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Abstract

:

Exploration of land use and land cover change (LULCC) and its impacts on ecosystem services in Tibetan plateau is valuable for landscape and environmental conservation. In this study, we conduct spatial analysis on empirical land use and land cover data in the Qinghai Lake region for 1990, 2000, and 2010 and simulate land cover patterns for 2020. We then evaluate the impacts of LULCC on ecosystem service value (ESV), and analyze the sensitivity of ESV to LULCC to identify the ecologically sensitive area. Our results indicate that, from 1990 to 2010, the area of forest and grassland increased while the area of unused land decreased. Simulation results suggest that the area of grassland and forest will continue to increase and the area of cropland and unused land will decrease for 2010–2020. The ESV in the study area increased from 694.50 billion Yuan in 1990 to 714.28 billion Yuan in 2000, and to 696.72 billion Yuan in 2020. Hydrology regulation and waste treatment are the top two ecosystem services in this region. The towns surrounding the Qinghai Lake have high ESVs, especially in the north of the Qinghai Lake. The towns with high ESV sensitivity to LULCC are located in the northwest, while the towns in the north of the Qinghai Lake experienced substantial increase in sensitivity index from 2000–2010 to 2010–2020, especially for three regulation services and aesthetic landscape provision services.
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1. Introduction


In this article, we focus on studying the impact of land use and land cover change on ecosystem services in Qinghai Lake region of the Tibetan Plateau. The Tibetan Plateau is the source of Asia’s major rivers, including Yangtze River, Yellow River, and Lancang/Mekong River. The Tibetan Plateau (often referred to as the third Pole besides the North and South Poles) plays a significant role in regulating the earth’s climate change [1]. The ecosystem of the Tibetan Plateau is fragile and very sensitive to global change and human intervention. Due to increased anthropogenic activities and global climate change, environmental conditions of the Tibetan Plateau have changed significantly in the past few decades [2,3,4], including grassland degradation, permafrost degradation, and biodiversity loss [5,6]. The Qinghai Lake region, as a transitional zone between the arid northwest and the Tibetan Plateau in China, is an ecological security barrier that prevents eastern China from desertification [7]. The Qinghai Lake region has developed rapidly over the past 20 years under the influence of Western Development Policy implemented by the Chinese government. The Qinghai Lake region has been experiencing intensified human land use activities, which has a substantial influence on the ecosystems of the Tibetan Plateau. However, only a few studies were conducted in terms of land use and land cover change and its impacts on the ecosystem of this internationally recognized region [8]. Often time, studies reported in the literature were only conducted at plateau or provincial scale [9,10].



Anthropogenic land use activities produce significant impact on natural environment and have modified earth surface dramatically [11,12,13,14,15]. Ecosystem is not only the living environment of human beings, but also provides a series of services for us [16,17,18]. Increased land use intensity and frequent conversion among different land use types have modified the structure of ecosystems, leading to change in the functions of these ecosystems and values of associated ecosystem services [19,20]. In addition, with the emergence of growing global environmental problems and demand for green and sustainable development, land use and cover change (LULCC) and its impact on ecosystem service value (ESV) have captured increasing attention [16,21,22,23,24]. International or regional organizations or initiatives, including the Global Land Programme [25], Millennium Ecosystem Assessment [26], MAES (Mapping and Assessment of Ecosystems and their Services) in Europe [18], TEEB (The Economics of Ecosystems and Biodiversity) and IPBES (Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services), the Ecological Society of America [27], the Ecological Society of British [28], and the European Union’s Biodiversity Conservation Strategy [29,30] further pushed the study of ecosystem service assessment.



In China, scholars have conducted substantial work on ecosystem service study [31,32,33,34]. Based on questionnaire survey of more than 200 scholars with ecological backgrounds, Xie et al. [35] proposed a representative ESV evaluation unit system and updated its parameters later [36,37]. Recently, the report on China’s first national ecosystem assessment (2000–2010) indicated that national conservation policies in China contributed significantly to increases in ecosystem services [33]. However, in terms of the studies at local to regional scales, more work is still needed [38]. Because of lack of data that capture fine-level details, studies at, for example, township level are scarce, not to mention the projection of future trends at this level [39,40].



