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Abstract: With the interaction of global change and human activities, the contradistinction between
supply and demand of ecosystem services in the Qinghai-Tibet Plateau is becoming increasingly
tense, which will have a profound impact on the ecological security of China and even Asia. Based
on land cover data on the Qinghai-Tibet Plateau in 1990, 2005, and 2015, this paper estimated the
supply capacity of ecosystem services using the value equivalent method, calculated the demand
for ecosystem services using population density and economic density, established an ecosystem
risk index based on the idea of an ecosystem service matrix to reveal the spatio-temporal pattern
of the supply and demand of ecosystem services in the Qinghai-Tibet Plateau, and identified the
potential ecological risk areas arising from the imbalance between supply and demand. The results
showed that: (1) In terms of the spatio-temporal pattern of land use change, the desert area of the
Qinghai-Tibet Plateau decreased the most with 26,238.9 km2, and other types of land use increased,
of which construction land increased by 131.7%; (2) In terms of the supply and demand of ecosystem
services, the Qinghai-Tibet Plateau was mainly dominated by low-level surplus areas, accounting for
64.0%, and the deficit in some areas has worsened significantly; and (3) In terms of division pattern
of ecological risk areas, the Qinghai-Tibet Plateau presented characteristics of high risk in the east
and low risk in the west. The high-risk area accounted for 1.1%, mainly distributed in the Huangshui
Valley and the “One River and Two Tributaries” (Yarlung Zangbo River, Lhasa River, Nianchu River).
The research results can provide reference for ecosystem management and policy formulation of the
Qinghai-Tibet Plateau and have important significance for realizing the coupling and coordinated
development of human–land relationship in Qinghai-Tibet Plateau.

Keywords: ecosystem services; supply and demand relationship; ecological risk identification; spatial
pattern; Qinghai-Tibet Plateau

1. Introduction

Various services provided by the ecosystem are an important material basis for the
development of human society. Various benefits obtained by human beings from the ecosys-
tem enhance their welfare, but unreasonable development with high intensity seriously
affects the sustainable development of the ecosystem [1]. In recent years, global climate
change has profoundly affected nature and the ecosystem, and the supply of ecosystem
services has changed accordingly. For instance, climate change leads to sea level rise, which
leads to wetland loss or changes to the composition of vegetation [2]; climate change has
altered freshwater ecosystems on both the supply side and the demand side, which will
cause more severe floods, droughts, and sea level rise, and will intensify the magnitude
and frequency of extreme events such as heavy rainfalls [3]. Increasingly warm and dry
conditions can cause reduction in forest productivity and an increase in tree mortality,
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which can affect the provision of forest ecosystem services [4]. In addition, with the increase
in the total population across the globe and the rapid development of the social economy,
the demand for ecosystem services such as food, water resources, and energy has been
intensified [5]. The consumption of global ecosystem services has been in an unsustainable
state and will continue to deteriorate in many cases [6]. The status of ecosystem services
is affected not only by the supply of ecosystem services but also by human activities. In
measuring the sustainable development goals of an ecosystem, the relationship between
supply and demand in ecosystem services is inseparable [7]. As the main driving force
of the social economy, human activities play a subjective initiating role in strengthening
or weakening ecosystem services [8]. Therefore, quantitative assessment of supply and
demand of ecosystem services should be carried out to effectively identify high-risk areas
of supply and demand in ecosystem services, so as to provide a basis for formulating
sound management policies of ecosystem services, realizing the harmonious development
of human and nature.

The Qinghai-Tibet Plateau is a relatively independent geographical unit with an aver-
age altitude of over 4000 m. The plateau has a very fragile ecosystem, which is also the
reason why it is one of the most sensitive regions to climate change in the world. It is also
attracting more and more attention due to its unprecedented changes in ecological condi-
tions [9]. In recent years, the plateau has been influenced by natural conditions and human
activities. Especially in the last half-century, the urbanization level around the regions of
the plateau has witnessed a rapid increase; human activities have intensified, and the land
cover of the Qinghai-Tibet Plateau has changed dramatically, all of these factors leading
to increasingly prominent problems [10]. The land cover changes such as the melting of
permafrost and degenerating of grassland have seriously affected the supply capacity of
ecosystem service of the Qinghai-Tibet Plateau. Moreover, intensified human activities
have further increased the consumption of the ecosystem, accounting for more prominent
contradistinctions between supply and demand. The melting of glacier permafrost of the
plateau not only impacts the neighboring regions’ sustainable development goals but also
threatens the safety of billions of people [11]. The contradistinction between the rapidly
increasing demand for ecosystem service and the limited supply of ecosystem service on
the Qinghai-Tibet Plateau has seriously affected the Sustainable Development Goals (SDGs)
of the region. Therefore, from the aspect of supply and demand balance of ecosystem
service, this paper identifies the ecological risk of the Qinghai-Tibet Plateau to find out the
spatial distribution characteristics between the service supply capacity of the Qinghai-Tibet
Plateau ecosystem and the increasing social demand. It helps to explore promotion and
restrictions imposed by the service of the plateau ecosystem on its economic development.
The paper is also significant in its grasp of the ecological security pattern of the Qinghai-
Tibet Plateau and its realization of regional sustainable development, providing theoretical
support for ecosystem service payment and ecological compensation.

The remainder of this paper is organized as follows. Section 2 provides a review of
previous studies. Section 3 presents an overview of the study area, the methodological
approaches, and data utilized in this paper. Section 4 is the main part of this paper,
including the characteristics of land use change, the spatial characteristics of supply and
demand of ecosystem services, and the identification of ecological risk areas in the Qinghai-
Tibet Plateau. Discussions and conclusions are drawn in Sections 5 and 6, respectively.

