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Abstract: Human activities and climate change have accelerated land use and land cover
change (LUCC) globally, diminishing the ecosystem service value (ESV) in ecologically
fragile areas such as highly mountainous canyons and disrupting the human-nature
balance. However, existing research lacks analysis on the impact of land use changes
on ecosystem service value in typical counties with highly mountainous canyon regions.
Therefore, we aim to address this gap by analyzing land use changes and their driving
factors in Chayu County using multi-year land use data, calculating the ecosystem service
value (ESV) for different periods, and estimating its spatial correlation and stability. The
results showed the following: (1) Forestland and grassland were the predominant land-
use types, with notable conversions between grassland and water bodies, grassland and
unused land, and water bodies and unused land. (2) The total ESV increased steadily from
2003 to 2023, with higher values in the north and west and lower values in the central
east. Forestland and water areas were the primary contributors to ESV changes, and ESV
sensitivity to LUCC steadily increased from 0.46% to 2.49%. (3) Moran’s I ESV shows an
overall increase, with a heightened correlation and enhanced stability. Spatially, the ESV
exhibited a general high-high and low-low clustering pattern, with localized high—low
and low-high clusters. These changes, driven by natural resource endowments and climate
change, provide essential support for ecological protection and sustainable development in
highly mountainous canyons and similar regions.

Keywords: ecosystem service value; land use/cover change; spatial autocorrelation; stability;
ecological protection

1. Introduction

Ecosystem services encompass the tangible material products and intangible benefits
ecosystems provide to support human survival, health, and well-being [1-3]. However,
over the past century, global climate change [4,5], environmental pollution [6], ecologi-
cal degradation [7], resource depletion [8], and land use/cover change (LUCC) [9] have
significantly impacted ecosystem functions, altering the level of ecosystem services. The

Land 2025, 14, 398

https://doi.org/10.3390/1and 14020398


https://doi.org/10.3390/land14020398
https://doi.org/10.3390/land14020398
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://doi.org/10.3390/land14020398
https://www.mdpi.com/article/10.3390/land14020398?type=check_update&version=1

Land 2025, 14, 398

20f 18

Millennium Ecosystem Assessment showed over 60% of ecosystems worldwide are de-
graded or degrading [10]. Consequently, ecosystem service research has become a popular
topic in ecology and related disciplines [11].

The study of LUCC is a common concern in academia [12], and numerous studies have
shown that LUCC impacts ecosystem products and services by affecting ecosystem patterns
and processes [13], making it a key factor influencing ecosystem services [14-16]. The effect
of dynamic LUCC on the ecosystem service value (ESV) varies across different periods and
regions [17], introducing instability. Additionally, these changes can influence ecological
processes such as energy exchange [18], water resource balance [19], and biogeochemical
cycles [20], further altering the ESV and contributing to ecological degradation [21]. There-
fore, assessing variations in the ESV in response to different land use types over time is
crucial for regional ecosystem restoration and conservation efforts.

Research on ecosystem services internationally began in the 1970s [22]. In 1997, Daily
and Costanza advanced the concept and theoretical framework of ecosystem services, intro-
ducing quantitative indicators that sparked global research on ecosystem services [23-25].
Subsequently, scholars have used remote sensing technology to explore the interactions
between LUCC and the ESV [20,26,27], while interdisciplinary research has focused on how
the ESV responds to LUCC based on the natural environment and human activities [17,28].
Recent studies have explored the dominant influence of LUCC on ESV at the water-
shed scale [29,30] and the coordinated response between the ESV and LUCC driven by
urbanization [31]. However, existing research has largely focused on macroscales, with
limited attention paid to microscales. Studies specifically targeting typical ecologically
vulnerable areas, such as highly mountainous canyon regions, are lacking, and very few
analyses have been conducted at the county level regarding LUCC-ESV responses and sta-
bility. Consequently, there is insufficient quantitative data to support ecological protection
and planning management in these areas.

