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Abstract: The quantitative evaluation and prediction of ecosystem service value (ESV) in the Lhasa
River Basin can provide a basis for ecological environment assessment and land-use optimization and
adjustment in the future. Previous studies on the ESV in the Lhasa River Basin have focused mainly
on static assessment and evolution analysis based on historical data, and have not considered future
development trends. Moreover, most of the current driving factors selected in land use and ESV
prediction studies are homogeneous, and do not reflect the geographical and cultural characteristics
of the study area well. With the Lhasa River Basin as the research focus, 20 driving factors were
selected according to the characteristics of the plateau alpine area, and the land-use changes under
three developmental orientations, namely, natural evolution, ecological protection, and agricultural
development, were predicted for the year 2030 with the FLUS-Markov model. Based on these
predictions, the values of ecosystem services were calculated, and their spatiotemporal dynamic
characteristics were analyzed. The results show that the model has high accuracy in simulating
land-use change in the Lhasa River Basin, with a kappa coefficient of 0.989 and an overall accuracy of
99.33%, indicating a high applicability. The types of land use in the Lhasa River basin are dominated
by the existence of grassland, unused land, and forest, with a combined proportion of 94.3%. The
change trends of each land-use type in the basin under the three scenarios differ significantly, with
grassland, cropland, and building land showing the most significant changes. The area of cropland
increased only in the agricultural development scenario; the areas of forest and grassland increased
only in the ecological protection scenario; and the expansion of building land was most effectively
controlled in the ecological protection scenario. The ESV increased in all three scenarios, and the
spatial distribution of the ESV per unit area in the middle and lower reaches was greater than that in
the upper reaches. The ESV was the greatest in the ecological protection scenario, with grasslands,
forests, and water bodies contributing more to the ESV of the basin. This study provides decision-
making references for the effective utilization of land resources, ecological environmental protection
planning, and urban construction in the Lhasa River Basin in the future.

Keywords: ecosystem service value; land use; multi-scenario simulation; FLUS-Markov; Lhasa
River basin

1. Introduction

The Lhasa River Basin, located in the middle reaches of the Yarlung Tsangpo River
in the southeastern part of the Tibetan Plateau, is a key agricultural area and is the main
grain production area of Tibet, China, as well as the political, economic, and cultural core
of Tibet [1,2]. Notably, given that the basin is located in the core area of the ecological
security barrier of the Tibetan Plateau, safeguarding the ecological security of the basin
is highly important [3]. In recent years, with the intensification of climate change and
human activities, the ecosystem structure and function of the Lhasa River Basin have been
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affected by glacial and permafrost melting and grassland degradation, seriously impeding
the sustainable development of the regional socio-economy [4-9].

Ecosystem services are any valuable functions or resources provided by ecosystems
to humans that can be used directly or indirectly [10]. Ecosystem service value (ESV) is a
monetary assessment of the ability of ecosystems to form and maintain the environmental
conditions and material supplies on which human beings depend for survival. Currently,
there are two main estimation methods for valuing ESV monetarily, namely, the method
based on the price per unit of service function, and the method based on the equivalent
factor of service value per unit area. Because there are many types of ecosystem services,
each service function corresponds to one or more types of functional value accounting
models, and each model contains a variety of parameters, the calculation burden of the
functional price method, which uses the amount of ecosystem service function and the unit
price to determine the total price [11], is high. Thus, the calculation process is complicated,
and the difficulty of obtaining data is high. In contrast, the equivalent factor method has a
harmonized value accounting model that calculates ESV by constructing the value equiva-
lents for various service functions of various ecosystems and then combining them with
the distribution area of each ecosystem [12]. Compared to the functional price method, the
equivalent factor method has fewer data requirements and a simpler calculation process,
and it can be quickly used to determine the total ecological value [13]. The equivalence
factor method proposed by Costanza et al. [12] is one of the most commonly used meth-
ods to account for ESV [14], and is widely used because of its standardized accounting,
horizontal consistency in results, and applicability to large-scale and even global-scale
value assessments [15]. Xie et al. [13] improved the equivalence factor method based on
Costanza’s study, and constructed a table of equivalence factors for terrestrial ESV in China
by synthesizing the literature research, expert knowledge, and national biomass data for
China’s actual situation. In recent years, ESV research on the Lhasa River Basin has focused
on static assessment and evolution analysis [16-18], but there is a lack of research on ESV
predictions for the Lhasa River Basin under future development trends, which limits the
effectiveness of policy decision-making related to ecological protection management in
the basin. Although a few scholars have carried out work on predicting the future ESV
evolution for the Tibetan Plateau based on land use changes, they have not explored the
details of the internal river basins due to the large spatial scales and the land-use data
resolutions, which are mostly 300 m or 1 km resolutions [9,19,20]. A river basin is a large
composite ecosystem composed of natural, social, and economic components, with diverse
land-use types and strong ecosystem integrity [16,21]. Therefore, land use and ESV research
entailing dynamic evolutionary analyses and multi-scenario predictions from the perspec-
tive of a river basin can help reveal the patterns of ESV response to land-use changes within
the basin, supporting the government and other decision-making bodies in understanding
the basin’s future development and dynamics and enabling the formulation of effective
development strategies with specific orientations of purpose.

At present, the existing land-use change prediction models mainly include the CA-
Markov model [22], CLUS-S model [23,24], and FLUS-Markov model [25,26]. The first two
models have good spatial extensibility and can predict the spatial distribution pattern of
future land use, but the CA-Markov model lacks a cellular state transition restriction module
and can simulate only a single land-use type [27], while the CLUS-S model easily ignores
the possibility of the conversion of nondominant land-use types and has shortcomings
regarding the land-use allocation process [26]. The FLUS-Markov model is optimized and
improved based on the traditional CA-Markov model, which can simultaneously associate
multiple land-use types with driving factors, incorporate complex adaptive inertia and
competition mechanisms based on roulette wheel selection, and more effectively address
the uncertainty and complexity caused by natural and human factors when land-use types
are transformed into other types, providing higher simulation accuracy and producing
results similar to the real land-use distribution [28]. The FLUS-Markov model is better than
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CA-Markov and other models in terms of simulation performance [29], and is currently
one of the most mainstream land-use prediction models.