2. Literature Review

Since Costanza [12] conducted a value evaluation of global ecosystem service in 1997,
the value of ecosystem service has been widely studied in the world. The Millennium
Ecosystem Assessment (MEA) has pushed the study of the value of ecosystem service to
a new height [13]. In the early stage, the research on ecosystem services mainly focused
on the meaning, classification, and evaluation methods of ecosystem services. In terms of
study content, domestic and foreign scholars have taken human needs into the assessment
of ecosystem service in their studies. They believe that the status of ecosystem service is
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determined by both supply and demand [14]. Additionally, it has become a consensus that
the spatial heterogeneity of ecosystem service is influenced by both supply and demand.
Costanza [15] believes that the ecosystem that provides services is “natural capital” and
puts forward a method for comprehensive evaluation of the three sub-objectives of effective
allocation, fair distribution, and sustainable scale. In addition, the study of the relationship
of supply and demand for ecosystem service mainly focuses on the evaluation of supply
and demand [16–18], culture service [19], water regulating services [20], the relationship
between supply and demand of soil conservation service [21], the weight of supply and
demand of ecosystem service [22,23], spatial coupling of supply and demand [24,25], the
influence of land-use change on supply and demand of ecosystem value [26,27], and so
on. Some scholars combine the supply and demand of ecosystem service with the study
of policy [28]. In the study scale, researchers estimate different types of ecosystem service
mainly from the world, nation, basin, and other regional scales. For example, Costanza [12]
assessed the value of the world’s ecosystem service and natural capital; Tariq [29] explored
the change of ecosystem service value in Pakistan; Miguel [30] studied the ecosystem
service of the Baltic Sea through surveying and mapping. In the study method, the supply
of ecosystem service is mostly estimated by the value equivalent method or Invest model.
For example, Fan [31] and Srichaichana [32] estimate the supply of ecosystem service in
Hangzhou, China, and Klong u-Tapao basin of Songkhla, Thailand, respectively, by using
the Invest model. The concept of ecosystem needs varies from person to person based
on how scholars think about it. Chaplin-Kramer et al. [33] developed a global ecosystem
service model. Burkhard et al. [18] linked land use, ecosystem service supply, and demand;
constructed a matrix of eco-system service supply and demand; and drew maps of the
ecosystem service supply, demand, and budget in central Germany and subsequently
elaborated the quantitative methods and spatial visualization concepts of supply and
demand of ecosystem services in detail. Wang et al. [34] determined the matching model
of ecosystem services through an ecosystem service provision index and land development
index and revealed the spatial imbalance and spatial-temporal pattern changes of China’s
ecosystem service supply and demand. Peng [35] calculated the ecosystem service supply
volume using the modified ecosystem service value volume, and calculated the degree
of land use and development, population density, and land per capita GDP in the socio-
economic indicators of the ecosystem service demand selection. Based on the perspective
of supply and demand, a zoning plan for the construction of an ecological network of green
space in Guangdong Province, China, was proposed.

The Qinghai-Tibet Plateau is the highest plateau in the world, with an average altitude
of more than 4000 m. In addition, due to the dry and thin air, strong solar radiation,
and low temperature, the Qinghai-Tibet Plateau has a harsh climate and is very desolate,
which is not suitable for large-scale human habitation, much like the North and South
Poles. Therefore, the Qinghai-Tibet Plateau is known as the Third Pole of the world. The
assessment of its ecosystem service not only promotes the survival and development of
human beings on the Qinghai-Tibet Plateau but also affects the global ecosystem service.
The spatial difference of natural geography background in the Qinghai-Tibet Plateau is
obvious, and the spatial distribution of population in this region is extremely unbalanced,
which leads to the distribution of supply and demand of ecosystem service in the region
and stronger difference of the ecological risks generated by the mismatch of the supply and
demand. Xie et al. [36], based on some of the results of Costanza (1997) on global ecosystem
service value assessment and the results of an ecological questionnaire survey conducted
by Chinese professionals, established the land ecosystem service value per unit area table of
China. The ecosystem service values of forest, grassland, farmland, marsh, lake, and desert
were CNY 134.7, 35.1, 43.4, 554.9, 406.8, and 3.7/km2 per year, respectively. Lu et al. [37]
evaluated the diversity of the Qinghai-Tibet Plateau ecosystem and estimated the economic
value of the six ecological types of forests, grasslands, swamps, farmlands, and deserts,
such as carbon sequestration and water conservation, and pointed out the importance of
studying the ecosystem service of the Qinghai-Tibet Plateau. Wei et al. [38] studied land-
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use change on the Qinghai-Tibet Plateau and evaluated the change of ecosystem service
value in the past 25 years—the results show that the total value of ecosystem services
including supply, regulation, habitat, and cultural services has been increasing from 1995
to 2015. However, currently, there are few studies on the demand for ecosystem service or
on the relationship between supply and demand in the Qinghai-Tibet Plateau, and even
fewer studies on the identification of ecological risk areas. Moreover, the ecological status
of the plateau can be better understood by assessing ecosystem service and identifying
ecological risk from supply and demand of ecosystem service status.

In conclusion, from the aspect of research content, the research of a large quantity of
literature about ecosystem research is more likely to focus on reflecting the service supply
of regional natural background or embodying the weighted and collaborative relationship
among ecosystem service functions. Although many scholars have listed the supply and
demand of ecosystem services in the ecosystem services assessment, the research from
the perspective of space based on supply and demand imbalance for identifying regional
ecological risk is rather rare. From the research region, the research on supply and demand
balance mainly focuses on the world, nation, and watershed, while little focuses on the
Qinghai-Tibet Plateau—the third polar region of the world. Therefore, the innovative
aspects of the paper lie in the following aspects. (1) From the perspective of research,
the paper includes both the supply and demand of ecosystem service in the research of
risk area identification and explores a method of identifying ecological risks based on the
contradistinction between supply and demand. (2) The research area of the paper is of high
regional research value. As the “Roof of the World” and “Third Pole of the World”, the
Qinghai-Tibet Plateau has an extremely fragile ecological environment. Additionally, with
the continuous improvement of urbanization and surge of people’s demand for ecosystem
service, the Qinghai-Tibet Plateau has become a typical region where the contradistinction
between humans and land is prominent.