Highly mountainous canyon regions are important ecological security barriers in
various countries, vital for national ecological stability and regional development [32].
Chayu County exhibits various typical characteristics of highly mountain canyon regions.
There is still significant potential for exploration and improvement in ecological protection
and management in this area. Based on the coupling mechanism of temporal changes
and spatial evolution, we used land use data from Chayu County from 2003 to 2023.
Through geographic information system spatial analysis, ESV assessment models, and
spatial autocorrelation models, we quantitatively analyzed LUCC and its driving factors.
We calculated the ESV for different time intervals, assessed its sensitivity to LUCC during
various periods, and assessed the spatial correlation and stability of the ESV. The findings
offer valuable insights for ecological planning and management, environmental protection,
and realizing ecological product value in highly mountainous canyon regions.

2. Overview of the Study Area

Chayu County, situated in the southeastern Qinghai-Tibet Plateau, is under the ju-
risdiction of Nyingchi City in the Tibet Autonomous Region of China. It borders Yunnan
Province to the east, Changdu’s Zuogong County to the north, Metok County to the west,
and shares boundaries with India and Myanmar to the south. The county administers
three towns and three townships, covering 31,520 km? (Figure 1). Its diverse topography
includes high plateaus, mountains, canyons, hilly terrain, river valleys, and meadows. The
county’s terrain is characterized by high northwest and low southeast elevations with a
steep gradient. The region’s complex terrain; significant altitude and temperature varia-
tions; and poor vegetation contribute to its ecological fragility, making it a representative
alpine canyon region for research.
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Figure 1. Location overview map of Chayu County.

3. Materials and Methods

This study aimed to assess changes in and the stability of the ESV within the region
through LUCC analysis, thereby strengthening the collaborative management and coor-

dinated development of regional, ecological, and environmental construction planning.

Figure 2 illustrates the research framework.

3.1. Data Sources

This study primarily utilized land use, administrative boundaries, statistical yearbooks,
and grain production data. The China Multi-Period Land Use Remote Sensing Monitoring
Dataset (CNLUCC), made available by the Resource and Environmental Science Data
Center of the Chinese Academy of Sciences (http://www.resdc.cn, accessed on 9 February
2025), provided the land use data for 2003, 2008, 2013, 2018, and 2023 with a spatial
resolution of 30 m. Land use types were divided into six types: cultivated land, forest land,
grassland, water area, construction land, and unused land. The administrative division data
were sourced from the National Fundamental Geographic Data Center (www.ngcc.cn/ngcc,
accessed on 9 February 2025). Data on the sown area and crop yield were derived from
statistical yearbooks, including nearly 20 years of the “China Statistical Yearbook”, the
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Figure 2. Research framework.

3.2. Research Method
3.2.1. Temporal and Spatial Evolution of Land-Use

(1) Spatiotemporal land change using a transfer matrix

The conversion between various land use categories is depicted by the land use
transition matrix, which was obtained using the Markov model [33]. Python was employed
for format conversion and information extraction, enabling a quantitative analysis of the
land use transition matrix.

Kii Ko -+ Kin
Ky Ky -+ Koy

b= . : : @
Knl Kn2 e Knn

where t;; represents the area of type i land at the beginning that has transitioned to type j at
the end, and n is the total number of land use types.

(2) Change rate: land-use dynamics

The single LUCC dynamic rate measures the proportion of a specific land type’s area
that transitions to other land types during a study period relative to its initial area, reflecting
its rate of change [34].

(uj—-u) 1
] 1
——— X = x 100% 2
0 XX 00% 2)
where K represents the dynamic rate of change in a specific land type within a specific
period, Uj is the land type area at the end of that period (km?), U is the land type area at
the beginning of the period (km?), and T refers to the study period.
The comprehensive LUCC dynamic rate expresses the overall degree of land use

change within a region, calculated as the ratio of total land type changes to twice the total

K=

regional land area.
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where K is the comprehensive LUCC dynamic rate, Uj is the initial area of a specific land
type, AU;_j is the absolute change in the land type i area, and T is the research period.