Land-use change mainly manifests as changes in land-use type, pattern, and intensity
that directly or indirectly affect regional ecosystem services [30,31]. Therefore, accurate sim-
ulations of land-use change are the basis for effective ESV prediction. Currently, land-use
driving factors are mostly focused on elevation, slope, slope aspect, air temperature, precip-
itation, GDP, population density, etc. [20,32-34], and the factors used are too homogeneous
and fail to reflect the natural and anthropogenic characteristics of the study area well. This
research focused on the Lhasa River Basin and included 20 driving factors specific to the
plateau alpine area. Utilizing the FLUS-Markov model, three scenarios—namely, the sce-
narios of natural evolution (NE), ecological protection (EP), and agricultural development
(AD)—were established to simulate the changes in the areas of cropland, forest, grassland,
waterbody, wetland, glacier snow, building land, and unused land for the year 2030. Then,
the future ESV development trends in the Lhasa River basin, under a multi-scenario model,
were evaluated and predicted. The objectives of this study are: (1) to quantitatively assess
and predict the future land-use change and ESV of the Lhasa River Basin; (2) to establish
three development scenarios to explore the future ecological and economic development
paradigm of the basin; and (3) to reveal the mechanism of land-use change influence on
ESV, and to inform decision-making regarding the optimization of the land-use structure
and the future management of ecological protection efforts for the basin.

2. Materials and Methods
2.1. Study Area

The Lhasa River is located in the southeastern part of the Tibetan Plateau, the “third
pole of the earth”, and is a part of the Liang Jiang Si He in Tibet. The basin covers an
area of approximately 32,471 km?. It has an average elevation of approximately 4900 m
and a plateau temperate semiarid climate. It is an important “vein” and core link in
the natural ecosystem of the Tibetan Plateau, and is one of the most fragile ecological
environments in Tibet. According to the topography and geomorphology of the basin
and the administrative boundaries, the Lhasa River basin is divided into upper, middle,
and lower reaches, with the upper reaches located in the source area of the Jiali River
(including the Seni District and Jiali counties), the middle reaches in the Dangxiong Basin
area (including Dangxiong County), and the lower reaches in the Lhasa River Valley area
(including Linzhou County, Mozhugongkha County, Dazi District, Chengguan District,
Durlong Degqing District, Quashui County, and Sangri County) [16,35] (Figure 1). The
middle and upper reaches of the Lhasa River have complex topography and are mostly
mountainous, and the lower reaches have open valleys, which serve as the main agricultural
area and the most populated and economically prosperous area in Tibet [36,37]. In recent
years, with the rapid development of economics and construction in the basin, regional
development has become extremely unbalanced, the building land area has expanded
rapidly, and the ecological environment of the basin has been subjected to increased
interference from anthropogenic factors, which has led to tension in the human-land
relations in the watershed.

2.2. Selection of Driving Factors and Data Sources

The data used in the study include those required for ESV calculation and land-
use simulation. The data used for ESV calculation mainly include China’s net primary
productivity (NPP) data, precipitation data, and soil erosion data from 2010 to 2020. The
NPP data and precipitation data were obtained from the Resource and Environment
Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/,
accessed on 25 September 2023), and the soil erosion data were obtained from the Earth
Resources Data Cloud (http://gis5g.com/, accessed on 25 September 2023). The data used
for the simulation of land-use change include data on land use and the drivers of land-use
change. The land-use data were obtained from the Resource and Environment Science and
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Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/, accessed on
25 September 2023), with a spatial resolution of 30 m x 30 m. According to the research
needs, each land-use type was classified into eight categories: cropland, forest, grassland,
waterbody, glacier snow, wetland, building land, and unused land. We used the land-use
data for 2010 as the base period data, selected the driving factors of land-use change, and
used the FLUS-Markov model to simulate the land-use pattern of the Lhasa River Basin for
2020. Considering that land-use change is affected by physical and chemical conditions and
multiple factors, such as natural factors, socio-economic conditions, and location [38,39],
we selected three types of driving factors: physical geography, socioeconomic, and location
factors. Then, we processed the driver data by using a GIS platform so as to make them
consistent with the projected coordinate system and spatial resolution of the land-use
data [25,40]. The driving factors for Model 1 were selected with reference to previous
research experience and totaled 13, and the driving factors for Model 2 were selected based
on Model 1 for the characteristics of the plateau basins and totaled 20 (Table 1 and Figure 2).
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Figure 1. Location of the study area.
Table 1. Types of driving factors and data sources.
Driving Factors for Driving Factors for
Type Model 1 Model 2 Data Sources
Geospatial Data Cloud
DEM DEM (https:/ /www.gscloud.cn/, accessed on
26 September 2023)
Slop Slop Extraction based on DEM data using the
Aspect Aspect GIS platform
Average precipitation Average precipitation Resource and Environment Science and Data Center
Phvsical of the Chinese Academy of Sciences
ysica (https:/ /www.resdc.cn/, accessed on
geography Average temperature Average temperature

25 September 2023)

Long wave radiation

Shortwave radiation

National Tibetan Plateau Scientific Data Center
(https:/ /data.tpdc.ac.cn/home, accessed on 30
Surface oxygen content September 2023)

Relative humidity
Wind speed

Surface air pressure
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Table 1. Cont.

Driving Factors for Driving Factors for
Type Model 1 Model 2 Data Sources
Resource and Environment Science and Data Center
of the Chinese Academy of Sciences
GDP GDP (https:/ /www.resdc.cn/, accessed on
25 September 2023)
WorldPop
Socio-economic Population density Population density (https:/ /www.worldpop.org, accessed on
25 September 2023)
National Earth Observation Data Center
Livestock intensity (https:/ /www.chinageoss.cn/, accessed on
27 September 2023)
Distance to waters Distance to waters
Distance to the town center Distance to the town center OpenStreetMap
Distance to highway Distance to highway (https:/ /www.openstreetmap.org/, accessed on
location . - 25 September 2023)
Distance to urban expressway Distance to urban expressway Extracted using the Euclidean distance tool in the
Distance to urban primary Distance to urban primary GIS platform
roads roads

Distance to A-level scenic spots ~ Distance to A-level scenic spots

A

Precipitation unit: mm
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Figure 2. Driving factors of land use.
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In model 2, with a focus on physical geography, in addition to selecting conventional
factors such as air temperature and precipitation, we also considered the special climatic
type of the plateau alpine area and added factors such as surface air pressure, solar radiation,
surface oxygen content, relative humidity, and wind speed, which increase the number of
climate drivers and play important roles in the topography, hydrology, soil, plant growth,
and distribution [41-46]. From a socio-economic perspective, considering that agriculture is
the core green development industry in the Lhasa River Basin [38], we added the livestock
intensity factor. The simulation results of model 1 and model 2 were compared and
analyzed with the actual land-use pattern map in 2020, and the validity of the models
were verified by the kappa coefficient and overall accuracy (OA). Then, the model with the
higher accuracy was chosen to predict the land-use pattern in 2030 with the land-use data
of 2020 as the base period data.

