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Abstract: Qinghai Province has a very fragile ecological environment and is an important component
of the Qinghai-Tibet Plateau. To understand the disturbance caused by human activities to the local
ecological system, it is necessary to evaluate the response of ecological service functions to land use
change in Qinghai Province and to uncover the sensitivity of ecological service functions to land
use change. This study uses a proxy-based method and proposes a sensitivity index to describe
the degree of ecological service function response to the land use change in Qinghai Province. The
findings were as follows. (1) From 1988 to 2008, the area of cultivated land, construction land and
water in Qinghai Province increased, and forest land and grassland continuously decreased. The
agricultural economy and the development of urbanization are the main driving factors in land
use change in this area. Policies and eco-environmental engineering, such as the grain-for-green
project, the Three-North shelterbelt project and the natural forest protection project, have certain
effects on controlling the expansion of cultivated land. (2) The value of ecosystem services in
Qinghai Province was 157.368 billion yuan, 157.149 billion yuan and 157.726 billion yuan
in 1988, 2000 and 2008, respectively, decreasing and then increasing again. (3) The average sensitivity
index values of ecological services in Qinghai Province for the periods 1988-2000 and 2000-2008
was 0.693 and 1.137, respectively. This means that for every 1% increase in land use change, the
ecological service value fluctuated by 0.693% and 1.137% in those periods.
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1. Introduction

The terrestrial ecosystem is the area where human and natural ecosystems interact most
prominently. Humans obtain most products through management of the ecological system (such as
cultivation, grazing and deforestation), but alongside the increase in population, social development
and growing customer demand, expanding management and ignoring the mode of operations in
the ecological system will harm both its function and human welfare [1]. Ecosystem services are
the important link between the ecological system and human welfare. Knowledge of ecosystem
service evolves along with the development of social economy. Carroll and Wilson [2] called
natural ecosystems “Environmental Services”, including pest control, soil formation, water and soil
conservation, climate regulation and material cycles. In 1977, Westman [3] tried to value the social
benefits of natural ecosystems and called them “Nature’s Services”. In 1981, Ehrlich and Ehrlich [4]
unified the concepts of “Environmental Services” and “Nature’s Services” and put forward the term
“Ecosystem Services” for the first time. In 1997, Daily [5] and Costanza et al. [6] both classified
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ecosystem services and evaluated their economic value, which took research into ecosystem services
to a new stage.

Along with gaining a deep understanding of ecosystem service, scholars have divided it according
to different perspectives. Daily [5] believed that the term “ecosystem service” refers to the conditions
and processes offered by the ecological system and the species contained therein, to meet the lifestyle
demands of humans. Costanza et al. [6] believed that ecosystem services are the benefits (like products
and services) that come directly and indirectly from ecological system functions, and divided them
into 17 categories. The Millennium Ecosystem Assessment (MA) and Costanza define ecosystem service
in basically the same way [7], but the former merged some of the seventeen service categories classified
by Costanza and proposed four major service types: provision, regulation, support and culture.

Land is an important carrier of terrestrial ecosystems. By changing the distribution of regional
resources, biodiversity and ecosystem type, land use change affects regional ecosystem service
function [8-10]. At present, studies of the ecosystem service response to land use change mainly
focus on two aspects. The first focus is the change in ecosystem service value in response to the
change of land structure. For example, Zhao et al. [11] found that from 1990 to 2000, the large scale of
land rehabilitation on Chongming Island led to a decrease of 62% in the ecosystem’s service value,
and 71% was due to the shrinkage of wetland and tidal flats. Lautenbach et al. [12] used land use data
to analyze the change in ecological services from 1964 to 2004 in Leipzig, Germany. It was believed that
the land consolidation of 1964-1984 was one of the important driving forces in the change of ecological
services. More attention was also paid to the effects of land use change on single ecological service
functions, such as biodiversity [13], pollination [14], animal products [15] and soil organic carbon [16].
Flynn et al. [13] indicated that the intensive use of land may not only reduce biodiversity, but also
potentially imperil the provisioning of ecosystem services. Priess et al. [14] believed that along with the
decrease of forest area, pollination ability declines continuously. This will directly reduce the yield and
net income of coffee. Yadav and Malanson [16] found that in the last 130 years, soil organic content
declined constantly. It is necessary to take effective management measures to increase the organic
carbon content in the soil.