According to the proposed government policy, Four zones, Two belts, and One line Development Plan in Planning of Main Functional Area in The Qinghai Province (2008–2020), the Qinghai Lake region has been identified as a modern high-efficiency animal husbandry production base and a demonstration area where human and nature live in harmony. For the purpose of sustainable development, it is urgent to study the relationship between land use activities and its ecological effects in this region.



Thus, in this study, we investigate the spatially explicit characteristics of LULCC over three time periods (1990, 2000, and 2010) in the Qinghai Lake region and future LULCC patterns simulated from Markov-Cellular Automata (Markov-CA) model. Based on the previous work by Xie et al. [37], we evaluate quantitatively the impact of LULCC on ESV at township scale for 1990–2020. Last, to identify the ecologically sensitive area to anthropogenic activity, we carry out the sensitivity analysis of ESV to LULCC.




2. Materials and Methods


2.1. Study Area


Our study area is the Qinghai Lake region, which is located in the northeastern part of Qinghai Province and lies between latitudes 36° and 38° N and longitudes 99° and 103° E (Figure 1). Our study region includes 4 counties within two prefectures: Haiyan County and Gangcha County in Haibei Prefecture, Tianjun County in Haixi Prefecture, and Gonghe County in Hainan Prefecture. In total, there are 38 towns in this region. The total area of our study region is 55,700 km2. Qinghai Lake is the largest salt lake in China, which is an important international wetland. The elevation of the study region ranges from 2403 m to 5814 m. Grassland is the major land cover type, accounting for about 63% of the study area [8].




2.2. Data


We obtained land use and land cover data at a spatial resolution of 30 m by 30 m for 1990, 2000, and 2010 from Landsat TM 5 and 7 satellite images (from US Geological Survey; http://earthexplorer.usgs.gov). Track numbers are 132, 133, 134, and 135, and line numbers are 33, 34, and 35. System radiation correction and geometric correction were applied to these Landsat images. Combining field investigation and visual inspection, we conducted classification on Landsat imagery for land use and land cover information in our study region. As a result, we have seven primary land cover types, including cropland, woodland, grassland, wetland, waterbody, construction land, and unused land. The overall classification accuracy was 83.5% and the Kappa coefficient 0.81. Besides, the socioeconomic data, including crop yield, wheat sowing area, and wheat yield price were obtained from tables named major economic indicators of counties in Qinghai statistics yearbook 1990 [41], 2000 [42], and 2010 [43].




2.3. Methods


There are three steps in this study. First, based on the satellite-derived land cover data of the Qinghai lake region for 1990, 2000, and 2010 and utilizing the Markov-CA model, we simulated the LULCC of the region for 2020. Then, employing the equivalent factors of Xie et al. [37] which is localized based on the parameters of Costanza et al. [44], we evaluated the impacts of LULCC on ESV and obtained the spatial patterns of ESV at township scale for the four years. In total, 9 types of ES functions were analyzed at township scale. The township scale is valuable for local governments to make conservation planning. Because ecosystem services are not adequately quantified in comparison with economic services and manufactured capital, they are often given too little weight in policy decisions. This may ultimately compromise the human-related sustainability in the biosphere [44]. Thus, we attached a price tag on ecosystem services in this study. Finally, we analyzed the sensitivity of ESV to LULCC using the methods of [10,19], which is updated in this study (Figure 2).