2.3. Simulation of Land-Use Changes
2.3.1. FLUS-Markov Model

The FLUS model is composed of a occurrence probability calculation module and a
cellular automata (CA) module. In the simulation process, the artificial neural network
(ANN)-based probability calculation module generates the suitability probability of each
land-use type by associating the base period land-use data with various driving factors [47].
The cellular automata based on the adaptive inertial competition mechanism includes
neighborhood influence factors and conversion costs, and is combined with the suitability
probability of each land-use type and the total amount of future demand elements to obtain
the overall probability of cellular conversion. Finally, roulette wheel selection is used to
determine whether a land-use type conversion occurs in each cell [27] in order to realize
the simulation and prediction of future land-use change.

Under different scenarios, the future demand of each land-use type is inconsistent,
and the cellular automaton module of the FLUS model requires the input of the quantity
and scale of each future land-use type in advance. Therefore, the future demand of each
land-use type should be predicted in advance when applying the FLUS model. The Markov
model is an effective quantitative prediction model used to predict land-use change based
on a transfer probability matrix between land use states over many years. However,
although it lacks consideration of land-use change in space, it can complement the FLUS
model. Its calculation formula is as follows [23]:

St+1 = PjSy 1)
In the formula, S; and S;;1 are the land use type states at time ¢ and time ¢ + 1,

respectively, and P;; is the probability of land-use type conversion at time .

e  Neighborhood influence factor: The neighborhood influence factor reflects the interac-
tion between different land-use types and the mutual influence of each land-use unit
within the neighborhood [48]. In this study, the cell neighborhood window of 3 x 3 is
selected, and the formula is as follows:

. Y NN con (c;’l =k
Pk NxN-1

In the formula, Q; « 1 the neighborhood influence factor of cell p at time t; ) n.n

) X Wi 2)

con <c§,‘1 = k) is the total number of cells of land-use type k in the neighborhood in the

last iteration, i.e., time ¢t — 1; Wj is the neighborhood factor parameter of different land-
use types. The neighborhood factor parameter indicates the expansion intensity of each
land-use type [47,49], reflecting the expansion capacity of different types of land use under
the influence of spatial driving factors. The parameter range is 0-1, and the closer the
value is to 1, the stronger the expansion capacity of the land-use type. According to the
influence of human disturbance in different regions and the historical area change trend of
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each land-use type, we conducted several tests and adjustments and finally set the domain
weight parameters assigned with high simulation accuracy (Table 2).

Table 2. Multi-scenario neighborhood factor parameters.

Scenario Glacier Building Unused

Settings Cropland Forest Grassland  Waterbody Snow Wetland Land Land
NE 0.3 0.3 0.4 0.5 0.2 0.5 0.8 0.1
EP 0.3 0.7 0.8 0.7 0.4 0.7 0.3 0.1
AD 0.8 0.3 0.3 0.4 0.2 0.5 0.6 0.1

e  Setting the Conversion Cost Matrix: This study uses empirical judgment and expert
consultation, combined with the development needs of three scenarios, to construct
a conversion cost matrix (Table 3). When one land-use type is not allowed to be
converted to another, the corresponding value is set to 0; when the conversion is
allowed, it is set to 1. In addition, some land-use types with specific purposes, such
as national parks, generally do not undergo land-use type conversion [50], and in
this study, nature reserves and reservoirs were selected as the areas in which to
restrict conversion.

Table 3. Multi-scenario conversion cost matrix.

Land Use NE EP AD
Type a b ¢c d e f g h a b c¢c d e f g h a b ¢ d e f g h
a $Tr 1t 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0
b 11 1 1 1 1 1 1 O 1 O O O O O 0 1 1 1 1 1 1 1 1
c 11 1 1 1 1 1 1 O O 1 O O O O 0 1 1 1 1 1 1 1 1
d 11t 1 1 1 1 1 1 0 O O 1 1 1 O 0 1 1 1 1 1 1 1 1
e 11 1 1 1 1 1 1 O O O 1 1 1 O 0 1 1 1 1 1 1 1 1
f 11 1 1 1 1 1 1 O O O 1 1 1 O 0 1 1 1 1 1 1 1 1
g $1 1t 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
h 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

In the above table, a is cropland; b is forest; c is grassland; d is waterbody; e is glacier snow; f is wetland; g is
building land; and h is unused land.

2.3.2. Design of Multiple Scenario Simulations

A multi-scenario analysis can be used to explore and compare the results generated
with different hypothetical development goals, and this method can help to formulate
strategies suitable for the future development of a basin. Based on the previous literature,
this study establishes three scenarios in combination with the current development status
of the Lhasa River Basin and future socio-economic development planning [29,47,51].

e NE scenario: We assume that under this scenario, the development and change
patterns of all land-use types for the year 2030 are consistent with the change trends
of previous years, and there is no human intervention or restriction on land-use type
conversion. This scenario is the basis for the other scenarios.

e  EP scenario: The Tibetan Plateau is an important ecological security barrier in China
and even in Asia [52], playing an important ecological role in biodiversity and carbon
sequestration [53-55], and the Lhasa River Basin is an major ecological node. The EP
scenario is oriented toward the ecological protection and high-quality development
of the Lhasa River basin and toward adhering to green development and ecological
prioritization, which can effectively prevent the degradation of forest and grassland
areas and suppress the large-scale expansion of building land. In the model, the
neighborhood factor of developed land is reduced to 0.3, and the transfer out of forest
and grassland is strictly limited in the setting of the conversion cost matrix.
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e  ADscenario: Because the Lhasa River basin is limited by its geographical environment,
natural resources, and other factors, since agriculture is the basis of its economic devel-
opment [56], and at the same time, the Lhasa River Basin is one of the most important
regions in the Tibet Autonomous Region for the implementation of the Comprehensive
Agricultural Development Project [57,58]. The AD scenario can effectively slow the
decreasing trend of cropland and ensure a level of economic development. In the
model, the neighborhood factor of cropland is increased to 0.8, and the conversion of
cropland to other land-use types is restricted in the conversion cost matrix.