Ecological sensitivity indicates the level of difficulty and potential for the occurrence of ecological
environment problems in the evaluation of the disturbance of nature and human activities to the
ecological system [17]. An analysis of ecological sensitivity can help us to recognize the future possible
scenario of ecological safety based on the known features of current ecological change [18]. The research
by Hendrey et al. [19] in the 1970s on the sensitivity of the water ecosystem to acid deposition was the
earliest research on the sensitivity of an ecological system to environmental change. In 1990, scholars
began to analyze climate variation, human activities and land use change as sensitivity factors affecting
the ecological system. A report by the Intergovernmental Panel on Climate Change (IPCC) indicated
that climate variations (e.g., air temperature, rainfall) will change the structure, composition and
function of the ecosystem [20]. The Advanced Terrestrial Ecosystem Analysis and Modelling (ATEAM)
project further extended study to the sensitivity factors that affect the ecosystem (e.g., drought/flood
disaster, land use change and groundwater pollution were added). Jagtap ef al. [21] analyzed the
sensitivity of seaweed growth in coastal wetland ecosystems to human activities, earthquakes and
meteorological factors. Bergengren et al. [22] analyzed the sensitivity of land plant communities to
climate change. Although sensitivity analysis has been applied in many fields, there has been little
study of the sensitivity of ecological service functions to land use change. Such a sensitivity analysis
has great significance in areas where the ecological environment is fragile and can give an accurate
evaluation of the possibility of land use change causing eco-environmental problems.

The Qinghai-Tibet Plateau is an area including the most abundant ecosystem types in China. It is
called “The Third Pole”, as the elevation of 40% of its area is above 4000 m. The Qinghai-Tibet Plateau
is also the headstream of many rivers in Asia (such as the Yellow River, the Yangtze River (Jinsha
River), the Lancang River (the Mekong River) and the Nujiang River (the Salween River)). It is thus
called the Asian “Water Tower”. Its unique geographic and climatic characteristics have an important
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influence on a series of ecosystem services, such as atmospheric circulation, climate regulation, water
supply and the carbon cycle in China, Asia and even the Northern Hemisphere. At the same time,
the Qinghai-Tibet Plateau is also the area with the most fragile ecological system. It suffers from the
multiple effects of global drying and warming [23,24], massif uplifts [25,26] and human activities (such
as over-grazing, tourism development and engineering construction). As a result, many ecological
deterioration phenomena have been noted, such as rising snow lines [27], glacier recession [28-30],
loss of soil organic matter [31,32] and desertification [33-38].

Many scholars have studied the response of ecosystem service functions on the Qinghai-Tibet
Plateau to land use change. For example, Xie et al. [39] calculated the values of different ecological
assets in the Qinghai-Tibet Plateau. The results indicated that the total ecological assets account for 17.68%
of China and 0.61% of the world. Lu et al. [40] analyzed the effect of grassland destruction in the
Qinghai-Tibet Plateau on soil conservation; and also the service values of organic carbon fixation,
nutrient retention and reducing soil disuse. Wang et al. [41] assessed the economic value of ecosystem
services in the Qinghai Lake watershed from 1977 to 2004. They found that the value of ecosystem
services there was declining, and the development of the economy and ecology was not in harmony.
Wang et al. [42] studied the changed value of wetland ecosystem services in the Thasa River basin from 1976
to 2006. It was believed that the reduction of open water area, alpine meadow and grass swamp was
the main cause of the lost value of the wetland; however, most of the above studies were based on the
view that land use changes can affect the value of ecological service, rather than from a perspective
considering their sensitivity.

Qinghai Province is the protective ecological barrier of the northeast part of the Qinghai-Tibet
Plateau. Since the Reform and Opening-up, the fast development of agricultural economy (cultivation
and animal husbandry production) and urbanization has improved the local economic level, but
has also destroyed the original ecological environment. Land use is the direct interaction between
human and natural ecosystems. It is also an important indicator of the change in regional economy
and production activity. Some scholars have investigated the effects of land use change on ecosystem
service function; however, although the ecosystem of the Qinghai Province is very fragile, few studies
focus on the response of local ecosystem service functions to land use change from the perspective of
sensitivity. The research objectives of this paper are therefore as follows: (1) to determine the main
land use changes in Qinghai Province from 1988 to 2008; (2) to estimate the response of local ecosystem
service functions to the land use change in this period; and (3) to reveal the sensitivity of ecosystem
service functions to land use change in Qinghai Province.