(3) Change degree: Land Use Index: Land use index

Siyuan et al. developed a comprehensive method to analyze land use intensity from an
ecological perspective. They categorized different land use types into four levels: unused
land; forest, grassland, and water land; agricultural land; and urban land [35]. They
established grading indices (Table 1) and used the land use degree index to characterize
the land use degree in the region.

|

M-

M=Y A; x = x 100% (4)

1

O

i=1

where M is the comprehensive land use index; A; is the grading index for the ith level of
land use; C is a specific land type area; and C; represents the total regional land area.

Table 1. Grading of land use intensity.

Tvoe Unutilized Forest, Grass, and Agricultural Land Construction Land
yP Prefecture Level Water Use Land Level Level Settlement Level
Land use type Unused land Forestland, grassland, Cultivated land Constl.‘ucho.n land
water area and residential areas
Graded index 1 2 3 4

3.2.2. Ecosystem Service Value (ESV)

(1) Ecosystem service value assessment model

To estimate the ESV, this study used a modified version of the Gaodi et al. unit
area equivalent factor approach. This approach constructs value equivalents for different
ecosystem services based on quantifiable standards and combines these with ecosystem
area distribution to assess the ESV.

First, the ratio of the unit area yield of farmland grain in the study area for
2023 (4343.09 kg-hm~2) to the corresponding national unit area yield of farmland grain
(5845.30 kg-hm2) is selected as the revision coefficient (0.7430). This coefficient is used to
revise the value of the standard unit ESV equivalent factor calculated by Xie Gaodi et al.,
which is 3406.5 CNY-hm 2, resulting in a standard equivalent of 2531.03 CNY-hm~? for
Chayu County. Subsequently, this value was used to adjust the unit area ESV equivalent
table revised by Gaodi et al. [36], enabling the calculation of the unit area ESV coefficient
for Chayu County (Table 2). The ESV coefficient (Vgg) is calculated as

6

Vesi = ) (AijV)) ®)
=1
6

Vesie = ), (AijVir) (6)

j=1
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Table 2. The ESV coefficients for various types in Chayu County, CNY-hm 2.
Type of Ecosystem Service Equivalent Value of Ecosystem Services per Unit Area
Primary Secondary Cultivated  Forest Grass Water Construction Unused
Classification Classification Land Land Land Area Land Land
Food production 2796.79 639.09 590.49 1105.05 0.00 12.66
Provisioning  Material production 620.10 1468.00 868.90 615.80 0.00 37.97
Services Watesrur;;?;“es 2330299  759.31 480.90  10,984.67 0.00 2531
Gas regulation 2252.62 4827.94 3053.94 2404.48 0.00 164.52
Climate regulation 1176.93 14,445.85 8073.99 5424.00 0.00 126.55
Regulating Purify the 34169 564420 266517  7853.79 0.00 518.86
services environment
Hydro logical 378389 945340  5914.00  112,715.12 0.00 303.72
regulation
Soil conservation 1316.14 5878.32 3720.61 2733.51 0.00 189.83
” .. .
Supporting Maintain nutrient 392.31 449.26 286.77 210.83 0.00 12.66
services cycling
Biodiversity 430.28 5353.13 3383.23 8799.63 0.00 177.17
S;tﬁisl Aesthetic landscape  189.83 9390.12 149331  5661.15 0.00 75.93
total 9997.57 58,308.60 30,531.31 158,508.03 0.00 1645.17

In Equations (5) and (6), Vgs; represents the ESV for the i-th period within the research
area in CNY, A;; denotes the area (in hm?) of the j-th land type during the i-th period, Vjis
the ESV coefficient (in yuan-hm’z) for the j-th land use type, Vgg;¢ refers to the ESV for the
f-th service in the i-th period in CNY, and Vj; is the value coefficient for the f-th ecosystem
service function of the j-th land use type in CNY-hm 2.

(2) Ecological contribution ratio

The percentage change in the ESV of a particular land type during a given time period
in relation to the overall change in the ESV is known as the ecological contribution rate.
This can be used to explain the main factors that influence ESV changes. The formula is as
follows [37].