2.3.1. Land Use and Land Cover Simulation


We used a Markov-CA model to simulate the land cover change in our study region. Markov chain is a form of stochastic process that makes use of probabilities of the previous state of system and the transition probability between alternative states to forecast future trend. However, the Markov model is limited in directly simulating the spatial pattern of land use, which can be enhanced using Cellular Automata (CA). The CA model is a simulation approach that relies on discrete space, time, and state to represent spatial dynamics of geographic phenomena [45]. A typical CA model consists of cells, states, rules, and neighborhoods, which can be expressed as follows:


CA = (Ld, S, Δ, F)



(1)




where L is the space where cells are located. d is the dimension of the cellular space. S is a finite set of discrete states. Δ is the neighborhood set of a cell. F denotes the rule of state transition of cells, which determines the state of a cell next step according to the current state of the cell itself and its neighboring cells. When utilizing the Markov-CA model to simulate the land use change, Ld is usually a two-dimensional grid of cells driven by rules. Each grid cell represents a land unit. S is the set of land use types of the study area. The rule F is denoted by land use transition area matrix and the conditional probability calculated by the Markov model. To determine the state transition of cells and the dynamic evolution of system state, the CA model was used based on the initial state of the system via iterations.



In this study, based on the 1990 and 2000 land use data and the Markov model, we can estimate the land use area for 2010 and simulate the spatial patterns based on conditional probability for each land use type [46]. Utilizing the land cover map for 2000 as initial conditions and the probability surfaces as land suitability map, we simulated the land cover patterns of the study area for 2010 using CA iterations (5 × 5 von Neuman neighborhood rule). The spatial resolution of the simulation model is set as 30 m by 30 m and the landscape size in terms of number of rows and columns is: 13,082 by 12,487. The temporal resolution of the model is 1 year, corresponding to one iteration in the simulation model. We compared the simulated land cover map with the empirically observed data. The Kappa coefficient between simulated and empirical land cover patterns is 0.66, suggesting that the simulation accuracy is relatively high. Therefore, our model can provide effective support for the simulation of LULCC in the study area. Then, the land use area for 2020 was projected by Markov model using land use data for 2000 and 2010 [46]. Based on land cover map for 2010, we obtained the transition probability for each land use type in 2020. Using the 2010 land cover map as initial conditions and land suitability map generated from Markov transition probability matrix, the land cover for 2020 was simulated using the CA model.




2.3.2. Analysis of Land Use and Land Cover Change


We used land use transition matrix and land use dynamic degree to analyze the characteristics of land use change. Land use transition matrix reflects the structural characteristics of land use change, i.e., the direction and quantity characteristics of LULCC. Land use dynamic degree includes Single Land Use Dynamic Degree (SLUDD) and Comprehensive Land Use Dynamic Degree (CLUDD). SLUDD (denoted as K in Equation (2)) reflects the change rate of a single land use type while CLUDD (denoted as R in Equation (3)) evaluates the overall situation of land use change rate [47]:


   K =    U b  −  U a     U a    ×  1 T  × 100 %   



(2)






   R =  [      ∑  i = 1  n   Δ L  U  i − j         ∑  i = 1  n   L  U i       ]  ×  1 T  × 100 %   



(3)




where Ua and Ub represent the land use area of a single land use type at beginning and end of the study period. T is the range of the study period. If K is greater than 0, the study region is in the land expansion period (otherwise, land shrinkage). LUi represents the initial area of land use type i. ΔLUi-j is the area of land use type i converted to land use type j during the study period.




2.3.3. Evaluation of the Impact of Land Use and Land Cover Change on Ecosystem Service Value


Based on the study by Costanza in 1997 [44], Xie et al. [37] carried out a questionnaire survey among 299 Chinese ecologists, and developed a new evaluation system for ESV. This system includes the equivalents of the values of nine ecological services in six ecosystems. The economic value of national average grain yield of cropland with an area of 1 hm2 is defined as one unit. Other equivalent factors are the contribution values relative to food production service of cropland. These equivalent factors were updated in 2008 as more ecologists were surveyed (Table S1). In this study, we used the updated factors for the evaluation of ESV.