3. Research Areas, Methods, and Data Sources
3.1. Research Area

The Qinghai-Tibet Plateau has a vast territory of about 2.5 million km2, accounting
for one-fourth of China’s total land area. With an average elevation of over 4000 m, the
internal natural environment of the plateau is distinct, and it is also the birthplace of many
rivers. In the plateau, the temperature is low and the climate is cold. The northwest
of the Qinghai-Tibet Plateau is dominated by a large area of desert steppe, while in the
east of Tibet, the southeast of Qinghai Province is relatively humid. Forest belts are only
distributed in the southern Nyingchi. Restricted by the natural conditions, the Qinghai-
Tibet Plateau is sparsely populated and has an extremely uneven population distribution,
with an average of fewer than four people per square kilometer, which is equivalent to
one twenty-fifth of the national average population density. The regional combination
of temperature and water conditions in the Qinghai-Tibet Plateau shows a gradual trend
from warm and humid in the southeast to cold and arid in the northwest, showing a zonal
alternate change of mountain, forest-alpine, meadow-alpine, steppe-alpine, and desert,
with obvious horizontal zonal differentiation characteristics. According to the classification
of physical regionalization of the Qinghai-Tibet Plateau by Zheng Du et al. [39], there are
altogether 11 regions (Table 1, Figure 1) in the paper.
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Table 1. Physical regionalization of Qinghai−Tibet Plateau.

Physical Regionalization Abbreviation

The alpine shrub and meadow areas of the Guoluo and Nagqu Plateau AMGNP
The meadow grassland in the wide valley of the southern plateau of Qinghai WGSPQ

The alpine steppe area in the Lake Basin of Qiangtang Plateau ASLPQ
The alpine desert area of the Kunlun Alpine Plateau ADKAP

The coniferous forest area of Alpine Canyon in Western Sichuan CFACWS
The coniferous forest steppe area of Qilian Alpine basin in the east of Qinghai Province CFQAQ

The shrub steppe area in the high valleys of southern Tibet SSA
The Desert area in Qaidam Basin DQB

The mountain desert area in the north wing of Kunlun Mountain MDAKM
The mountain desert area in Ngari MDAN

The subtropical broadleaf forest in Southern Tibet SBFST

Figure 1. Overview of the study area.

Specifically, AMGNP is a semi-humid climate type in the sub-cold zone of the plateau,
with cold and humid climate; the mean temperature in the warmest month is 6~10 ◦C, and
the annual precipitation is 400~700 mm, so it is a region with more precipitation on the
plateau. There are the Tanggula Mountains and Bayan Har Mountains with an altitude of
5000~6000 m, where the vegetation type is mainly alpine meadow. WGSPQ is a semi-arid
area in the sub-cold zone of the plateau, with a cold climate. The average temperature in
the warmest month is about 6~10 ◦C, and the annual precipitation can reach 200~400 mm.
Permafrost is distributed continuously here, which is neither natural forest growth nor
suitable for crop planting. The vegetation type is mainly alpine grassland. ASLPQ is a
semi-arid area in the sub-cold zone of the plateau, with cold climate and large annual
changes in temperature. The average temperature in the warmest month is 6~10 ◦C, and
the average temperature in the coldest month is below −10 ◦C. The annual precipitation
is about 100~300 mm, the vegetation type is mainly alpine grassland, and there is a large
no-man’s land. ADKAP is an arid area in the sub-cold zone of the plateau, with harsh, cold,
and arid climate, a warmest average monthly temperature of 3~7 ◦C, and a daily minimum
temperature during the warm season that is mostly below 0 ◦C. The annual precipitation is
generally less than 100 mm, and most precipitation is in the form of snow and hail. The area
is rich in glacier resources. The main vegetation type is alpine desert vegetation. It is the
highest part of the northwest of Qinghai-Tibet Plateau. CFACWS belongs to the humid and
semi-humid area of the plateau’s temperate zone, with a humid and semi-humid climate.
It is a natural area dominated by high mountains and valleys. In valleys with an altitude
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of 2500~4000 m, the warmest monthly average temperature is 12~18 ◦C; on plateaus and
mountains with an altitude of 4000~4500 m, the annual precipitation is between 6~10 ◦C.
The annual precipitation is 500~1000 mm. It is the world’s alpine plant region, with the
richest flora, containing various types of mountain forests and alpine shrub meadow
vegetation. CFACWS belongs to the humid and semi-humid area of plateau temperate
zone, with humid and semi-humid climate. It is a physical region dominated by high
mountains and valleys. In valleys with an altitude of 2500~4000 m, the warmest monthly
average temperature is 12~18 ◦C; on plateaus and mountains at an altitude of 4000~4500 m,
the annual precipitation is between 6~10 ◦C. The annual precipitation is 500~1000 mm.
The area is the most abundant alpine plant area in the world, distributed with various
types of mountain forests and alpine shrub meadow vegetation. CFQAQ is a semi-arid
plateau temperate zone with low altitude and mild climate. The average temperature in
the warmest month is about 12~18 ◦C, and that in the coldest month is −5~−12 ◦C. The
annual precipitation is 300~600 mm, and the vegetation is mainly mountainous grassland.
It is an important agricultural production base in Qinghai Province. CFQAQ is a temperate
semi-arid area on the plateau with low altitude and mild climate. The average temperature
of the warmest month is about 12~18 ◦C, and the coldest month is about −5~−12 ◦C.
The annual precipitation reaches 300~600 mm, and the vegetation is mainly mountain
grassland. It is an important agricultural production base in Qinghai Province. SSA is
a plateau temperate semi-arid area, including the main Himalayan mountains and their
northern plateau lake basins and the upper and middle valleys of the Yarlung Zangbo
River. There are many peaks above 8000 m, including Mount Everest, Makalu, Cho Oyu,
and Shishapangma. The average temperature of the warmest month in the Kuangu Basin
is 10~16 ◦C, the average temperature of the coldest month is 0~−12 ◦C, and the annual
precipitation is 300~500 mm. The vegetation types are mainly mountain shrub grassland
and alpine grassland. It is the main habitat of the Tibetan people and the most important
area where crops are concentrated in Tibet. DQB is a plateau temperate arid region with
sunny and dry climate and scarce precipitation. The average temperature in the warmest
month is 10~18 ◦C, and the average temperature in the coldest month is −10~−16 ◦C. The
annual precipitation decreases from east to west: 100~200 mm in the east and only 10 mm in
the west. The vegetation is mainly desert meadow. It is the driest area on the Qinghai-Tibet
Plateau. MDAKM is a temperate and arid area of the plateau, including the eastern edge
of the Pamirs and the north flank of the Kunlun Mountains in the west and central. The
average elevation of the peaks of the Kunlun Mountains is above 6000 m, and the annual
average temperature is 0~6 ◦C. The annual precipitation is about 70~150 mm, and most of
the mountains are sparse desert vegetation. MDAN is a plateau temperate arid region with
strong solar radiation and long sunshine hours. The average temperature in the warmest
month is 10~14 ◦C, and the average temperature in the coldest month is −9~−13 ◦C. The
area is dry and rainy, and the annual precipitation decreases gradually from south to
north: less than 200 mm in the south and 50~150 mm in the central and northern parts.
Mountain desert steppe and desert vegetation are mainly distributed in most areas. SBFST
is a humid monsoon climate in tropical mountains, with year-round warmth and abundant
rainfall. The average temperature of the warmest month is above 22 ◦C, and the average
temperature of the coldest month is below 13 ◦C. The annual precipitation is 2500 mm, and
it reaches 4495 mm in some areas. It is the place with the most rainfall in Tibet and one of
the rainy regions in China. There are evergreen broad-leaved trees growing in this area,
and the forest is lush and evergreen all the year round.

