to Panzhihua, the Jinsha
River valley in the southeast, and the valley from Yongsheng county to Binchuan county.
They also included intermountain basins (like Yuanmou Basin), and the eastern margin,
which was the east side of the line connecting Ganluo, Yuexi, Xide, Ningnan, Huidong,
Xundian, and Chongming counties. The matching relationship between ESS and ESD falls
into the L-L category (third quadrant), approximately 36.32% of the HD region. In these
areas, ESS exhibited minimal variation, while ESD fluctuated significantly. Geographically,
the L-L types primarily appeared in contiguous patches in the northern part of the study
area. The H-L type (fourth quadrant) accounts for about 26.23% of the total study area.
In this category, ESD showed little variation, while ESS varied considerably. The H-L
types are predominantly found in the north–central region, particularly around the river
valleys, exhibiting a dendritic distribution pattern. Large areas were concentrated along
the Weixi–Deqin–Shangri-La–Ninglang–Muli–Jiulong line, as well as in the Yajiang, Danba,
Lixian, Heishui, and Jiuzhaigou counties in the northern part.
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At the county level, approximately 13.13% of the counties demonstrated an H-H
type, with ESS and ESD being evenly distributed. Spatially, this includes the northwest
of Yunnan Province and the west of Liangshan Prefecture, primarily encompassing the
Yunlong–Lijiang–Shangri-La–Ninglang–Yongsheng–Yanyuan–Mianning area, Kangding
and Wenchuan counties in the north, and Huize county and Chuxiong City in the south.
L-H counties were predominantly located in the southern part of the study area, mak-
ing up 37.37% of the total counties. Specifically, these are in the southeast region, the
southwest edge of Sichuan Basin, and the southwest region. The L-L type is dispersed,
encompassing 19 counties. In terms of spatial distribution, it includes northern counties,
such as Luhuo, Heishui, Maoxian, and others, as well as Meigu, Puge, Butuo, and Jinyang
in the eastern part of Liangshan Prefecture. Collectively, these counties occupy a rela-
tively small area. The H-L type includes 30 counties, situated primarily in the majority
of the northern part of the HD region. More specifically, these counties were located
west of the Jiuzhaigou–Songpan–Barkam–Xiaojin–Yajiang–Jiulong line and north of the
Gongshan–Weixi–Xiangcheng–Daocheng–Muli line.

3.3.2. Time Evolution of Four Matching Types

At the grid scale, the most significant change from 2000 to 2020 was in the H-H and
H-L types. The area proportion of the H-H type increased, rising from 24.32% to 26.00%
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and ultimately reaching 26.28%. Conversely, the area of the H-L type gradually decreased,
falling from 26.23% to 24.98%, and ultimately reaching 24.85%. From 2000 to 2010, the
regions primarily experiencing a transition from H-L types to H-H types were located in
the central part of the study area, specifically, southern Weixi County, southern Shangri-La,
southern Ninglang County, and the northeastern and western parts of Yanyuan County.
Conversely, the areas where H-H types transitioned to H-L types were predominantly
found in Baoxing county, situated in the northeastern part of the HD region. From 2010
to 2020, the areas where H-L types transitioned to H-H types were located primarily in
Fugong county, parts of northern Ninglang, and parts of northern Weixi county. The regions
where H-H types transitioned to H-L types were located in the central part of Shangri-La.

At the county level, the primary type of change was the conversion between L-H to
L-L. The area of L-H steadily decreased, while L-L exhibited an increasing trend. From 2000
to 2010, counties transitioning from L-H to L-L were located primarily in the southwest
of Sichuan Basin and some counties in Chuxiong and Dali Prefecture. From 2010 to 2020,
counties that transitioned from L-H to L-L included Shimian in the central region, and
Dechang, Songming, and Nanhua counties in the southern region.

4. Discussion
4.1. Multiple Factors Influencing ESS and ESD and Their Relationship
4.1.1. The Effects of Land Use Type and Its Change

Land use change, as the most direct and universal manifestation of human activities,
influences the supply and demand capacity of ecosystem services to a certain degree [49–52].
In general, natural ecosystems, such as forests, grasslands, and water bodies, exhibit a more
comprehensive eco-geographical process and a higher level of ESS compared to cultivated
and built-up lands [38]. Owing to its complex structure, a forest has a higher ESS than a
grassland. Consequently, at the grid scale, the ESS value was lower in the cultivated area
of the valley in the southeast of the HD region and was higher in the forested area with
higher elevation. At the county level, the ESS value is influenced not only by the type of
land use but also by the county’s area. Consequently, it differs from the spatial distribution
at the raster scale. For instance, while grassland and forest were the predominant land use
types in Chaya and Yunlong counties, respectively, the ESS value in Chaya is higher, owing
to its larger area. Overall, ESS values in the northwestern counties were generally higher,
primarily because of their larger areas.