The economic value of the food production service per unit area of cropland was calculated via the following equation [48]:


    E a  =  1 7    ∑  i = 1  n      m i  ×  p i  ×  q i   M      



(4)




where Ea denotes the price of the food production service per unit area of cropland (unit: Yuan/hm2/a). i denotes crop types (including wheat, coarse cereal, and tuber crop). mi is the sowing area of the crop i (unit: hm2). pi is the national mean price of crop i (unit: Yuan/t). qi is the yield per unit area of crop i (unit: t/hm2/a). M is the total sowing area of all crop types (unit: hm2).



After determining the economic value of food production service per unit area of cropland, the unit price of each ecological service function is calculated as follows [48]:


    E  i j   =  e  i j   ×  E a    



(5)




where Eij is the unit price of ecological service i of ecosystem j (unit: Yuan/hm2/a). eij denotes the equivalent factor of the unit price of the ecological service i in ecosystem j. i denotes the type of ecological service function. j refers to ecosystem type. Because construction land is transformed from other land use types under the influence of human activities, the service function of this type of ecosystem is lost and its service value is thus not considered.



Therefore, the ESV is estimated according to the following formula [48]:


   E S V =   ∑  i = 1  n    (    ∑  j = 1  m    E  i j      )    ×  A i    



(6)




where ESV is the total ecological service value. Ai is the area of land use type i. n is the number of land types. m is the number of ecosystem service function types.




2.3.4. Sensitivity Analysis of Ecosystem Service Value to Land Use and Land Cover Change


Based on the elasticity theory of economics, we conducted sensitivity analysis to evaluate the sensitivity of ESV to LULCC. This analysis further reveals the ecologically sensitive area to human activity in Qinghai Lake area. Based on previous studies [10,19], the sensitivity index (SI) is defined as in Equation (7):


   S I =  |     (  E S  V  t 2   − E S  V  t 1    )   R   |  ×  1   t 2  −  t 1    × 100 %   



(7)




where SI is the sensitivity index of changes in ESV in response to LULCC. ESVt1 is the ESV in year t1. ESVt2 is the ESV in year t2. R is the CLUDD (defined in Equation (3)). A high value of sensitivity index indicates that small change in land use will result in substantial change in ESV, and the area with high sensitivity index is very sensitive to human land use activities. Otherwise, the ESV is insensitive to LULCC.






3. Results


3.1. Analysis of Land Use and Land Cover Change


We first analyze the LULCC characteristics for 1990–2010 based on satellite-derived data. Then, based on the simulated land use/cover data for 2020, we discussed the characteristics of LULCC for 2010–2020.



3.1.1. Land Use and Land Cover Change for 1990–2010


The general trend of LULCC in the Qinghai Lake region for 1990–2010 was that the area of construction land, forest, grassland, and cropland increased while the area of unused land and wetland decreased (Figure 3). The SLUDD (Equation (2)) of construction land (urban areas and other settlements) for 1990–2010 was 105.05% (the largest among all land use types), followed by woodland with a SLUDD of 5.03%.



For the first decade, the CLUDD of the Qinghai Lake region was 1.61% and it could be seen that land use conversion among different types was substantial (Table 1). The area of grassland decreased by 378.23 km2, mainly distributed in Suli Township of Tianjun County and Ganzihe Township of Gangcha County (Figure 3a,b). The SLUDD of grassland was −0.10%, and most of the grassland were converted to unused land, wetland, and forest. Cropland increased by 227.49 km2 and its SLUDD was 3.32%. Most of them were converted from grassland. The area of construction land increased by 30.40 km2, with a SLUDD of 40.83%. Cropland and grassland were occupied by the expansion of construction land. The area of forest increased by 242.44 km2 (SLUDD: 3.10%.), distributed in Sanjiaocheng Township of Haiyan County, Xihai Township of Gangcha County, and Daotanghe Town of Gonghe County. The area of wetland area increased by 440.33 km2 (SLUDD: 1.44%), mainly distributed in Suli Township of Tianjun County, Jiermeng Township of Gangcha County, and Qieji Township of Gonghe County. The loss of unused land is 493.78 km2 with −0.63% of SLUDD.