3.2. Data Sources and Pretreatment

The land use data, population data, and economic data in the paper are all from the
latest grid data of Resource and Environment Science and Data Center (http://www.resdc.
cn/; accessed on 10 December 2020), which have been widely used in related fields of
land use. Additionally, the accuracy of the grid data met the need of the research in this
paper. Remote sensing data was applied to monitor the data of land use status on the

http://www.resdc.cn/
http://www.resdc.cn/
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Qinghai-Tibet Plateau in 1995, 2005, and 2015 with a spatial resolution of 100 m. Based on
the original data classification system, the data were combined and processed. According
to the data, there are six types of land-use in the plateau: cultivated land, forest, grassland,
watershed, construction land, and desert. According to the research result of Xie et al. [36],
the ecosystem service value of permanent glaciers is consistent with that of the desert.
Therefore, permanent glacier data were incorporated into desert. The population data and
economic data on the Qinghai-Tibet Plateau were grid data in 1995, 2005, and 2015, with
a spatial resolution of 1 km. To match with the resolution of land use data, resampling
population data and economic data was conducted to get a new spatial resolution of 100 m.

3.3. Research Methods
3.3.1. Calculation of Ecosystem Service Supply

Based on the questionnaire survey to 200 ecologists in our country, Xie et al. [36]
developed equivalence factor tables of ecosystem service value of our country. They also
assumed a linear relationship with the intensity of ecological service function and biomass
and used the ecological service value of the biomass factor to further revise the unit price
of various ecosystem services of the Qinghai-Tibet Plateau. In this paper, the unit value
of different types of ecosystem services on the Qinghai-Tibet Plateau is based on Xie’s
research results, and it is as shown in Table 2.

Table 2. Unit value of different ecosystem services on the Qinghai-Tibet Plateau.

Land-Use Cultivated Land Forest Grassland Water Desert

Unit value
(CNY/km2) 554.9 134.6 35.1 406.8 3.7

According to the ecosystem service value per unit area in different regions of the
Qinghai-Tibet Plateau, the total value of grid ecosystem service was calculated and re-
searched. The supply capacity of ecosystem service is reflected by the value of ecosystem
service within the grid.

Es == ∑n
i=1 TVi (1)

In Equation (1), Es is the total ecosystem service value of the evaluation unit; TVi is
the total value of ecosystem services per unit area of class i land use; n is the number of
land-use types.

3.3.2. Estimation of Ecosystem Service Demand

Wang [34] and Peng [35], selected three social and economic indicators to express
ecosystem service demand: degree of land use development, population density, and land
per capita GDP. Among the three indicators, the degree of land use development—namely,
the percentage of construction land area and total regional land area—reflects the intensity
of human consumption of ecosystem service. The larger the proportion of construction
land area, the greater the degree of land use development and the higher the human
consumption of ecosystem service. Population density can embody the amount of demand
for ecosystem service. The higher the population density, the greater the total demand
for ecosystem service. GDP per land reflects the level of human demand for ecosystem
service. The stronger the regional economic strength is, the more the ecosystem service
will be obtained. A specific formula is as follows:

Ed = Ai × lg(POPi)× lg(GDPi) (2)

In Equation (2), Ed is the index of ecosystem service demand; Ai, POPi and GDPi
respectively represent the proportion of developed land, population density, and land per
capita gross product of grid i. The social and economic indicators were publicly released
by Resource and Environment Science and Data Center (http://www.resdc.cn/; accessed

http://www.resdc.cn/
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on 10 December 2020), which uses a multi-factor weight distribution method to interpolate
GDP data with administrative districts as statistical units to grid units, thereby realizing
the spatialization of GDP. This dataset reflects the detailed spatial distribution of GDP
in China. This paper uses the zoning statistics tool in ArcGIS to divide the social and
economic dataset and population dataset into each cell to obtain GDPi. Then, the same
process was adopted to obtain POPi in each cell. A raster calculator in ArcGIS was used to
calculate the demand for ecosystem services in each cell using Equation (2).