In terms of temporal change, ESS and land use change demonstrated significant
spatial consistency. From 2000 to 2020, the most drastic changes occurred in cultivated
land, forests, and grassland (Figure 7). Cultivated land and forests consistently increased,
while grassland exhibited a decreasing trend (Figure 7). A prolonged period of overuse
and devastation of the Yangtze River Basin has resulted in a range of ecological issues [12].
To alleviate some environmental problems such as local soil erosion, China implemented
the “Forest Rehabilitation from Slope Agriculture” policy to promote afforestation in
high slope cultivated lands around 2000 [53]. Simultaneously, the second phase of the
“Protection Forest System Construction in the Yangtze River Basin” and the “Natural Forests
Conservation Project” [54] were initiated. Consequently, cultivated lands and grasslands
were transformed into forests, leading to a rapid expansion of the forest area at a growth
rate of 1.35%.

Under the influence of cultivated land protection policies [55], suitable expansion
of cultivated land was conducted in areas with gentle terrain, which was conducive to
the development of agricultural mechanization and modernization to a certain extent.
Additionally, some unused land was converted, owing to climate change. Changes in land
use led to alterations in ESS at both the raster and the county scales. For instance, in the
relatively flat region of Panzhihua, the transformation of forest into cultivated land led to a
decrease in ESS. Conversely, in the mountainous area of Yongping county, the conversion of
cultivated land into forest resulted in an increase in ESS. The rise in ESS in the mountainous
region of Qiaojia county in the southeast and the northeast part of the HD region was
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primarily due to the conversion of grassland into forests. Furthermore, some ecosystem
services increased in the northern part, which was linked to the transformation of unused
land into grassland or wetlands.
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Following 2010, China executed comprehensive land consolidation, transforming
grassland, the primary reserve resource, into cultivated land. From 2010 to 2020, the
expansion of cultivated land accelerated, growing at roughly four times the rate of the
previous period. Concurrently, forest land area also increased as a result of earlier ecological
projects. Overall, ESS in the HD region exhibited a decline during this period. ESS
increase in the southeastern region resulted primarily from the conversion of grassland and
cultivated land into forest in mountainous areas. ESS reduction in the southern Anning
valley and other basins was largely because of the conversion of grassland into cultivated
land. ESS decrease in the northern region was linked to the degradation of grasslands and
wetlands, as wetlands decreased and unused land increased.

4.1.2. Driving Role of Economic Development

At both the raster and county scales, ESD in the northwest portion of the HD re-
gion was lower than in the southeast, a distribution that aligns spatially with the “Hu
line”. The northwest side of the Hu line, characterized by sparse population, limited
cultivated and built-up land, and less active economic activities, has a lower demand for
ecosystem services.

The data reveal a clear upward trend in ESD values at both raster and county scales
from 2000 to 2020, reflecting the continuous advancement of regional urbanization over
the past two decades. In 2000, 2010, and 2020, the built-up land areas were 249 km2,
396 km2, and 489 km2, respectively, indicating an increased demand for ecosystem ser-
vices. Since 2000, China has implemented the “Development of the Western Region”
policy [56], significantly boosting the economy of southwest China. However, areas such
as Liangshan Prefecture, Nujiang Prefecture, and Tibetan areas in the HD region were
deeply impoverished areas in China [57–59], with some counties experiencing extreme
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poverty [60,61]. From 2010 to 2020, the Chinese government implemented a poverty allevi-
ation policy, targeting poverty in all regions and eliminating county-level poverty by 2020.
In 2017, the “Rural Revitalization Strategy” was introduced, invigorating the development
of mountainous areas. This rapid economic development has increased the demand for
ecosystem services.

4.2. Management Measures for the Spatial Pattern of Ecological Restoration

The supply and demand of ecosystem services embody both natural and societal
attributes. These are influenced by the ecological environment and social organizations, in-
cluding varying stakeholder needs [62]. In theory, according to the mechanism of “structure-
process-ES”, changes in land use composition and configuration profoundly affect the
relationship between ESS and ESD [63,64]. For example, the study of Hangzhou shows that
the effects of land composition and configuration on the ESS-ESD matching relationship are
0.234 and 0.082, respectively [65]. Therefore, the corresponding relationship between ESS
and ESD can be used as the main method of achieving regional landscape planning and fine
ecosystem management in practice. In addition, the relationship between the supply and
demand of these services exhibits scale differences. For instance, the matching relationships
between ESS and ESD in the HD region displayed distinct spatial patterns at both the
raster and county scales. Consequently, it is necessary to propose different development
strategies for different spatial scales to effectively implement integrated management.