The CLUDD in the Qinghai Lake region for the second decade was 1.68%. For this period, the area of grassland, forest, cropland, and construction land increased and the area of wetland and unused land decreased considerably. Due to the process of urbanization, the area of cropland decreased along with the expansion of construction land (Table S2). The implementation of ecological protection projects, including the Grain for Green Programme and the establishment of nature reserves, led to a gain of 664.66 km2 in terms of the area of grassland (the SLUDD was 0.17%). The grassland gain is distributed in Suli Township, Muli Town, Heimahe Township, and Jiangxigou Township (Figure 3b,c). The area of cropland and wetland decreased by 171.94 km2 and 454.01 km2, respectively, and the corresponding SLUDDs were −1.88% and −1.30%. The area of forest and construction land increased by 151.35 km2 and 47.81 km2, respectively (the corresponding SLUDDs: 1.48% and 12.63%). The increased forest is mainly distributed in Jingxi Gou Township and Gonghe County. Unused land decreased by 267.31 km2 but its SLUDD was only −0.37% because the unused land area in the initial stage was large.




3.1.2. Land Use and Land Cover Change for 2010–2020


Simulation results indicated that the comprehensive land use dynamic degree (CLUDD) in the Qinghai Lake region for 2010–2020 was 0.22%. The area of cropland decreased by 124.89 km2 (Table S3), and its SLUDD was −1.69%. The forestland increased by 62.24 km2 (SLUDD: 0.53%). The area of wetland decreased by 265.20 km2, and its SLUDD was 0.88%. Most of them were converted to unused land and grassland, distributed in Suli Township of Tianjun County and Quanji Township of Gangcha County (Figure 3c,d). The area of grassland increased by 456.41 km2. The increased grassland was mainly distributed in the north area of the Qinghai Lake (Figure 3c,d). The area of unused land decreased by 146.73 km2 and construction land increased by 15.02 km2. The area of waterbody remained stable in general.





3.2. Ecosystem Service Values under the Influence of Land Use and Land Cover Change


3.2.1. Ecosystem Service Values for 1990–2020


Using the average grain yield of grain crops and the average grain price per hectare of Qinghai Province [41,42,43], ESV for different land use types and for each function were calculated for 1990, 2000, 2010, and 2020 based on Equations (4)–(6) (Table 2 and Figure 4).



The total ESV in the Qinghai Lake region shows an increasing trend with fluctuations. It increased from 694.50 billion Yuan in 1990 to 714.28 billion Yuan in 2000 and then decreased to 703.59 billion Yuan. Simulation results indicate that the total ESV in 2020 will continue decreasing to 696.72 billion Yuan with a decrease of 1.01% compared to 2010. In terms of land use types, grassland, waterbody, and wetland provide most of the ESV of the study area, which service value accounts for more than 95% of the total value. From 1990 to 2010, the trend of ESV provided by cropland and grassland showed a similar pattern with the total ESV. The ESV provided by woodland and unused land has been increasing over 1990–2010, while the ESVs of wetlands and waterbody decreased with fluctuations. The results for 2020 indicated that the ESV of wetland would decrease and ESVs of forest, grassland, and waterbody would increase.



Among all ecosystem services (Figure 4), the values of hydrology regulation and waste treatment are the top two functions that account for more than 40% of the total value. Climate regulation, biodiversity conservation, and soil conservation accounted for about 35% of the total value. The value of other ecosystem services is low. For 1990–2000, the values of all types of ecosystem services increased, especially climate regulation, hydrological regulation, and waste treatment. However, from 2000 to 2010, the ESVs declined. The simulation shows that, by 2020, the values of gas regulation (means regulation of atmospheric chemical composition), soil conservation, and raw material production would increase significantly, and the value of other services would remain stable or decline slightly.