2. Study Area

Qinghai Province is in the middle-latitude zone (89°35'-103°04’ E, 31°09'-39°19’ N, and covers
a vast geographic area, which includes the Qinghai-Tibet Plateau and Loess Plateau (Figure 1). Its
area is 71.75 x 10* km?, one thirteenth of China’s total area. The elevation in the province ranges
from 1625 m to 6692 m. The primary geomorphic type is a platform, with a proportion of 29.84%. The
next most common types are high-, middle- and low-relief mountains, accounting for 22.14%, 16.06%
and 13.47% of the land, respectively. With a continental plateau climate, Qinghai Province is cold, dry,
windy, has less rainfall, low oxygen, a large diurnal temperature difference, long winters and short
summers, four indistinct seasons and a great regional difference in climate [43]. The annual rainfall
is 250-550 mm, and rainfall concentrates in July to September. The annual average temperature
is 2-9 °C, and the frost-free season lasts for 100-200 days. The annual duration of sunshine
is about 2700 h. The solar radiation is strong, with the total annual radiation reaching 690.8-753.6 k] /cm?,
and direct radiation accounts for more than 60% of total annual radiation. The annual absolute value
exceeds 418.68 k] /cm?2.
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Figure 1. Geographic position of Qinghai Province.

Due to the special natural and ecological conditions, socioeconomic development in Qinghai
Province is relatively closed and lagging behind eastern or central China. However, in the course of 30
years after reform and opening up, the urbanization process of Qinghai Province has been speeding up.
Especially after 2000, addressing the great opportunities and challenges provided by the Campaign
of Developing Western China, the West-to-East Gas Pipeline Project and Qinghai-Tibet Railway, the
development of the region’s economy has boosted. From the aspects of industrial structure, tertiary
industries have gradually become the dominant industry in Qinghai Province, while the proportion of
primary industry gradually declined.

3. Research Method and Data Sources
3.1. Analysis of Land Use Change

3.1.1. Single Land Use Dynamic Degree

This index reflects the changes in the quantity of land of a certain use type in the research area
over a period of time [44]. The calculation formula is as follows:
U,—-U, 1

x = x 100% 1)

K =
u, T

where U, and Uj, represent the area (hm?) of land of a certain use type at the beginning and end of the
studied period, respectively; T represents the period studied (year); and K represents the single land
use dynamic degree.

3.1.2. Comprehensive Land Use Dynamic Degree

This index reflects the annual rate of land use change in the research area. It is calculated
as follows:
n
) (LA(M) - ULAi>

7 /T x 100% 2)
= LAGin)

s— |1
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where (LA(i,t D~ ULAZ-) represents the area (hm?) of type-i land that was converted during the period

studied; LA ; ;) represents the initial area (hm?) of type-i land; and ULA; represents the area (hm?) of
type-i land that was not converted during the period studied.

3.2. Method of Ecological Service Value Assessment

Costanza et al. [6] divided the ecosystems into 16 types, including ocean, forest, grassland, wetland,
desert and farmland. They also estimated the economic value of 17 ecological services, such as climate
regulation, water regulation, soil and water conservation and material cycle, in different ecosystems
on a global scale, but Costanza’s assessment results do not apply to some regions. Combining Chinese
regional features, Xie et al. [45] carried out a questionnaire survey among 700 Chinese ecologists in
2002 and 2007 and established a new evaluation system for ecosystem service value. This system
included the equivalents of the values of nine ecological services in six ecosystems (Table 1). In this
table, the economic value of national average grain yield of 1 hm? farmland every year is defined
as “1”. Other equivalent factors are the contribution values relative to the farmland’s food
production service.

Table 1. Equivalent value per unit area of the ecological service in China. Data source: the study by
Xie et al. [45].

Primary Type Secondary Type Forest Grassland Farmland River/Lake Desert
Provisi Food production 0.33 0.43 1.00 0.53 0.02
rovision Raw material production 2.98 0.36 0.39 0.35 0.04
Gas regulation 4.32 1.50 0.72 0.51 0.06
Reculation Climate regulation 4.07 1.56 0.97 2.06 0.13
& Hydrology regulation 4.09 1.52 0.77 18.77 0.07
Waste regulation 1.72 1.32 1.39 14.85 0.26
Support Soil conservation 4.02 2.24 1.47 0.41 0.17
PP Biodiversity maintenance 451 1.87 1.02 343 0.40
Culture Aesthetic landscape provision 2.08 0.87 0.17 4.44 0.24
Total 28.12 11.67 7.90 45.35 1.39

Using the ecological service valuation (ESV) formula of Costanza and Table 1, we calculated the
economic values of ecological service functions under different land use patterns in Qinghai Province.

3.2.1. Unit Price of the Farmland’s Food Production Service

According to Xiao et al. [23], the economic value of one ecological service equivalent factor is
equal to one seventh of the market value of national average grain yield per unit area in the current
year. Combining the sowing area, yield per unit area and national average price of the main crop in the
study area, the economic value of the food production service per unit area of farmland was calculated
using the following formula:

n
_ mipiqi '_
E, = 1/7; % (i=1,2,---n) @)

where E, is the price of the food production service per unit area of farmland (yuan/hm?/a); i refers
to the type of crop (including wheat, coarse cereal and tuber crop); m; is the sowing area of the crop
i (hm?); p; is the national average price of the crop i (yuan/t); g; is the yield per unit area of the crop
i (t/hm?/a); and M is the total sowing area of all crops (hm?).