2.4. Estimation of the ESV

Among the mainstream ESV calculation methods, the equivalence factor method
based on unit area values comes with the advantages of lower data requirements, conve-
nience in operation, and concision in calculations; moreover, it has been widely used in
related studies. Considering the generality of this method, it was used in this study to
calculate the ESV in the Lhasa River Basin. The magnitude of ecosystem service functions
varies in different regions depending on their geographic locations, natural environments,
biodiversity, etc. After reviewing the literature [59,60], 9 of the 12 ecosystem services
assessed in this study (food production, raw materials production, gas regulation, climate
regulation, environment purification, waste disposal, maintaining nutrient circulation,
biological diversity maintenance, and aesthetic landscape provision) were positively cor-
related with biomass. Water resource supply and hydrology regulation were correlated
with precipitation changes. Based on the above understanding, in this study, based on the
Chinese terrestrial ESV equivalent factor table proposed by Xie et al., a one-step analysis
was conducted to determine the modification of the unit area value equivalent parameters
with NPP, precipitation, and soil retention adjustment factors [13] in order to obtain the
ESV equivalent parameter table applicable to the Lhasa River Basin. The ESV calculation
formula is [61]:

n
ESV =) (VG x A)) (3)
j
m
VG =) VG; (4)
i
Px D x ZVCﬂ]‘
or
VCi]- =<{RXxD x ZVCZ'QJ‘ (5)
or
Sx D x ZVCigj

In the formula, ESV is the value of ecosystem services (CNY); VC; is the value of
ecosystem services of the jth land use type (CNY); A; is the total area of the jth land use
type (hm?); VCij is the value of the ith ecosystem service of the jth land use type per unit
area (CNY); ZVC;; is the value equivalence factor of the ith land use type per unit area;
D is the ecosystem services value of one standard equivalence factor (CNY/ hm?); P is
the NPP regulator; R is the precipitation regulator; S is the soil conservation regulator;
il denotes food production, raw materials production, gas regulation, climate regulation,
environment purification, waste disposal, maintaining nutrient circulation, biological
diversity maintenance, and aesthetic landscape provision services functions; i2 represents
water resource supply and hydrology regulation service functions; and i3 denotes the soil
conservation service.

2.4.1. NPP Modification Factor (P)

The NPP modification factor is calculated as follows:

P = B;/Bg (6)
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In the formula, B; is the average annual NPP (thm?-a~1) in the Lhasa River Basin from
2010 to 2020, and Bg is the average annual NPP (t~hm2~a’1) at the national scale, both of
which were obtained by processing with the cell statistics tool in the ArcGIS 10.8 platform.

2.4.2. Precipitation Modification Factor (R)

The precipitation modification factor is calculated as follows:
R = W;/W, (7)

In the formula, W, is the average annual precipitation per unit area (mm-hm~2-a1)
in the Lhasa River Basin from 2010 to 2020, and W is the average annual precipitation
per unit area (mm-hm~2-a~!) at the national scale, which were calculated by using the cell
statistics tool in the ArcGIS10.8 platform based on the precipitation data provided by the
Resource and Environment Science and Data Center of the Chinese Academy of Sciences.

2.4.3. Soil Retention Modification Factor (S)

The soil retention modification factor is calculated as follows:
S=E/Eg (8)

In the formula, E; is the annual average soil retention of Lhasa River Basin from 2010
to 2020 (thm~2-a~1), and E, is the national average annual soil retention (thm~—2.a~1);
both of these values were calculated using the Sediment Delivery Ratio module in the
inVEST model.

2.4.4. The Amount of Ecological Value of One Standard Equivalent Factor (D)

The ecological value of one standard equivalent factor can be regarded as the national
average economic value of food production of 1 hm? of farmland under natural condi-
tions [13]. Based on the sown area, yield, and average price of major crops in China from
2010 to 2020, this study calculated the ecological value of the standard equivalent factor.
The calculation method is as follows:

D = 5,-F + Sw-Fy + Sc-Fe (9)

In the formula, S;, Sy, and S, represent the percentage (%) of the sown area of rice,
wheat, and maize in the total sown area of the three crops from 2010 to 2020, respectively.
F., Fy, and F. represent the average net profit per unit area of rice, wheat, and corn in
China from 2010 to 2020 (CNY/hm?), respectively. The above data were calculated based
on Formula (9) and the China Statistical Yearbook, the National Compendium of Cost and
Benefit Information on Agricultural Products provided by the National Bureau of Statistics
(https:/ /www.stats.gov.cn/, accessed on 25 September 2023).

In this study, the ESV of the Lhasa River Basin was calculated based on the improved
equivalence factor table and the ecosystem service value per unit of standard equivalence
factor reported by Xie et al. in 2015 [13]. The land-use type corresponded to the closest
ecosystem type, and the equivalence factor of the ESV per unit area of each land-use type was
taken with reference to the proportion of the area of the secondary classification of ecosystems
in Xie Gao Di’s equivalence factor table, in which the ESV of the building land was considered
0[13,62,63]. Combined with Equations (5)-(9), the modified ESV equivalent parameter table
applicable to the Lhasa River Basin was obtained (Table 4, and the classification and definition
of ecosystem service types are shown in Appendix A [13,63,64].

We calculated the ESV based on the actual land-use data in 2010 and 2020 and the
simulated land-use data for the year 2030, and investigated its temporal and spatial change
characteristics. To visualize the spatial distribution of the ESV evolution under each
scenario for the years 2010 to 2030, we created a fishnet for the study area based on the GIS
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platform, presented 3888 grid cells of 3 km x 3 km specifications, and calculated the ESV
of each grid cell using a regional tabulation tool.

Table 4. Ecosystem service values (ESVs) per unit area of land-use type in the Lhasa River basin

(102 CNY/hm?).
Ecosystem Services Land-Use Type

Primary Secondary Type Cropland Forest Grass Waterbody Glacier Wetland Unused
Type Snow Land
Provisioni Food production (FP) 23.38 7.72 10.05 18.70 0.00 11.92 0.47
TOVISIONING  Raw materials production (RMP) 9.12 69.67 8.42 5.38 0.00 11.69 0.94
service Water resource supply (WRS) -30.39 7.01 4.44 193.82 50.50 60.55 0.23
Gas regulation (GR) 16.83 101.00 35.07 18.00 421 44.42 1.40
Rewulati Climate regulation (CR) 22.68 95.16 36.47 53.54 12.63 84.17 3.04
egulating Environment purification (EP) 3.27 39.04 25.72 129.76 3.74 84.17 491
service Hydrology regulation (HR) 18.00 95.62 35.54 2384.73 166.70 566.49 1.64
Waste disposal (WD) 32.50 40.21 30.86 287.80 0.00 1.87 6.08
Soil maintenance (SM) 34.37 93.99 52.37 21.74 0.00 54.01 3.97

. Maintaining nutrient
Su:g;‘(:iring circulation (MNC) 36.47 421 2,57 1.64 0.00 421 0.23
Biological diversity 23.85 105.44 4372 59.62 0.23 184.00 9.35
maintenance (BD)

(;‘eli:‘,‘llzzl Aesthetic landscape provision (AL) 3.97 48.63 20.34 44.19 2.10 110.59 5.61
Total 194.05 707.70 305.57 3218.92 240.11 1218.08 37.88

3. Results and Analysis
3.1. Verification of Model Accuracy

The values of the kappa coefficient and overall accuracy (OA) of the model are usually
between 0 and 1, with larger values indicating higher model simulation accuracy. A compari-
son of the accuracy for the two models revealed that the kappa coefficient in Model 1 was
0.964, the OA was 97.87%, the kappa coefficient in Model 2 was 0.989, and the OA was 99.33%,
with an improvement in the OA of 1.46%. In addition, comparing the simulation results of
model 2 and model 1 reveals that the simulation results of model 2 are closer to the actual
land-use pattern in 2020 (Figure 3), and the selection of supplementary driving factors for the
characteristics of the plateau basin can improve the effectiveness of the model.