3.3.3. Ecosystem Service Risk Index

The innovation of the method in this paper was to draw on the idea of B’s supply and
demand matrix, constructing an ecological risk index suitable for studying the Qinghai-
Tibet Plateau. Specifically, in the process of research, land use data and publicly released
socio-economic datasets were used to identify ecological risk areas by studying the mis-
matches between the supply and demand of ecosystem services. The great potential of
spatial visualization of maps was used to determine the specific location of ecological
risks, thereby supporting the assessment of ecological sustainable development. Referring
to Burkhard’s [18] thought of building an evaluation matrix of supply and demand of
ecosystem service, the supply and demand of ecosystem service in this paper was classified
into six levels from level 0–5 in accordance with the natural fracture method. As the level
increased, the supply and demand of ecosystem service also increased. At this time, over-
lay analysis should be conducted to obtain spatially matched characteristics of ecosystem
service. When the supply of ecosystem service fails to meet people’s needs, which means
that ecological products and services consumed by people exceed the threshold value of
supply from the natural ecosystem, the natural ecosystem service then is considered to be
exposed to risk. The profit and loss status of ecosystem service can be reflected according
to the difference between the supply and demand of ecosystem service in different grids.
The calculation formula is as follow:

ERI = Es′ − Ed′ (3)

In Equation (3), ERI represents the degree of risk; Es’ and Ed’ represent the total
supply and demand of ecosystem service in different regions of the Qinghai-Tibet Plateau
divided by Natural Breaks (Jenks). The smaller the value of ERI is, the greater the ecological
risk in the region; when the value of ERI is negative, the ecological service in the research
area is in deficit, and the ecological risk is aggravated. According to different assumed
conditions, different areas are divided into high-risk areas, low-risk areas, hidden-risk
areas, and risk-free areas based on their ecological risks. The specific meaning is shown in
Table 3.

Table 3. The different degrees of risk (ERI) and their differences.

Type Assumed Condition Degree of Risk Difference

High-risk ERI < −3 High risk The loss of regional ecological services is serious.
Low-risk −3 < ERI < 0 Low risk The loss of regional ecological services is less.

Hidden-risk ERI > 0 and ERI keeps
decreasing Safety

Regional ecological service supply is currently
sufficient, but ecological demand continues to

increase, and risks may arise in the future.

Risk-free ERI > 0 and ERI keeps
increasing Safety

Regional ecological service supply is currently
sufficient, ecological demand has not increased, and

there will be basically no risks in the future.

4. Results
4.1. Analysis of Land-Use Change

From the statistical table of land use on the Qinghai-Tibet Plateau between 1995 and
2015 (Table 4), it can be seen that there are rather significant differences in land-use area



Sustainability 2021, 13, 5366 9 of 17

and rate change of different types of land on the Qinghai-Tibet Plateau during 1995 and
2015. In terms of change area, the desert changes the most, decreasing by 26,238.9 km2; the
cultivated land changes the least, increasing by 412.46 km2; and the grassland increases
the most, increasing by 14,732.2 km2. In terms of change rate, the land for construction
has the largest change with a growth rate of 131.7%, and the grassland has the smallest
change with a growth rate of 1.0%. Among all types of land, only deserts show a negative
growth trend. The rapid growth of construction land is related to rapid urbanization on the
Qinghai-Tibet Plateau in recent years, especially the resource exploitation in the Qaidam
Basin. Additionally, the reduction of deserts and increase of water area may be related to
the melting of glaciers and permafrost. Global warming leads glacier and permafrost to
melt, and grassland to increase.

Table 4. Land use change on the Qinghai-Tibet Plateau from1995 to 2015.

Physical
Regionalization

The Surface Area
of the Region

(km2)

Cultivated
Land
(km2)

Forest
(km2)

Grassland
(km2)

Water
(km2)

Building
(km2)

Desert
(km2)

ASLPQ 514,859.8 0.9 5.1 −3213.3 927.4 1.5 2281.6
DQB 252,813.6 132.5 −45.1 9305.3 1672.1 641.1 −11,705.2

CFQAQ 169,118.8 308.7 −244.7 9303.6 620.8 354.4 −10,342.2
SBFST 83,417.8 −8.1 2.7 37.0 1.7 6.2 −39.2

CFACWS 438,957.5 −84.7 1508.7 −1331.3 212.1 168.8 −475.3
WGSPQ 177,708.3 33.1 14.8 6610.0 1745.7 4.3 −8406.0
ADKAP 269,139.1 0.0 0.0 −330.7 567.2 0.0 −240.9
MDAN 83,500.2 6.6 0.0 −27.9 17.5 5.0 −2.2

SSA 185,495.5 −33.0 32.3 −177.8 21.7 65.9 90.2
AMGNP 255,516.6 48.5 1864.6 −5230.1 512.0 124.1 2683.0
MDAKM 153,221.9 8.0 6.7 −212.5 279.3 1.2 −82.8

In terms of regions, grasslands in ASLPQ decreased the most with a total decrease of
3213.3 km2 within 20 years and an increase of 2281.6 km2 of desert area. DQB had the largest
increase in the area of grasslands with an increase of 9305.3 km2 and the largest increase in
construction area among the 11 natural areas. It is also the natural area with the largest
decrease in the desert area. CFQAQ had the largest growth rate of construction land, the
largest decrease in desert land of 10,342.2 km2, the largest decrease in humid broad-leaved
forest desert area of 39.2 km2, and an increase in grassland area of 37.02 km2. CFACWS
increased by 1508.66 km2, while its grassland area decreased by 1131.3 km2. SQR had a
decrease in the desert area of 8406.0 km2, an increase in grassland area of 6610.0 km2, and
an increase in watershed area of 1745.7 km2, which is the largest watershed increase among
the 11 natural areas. In ADKAP, there was no change in woodland, none in construction
land or cultivated land, a slight decrease in grassland and desert land, and an increase in
the watershed of 567.2 km2. The change of various lands in MDAN was rather small, with
a decrease in grassland and desert land, and the largest increase in the watershed area of
17.5 km2. The grassland area of south Tibet had a decrease in cultivated land and grassland;
an increase in the watershed, construction area and desert; and the largest decrease in
cultivated land of 33.0 km2. AMGNP had the largest increase in the desert of 2683 km2, a
large decrease in the grassland of 5230.1 km2, and a large increase in forest land. MDAKM
had the largest increase in the watershed of 279.3 km2 and a decrease in the grassland of
212.5 km2.