This study chose wheat, coarse cereal and tuber crops as the main crops and counted their yield,
sowing area, yield per unit area and price in 1988, 2000 and 2008. The economic value of the unit area of
the crop in each year was then calculated. In order to make the data comparable, the economic values
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were converted into the fixed prices of 1988 using the production price index of agricultural products.
The average unit price for the three years was regarded as the unit price of the food production service
of farmland ecosystems in Qinghai Province, which was finally calculated as 227.53 yuan/hm?/a.

3.2.2. Unit Prices of Each Ecological Service Function

Using the equivalent factors of the Chinese ecosystem service value (Table 1) and the economic
value of food production service per unit area of farmland in Qinghai Province (Equation (3)), we can
obtain the unit price of each ecological service function. The formula is as follows:

EijzeinEu (izlrzr"'/9}j:1121"'15) (4)

where i refers to the type of ecological service function; j refers to the ecosystem type; E;; is the unit
price of the ecological service i of ecosystem j (yuan/hm?/a); ¢;j is the equivalent factor of the unit price
of the ecological service i in ecosystem j.

Combining the equivalent ecological service value per unit area of ecological system (Table 1) and
using Equation (4), we obtain the values of each ecological service per unit area of different ecosystems
in Qinghai Province (Table 2).

Table 2. Values of each ecological service per unit area of ecosystem in Qinghai Province

(unit: yuan/ hm?/ a).

Primary Type Secondary Type Forest  Grassland Farmland River/Lake Desert
Provisi Food production 75.08 97.84 227.53 120.59 4.55
rovision Raw material production 678.04 81.91 88.74 79.64 9.10
Gas regulation 982.93 341.30 163.82 116.04 13.65
Reoulation Climate regulation 926.05 354.95 220.71 468.71 29.58
& Hydrology regulation 930.60 345.84 175.20 4270.74 15.93
Waste regulation 391.35 300.34 316.27 3378.82 59.16
Support Soil conservation 914.67 509.67 334.47 93.29 38.68
PP Biodiversity maintenance 1026.16 425.48 232.08 780.43 91.01
Culture Aesthetic landscape provision 473.26 197.95 38.68 1010.23 54.61
Total 6398.14 2655.28 1797.49 10,318.49 316.27

3.2.3. Regional Ecological Service Value

The cultivated land, forest land, grassland, water area and unused land in the classification
system of land use type correspond to the farmland, forest, grassland, river/lake and desert ecosystems,
respectively. According to the unit price of each ecological service function and the area of different land
use types, we can use Equations (5)—(7) to calculate the service value of each ecosystem (Equation (5)),
the ecological service value of each land use type (Equation (6)), and the total value of ecological
service in the research area (Equation (7)) [46].

j
ESV]:ZEUXA] <l=1/2;/9) (6)
i
ESVZZZE,]XA] (121/2//9/]:1/2115) @)
ij

where 4; is the area of type-j land; ESV; is the economic value of ecological service i over the total
regional area; ESV; is the total ecological service value of type-j land; and ESV is the total value of
regional ecological service.
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3.3. Sensitivity of Ecological Service Function to Land Use Change

Sensitivity analysis aims to discuss the responses of sensitive subjects to sensitive factors or the
impacts of sensitive factors on sensitive subjects. The sensitive subject is a system or individual that is
affected by one or more factors. The main factor pushing the sensitive subject to respond is defined
as the sensitive factor. According to the definition, we proposed a sensitivity index to analyze the
sensitivity of ecological service function to land use change. In this index, the sensitive subject is the
ecological system, and the sensitive factor is the change of land use. The sensitivity index can be
expressed as the ratio of the change in ecological service value (percentage) to the land use dynamic
degree (Equations (8) and (9)). The index reflects the degree of response of ecological service function
to land use change 1%. The higher the sensitivity index, the more the ecological service function is
sensitive to the land use change in this region.

(ESVend - ESVS’(art)/ESVstart % 1

SEL = 1 T 100% )
6
;lALUT]- )
cDI="——x 7 % 100% )
> LUT;

1

-
Il

where SEL is the sensitivity index (%); ESVpq is the total value of ecological services at the end of the
studied period (yuan/a), and ESVgart is the initial total value (yuan/a); CDI is the comprehensive
land use dynamic degree (%); ALUT; is the area of type-j land that was converted in the studied
period (km?); LUT; is the initial area of type-j land (km?); and T is the period studied (year).