AVEst

- x 100% ()
Y |A VEg]
t=1

Qi =

where Q; is the ecological service contribution rate (%) of the i-th land use type; AVgs; is
the variation in the ecosystem service value for the t-th ecosystem service (in CNY).

(3) Sensitivity analysis of ESV to LUCC

To further analyze the sensitivity of the ESV to LUCC, an elasticity analysis model was
introduced to measure the sensitivity of the ESV to LUCC [38]. The formula is as follows:

V —V 1 1
Ve = Vesd 11 o ®)

S —_
VEsx K T

where S is the sensitivity index (%) of the ESV to land use changes; Vgsx and Vgsy denote
the ESV (in CNY) at the beginning and end of the research period, respectively; K is the
comprehensive LUCC dynamic rate (%); and T is the time interval of the land use data (in
this research, it was 5, indicating a 5-year period).

3.2.3. Spatial Autocorrelation Analysis

Spatial autocorrelation methods are commonly employed to measure the spatial
distribution of a particular attribute, as well as its degree of correlation in neighboring areas.
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These methods can be used to express the variability and interrelatedness of certain spatial
phenomena [39,40]. Global spatial autocorrelation analyzes overall spatial correlation
trends in the ESV of Chayu County via Moran’s I index (Equation (9)). A given attribute’s
local spatial correlation properties are reflected in its local spatial autocorrelation. High-low
or low-high clustering is indicated by a Moran’s I index value less than 0; high-high or
low-low clustering is indicated by a value larger than 0 (Equation (10)).

[— i=1j=1 (9)
X wij) X (xi— x)?
i=1j=1 i=1
=008 0 (x—%) (10)
. & ij\Xj
mg = i(xi —%)°/n (11)

In Equations (9) and (11), n represents the total number of grid cells, wy; denotes the
spatial weight matrix; x; and x; refer to the ESV of the ith and jth grid cells, respectively; x
is the average ESV; and mg represents the variance.

4. Results
4.1. Analysis of Spatial and Temporal Changes in Land-Use Types

Figure 3a shows the spatial distribution of land-use types in Chayu County from
2003 to 2023 at 5-year intervals. In Chayu County, the two main land use categories
were forestland and grassland, accounting for over 85% of the total area. Forestland had
the highest proportion, consistently exceeding 15,000 km? annually, representing over
48% of the total area. Cultivated land and construction land were concentrated in the
lower-lying river valley basins, whereas forestland, grassland, water area, and unused
land were interspersed across mountainous, plateau, and canyon regions. This reflects
significant geomorphological and topographical regional differences in the land use’s
spatial distribution in Chayu County, China. By 2023, compared to 2003, the overall areas
of cultivated land, forestland, water area, and construction land in Chayu County had
increased, whereas the grassland areas and unused land had decreased. These changes
were driven by human activities, climate change, and policy impacts. Global climate change
primarily influenced the increase in water bodies, whereas human activities and policy
guidelines were closely associated with changes in cultivated land, forestland, grassland,
construction land, and unused land within the region [41].

From 2003 to 2023, the main land use conversion in Chayu County involved grassland
and water area; grassland and unused land; and water area and unused land. Over this
20-year period, grassland area continually decreased, primarily converting into unused
land. This decline is closely related to decreased vegetation yield and quality in the eastern
plateau region of the county, coupled with the poor soil conditions in the alpine region,
which hinder vegetation growth and contribute to ongoing grassland degradation. Unused
land primarily transitions to water areas, mainly due to climate change and increased
rainfall. In addition, the areas of cultivated land and forests have remained fairly consistent
over the past two decades. The stability of cultivated land can be ascribed to the small
base area of cultivated land in the region and the limited cultivable wastelands in the
river valley basins. Forestland stability is partly supported by a forest economy and
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ecological restoration projects, especially since 2010, when afforestation projects were

actively implemented in Chayu County.