4.2. Temporal and Spatial Characteristics of Ecosystem Service Supply on the
Qinghai-Tibet Plateau

According to statistical results (Figure 2), the relationship between supply and demand
of ecosystem service on the Qinghai-Tibet Plateau was concentrated in the range of low
deficit to low surplus, with a trend of constantly expanding in deficit areas and worsening
of deficit in partial areas. Specifically, in 1995, the surplus area of the Qinghai-Tibet Plateau
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was 1734,000 km2, accounting for 64.0% of the total area, among which the fourth-level
and fifth-level of surplus area of was 153,200 km2. The balance area exceeded one-fourth
of the total area, with an area of 773,600 km2. At this time, the deficit area was relatively
small, only accounting for 7.5% of the total area, with no appearance of the fourth-level
and fifth-level deficit area. In 2005, the surplus area of the ecosystem in the Qinghai-
Tibet Plateau decreased continuously, and a high-level deficit area began to appear. The
surplus area in 2005 was 13.3% smaller than that in 1995, which was mainly due to the
decrease in the second-level surplus area. Because of the transformation of surplus area,
balance area has been in an increasing trend in the past 10 years, with an increase of
6.1%. The deficit area covers an area of 383,200 km2. The second-level deficit area had
the largest increase rate of 127.1%, while the fourth-level deficit area began to appear.
In 2015, the surplus area and balance area further reduced, with the area respectively
being 141,400 km2 and 806,000 km2. There were 1227 deficit areas, with the area being
490,800 km2, which increased by 32.1% compared with 2005. The fourth-level deficit area
increased by 2000 km2, and the first-level deficit area grew the fastest, with a growth
rate arriving at 80.9%. Overall, the deficit area continued to expand. In terms of regions,
the second-level surplus area in the Qiangtang Plateau decreased the most significantly,
with a decrease of nearly 175,200 km2. The decreased second-level surplus area mainly
transformed to the first-level surplus area. In CFQAQ, high-level deficit area took a large
proportion and the fourth-level deficit area increased from 0 to 4800 km2 within 20 years.
As such, CFQAQ has become the area where high-level deficit area is distributed most on
the Qinghai-Tibet Plateau. The ecological deficit of DQB, SSA, and CFACWS gradually
expanded. The ecological surplus area of the subtropical broad-leaved forest region was
77,600 km2, accounting for more than 68% of the sub-region.

Figure 2. Statistical maps of risk levels in different natural areas on the Qinghai-Tibet Plateau from 1995 to 2015. (a) 1995,
(b) 2005, (c) 2015.

To further determine the spatial position of the supply and demand balance state, a
spatial visualization was conducted (Figure 3). The spatial distribution chart of the balance
of supply and demand over the Qinghai-Tibet Plateau shows that the overall pattern of
the Qinghai-Tibet Plateau risk region remained unchanged during 1995 and 2015, while
the contradistinction between local supply and demand intensified, presenting an obvi-
ous spatial differentiation pattern (Figure 3). Specifically, ASLPQ, CFQAQ, and MDAN
maintained the second-level surplus in ecosystem service for a long time, while the humid
broad-leaved forest region maintained fourth-level in ecosystem service for a long time.
The proportion of deficit areas in CFQAQ and SSA was large, and the scope of deficit areas
was expanding. The transition from a surplus area to a deficit area in ecosystem service
was most significant in AMGNP, DQB, and WGSPQ, which was mainly determined by the
vegetation type and spatial activities of humans on the Qinghai-Tibet Plateau. The main
vegetation type in ASLPQ, WGSPQ, and MDAN was meadow vegetation with low ecosys-
tem service supply capacity and high average altitude. The three regions are also famous
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uninhabited areas in the world with low demand for ecosystem service and long-term
low surplus. The Huangshui Valley in CFQAQ and “One River and Two Tributaries” in
SSA are the center of population, economy, and culture of the whole Qinghai-Tibet Plateau
region, with intensive human activities. Therefore, the ecological deficit area of the two
regions expanded sharply and the deficit level was high. DQB had the lowest vegetation
coverage rate but is abundant in mineral variety. It is a relatively developed area within
the plateau with more ecological demand but less ecological supply. With the opening of
Chengwenqiong Expressway, Qiongming Expressway, Chengya Expressway, and another
major Sichuan-Tibet Expressway in AMGNP and CFACWS, the communication between
southeast Tibet and eastern Sichuan was strengthened; human activities were enhanced;
the demand for ecosystem service increased; and the contradistinction between supply and
demand gradually increased.

Figure 3. Statistical maps of risk levels in different natural areas on the Qinghai–Tibet Plateau from 1995 to 2015. (A–D are
the typical areas with the most dramatic changes.)

4.3. Spatial Distribution of Ecosystem Service Ecological Risk Area

According to the ecosystem service risk index and its change, spatial distribution
of the type of ecological risk area and the ecological risk status of different ecological
areas on the Qinghai-Tibet Plateau were determined (Figure 4). The results show that
the proportion of risk level in the Qinghai-Tibet Plateau varied greatly, with an overall
trend of high proportion in the east and low proportion in the west. The dominant type
was a risk-free area, with a total area of 1,915,200 km2, accounting for 70.7%. In terms of
regions, the high-risk area accounted for 13.2% of CFQAQ, which is the natural area with
the highest proportion of the high-risk area. Furthermore, the low-risk area was 78,400 km2,
accounting for 42.5% of CFQAQ. The low-risk area in DQB was 84,800 km2, accounting for
31.8% of the total area. The proportion of low-risk areas in SSA, AMGNP, CFACWS, and
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MDAKM was more than 20%, with a high ecological risk in partial areas. The low risk of
WGSPQ and SBFST was less than 10%, with overall low ecological risk. MDAN, WGSPQ,
and ADKAP had the lowest ecological risks. In the three natural areas, risk-free area
respectively occupied 98.3%, 94.3%, and 93.0% of the total area. The total risk-free area of
the three natural areas was 837,200 km2, accounting for 30.9% of the Qinghai-Tibet Plateau.

Figure 4. The proportion of different ecological risk levels in the Qinghai–Tibet Plateau.