On a county scale, the L-H type, which includes counties in the Anning River Valley
region and some southwestern counties, is the least ideal match. These areas have a
significant distribution of cultivated land, a concentrated population, and a relatively
developed economy. While nature determines the basic level of ecosystem service provision,
human efforts can enhance it. These counties should prioritize improving the supply
capacity of ecosystem services and hastening the realization of ecological product value.
The development of ecological agriculture can enhance the ESS level of cultivated land in an
environmentally friendly way. H-L counties were primarily in the study area’s northwest,
where ESS can satisfy human needs. Some economic activities could be suitably conducted
in this region. Moreover, ecosystem service flows exist in large-scale regions, and regions
with high ESS provide substantial support for other regions with low ESS, even at the
cost of their own economic development. Therefore, an ecological compensation policy
should be implemented among counties. In particular, L-H counties should economically
compensate H-L counties.

The L-H region, primarily located in the southeast of the study area, contains a large
amount of cultivated land. However, this region also experiences some rocky desertification
and is prone to debris flows, making its ecology relatively fragile. This fragility has become
a limiting factor in enhancing ESS. Cultivated land is crucial for the food security of the
regional population. In recent years, the Chinese government has implemented several
policies to protect this land. For this region, it is necessary to protect the area and quality
of cultivated land effectively, establish permanent basic farmland, and strictly regulate
urban development boundaries to minimize encroachment on cultivated land. Additionally,
measures should be taken to control and prevent rocky desertification and debris flows. The
L-L type area, mainly located in the northwest of the study area, is a high-cold region with
grassland as the predominant vegetation type. This region is susceptible to climate change
and other factors. With sparse population distribution and a relatively underdeveloped
economy, protecting the grassland from degradation and avoiding overgrazing are essential
strategies to improve the ecosystem service supply level in this region.

The H-L type area, situated in the northern mountainous regions of the study area, is
characterized by extensive forests and minimal human activity, owing to the challenging
terrain. This region faces ecological issues, such as soil erosion. Ecosystem management
should focus on preserving forest cover and combining biological and engineering measures
to mitigate soil loss. Conversely, the H-H region, primarily located in the south, including
northwest Yunnan, boasts abundant forest resources and relative economic prosperity. This
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region is a biodiversity hotspot, and biodiversity plays a crucial role in maintaining the
balance of ecosystem service supply and demand. Therefore, ecosystem management in
this region should prioritize maintaining habitat integrity and forest ecosystem connectivity.

4.3. Limitations and Prospects

First, this study assesses the supply and demand of regional ecosystem services using
the value equivalent method and economic data. However, it does not discuss individual
ecosystem services, such as soil conservation, carbon sequestration and oxygen release, and
habitat quality maintenance. There are significant differences in the supply and demand
assessments of various ecosystem services. Future work should select evaluation methods
for different types of services and conduct evaluations and quantifications at various
spatial scales. Second, the study uses a 1 km resolution grid scale and county scale at the
administrative level. However, the supply and demand of ecosystem services vary on other
resolution grids and administrative units, necessitating further scale research. Third, we
analyze three periods: 2000, 2010, and 2020. Future work should consider multiple time
scales to further analyze changes in ESS and ESD over different periods and their responses
to land use change, economic development, and policy changes.

5. Conclusions

We conducted ESS and ESD research in a mountain area using the framework of the
“ESS evaluation-ESD evaluation-matching relationship analysis”. Our conclusions are
as follows.

First, at both the raster and county scales, ESS displayed contrasting spatial patterns.
On the raster scale, ESS values were lower in the northern region, while ESS values were
higher in the southern region. The size of the county area influenced ESS at the county
scale, with higher values in the northwest and lower values in the southeast.

Second, in terms of temporal changes, the conversion of cultivated land, forests, and
grassland, as well as the conversion of unused land, primarily drove ESS changes. From
2000 to 2010, the area where ESS increased was larger than where it decreased. However,
from 2010 to 2020, the area where ESS decreased was larger than where it increased.

Third, ESD values rise from the northwest to southeast at both the raster and county
scales. The southeast corner of the study area emerges as an area with very high ESD
values, owing to the higher local economic level and land development intensity. Over
time, in most regions, ESD values displayed an increasing trend from 2000 to 2020.

Fourth, at the raster scale, ESS and ESD primarily exhibited an L-L type. This area
should focus on grassland protection, the prevention of grassland degradation, and the
control of grazing intensity. The L-H type was situated primarily in the southeast, where
comprehensive control of rocky desertification and debris flow should be considered while
protecting cultivated land. For the H-L type area, soil erosion control should be a priority.
In terms of the H-H type, maintaining the integrity of forest habitats should be emphasized.

Fifth, the matching relationship at the county level differs from the raster level. In
counties with an L-H type, farmland is more prevalent. Future development should focus
on enhancing and realizing the value of ecosystem services, which is achievable through
the integration of agriculture and other industries. In H-L counties, economic activities can
be suitably developed. At the same time, ecological compensation should be promoted
at the county level, particularly where L-H counties provide economic compensation to
H-L counties.
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