3.4. Data Source

The land use data in this study came from the National Multi-Temporal Land Use
Database (1:100,000), which is offered by the Data Center for Resources and Environmental Sciences,
Chinese Academy of Sciences [47]. The data in this database are mainly sourced from Landsat
TM/ETM remote sensing images and generated through visual interpretation [48,49]. There are six
primary land use types: cultivated land, forestry areas, grassland, water areas, residential areas and
unused land. Socioeconomic data come from the Qinghai Statistical Yearbooks [50] and the China
Rural Statistical Yearbooks [51] of 1989, 2001 and 2009.

4. Results

4.1. Land Use Structure and Its Change in Qinghai Province

In 1988, grassland and unused land were the main land use types in Qinghai Province. Their area
accounted for 90% of the total area of Qinghai Province (Figure 2). The next most common were forest
land, water areas and cultivated land, with proportions of 3.96%, 3.89% and 1.11%, respectively. The
area used for construction was the least, and its proportion was less than 0.15%.

From 1988 to 2008, the converted land in Qinghai Province reached 420,100 hm?2, and the
comprehensive dynamic degree was 0.02% (Table 3). From 2000 to 2008, the dynamic degree increased
to 0.04%, indicating a more intense change in land use compared to the previous period. Despite this,
land use change in Qinghai Province was relatively milder than those of other regions in China.
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Figure 2. Land use situation in Qinghai Province in: (a) 1988, (b) 2000 and (c) 2008.
Table 3. Land use dynamic degree in Qinghai Province in different periods (unit: %).
Land Use Type 1988-2000 2000-2008 1988-2008
Cultivated land 0.27 0.02 0.17
Forestry areas —0.01 —0.01 —0.01
Grassland —0.01 —0.03 —0.02
Water areas —0.04 0.36 0.12
Construction land 0.77 4.64 2.49
Unused land 0.01 -0.01 0.00
Comprehensive dynamic degree 0.02 0.04 0.03

From 1988 to 2000, construction land increased the most, with a dynamic degree of 0.77%. It
mainly expanded in the eastern region. The next greatest increase was in cultivated land, with a
dynamic degree of 0.27%. The new cultivated land was distributed around the construction land.
The water area decreased in this period, and the dynamic degree was —0.04%. Lakes in the region
of Qinghai Lake and Tanggula Mountains were especially degraded to unused land. Forestry areas
and grassland also shrank, and both had a dynamic degree of —0.01%. Compared to the previous
period, the change in construction land between 2000 and 2008 was more intense. The dynamic degree
increased from 0.77% to 4.64%, which was much higher than those of other land use types. Conversely,
the dynamic degree of cultivated land dropped from 0.27% to 0.02%, with slackened growth. The area
of water expanded, and the dynamic degree increased from —0.04% to 0.36%. The new water area
was distributed mainly in high-altitude areas of the western part in Three Rivers Source area, as well
as central and western regions of the Qaidam Basin. The degradation of grassland was aggravated,
with the dynamic degree dropping from —0.01% to —0.03%, and grassland was mainly converted into
unused and cultivated land. Conversion into unused land was common in the Three Rivers Source
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region, while in the eastern part, the reclamation of grassland was more common. The forest land area
also decreased continuously, and the dynamic degree stayed the same.

4.2. Changes in the Economic Value of Ecosystem Service in Qinghai Province

In 1988, the economic value of ecological services in Qinghai Province was 157.368 billion yuan.
Compared to 1988, the total value of ecological service in Qinghai Province decreased by 0.14%, but
in 2008, it increased by 0.23% (Table 4). From 1988 to 2008, the proportion of grassland service value
in Qinghai Province was more than 63%, which was the largest, but it decreased continuously with
the greatest decrease (0.34% compared with 1988) among all land use types. Following grassland,
rivers/lakes also contributed greatly to the ecosystem service value, with a proportion of 18.5%. The
economic value of rivers/lakes decreased first and then increased. In 2008, it was 2.34% higher than
that in 1988. With a tendency of constant decline, the forest service value was 0.13% lower in 2008 than
in 1988. The proportion of desert service value was always low, being about 5.5% and presenting an
increase-to-decrease tendency. The value of farmland ecosystem service also increased continuously,
but it contributed less than 1% to the total value of ecosystem service. Compared to 1988, the farmland
service value in 2008 increased by 3.29%, the largest increase among all land use types.

Table 4. Economic value of different ecosystem services and the corresponding proportion in Qinghai
Province from 1988 to 2008 (unit: a hundred million yuan; %).