3.2.2. Spatial Pattern of Ecosystem Service Values


Figure 5 shows the ESV of per unit area at the town scale in Qinghai Lake regions for 1990–2020. There is spatial heterogeneity in ESV under the influence of land use change, but the change is not obvious for 1990–2020. Overall, the high value area of ESV was mainly located in central and north of the study regions as well as the Qinghai Lake region. The southwest and northwest regions of the study area have low ESV.



In terms of changes in the ESV of per unit area at a town scale, the regions with high variation for 1990–2020 include the northwest regions, the Qinghai Lake and its surrounding regions (Figure 5). For 1990–2010, the ESV of per unit area for the towns in the eastern Qinghai Lake regions increased substantially. The rapid development of animal husbandry in these areas drives the conversion of unused land to grassland. In addition, the Longyangxia, Quanji, Jiermeng, and Suli towns also experienced rapid increase of the ESV. However, the ESV of per unit area for Muli and Shengge towns decreased. For 2010–2020, the variations of ESVs per unit area follow similar spatial patterns of that for 1990–2010 (Figure 5c,d).



Subsequently, we paid attention to two support services (soil conservation and biodiversity maintenance), one culture service—aesthetic landscape provision (Figure 6), and three regulation services (climate regulation, hydrology regulation, and waste treatment, Figure 7). Soil conservation service is high in the south and northwest of the Qinghai Lake regions and the east regions saw increases of soil conservation service for 1990–2020. The hotspots of biodiversity maintenance include the Qinghai Lake and its north regions. We can also see that the northwest experienced decreased of biodiversity maintenance service. As a famous tourist area, the Qinghai Lake and its north regions own high aesthetic landscape provision service, and the value of this service increased slightly for 1990–2020. The hotspots of the hydrology and waste treatment services are the Qinghai Lake and its north regions, but, for the climate regulation service, the north of the Qinghai Lake saw high values.





3.3. Sensitivity of Ecosystem Service Values to Land Use and Land Cover Change


The SI of the three periods for the entire study region were 0.53, 0.32 and 0.80, respectively. From the first decade to the second, the SI decreased slightly, which means the ecological environment recovered slightly. However, from the second decade to the third one, the SI increased by 151.67%, indicating that the ecological environment would degrade during 2010–2020.



The spatial patterns of the SI for 1990–2000, 2000–2010, and 2010–2020 in the Qinghai Lake region are depicted in Figure 8. The towns with high SI are mainly located in the Suli Town, Muli Town, and Shengge Town of Tianjun County, the Shaliuhe Town and Ike-Wulan Town of Gangcha County, the Xihai Town, Halejing Mongolian Town, Sanjiaocheng Town of Haiyan County. From the perspective of changes in the spatial pattern of SI, the SI of the northwest and south of the study area decreased from the first period to the second while the SI of the north of the Qinghai Lake increased. From the second period to the third one, the SI increased obviously for the entire study area, especially for the north and east of the Qinghai Lake.



In addition, the SIs of two support services (soil conservation and biodiversity maintenance), and one culture service—aesthetic landscape provision were illustrated for the three study period (Figure 9). For the two support services, the SI decreased in the Qinghai Lake and its surrounding regions on the whole for 1990–2000 and 2000–2010, which is a good thing, but for 2010–2020, some towns experienced increase of SI. In terms of the aesthetic landscape provision, we can see that the SI increased obviously in the surrounding regions of the Qinghai Lake for the whole study period, which will potentially reduce the attractions of these regions to tourists. Subsequently, the SIs of the three regulation services (climate regulation, hydrology regulation, and waste treatment, Figure 10) were analyzed. It can be seen that the SI of the three regulation services increased substantially in the north of the Qinghai Lake and the Qieji town from 2000–2010 to 2010–2020. Some measures must be taken to lower the SIs of these places for human well-beings.