(a) Land use spatial distribution and area proportion

0.01%0.17%

0.01%0.18%

(B) 2008

001%,0.25%

(c) 2013

(D) 2018

(E) 2023

Cultivated land - Forestland - Construction land

- Water area {
(b) Land use type area conversion
2003 2008
Cultivated land (km?)  54.1287 58.014

Forestland (km?) 15,2

Grassland (km?) 11,767.5603 11,583.6345

Water area (km?) 2729

Construction land (km?) 924
Unused land (km?) 1504

Figure 3. Land use spatial distribution and area conversion map, 2003-2023.

Grassland - Unused land

2013 2018
80.0559 80.0469

11,324.3724 11,156.2263

11,066.499

The comprehensive index of land use dynamics and degree reflects the regional
differences in the intensity and land use change rate (Figure 4). From 2003 to 2023, the
single LUCC dynamic rate of cultivated land, forestland, water area, and construction
land in Chayu County displayed a fluctuating upward trend, with an overall increase in
area. In contrast, the rates for grassland and unused land declined, leading to an overall
decrease in area. The comprehensive LUCC dynamic rate also increased, driven by climate

change and the implementation of ecological restoration projects in Chayu County in 2010.

Additionally, over the past 20 years, the land use intensity index in Chayu County has

remained between 1.94 and 1.95, reflecting low and stable development intensity due to

natural ecological constraints on excessive land use.
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Figure 4. Map of land use dynamics and degree index from 2003 to 2023.

4.2. Analysis of Spatiotemporal Changes in the ESV
4.2.1. ESV Time Variation Analysis

From 2003 to 2023, Chayu County’s ESV increased from CNY 169.127 billion to CNY
175.686 billion, representing a 3.88% growth rate (Figure 5a). Apart from a slight decline
in the ESV from 2008 to 2013, the total ESV increased during the other periods owing to
the consistently high proportion of forestland in Chayu County and the rapid expansion
of water areas. Furthermore, in land use types, the ESVs of cultivated land and water
areas increased by 50% and 16.89%, respectively, over the past 20 years, while that of
forestland steadily increased by 1.53% during the same period. In contrast, the ESVs of
grassland and unused land continuously decreased by 5.86% and 1.39%, respectively, over
20 years, primarily reflecting how the rise in the area of important ecological land types, like
forestland and water area, has ensured a continuous rise in the total ESV. Notably, although
the ESV of grassland is decreasing, the trend has gradually weakened. As the ecological
protection measures for grasslands have been implemented since the commencement of
the national western development strategy, the ESV of grasslands is expected to change
from loss to profit, positively impacting the overall ESV in the future.

(b) All types of ESVs and individual ESVs

Grassland [ B curcpision [N Climte reguition
Tatgsy - - - - p—
— — —— Cibmlsevios - 120

60 [

4100

'\ 1176

1174

50

40+ 180

4172

Single ESV/billion

ESV of each Land ues/billion
Different types of ESV/billion

1170

2023

2018 2003 2008

2013

2018 2023

Figure 5. Time evolution diagram of ESV from 2003 to 2023.
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From 2003 to 2023, the ESVs of various services in Chayu County varied (Figure 5b).
The values for provision, regulation, support, and cultural services increased, with regula-
tion services having the highest value (66.41% of the total ESV), with the exception of soil
conservation and aesthetic landscape, which showed a continuous decrease and increase,
respectively, while the other individual ESVs exhibited fluctuating changes. Notably, the
ESVs for hydrological regulation and climatic conditions accounted for a relatively high
proportion. The contributions of gas regulation, environmental purification, soil conser-
vation, biodiversity, and aesthetic landscapes to the total ESV were moderate. In contrast,
food production, raw material production, water resource supply, and nutrient cycling
maintenance had relatively low proportions, with nutrient cycling maintenance being the
lowest at 0.60%. In summary, regulatory services, especially hydrological regulation, are
the primary contributors to the ecosystem in Chayu County. Therefore, maintaining and
expanding the water area is of significant importance for sustaining hydrological regulation
and overall ESV.