0 25 5 0 25 5 0 25 5
L _Jkm L _Jkm L _Jkm

Cropland [l Forest [ Grassland [l Water body Glacier snow [ Wetland B Building land [0 Unused land

Figure 3. Actual and simulated land-use patterns in 2020. (A) The actual land-use pattern in 2020;
(B) the simulated land-use pattern in 2020 of model 1; (C) the simulated land-use pattern in 2020
supplemented with the drivers of model 2.
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3.2. Land Use Changes in the Lhasa River Basin for the Years 2010 to 2030
3.2.1. Spatial Distribution Characteristics of Land Use Types for the Years 2010 to 2030

According to the statistics for the changes in land-use types in the Lhasa River Basin
for the years 2010 to 2030 (Table 5), the land-use types for the years 2010, 2020, and 2030 are
mainly grassland, unused land, and forest, and the total area of the three land use types
is as high as 90%. The spatial distribution patterns of different land-use types in different
years are generally consistent (Figure 4). Seni District and Jiali County in the upper reaches
of the Lhasa River Basin have high elevations and sparse populations, with land-use types
dominated by grassland and unused land; Dangxiong County in the middle reaches is
the largest pastoral county in the Lhasa River Basin [65], with grassland, unused land,
and glacial snow dominating as the land-use types; the lower reaches are characterized
by lower altitudes, dense populations, developing industry, agriculture, and the service
economy, a rich variety of land-use types, a concentrated distribution of cropland, forest,
waterbody, wetland, and building land, and a scattered distribution of grassland, glacier
snow, and unused land.

Table 5. Changes in the area for different land-use types in the Lhasa River Basin for the years 2010
to 2030 (10° hm?).

Time Cropland Forest Grassland Waterbody Glacier Wetland Building Unused
Snow Land Land
2010 89.02 347.05 1857.51 36.85 67.50 17.57 6.02 842.96
2020 81.11 344.21 1854.26 41.07 65.43 17.60 18.36 842.47
Change rate
(2010—2020) % —8.88 —0.82 —-0.17 11.43 —3.08 0.10 204.91 —0.06
2030(NE) 74.10 341.57 1851.13 44.43 64.02 17.61 29.64 841.99
Change rate
(2020—NE) % —8.64 -0.77 -0.17 8.21 —2.14 0.10 61.40 —0.06
2030(EP) 75.12 344.40 1855.22 44.55 64.70 17.60 20.94 841.99
Change rate
(2020—EP) % —7.39 0.05 0.05 8.48 -1.11 0.03 14.04 —0.06
2030(AD) 81.41 341.55 1851.08 44.00 63.70 17.61 22.99 842.18
Change rate 0.37 —0.77 —0.17 7.15 —2.64 0.11 25.18 ~0.03

(2020—AD) %

3.2.2. Land-Use Changes for the Years 2010 to 2020

Compared with the areas of waterbody, wetland, and building land in 2010, those in
2020 had increased by 11.43%, 0.1%, and 204.91%, respectively, and the areas of cropland,
forested land, grassland, glacial snow, and unused land decreased by 8.88%, 0.82%, 0.17%,
3.08%, and 0.06%, respectively, with building land having the largest growth rate and being
mainly transformed from cropland, forest, and grassland, corresponding to the largest
rate of cropland area shrinkage. From a spatial point of view, the upstream area had the
lowest rate of building land expansion and the lowest rate of grassland reduction, mainly
because, since 2010, Tibet has accelerated the construction of the Ecological Function
Protection for the Headwaters of the Lhasa River, greatly ameliorating the problem of
grassland degradation in the upstream area. The changes in all land-use types (except
grassland) in the downstream area were more obvious than those in the middle and upper
reaches (Figure 5), which is mainly because the downstream area is the most populated and
economically prosperous area, and the land-use structure is greatly influenced by human
factors. The unique geographical and transportation advantages of the lower Lhasa River
Basin valley, as well as the continuous expansion and adjustment of urban functions in
the urban planning for the city of Lhasa, have promoted the economic development of
the lower reaches and accelerated the process of urbanization. The rapid expansion of
developed land has converted part of the cropland, forested land, and grassland, with the
grassland being compensated for through the use of unused land and other land-use types,
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such that the reduction in the grassland area has been relatively small. Overall, for the
years 2010 to 2020, urban construction in the Lhasa River Basin has been effective, but the
area of ecological land, such as forest and grassland, has decreased; therefore, the ecological
environment is still in urgent need of protection.

2010

L1 Ikm 0 25 5 0 25 5
Lt Ikm L1 Ikm

Cropland - Forest - Grassland - Water bady Glacier snow [ Wetland - Building land [ Unused land

Figure 4. Land-use patterns in the Lhasa River Basin for the years 2010 to 2030: (a) an area located in
Dangxiong county; (b) an area located in Dazi district.
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Figure 5. The (A) transitions between different land-use types, and (B) area change rates for different
land-use types in the Lhasa River Basin for the years 2010 to 2020.

3.2.3. Land Use Change from 2020 to 2030

For the year 2030, in the NE scenario, the trends of area change for all land-use types
continue to follow a historical pattern. In the EP scenario, there is a small increase in forest
and grassland, the trend of decreasing glacial snow slows significantly, and the expansion of
building land is controlled most effectively. In the AD scenario, the area of cropland grows.