In terms of spatial pattern, the ecological risk of the Qinghai-Tibet Plateau was high
in the east, low in the west, and prominent in partial areas (Figure 5). The high-risk area
was mainly distributed in CFQAQ and partially distributed in SSA and MDAKM. The
low-risk area was mainly distributed in CFQAQ, DQB, AMGNP, and CFACWS. The risk-
free area mainly was distributed in MDAN, ADKAP, ASLPQ, WGSPQ, SBFST, and the
south area of SSA. CFACWS was the concentrated distribution area of the hidden-risk
area, which is consistent with the range of human activities on the Qinghai-Tibet Plateau.
The Huangshui Valley in CFQAQ and the “One River and Two Tributaries” in SSA are
important population agglomeration areas on the Qinghai-Tibet Plateau. The demand of
the two areas for ecosystem service is strong, and the ecological risk level caused by the
imbalance between supply and demand is high. Most of the central and western regions
of the plateau are alpine desert areas with sparse population distribution, less demand
for local ecosystem service, and low ecological risk. CFACWS is located in the area of
the Hengduan Mountains. Though there are more people in the valleys of Jinsha River,
Nujiang River, and Lancang River within the coniferous forest area, the area has a high
forest coverage rate, sufficient water supply, and adequate supply of ecosystem service.
Although the human demand for ecological services is increasing in the area, it is still
in surplus.
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Figure 5. Spatial distribution map of different ecological risk levels in the Qinghai–Tibet Plateau.

5. Discussion
5.1. Establishment and Sectional Management of Warning System of the Qinghai-Tibet
Plateau Ecosystem

Based on the relationship between supply and demand of ecosystem service, the
establishment of a scientific ecological risk warning system can accurately evaluate risk
status and trend and is beneficial to guide and coordinate the contradistinction between
ecological society development and ecological protection. The Qinghai-Tibet Plateau, as
the Third Pole in the world, owns limited space for humans to live in, an extremely fragile
ecological environment, and a huge spatial difference of the ecosystem service. Therefore,
it is urgent to establish an early-warning system and conduct partition management to
deal with the differentiation pattern of ecological risk. According to research results, the
contradistinction between supply and demand of ecosystem service is the most prominent
in CFQAQ, SSA, and DQB. The risk area of the three regions is relatively large and can
be identified as serious warning areas. The ecological risks are more prominent in the
Huangshui Valley in CFQAQ and the “One River and Two Tributaries” in SSA. These
high ecological risk areas are agricultural regions of the Qinghai-Tibet Plateau, with highly
concentrated population distribution and a rather large amount of construction land. The
areas are places where the contradistinction between supply and demand of ecosystem
service in the region is the most prominent and usually presents a model of medium supply
and high demand. Additionally, because of the siphon effect and superiority of natural
conditions, the population concentration of the region is expected to be in a long-term
growth trend. The region will be the focus where the supply and demand of ecosystem
service are imbalanced; thus, the region should be the focus of monitoring and regulation.
It is also necessary to adopt corresponding policies to implement protection mechanisms
of national spatial development in a bid to determine a reasonable ecological red line and
to make rational allocations of life, production, and ecological space. DQB, AMGNP, and
CFACWS can be identified as light warning areas where human activities are the most
active besides CFQAQ and SSA on the Qinghai-Tibet Plateau. The characteristics shared
by the two areas are low ecological risk levels but wide and dispersed distribution of
ecological risk; thus, the following measures should be taken to protect the two regions:
continuous enhancement of ecological restoration and construction, reasonable resources
utilization, and effective control of human activities so as to enable them to accord with the
requirements of bearing capacity of the local ecosystem. The eastern region of the coniferous
forest region in the west of Sichuan is the main distribution area of the hidden-risk area
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and is identified as a warning region. Currently, the ecosystem service of CFACWS is safe.
However, the scale of human activities in the Qinghai-Tibet Plateau is expanding from
east to west. The human activities relying mainly on the river and valley of the Hengduan
Mountains are increasing. It is necessary to formulate and strengthen corresponding risk
control measures, to coordinate development and protection, and to ensure the normal
supply capability of ecosystem service. ADKAP, MDAN, ASLPQ, and SSA are identified
as unsafe areas, with the specific feature of basically being in a risk-free state. The four
regions also have fragile ecological systems and a small supply of ecosystem service
value. However, as the four regions have poor living conditions, low population bearing
capacity, sparse distribution of population, and small ecosystem service demand, the four
regions demonstrate a model of low supply and low demand and a low-level balance of
ecosystem service supply. Moreover, once the demand for ecosystem services exceeds its
supply capacity, the ecosystem of the four regions will be vulnerable to damage and will
have a poor recovery ability. Therefore, the supervision of ecosystem service should be
strengthened to prevent the negative feedback effect of ecosystem damage and to maintain
the low-level balance of the plateau grassland region.

5.2. Impact of Supply and Demand Estimation of Ecosystem Service on the Identification of
Ecological Risk Area

The estimation of supply and demand of ecosystem service is key to studying the
framework of supply and demand of ecosystem service. In this paper, the spatial mis-
match between the supply and demand of ecosystem service on the Qinghai-Tibet Plateau
was evaluated and the ecosystem risk areas were identified by a mapping method with
reference to the supply and demand matrix of ecosystem service proposed by Burkhard
et al. However, some ecosystem services are of mobility, and the supply and demand of
ecosystem service may be spatially inconsistent. Thus, simple spatial superposition cannot
be used to measure spatial mobility of ecosystem service, which is also the limitation of
the mapping method. According to the measurement result, the contradistinction between
supply and demand of ecosystem service was most prominent in the “One River and Two
Tributaries” and the Huangshui Valley. However, as the center of human development on
the Qinghai-Tibet Plateau, the development of the two areas is supplemented by the whole
Qinghai-Tibet Plateau.

The ecosystem service demand calculated with reference to the social and economic
factors such as population and GDP can only be regarded as a relative amount for reference
when calculating the ecosystem service supply relationship. If an absolute relationship
between supply and demand as a way of determining the risk area of the ecological system
can be sought, it would be more conducive were it to determine the ecological risk area
from the perspective of ecosystem service of supply and demand. As the Qinghai-Tibet
Plateau is an ecological barrier in Asia, the measurement of the spatial spillover effect of its
ecological service on other regions should also be an important aspect of the research and
will be further reflected in future research.