4.2.2. ESV Spatial Variation Analysis

Between 2003 and 2023, the overall ESV in Chayu County exhibited spatial variation,
with higher values in the northern and western regions and lower values in the central
eastern areas (Figure 6). The high-value ESV areas (CNY 0.1383-0.2524 billion) were
primarily situated in the northern part of Shangchayu Town and the northwestern part of
the Chawalong, Gula, and Guyu Townships, closely related to the mountainous terrain and
numerous rivers in these regions. Medium-value ESV areas (CNY 0.1009-0.1383 billion)
were primarily found in the western part of Shangchayu Town, the southeastern part of
Chawalong Township, and Xiachayu Town, which correlates significantly with the large
forested areas in these locations. The low-value ESV areas (CNY 0-0.1009 billion) were
mainly distributed in Zhuwagen Town and Gula Township, where a significant amount of
unused land has greatly affected the ESV output in these regions.

(c) 2013

ESV/billion

(d) 2018 | ——~ (e) 2023

Low values (0-0.0704) [ Lower value (0.0704-0.1009) | | General values (0.1009-0.1383)

[ Higher value (0.1383-0.1855) [JJll High value (0.1855-0.2524)

Figure 6. ESV spatial distribution map from 2003 to 2023.
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4.2.3. Analysis of the Ecological Contribution Rates of Various Land Uses

From 2003 to 2023, the ecological contribution rates of various land use types were
associated with land use variations, with significant changes in forestland, grassland,
and water areas, resulting in a substantial contribution to changes in the ESV (Figure 7).
Specifically, the water area had the highest ecological contribution rate, averaging 47.50%,
followed by cultivated land (1.61%), forestland (14.71%), grassland (—23.55%), and unused
land (2.31%). The combined ecological contribution rates of forest and water areas reached
62.21%, indicating that these two land-use types significantly contributed to the ESV
changes in Chayu County over the past two decades. In conclusion, maintaining the
stability of forestland and water areas and reducing grassland loss are key factors in
sustaining the ESV of this region.

Cultivated land Forestland ~ Grassland ~ Waterarea  Unused land

ESV rate of change ] I e
Ecological contribution rate — —_— —— 7100
50 -
N 180
N
2 40
=
9 160 X
. 3
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2003-2008 2008-2013 2013-2018 2018-2023 2003-2023

Figure 7. Contribution rates of various land use types to ESV changes.

4.2.4. Ecological Sensitivity Analysis of Various Land Uses

The elasticity of the ESV in response to LUCC, also known as the sensitivity index of
ESV to dynamic changes in land use, measures the impact of land use activities on ESV. The
sensitivity indices of the total ESV to the LUCC for the 5-year period from 2003 to 2023 were
0.46, 0.55, 2.02, and 2.49 (Figure 8b). This indicates that a 1% change in the overall dynamic
degree of land use during these periods resulted in changes in the total ESV of 0.46%, 0.55%,
2.02%, and 2.49%, respectively. From 2003 to 2023, the sensitivity of supply, regulation,
support, and cultural services to land use in Chayu County increased. This indicates that
the degree of disturbance caused by spatiotemporal changes in land use activities in these
four major categories of ecosystem services is gradually increasing. Among the individual
ecosystem services, the sensitivity of 11 factors to land use fluctuated upwards (Figure 8d),
suggesting that land activities intensified disturbances across ecosystem sub-services. In
summary, the sensitivity of the ESV to land use in Chayu County is generally increasing,
and LUCC will continue to significantly impact ESV changes.
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Figure 8. (a—d) ESV change rate chart and ESV sensitivity index chart for various systems/factors.

4.3. Spatial Autocorrelation Analysis of ESV
4.3.1. Global Spatial Autocorrelation Analysis of ESV

According to calculations using the Geodal.18.0 software, the global Moran’s I values
for the ESV in Chayu County from 2003 to 2023 were all greater than 0, with p-values
less than 0.001. This indicates a remarkably positive spatial association for the ESV across
Chayu County (Figure 9a). Moran’s I value increased from 2003 to 2013 and then decreased
from 2013 to 2023; however, the overall trend was an increase. This indicates that while
the spatial correlation of the ESV has fluctuated over the past 20 years, it has become
more concentrated and strengthened, largely because of ongoing ecological restoration
projects in Chayu County that have increased forestland and water areas, improving the
ecological environment.