e  In the NE scenario, compared with the areas of waterbody, wetland, and building land
in 2020, those in 2030 increased by 8.21%, 0.1%, and 61.4%, respectively, and the areas
of cropland, forestland, grassland, glacial snow, and unused land decreased by 8.64%,
0.77%, 0.17%, 2.14%, and 0.06%, respectively, with the growth rate of the building land
area being the largest, but slowing significantly compared with that for the years 2010-
2020. The main reason for this is the limited volume the Lhasa River Basin valley area,
which has fewer land resources available in a shorter period. Moreover, due to the
disadvantage in geographic location compared to other developed regions in China,
immigration from other cities is lower, which in turn affects the future expansion rate
of building land. Spatially, the small amount of growth in grassland and a decrease
in building land in the upper reaches can be attributed to the continuation of the
impacts of historical policies in this scenario and the continued role of upstream
ecological protection projects. The expansion of building land is still concentrated in
the downstream area, continuing along the riverbank based on the original spatial
distribution state (Figure 6). In conclusion, building land is still the land-use type with
the largest growth rate under the influence of human activities, seriously devouring
cropland, grassland, and forest. This is a trend which, if not further constrained, will
greatly threaten the ecological environment and food security of the study area and
impede synergistic socioeconomic—ecological development.
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Figure 6. The (C) transitions between different land-use types, and (D) area change rate for different
land-use types in the natural development scenario for the years 2010 to 2030.
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In the EP scenario, the forest, grassland, waterbody, wetland, and building land areas
increased by 0.05%, 0.05%, 8.48%, 0.03%, and 14.04%, respectively, and the cropland,
glacial snow, and unused land areas decreased by 7.39%, 1.11%, and 0.06%, respec-
tively, with the expansion of building land, mainly converted from cropland, slowing
markedly compared to that in the NE scenario. Due to the rapid development of
economic construction in the basin, the expansion of building land is still unavoidable.
However, under this scenario, its expansion rate is effectively controlled, while the
land space for forest and grassland is effectively guaranteed. Spatially, the growth
of forest and grassland is achieved in the upper, middle, and lower reaches, and the
expansion of building land is suppressed (Figure 7). However, given the current
state of land-use effectiveness in the Lhasa River Basin, the total amount of building
land in the scenario may be insufficient, which will be detrimental to the economic
development of the basin. Thus, the intensive and effective use of land in the basin
should be strengthened in the future.
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Figure 7. The (E) transitions between different land-use types, and (F) area change rate for different

land-use types in the ecological protection scenario for the years 2010 to 2030.

In the AD scenario, the areas of cropland, waterbody, wetland, and building land
increased by 0.37%, 7.15%, 0.11%, and 25.18%, respectively, while the areas of forest,
grassland, glacial snow, and unused land decreased by 0.77%, 0.17%, 2.64%, and
0.03%, respectively. Spatially, the cropland area in both the middle and lower reaches
increased, with the most significant effect of cropland protection occurring in the lower
reaches (Figure 8).
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Figure 8. The (G) transitions between different land-use types, and (H) area change rate for different

land-use types in the agricultural development scenario for the years 2010 to 2030.
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3.3. Spatio-Temporal Variation in the ESV of the Lhasa River Basin for the Years 2010 to 2030
3.3.1. Characteristics of Temporal Variation

Based on the results of the land-use simulation, we calculated the ESV for each land-
use type in 2010 and 2020 and for each scenario for the year 2030 (Table 6). The results
show that the ESVs in 2010 and 2020 were CNY 102.9 billion and CNY 102.72 billion,
respectively, and the ESVs in the 2030NE, EP, and AD scenarios were CNY 103.35 billion,
CNY 103.75 billion, and CNY 103.34 billion, respectively, representing increases of 0.62%,
1%, and 0.61%, respectively, compared with those in 2020. The ESV shows a trend of
continuous growth over time, with the largest growth rate in the EP scenario.

Table 6. Ecosystem service values (ESVs) and ESV proportions of different land-use types in the

Lhasa River Basin for the years 2010 to 2030 (108 CNY).

Proportion Proportion 2030 Proportion 2030 Proportion 2030 Proportion
Land Use Type 2010 i 2020 i (NE) "o (EP) P (AD) "o
Cropland 17.27 1.68% 15.74 1.53% 14.38 1.39% 14.58 1.41% 15.80 1.53%
Forest 245.61 23.87% 243.60 23.72% 241.73 23.39% 243.73 23.49% 241.71 23.39%
Grass 567.61 55.16% 566.61 55.16% 565.66 54.73% 566.90 54.64% 565.64 54.73%
Waterbody 118.63 11.53% 132.19 12.87% 143.03 13.84% 143.40 13.82% 141.63 13.70%
Glacier snow 16.21 1.58% 15.71 1.53% 15.37 1.49% 15.53 1.50% 15.29 1.48%
Wetland 21.41 2.08% 21.43 2.09% 21.45 2.08% 21.43 2.07% 21.45 2.08%
Unused 31.93 3.10% 31.91 3.11% 31.89 3.09% 31.89 3.07% 31.90 3.09%
total 1029.00 100.00% 1027.18 100.00% 1033.51 100.00% 1037.47 100.00% 1033.43 100.00%

From the perspective of each land-use type, the ESVs for waterbody and wetland
increased for the years 2010 to 2020, while the ESVs for all other land-use types decreased.
As the first and third land-use types in terms of basin area, the ESVs for grassland and forest
accounted for more than 50% and 20% of the total value, respectively, and the ranking of
the ESV of each land-use type was in the order of grassland > forest > waterbody > unused
land > wetland > cropland > glacial snow. For the years 2020-2030, the ESVs of the different
land-use types in the NE scenario continue to follow the trends observed in the historical
period. As the areas of forest and grassland in the EP scenario increase to a certain extent,
the ESV increases slightly, increasing by CNY 13 million and CNY 29 million, respectively,
compared with the values in 2020. In the AD scenario, the cropland ESV increases slightly,
reaching CNY 5.1 million higher than that in 2020. The waterbody and wetland ESV in
the 3 scenarios still increases, while the glacial snow and unused land ESV still decreases
(Figure 9).
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Figure 9. Changes in the ecosystem service values (ESVs) for different land-use types in the Lhasa
River Basin for the years 2010 to 2030 (108 CNY).
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In terms of individual ecosystem service types, the ESV values of each ecosystem
service function in the three scenarios in 2010, 2020, and 2030 were ranked in the order
of hydrology regulation > biological diversity maintenance > soil maintenance> climate
regulation > gas regulation > waste disposal > environment purification > aesthetic land-
scape provision > raw materials production > food production > water resources supply >
maintaining nutrient circulation (Table 7). From 2010 to 2020, the ESVs of water resources
supply, environment purification, hydrology regulation, and waste disposal increased,
while those of all other ecosystem service types decreased, with the ESV of water resources
supply having the largest rate of increase and the ESV of maintaining nutrient circulation
having the largest rate of decrease. From 2020 to 2030, in the NE scenario, the trend of ESV
changes for individual ecosystem service types is the same as that for the years 2010-2020;
in the EP scenario, there is an increase in the ESV of gas regulation, climate regulation,
biological diversity maintenance, and aesthetic landscape provision; and in the AD sce-
nario, there is a slight increase in the ESV of food production (Figure 10). The impacts of
human activities on land-use structure under different scenarios are highly differentiated,
and in the future, ecological protection and restoration interventions in the process of
development and construction should be strengthened in the Lhasa River Basin to curb the
disorderly expansion of human industry and living space.

Table 7. The ecosystem service values (ESVs) of different ecosystem service types for the years 2010
to 2030 (108 CNY).