E 1988 Change of ESV;
cosystem
ESV; Proportion 1988-2000 2000-2008 1988-2008
Farmland 14.35 091 0.47 0.03 0.50
Forest 181.66 11.54 —0.12 —0.11 —0.23
Grassland 1003.09 63.74 —1.18 —2.23 —3.41
River/lake 288.03 18.30 —1.44 8.17 6.73
Desert 86.56 5.50 0.08 —0.1 —0.02
Total 1573.68 100.00 —2.19 5.77 3.58

Among all ecological services, regulation services boasted the highest value, accounting for more
than 55% of the total value (Table 5). The next were support, provision and culture service, which
accounted for 6.4%, 30.0% and 8.4%, respectively. The values of each service and their proportions
did not fluctuate greatly. From 1988 to 2008, the values of food production, hydrology regulation and
waste regulation in Qinghai Province grew, but the values of raw material production, gas regulation,
climate regulation, soil conservation and biodiversity maintenance service decreased.

Table 5. Change of ecological service value in Qinghai Province from 1988 to 2008 (unit: a hundred
million yuan).

Primary Type Secondary Type 1988 Change of ESV;
ESV; Proportion 1988-2000  2008-2000  1988-2000
Provisi Food production 45.52 2.89 0.00 0.01 0.01
rovision Raw material production 55.62 353 —0.04 —0.02 —0.06
Gas regulation 165.12 10.49 —0.14 —0.21 —0.35
Regulation Climate regulation 183.32 11.65 —0.17 0.05 —0.12
& Hydrology regulation 282.04 17.92 —0.72 3.08 2.36
Waste regulation 237.60 15.10 —0.51 2.40 1.89
Support Soil conservation 234.37 14.89 —0.16 —0.38 —0.54
PP Biodiversity maintenance 238.42 15.15 —0.24 0.22 —0.02
Culture Aesthetic landscape provision 131.67 8.37 —0.21 0.61 0.40

Total 1573.68 100.00 —291 5.77 3.58
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The ecological service value per unit area in Qinghai Province in 1988 was 929.23-4261.34 yuan/hm?
(Figure 3). The minimum and maximum were in Haixi Prefecture and Haiyan County, respectively.
Spatially, there was a decreasing tendency in the eastern and Three Rivers Source region to the Qaidam
Basin. Compared to 1988, the ecological service value per unit area in each county (or city) changed
by —29.3-53.3 yuan/hm? in 2000 (Figure 4a). The value increased in 35.71% of the counties, but
declined in the remaining 64.29%, which were mostly distributed in the Qaidam region, Three Rivers
Source region and the eastern part of Qinghai Province. From 2000 to 2008, the change in ecological
service value per unit area was —111.84-41.45 yuan/hm? (Figure 4b). The value increased in 50% of
the counties, mainly located in the Qaidam region (except Golmud City) and high-altitude areas of
Three Rivers Source region. Among these, the increasing range of Haixi Prefecture was the largest.
The other 50% also showed a decreasing tendency in ecological service value per unit area. These
counties are in the eastern part of Qinghai Province and the southern part of Three Rivers Source
region. Of these, Qumarleeb saw the greatest decrease.

[ 929-2016
[ 2017 - 2700
[ 2701 - 3149
I 3150 -3715
I 3716 - 4261

300 km

Figure 3. Ecological service value per unit area of each town (city) in Qinghai Province in 1988 (yuan/hm?).

[ 11666-4145
[ 0.00 - 16.65
[ -25.41 --0.01
I -60.94 - -25.42
-84 -60.95

Figure 4. Change of ecological service value per unit area of each town (city) in (a) 1988-2000 and
(b) 2000-2008 (yuan/hm?).

4.3. Sensitivity of Ecological Service Function to Land Use Change

By combining the land use change and ecological service value change data in Qinghai Province
and using Euqations (8) and (9), we obtained the sensitivity index of ecological service value in Qinghai
Province in 1988-2000 and 2000-2008: 0.693 and 1.137 (Figure 5). This means that for every 1% increase
in land use dynamic degree, the ecological service value fluctuated by 0.693% and 1.137% on average.
From this, we can see that the sensitivity of ecological service function in Qinghai Province to land
use change increased gradually. Compared to the 1988-2000 period, the change in ecological service
function caused by the land use change of the same degree in 2000-2008 was increased 0.64 times.
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Figure 5. Sensitivity of ecological service value in Qinghai Province in (a) 1988-2000 and (b) 2000-2008.

Spatially, the sensitivity was higher in the northern part in Qaidam region (Haixi, Delhi and
Tianjun), the Tanggula Mountains (Zhiduo, Tanggula Mountain Village, Qumarleeb and Zadoi) and the
southeast of Qinghai Province (Maduo, Dari and Banma), but there was no great difference between
counties. From 2000 to 2008, regional sensitivity was clearly divergent. The sensitivity was lower in
the eastern area where human activities were frequent and increased gradually to the Three Rivers
Source region and Qaidam region.