4.3.2. Local Spatial Autocorrelation Analysis of the ESV

From 2003 to 2023, Chayu County exhibited significant high-high- and low-low-value
clustering areas for the ESV, indicating a strong positive correlation and spatial clustering
pattern (Figure 9b). During the five periods, the spatial distributions of the high-high-
and low-low-value clustering areas for the ESV were generally consistent. High—high
clusters mainly focused on the northern part of Shangchayu Town, Guyu Township, and
northwestern Gula Township, with an area increase of 9.2%, indicating significant growth.
This is closely related to the intensification of global warming [42,43]; the significant rise
in temperatures in the Tibet Plateau where Chayu County is located; and the substantial
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increase in precipitation and water volume caused by the melting of ice and snow, leading
to a significant increase in the total ESV of the water area. Conversely, low—low-value
clustering areas were primarily found in Zhuwagen Town and the southern part of Gula
Township, with an area decrease of 0.19%. These regions are characterized by a large
area of unused land and harsh natural environments, highlighting the need for targeted
environmental protection policies to mitigate ESV losses caused by land use changes in

these areas.
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Figure 9. Moran’s I scatter plot and LISA plot of ESV in Chayu County.
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5. Discussion
5.1. The Dynamic Response of ESV to the LUCC

Changes in the ESV depend on the scale and direction of LUCC [44]. Therefore,
when the rate of land use change is relatively stable, transfer direction and spatial location
changes are key factors influencing ESV variation. An analysis of LUCC and ESV changes
in Chayu County from 2003 to 2023 (Figures 3a and 5a) shows that the rapid expansion of
water areas and the continuous increase in forest area are the primary reasons for the rise
in the ESV.

This is closely related to the policies implemented in China to improve the ecological
environment and prevent soil erosion and desertification, such as the “Grain for Green”
programs and various ecological restoration projects [45]. Specifically, the “Grain for Green”
policy, which has been continuously implemented in the Tibetan Plateau since 2003, has led
to a sustained increase in forestland area. However, extreme natural factors (deteriorating
water and soil conditions and severe toxic weed infestations) and human activities (such
as land clearing and overgrazing) in Chayu County have led to grassland degradation,
resulting in a decrease in grassland area. Nevertheless, over the 20-year period, the rate
of grassland area reduction gradually decreased, indicating that the ecological restoration
efforts in Chayu County are yielding positive results against the backdrop of ecological
civilization construction in China. On a broader regional scale, this further confirms that
the land use and land cover structure in the highly mountainous canyon region where
Chayu County is located is becoming increasingly stable, with overall improvements in
land cover conditions and the regional ecological environment.

5.2. Stability Analysis of the ESVs

In this study, a 2 km x 2 km grid was used to analyze the spatial distribution and cor-
relation of the ESV [46], enabling a quantitative analysis of ESV spatial heterogeneity and a
detailed expression of land use spatial information. This approach highlights land-type pat-
terns, compatibility, and stability, revealing that the ESV in Chayu County predominantly
exhibits a “high-high” and “low—-low” clustering pattern (Figure 9b). High-high-value
aggregation areas are widely distributed in the northern part of the county, particularly
in regions with dense water bodies, benefiting from the valley topography of the highly
mountainous canyon region, which maintains ecosystem integrity. Conversely, the low—
low-value aggregation areas were primarily located in the southern parts of ZhuwaGen
Town and Gula Township, where high altitudes, low temperatures, and erosion in the
highly mountainous canyon region have led to increased natural loss rates. Owing to its
complex natural and topographical background, Chayu County embodies the typical char-
acteristics of a highly mountainous canyon region. Following an overall stability analysis
of the ESV within the county through spatial autocorrelation, this study provides insights
for formulating differentiated ecosystem compensation policies suitable for Chayu County
and offers important implications for ecological protection in highly mountainous canyon
regions under the implementation of sustainable development strategies in China.