Types of Ecosystem Services 2010 2020 2030 (NE) 2030 (EP) 2030 (AD)
Food production (FP) 24.726 24.565 24.413 24.501 24.575
Raw materials production (RMP) 41.817 41.542 41.286 41.527 41.349
Water resource supply (WRS) 19.793 20.711 21.475 21.538 21.152
Gas regulation (GR) 104.604 104.136 103.697 104.147 103.807
Climate regulation (CR) 109.657 109.288 108.927 109.381 109.062
Environment purification (EP) 72.265 72.582 72.807 73.042 72.772
Hydrology regulation (HR) 211.271 220.449 227.771 228.582 226.808
Waste disposal (WD) 89.937 90.675 91.212 91.517 91.323
Soil maintenance (SM) 138.057 137.439 136.858 137.374 137.096
Maintaining nutrient circulation (MNC) 9.816 9.514 9.245 9.304 9.510
Biological diversity maintenance (BD) 133.257 132.876 132.493 132.998 132.639
Aesthetic landscape provision (AL) 63.457 63.402 63.328 63.557 63.336
Total 1018.657 1027.179 1033.512 1037.469 1033.429
6 1
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Figure 10. Changes in the ecosystem service values (ESVs) of different ecosystem service types for
the years 2010 to 2030.
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3.3.2. Spatial Variation Characteristics

Based on the GIS platform, we used the natural discontinuity grading method to
classify the ESV of the regional grid cells into five grades: lower, low, medium, high, and
higher (Figure 11). Overall, the spatial distribution pattern of the ESVs in the basin for the
years 2010 to 2030 basically remained unchanged, showing high spatial characteristics in
the west and low spatial characteristics in the east, but with obvious changes in the ESV in
some downstream areas (Figure 12). The high-ESV areas were mainly distributed in the
downstream area of the basin and were concentrated in the western and southern parts
of Mozhugongka County, the central and eastern parts of Dazi District, and the southern
part of Dangxiong County in the middle reaches of the river. The land-use types were
dominated by forest, grassland, waterbody, and wetland patches. The low-ESV areas were
mainly distributed in the northern area of the middle reaches of the river basin and the
upstream area, which were aligned and consistent with the spatial distribution of high-
elevation areas. The land-use types were dominated by glacial snow and unused land
patches. After generating the zoning statistics, the ranking of the ESV per unit area in the
different areas of the basin decreased in the order of downstream > midstream > upstream
for the years 2010 to 2030.
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Figure 11. Spatial distribution of the ecosystem service values (ESVs) in the Lhasa River Basin for the
years 2010 to 2030.
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Figure 12. Spatial distribution of the degree of change in the ecosystem service values (ESVs) in the
Lhasa River Basin for the years 2010 to 2030.

Statistics on the changes in ESV in different regions of the basin for the years 2010 to
2030 are shown in Figure 13. From 2010 to 2020, the ESV in the upper, middle, and lower
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reaches of the basin increased; for the years 2020-2030, the ESV in the upper, middle, and
lower reaches of the basin increased under both the NE and EP scenarios; and in the AD

scenario, the ESV in the upper and lower reaches increased, while in the middle reaches,
the ESV decreased.
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Figure 13. Changes in the ecosystem service values (ESVs) in different regions of the Lhasa River
Basin for the years 2010 to 2030.

4. Discussion
4.1. Selection of Driving Factors

Land use structural change is a complex dynamic process in which multiple factors
play a joint role, and it is also an important influencing factor for ESV calculations [66].
Drivers of land-use change are key factors that affect land-use modes and promote changes
in land-use patterns. In this study, on the basis of the special natural environment and
anthropogenic activities in the Lhasa River Basin, the driving factors were selected in
a targeted way, and more climate-driving factors and livestock intensity factors were
added. Through comparative analysis, we found that compared with the model without
supplemented driving factors, the kappa coefficient of the model with supplemented
driving factors increased by 2.5%, and the overall accuracy increased by 1.46%. This
demonstrates that the targeted driving factors adapted to the characteristics of the study
area play an important role in improving the prediction accuracy of the model. The selection
of drivers of land-use change in this study can provide a reference for the prediction of
land use change in plateau alpine basins in general.

4.2. Environmental Issues behind Land Use Type Conversion Mechanisms

The Tibetan Plateau is an ecologically fragile region of global importance, and its
ecosystems are extremely sensitive to the impacts of climate change and human
activities [3,67,68]. In the climatic context of global warming, its temperature has risen
more than the global average has [69], which has led to accelerated glacier and permafrost
melting in the Lhasa River Basin [70-72]. Glacier snowpack and unused land area exhibited
a decrease for the years 2010-2030, with these areas mainly being converted to water bodies
and wetlands and, in the case of some unused land, into grasslands. In the short term,
permafrost melts, and surface moisture gradually increases to form wetlands, which also ac-
celerates soil nitrogen and phosphorus mineralization and stimulates vegetation growth in
permafrost areas [73-76]. The continuous increase in water resources and wetland resources
in the basin seems to be a favorable response of the ecosystem. However, in the long run,
the retreat of permafrost releases a large amount of greenhouse gases, accelerating global
warming; moreover, when the degradation of glacier snow and permafrost reaches the
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threshold, as the temperature continues to rise, the evaporation of the basin will gradually
increase, and waterbody and wetland areas will face the risk of degradation [75].

4.3. Optimization Strategy Based on Land-Use Change and ESV Assessment

Based on the prediction results, under the three scenarios, cropland, forest, and
grassland will continuously transition to building land instead of into each other, and if
there is no human intervention in the expansion of building land, by 2030, its area will
increase significantly, with an increase of 61%. Moreover, cropland, forest, and grassland
will further diminish, and the food and ecological security of the basin will face a great
threat. In the EP scenario, the increase in building land decreases significantly, the area of
forest and grassland increase, and the ESV value is the highest among the three scenarios,
making this scenario the most suitable for the development path of environmental resource
protection and ecological civilization development. Although the ESV under the AD
scenario is the lowest among the ESVs of the three scenarios, it still increases relative to that
in 2020, indicating that this scenario can effectively promote the coordinated development
of ecological protection and socio-economic development of the basin. This outcome would
be consistent with the development notion of “developing an ecological economy, taking a
development path that harmonizes the economy with resources and the environment, and
more sustainable development” in the “14th Five-Year Plan” and “Vision 2035” for Tibet’s
national economic and social development.