According to the change in the two periods, sensitivity decreased in 57.14% of the counties.
However, the area of these counties only accounts for 11.98% of total area. They concentrated in the
eastern part of Qinghai Province, and of these, the sensitivity of Zeku County decreased the most (0.60).
The sensitivity of the remaining 42.86% increased, accounting for 88.02% of total area. Most are in the
Three Rivers Source region and Qaidam region, where the sensitivity of Dulan County increased the
most (3.57). In the four land use regions of Qinghai Province (Table 6), 100% and 91.77% of the areas in
Qaidam region and the Three Rivers Source region experienced an increase in sensitivity, respectively.
However, the areas with declining tendencies in sensitivity of the Eastern Region and Qinghai Lake
Region were approximately equal to them with increasing tendencies.

Table 6. Change of sensitivity in different regions from 1988 to 2008 (unit: 10* km?; %). The division of
the four regions in Qinghai Province is sourced from [52].

Regi Increase in Sensitivity Decrease in Sensitivity
egions
Area Proportion Area Proportion

Eastern Region 1.87 54.96 1.54 45.04
Qinghai Lake Region 2.53 40.35 3.74 59.65
Qaidam Region 25.45 100.00 0.00 0.00
Three Rivers Source Region 26.03 91.77 2.34 8.23
Total 55.88 88.02 7.61 11.98

5. Discussion

5.1. Driving Forces of Land Use Change in Qinghai Province

Both the transition of the natural environmental and social economic activities drive changes in
land use, but in the short term, the effect of social economic activities is larger. Since 1988, driven by the
Reform and Opening-up, Qinghai Province has exploited its superior resources to develop its industrial
economy. Husbandry and the living standard of citizens have improved greatly, but at the same time,
extensive resource utilization also brings ecological problems, including the sharply increasing area
used as construction land and cultivated land and the decline of forestry areas, grassland and water
areas to various degrees. Since 2000, along with the implementation of the Western Development
Strategy, a series of engineering constructions, such as the “West-East Gas Pipeline Project” and
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“Qinghai-Tibet Railway”, have boosted social and economic development in Qinghai Province. During
this period, the change in land use was more intense compared to the period of 1988-2000, especially
the spread of construction land, with the dynamic degree increased nearly five times. Key ecological
projects involving eco-environmental construction, such as returning farmland to forest or grassland,
returning grazing land to grassland, the Three-North shelterbelt project, natural forest protection
and the creation of nature reserves have brought positive effects in some regions. For example, the
forest and grassland in the northeast of Qinghai Province (transition area of the Loess Plateau and
the Qinghai-Tibet Plateau) is increasing; the unused land in the middle and west area of the Qaidam
region is decreasing; and the water area is increasing; however, the forest land, grassland and water
area are still declining in the Three Rivers Source region and the Qinghai Lake area. Most becomes
unused land.

5.2. Main Factors Influencing Ecological Service Change in Qinghai Province

The warming and drying tendency of the climate has a negative effect on the value of ecological
service in Qinghai Province, but the regulating factors in ecological service value fluctuation are
human activities and land use change. Since 1988, due to the influence of the greenhouse effect (the
temperature in the main pastoral regions rose 0.24-0.50 °C/10a, and the annual average increment
of surface evaporation is 1.3-7.5 mm [53]), the climate has demonstrated a tendency to warming
and drying, and natural runoff decreases, which restricts the growth and development of grazing
grassland. When paying attention only to production, humans over-graze grasslands, reclaim them
for crop farming and even abandon cultivation of the grasslands. Consequently, the grassland area
decreased by 128,400 hm?, and the service value also decreased by 341 million yuan/a, which accounts
for 0.34% of the initial value. The forest lands are scattered in the eastern area where human activities
are intensive. Influenced by firewood cutting, deforestation and reclamation, the area of forest land
decreased by 3500 hm?. Its ecological service value decreased by 23 million yuan/a, accounting
for 0.13% of the initial value. Forest and grassland ecosystems play a critical role in soil conservation.
The shrinking of these ecosystems is the main cause of water loss and soil erosion in Qinghai Province.

The unit price of river/lake ecological service is higher, and the area fluctuation of river/lake
affects the economic value greatly. From 1988 to 2000, due to the effect of climate change (such as
global warming and drying, stronger surface evapotranspiration and runoff decrease), the water area
decreased by 14,000 hm?. The loss of ecological service value reached 144 million yuan, but since 2000,
as the water area in the middle and western area of the Qaidam region and the west high-altitude
areas in the Three Rivers Source region increased (an increase of five times compared to the period
of 1988-2000), the ecological service value of the water area increased by 817 million yuan. The
agricultural economy in Qinghai Province has developed continually. The area of cultivated land and
the ecological service value also continue to increase, but restricted by ecological projects, such as
returning farmland to forest (grassland), the increasing range of the service value of cultivated land
declined from 3.28% in 1988-2000 to 0.20% in 2000-2008.