5.3. The Impact of Global Warming on Water Resources of the Qinghai-Tibet Plateau

Qinghai-Tibet Plateau is the birthplace of many major rivers in Asia, and it provides
important ecosystem services to most parts of Asia in the form of fresh water. It is an
important water tower for maintaining the ecosystem and socio-economic development in
China, Southeast Asia, and South Asia [40]. Major rivers such as the Indus River, Ganges
River, Yarlung Zangbo River, Nu River, Mekong River, Yangtze River, and Yellow River are
mainly supplied by melting glaciers on the Qinghai-Tibet Plateau. With global warming,
glaciers on the Qinghai-Tibet Plateau are retreating at the speed at which people enter the
region. In the short term, the melting of glaciers will increase the flow of many rivers,
which is beneficial to agricultural production in India, China, and Bangladesh and can
alleviate the pressure of urban water use [41]. However, with the deepening of the melting
degree of glaciers, the water resources supplied to rivers are becoming less and less, which
may eventually lead river water resources to fail to meet the needs of human production
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and life, thus affecting the economic development of China, South Asia, Southeast Asia,
and other regions, and even threatening the lives and safety of people in these regions.
Therefore, for the Qinghai-Tibet Plateau, changes of freshwater resources are a real barrier
to social and economic development in the context of global warming.

6. Conclusions

Based on the land-use change data of the Qinghai-Tibet Plateau and the ecosystem
service supply matrix, the supply and demand of ecosystem service on the Qinghai-
Tibet Plateau and their spatial matching were discussed in the paper, which is of great
significance for the sub-region protection of the Qinghai-Tibet Plateau ecosystem. The
conclusions drawn are as follows.

(1) The change of land-use types in different natural areas of the Qinghai-Tibet Plateau
is quite different. The largest area of change was deserts, which decreased by 26,238.9 km2,
while the smallest area of change was cultivated lands, which increased by 412.5 km2. The
change rate of the construction land was the largest, with an increase rate of 131.7%. Among
different land types, the area of the cultivated land increased the most in CFQAQ, with an
increase of 308.7 km2, and CFACWS decreased the most, with a decrease of 84.7 km2. The
forest area increased the most in AMGNP, with an increase of 1864.6 km2, and decreased the
most in CFQAQ. DQB and CFQAQ are the natural areas where grassland area increased
the most, with an increase of 9305.3 km2 and 9303.6 km2, while the Guoluo grassland
region decreased by 5230.12 km2. The watershed area of different natural areas increased
and the watershed area of AMGNP increased the most, which was by 1745.7 km2. The
construction land growth and growth rate were the largest in DQB, which were 641.06 km2

and 580.1%. The desert area of DQB decreased the most, with a decrease of 11,705.2 km2,
while the desert area of AMGNP increased by 2683.0 km2.

(2) The supply and demand of ecosystem service in the Qinghai-Tibet Plateau were
dominated by low surplus areas, but deficit areas expanded from east to west, and the
deficit in some areas increased. The Huangshui Valley in CFQAQ and in the “One River
and Two Tributaries” in SSA had the highest ecological deficit with the fifth-level ecological
deficit accounting for the highest deficit. The evergreen subtropical broad-leaved forest
region had the highest level of surplus, and 60.28% of its area was a high-level surplus area.
The alpine steppe region in ASLPQ, MDAN, and WGSPQ maintained a low surplus for a
long time, accounting for more than 60% of surplus.

(3) The proportion of risk level in the Qinghai-Tibet Plateau varied greatly with a trend
of high proportion in the east and a low proportion in the west. The dominant type was in
risk-free areas, with a total area of 1,915,200 km2, accounting for 70.7% of the total area of
the plateau. The high-risk area in CFQAQ was the largest, accounting for 87.5%, which
was mainly concentrated in the Huangshui Valley. The ecological risk was the lowest in
ASLPQ, ADKAP, and MDAN. CFACWS was a highly concentrated distribution area of
hidden-risk area, with its eastern region presenting a low-risk level. The “One River and
Two Tributaries” in SSA was the place where a high-risk area was distributed, while the
remaining areas were ecologically safe.

The paper constructs an ecological risk identification framework from the spatial mis-
match between the supply and demand of ecosystem services, provides a new perspective
for the identification of ecological risks, and conducts an empirical study on the ecological
risks of the Qinghai-Tibet Plateau. The results are consistent with previous studies, which
prove that the research in this article has a certain value and can provide a certain reference
for the sustainable development of the Qinghai-Tibet Plateau. Generally speaking, the
Qinghai-Tibet Plateau is moving toward the United Nations Sustainable Development
Goals, land use is developing in a good direction, the degree of land desertification is
decreasing, the ecosystem service supply capacity is continuously improving, and most
areas of the ecosystem are still in a safe state. However, the demand for ecosystem services
in some areas of the Qinghai-Tibet Plateau has increased drastically, and ecological risks
are concentrated in areas where human activities have increased. Therefore, human activ-
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ities on the Qinghai-Tibet Plateau must be monitored and controlled, and the ecological
sustainable development of the Qinghai-Tibet Plateau must be protected to the utmost
extent because the ecological system of the Qinghai-Tibet Plateau is very fragile, and once
it is destroyed, the likelihood of its reversibility is very small. It is worth noting that
the Hehuang Valley and the “One River and Two Tributaries” are important protection
areas for the ecological sustainable development of the entire Qinghai-Tibet Plateau. At
the same time, these two regions are also densely populated areas and economic centers
on the Qinghai-Tibet Plateau. Land urbanization has changed the types of land use and
increased the demand for ecosystem services ([42], [43]), which is an important threat to
the ecological environment. The urban land in Qinghai-Tibet Plateau has grown rapidly,
and the area has increased by 96.9% [44], so handling the relationship between economic
development and ecological protection in the region will be the key to maintaining the
sustainable development of the Qinghai-Tibet Plateau ecosystem.
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