Although the ESV of the basin as a whole is increasing, regional development is
extremely unbalanced because of the large differences in land use types in different regions
of the Lhasa River Basin. In the NE scenario, the growth rates of the ESV in the upper,
middle, and lower reaches are lower than those of the preceding 10 years, indicating that
the efficiency of the ecosystem service function of the whole basin will continue to decrease
if it is allowed to develop without appropriate anthropogenic interventions. The growth
rate of the ESV in the upper reaches in the EP scenario is lower than that in the preceding
10 years and that in the NE scenario, which indicates that construction of the Ecological
Function Protection for the Headwaters of the Lhasa River in Tibet has had a significant
effect. In the AD scenario, the ESV in the middle reaches decreases, and the analysis
of its land-use type conversion reveals that the reason for this is the large reduction in
grassland area.

The above analysis revealed that the changes in land use and ESV can provide a
reference for the assessment of the ecological status of a basin to a certain extent. In
the future protection and management of basin ecosystems, the following differentiated
optimization measures should be formulated for different scenarios and regions: (1) In
the EP scenario, the protection and management of upstream meadows and grasslands
should be strengthened, research should be carried out on the mechanism and causes
of degradation in seriously degraded areas, and targeted measures should be taken to
strengthen the protection and restoration work in these areas. Additionally, high-standard
and large-area afforestation projects should be carried out, and scientific and technological
support should be provided for the optimization of plateau eco-afforestation and the
structure of tree species, so as to form a forestry ecosystem with various levels, reasonable
structure, and complete functions. (2) In the NE scenario and AD scenario, the remote
sensing and positional monitoring of basin ecosystems should be increased, especially
regarding the detection of dynamic changes in glacier snow in Dangxiong County in the
middle reaches, and relevant research should be carried out. Furthermore, the grassland
fixed monitoring point project, artificial forage land project, and degraded grassland
replanting project should be implemented in the middle reaches, which has a high degree
of animal husbandry. Grazing should be banned during the growing period of plants
and strictly restricted during the fruiting period, so as to effectively protect and restore
natural grasslands and alleviate the pressure of overloading and overgrazing in pastoralist
counties. (3) As the downstream region is the area of the basin that is most affected
by human interference, the dynamics of land use, ecology, and urban development in
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the downstream region should be constantly monitored. The protection of downstream
cropland should be strengthened to safeguard regional food security, and the relationships
among socio-economic development activities, such as grazing, tourism, and resource
development should be coordinated with the needs of the ecological environment. Finally,
the disturbance of the plateau ecosystem by human activities should be minimized.

4.4. Limitations

Although this study well predicts the future land-use structure and ESV in the Lhasa
River Basin and enriches the research on the impact of future land-use changes on ESV, there
are still several shortcomings: (1) The use of Markov chains to predict the number of pixels
representing future land use demand was based solely on existing land-use data; however,
it lacked consideration of the impact of future policy factors. (2) Because of the complexity
of the social and natural composition of building land, recent studies have not taken the
ESV of building land into account. In this study, the ESV of building land was treated
as 0, on the basis of previous studies; however, this affects the total ESV of the basin to a
certain extent, and further research is needed to estimate the ESV of building land. (3) The
three scenarios of natural evolution, ecological protection, and agricultural development
cannot cover all possible future development directions of the basin, but future research can
provide more powerful support for land-use simulation and ESV assessment by introducing
more advanced models and setting more comprehensive simulation scenarios.

4.5. Conclusions

This study is based on the coupled FLUS-Markov model featuring the continuous
adjustment and optimization of the model parameters to achieve a multi-scenario land-use
simulation, and the prediction of ESV value and its spatial distribution pattern in 2030. The
model kappa coefficient reaches 0.989, the simulation feasibility is high, and it can provide
a reference for the future land use changes in the Lhasa River Basin.

The land-use type of the Lhasa River Basin is dominated by grassland and unused land,
and the land-use changes in the basin under the three scenarios have obvious differences,
among which the changes in grassland, cropland, and building land are the most significant.
The area of forest and grassland under the EP scenario shows the only increasing trend, but
the increase is only 0.05%. The building land in the NE scenario has the most significant
expansion, which is 61.4% higher than that in 2020. The area of cropland under the
AD scenario shows an effective increase compared with that under the other scenarios,
with an increase of 0.23%. The area of water bodies and wetlands shows a continuous
increasing trend, which corresponds to the decreases in glacier snow and unused land.
In all three scenarios, the ESV of the basin shows an increasing trend, with the largest
increase in the EP scenario, which is mainly due to the increase in the area of forest and
grassland. The AD scenario has the lowest ESV value, but the ESV value still increases in
comparison with that in 2020 because this scenario (compared to the EP scenario) effectively
restrains the expansion of the building land and does not unduly restrict the urbanization
process. Therefore, from the perspective of the ecological and economic development of
the basin, the AD scenario may be the most suitable for the future development of the
basin. However, since the natural and social development of the upper, middle, and lower
reaches of the basin varies greatly, and the focus of ecological protection and economic
construction and development is different, measures should be taken in a case-by-case
manner and adapted to the local conditions. This study takes three scenarios emphasizing
natural evolution, ecological protection, and agricultural development as the research
perspectives, and provides references for the future land-use restructuring and ecosystem-
service optimization in the Lhasa River Basin.
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Appendix A. Classification and Definition of Ecosystem Services

Ecosystem Services

Definition
Primary Type Secondary Type
Food production (EP) Conversion of sola.r energy into edible plant and
animal products.
Provisioning Raw materials production (RMP) Conversion of sol'ar en?rgy into bioenergy for humans to use
service in buildings or other uses.

Water resources provided by various ecosystems and used for
Water resource supply (WRS) residential life, agriculture (irrigation), industrial
processes, etc.

The ecosystem maintains a balance of atmospheric chemical
Gas regulation (GR) components, absorbing SO2, absorbing fluoride, and
absorbing nitrogen oxides.
The regulating effect on regional climate, such as increasing

Climate regulation (CR) S .
precipitation and lowering temperature.

Regulating . e Vegetation and organisms retain dust, decontaminate, etc.,
service Environment purification (EP) . ’ e .
including purifying water and air.
Ecosystems intercept, absorb and store precipitation, regulate
Hydrology regulation (HR) runoff, regulate and store flood water, and reduce drought
and flood disasters.
Waste disposal (WD) Thz:1 role of V?g.etation and orgar}isms in the removal and
ecomposition of excess nutrients and compounds.
The role of organic matter accumulation and vegetation root
Soil maintenance (SM) matter and organisms in soil conservation, nutrient cycling
. and accumulation.
Supp o.rtmg Maintaining nutrient circulation Storage, internal circulation, processing and acquisition of N,
service (MNC) P, and other elements and nutrients.
Biological diversity maintenance (BD) Wildlife gene origin.and evol‘ution, wild plant, and
animal habitats.
Cultt.n‘al Aesthetic landscape provision (AL) Landscapes with (potenti.al). recreational use, cultural, and
service artistic value.
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