5.3. Response of Ecological Service Value to Land Conversion

The direction and quantity of land use transition determines changes in ecological service value.
For example, the eastern part of Qinghai Province is the region with the most intensive economic
activities. In 1988-2000 and 2000-2008, its comprehensive land use dynamic was 0.05% and 0.04%,
respectively, equal to or higher than the whole dynamic degree in Qinghai Province (0.02% and 0.04%),
but the rate of change in ecological service value in the two periods was only 0.05% and 0.003%, which
is much lower than the whole rate of change in Qinghai Province (0.11% and 0.31%). This means that
the quantity of land use transition is not the only factor in ecological service value fluctuation. From
the equivalent factor table (Table 1), we see that the ecological service value per unit area can be ranked
as: water area > forest > grassland > farmland > unused land. The direction of the land use transition
can also therefore influence the fluctuation in ecological value.



Energies 2016, 9, 303 13 of 16

From 1988 to 2008, the land use transition in eastern areas, affected by the development of
urbanization and the husbandry economy, was mainly the transition between grassland, cultivated
land and construction land. The difference in unit-area ecological service value was small, and the
sensitivity was low, but in Qaidam and the Three Rivers Source region, where there is less human
disturbance, the land use transition between grassland, unused land and water area dominated. These
ecosystems made a great difference to unit-area ecological value, and their sensitivity was high. The
sensitivity of three administrative regions (Mangya, Lenghu and Da Qaidam) in Haixi Prefecture
was also higher during the two periods. This was mainly because large amounts of forest land and
grassland in these regions were converted into unused land in 1988-2000, resulting in a sharp fall
in ecological service value. From 2000 to 2008, however, there was a great transition from unused
land to water areas in the East Taijinar and West Taijinar salt lake area, greatly increasing ecological
service value.

5.4. Implications of Land Use Management According to the Sensitivity Analysis

The eco-environment of the high sensitivity regions is usually essential to human well-being
and sustainable development. When the eco-environment in these regions is destroyed, it is very
hard to reconstruct. Therefore, rational planning of land use and regulation of human activities
will be necessary in the sensitive areas. The Three Rivers Source region whose sensitivity was
relatively high and showed an increased tendency should avoid further disturbance by human
activities, particularly for the large-scale construction activities. For land use management, the Three
Rivers Source region should strengthen the construction of ecological engineering and implement
more ecological protection planning. The Qaidam region, which has relative low ecosystem services
and high sensitivity, should improve the ecosystem services by controlling the expansion of unused
land (such as desertification land).

6. Conclusions

Affected by climate change and human activities, the structure and overall arrangement of
land use in Qinghai Province changes constantly, and the ecological service value changes, as well.
From 1988 to 2008, the land use change in Qinghai Province manifested as follows: cultivated land
and construction land increased constantly; forest land and grassland decreased gradually; unused
land increased first and then decreased, and the opposite happened to the water areas. In 2000-2008,
urbanization and husbandry developed quickly, and land use change was more intense in 1988-2000.
The eastern part of Qinghai Province and the middle and eastern part of the Qaidam Basin were the
regions with the most active land use transition.

The value of ecological service in Qinghai Province was 157.368 million yuan, 157.149 million yuan
and 157.726 million yuan in 1988, 2000 and 2008, respectively. The ecological service value declined
first and then increased. The value of each ecosystem service can be ranked as grassland > river/lake >
forest > desert > farmland. Due to the influence of the change in land utilization structure, the service
value of the grassland, forest and desert ecosystem decreased by 0.34%, 0.13% and 0.03%, respectively,
compared to 1988, but the service value of farmland and river/lake ecosystems increased by 3.49%
and 2.34%. The change of the desert and river/lake ecosystem thus shows a certain fluctuation.
Spatially, the average ecological service value decreased from the eastern and Three Rivers Source
region to the Qaidam region. From 1988 to 2000, the average ecological service value in the eastern part
decreased constantly, and the Three Rivers Source region and Qaidam region showed some fluctuation.

The sensitivity index reflects the response of ecological service value to land use change. In the
periods 1988-2000 and 2000-2008, when the land use dynamic degree increased by 1%, the ecological
service value fluctuated by 0.693% and 1.137% on average. The sensitivity of Qaidam and the Three
Rivers Source region was relatively high and showed a tendency to increase, but the sensitivity in the
eastern areas was the lowest, with a declining tendency.
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