5.3. Policy Impact and Regional Environmental Management

Rapid urbanization has accelerated changes in land use; however, this process may
lead to serious negative socio-ecological effects [47,48]. Existing land use planning and
policies often overlook the negative effects of LUCC on the ESV [49]. Therefore, under
the strategic framework of “ecological protection and development”, policymakers must
incorporate ecosystem services into land use policy formulation and ecological protection
decisions while promoting economic development with a focus on strengthening ecological
and environmental protection [50-52]. For Chayu County and the similar highly mountain-
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ous canyon region, continuous focus on forests and water bodies protection is essential.
This can be realized by strictly controlling the ecological protection of red lines in the area,
establishing nature reserves, and enacting laws for protecting water sources and forests.
Such measures will ensure a sustained increase in the overall ESV of the region and enhance
the positive impact of ecosystems on human development and well-being.

5.4. Research Shortcomings and Prospects

This study employed the unit area value equivalent factor approach developed by
Xie et al. to compute the ESV of Chayu County in a highly mountainous canyon region.
Although this method is widely used in ESV-related research, its approach of simplifying
the ESV into a monetary quantification oversimplifies actual ecological processes and does
not adequately account for the complex relationships between LUCC and ecosystems. The
ESV results from the interaction and mutual influence of multiple factors, including human
activities, natural resource endowments, and socioeconomic conditions, within specific
temporal and spatial contexts, exhibit a complex nonlinear relationship. Future research
could enhance the accuracy of ESV assessments by incorporating field observations and
questionnaire surveys [53], thereby comprehensively considering the relationship between
LUCC and the ESV from the human—-environment perspective.

6. Conclusions

This study, building on land use data and a modified ESV assessment model, analyzes
the spatiotemporal variations in land use, ESV changes, the sensitivity of the ESV to LUCC,
and the spatial autocorrelation of the ESV in Chayu County from 2003 to 2023. It examines
the dynamic response and stability of the ESV to LUCC in Chayu County.

The following are the key findings.

1.  Forestland and grassland are the main land use types in Chayu County. From 2003 to
2023, land use changes, driven by climate change and human activities in the highly
mountainous canyon region, were mainly caused by the mutual transformation
between grassland and water area; grassland and unused land; and water area and
unused land. The period from 2018 to 2023 saw the greatest changes in land use types
compared to other periods. The expansion of forestland and water areas during this
time is an important indicator of effective ecological and environmental protection
efforts in Chayu County in recent years.

2. From 2003 to 2023, the overall ESV of Chayu County increased from CNY 169.127 billion
in 2003 to CNY 175.686 billion in 2023, with higher values in the northern and western
regions and lower values in the central eastern areas. Forestland and water areas
were key contributors to the total ESV in Chayu County and essential for maintaining
hydrological and climatic regulation. Furthermore, from 2003 to 2023, the sensitivity of
Chayu County’s ESV to land use changes revealed a continuous upward trend, with
LUCC being a major driver of ESV gains and losses.

3. Moran’s I values for Chayu County from 2003 to 2023 across the five periods were
0.494, 0.495, 0.536, 0.517, and 0.515, indicating an overall increasing trend with height-
ened correlation and enhanced stability. The spatial pattern primarily exhibited
high-high and low-low clustering. This is mainly attributable to the unique and
complex terrain and landforms of the highly mountainous canyon areas, which have
a significant impact on factors such as water bodies, soil types, and vegetation dis-
tribution. This results in the regional differentiation of the ecosystem, leading to a
marked difference in the spatial distribution of high and low ESVs.

These findings provide theoretical support for optimizing the land use structure in
Chayu County and similar highly mountainous canyon regions. This approach facilitates
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the formulation and implementation of land management, ecological restoration, and
conservation policies tailored to local conditions. Furthermore, achieving the sustainable
development of land resources and promoting ecological civilization are essential.
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