Furthermore, the number and area of town units and their proportion to the entire study area were calculated in terms of changes of SI over the three periods (Table 3). The number of the towns for which SI decreases from 1990–2000 to 2000–2010 (23 towns) is more than the number of the towns that experienced an increase in SI (only 14). The corresponding area proportions of these towns are 70.08% and 29.92% respectively. It indicates that the environmental conditions of most towns improved during 2000–2010. From 2000–2010 to 2010–2020, the situation is reversed. There are 29 towns with increased SI and only nine towns with decreased SI. The area proportion for the former is 60.19% and for the latter is 39.81%. These results indicate that the ecosystems of most regions in our study area are becoming more sensitive to human land use activities from 2010 to 2020.





4. Discussion


4.1. Analysis on Driving Forces of Land Use and Land Cover Change


The main land use type of the Qinghai lake region is grassland. Our results indicated that the area of grassland decreased for 1990–2000 and after that it increased. Land use change is driven by anthropogenic and natural factors. For 1949–1987, the population of this region increased gradually, and the number of livestock increased by three times [49]. For 1990–2000, the gross domestic product (GDP) and population of the four counties increased slowly in general (Figure 11). In the end of year 2000, the population of the four counties of the Qinghai lake region is 211.8 thousand (Figure 11) and the number of livestock is 3.03 million [42], which led to the degradation of grassland ecosystem because of overgrazing. In addition, owing to the rise of rapeseed oil price since the mid-1990s, a large area of grassland was reclaimed to plant rape flower, which contributed to the desertification of grassland.



Since 2000, the central and local government implemented some ecological engineering on the Tibetan Plateau, including Grain for Green (forest and grassland), to restore the environment of Qinghai Lake and its surrounding regions [8]. A series of ecological engineering programs, which was called as a 10-year project, were implemented further after 2008. The project includes a suite of tasks, for example, the sweeping program, which encourages to reduce grazing on grasslands, control rodents and insect pests that damage alpine meadows, protect wetlands, prevent desertification, plant trees and shrubs, and protect biodiversity. Almost 1.6 billion Yuan was poured into the program by the government. The increase of grassland area is consistent with the implementation period of ecological engineering on the Tibetan Plateau. Thus, the ecological engineering can be seen as one of the main driving forces for increase in grassland area [50]. Although the GDP, population, and the number of livestock increased too for 2000–2010, the ecological conditions of here restored overall.



Additionally, climate warming also contributes to land use and land cover change in this region. According to the data of meteorological stations in Tianjun and Gangcha counties, the annual average temperature of the two stations for 1990, 2000, and 2010 are −0.14, −0.47 and 1.04 °C respectively, and the annual average precipitation are 367.60, 336.30 and 416.30 mm. The warming-drying tendency for 1990–2000 and the warming-wetting tendency for 2000–2010 contributed to the decrease of grassland area for the first period and the increase for the second period.




4.2. Identification of Ecologically Sensitive Areas to Land Use and Land Cover Change


According to the development plan, Four zones, Two belts, and One line Development Plan in Planning of Main Functional Area in The Qinghai Province (2008–2020), the Qinghai Lake region was identified as a modern high-efficiency animal husbandry production base and a demonstration area for human-nature harmony. Therefore, more attention should be paid to ecologically sensitive areas to LULCC.



Sensitivity analysis of ESV to LULCC indicates that the sensitive areas include three towns of the Tianjun County, two towns of the Gangcha County, and three towns of the Haiyan County. Reduction in land use intensity for protection and sustainability should be encouraged in these areas. For 2010–2020, the SI of the total study area would increase by 151.67%, is mainly distributed in the north and east of the Qinghai Lake. As “a jewel of the crown” on the Tibetan Plateau, the Qinghai Lake region is extremely sensitive, not only to climate changes but also to land use activities. As the ecologically most sensitive areas of the Qinghai Lake region, it must be protected with cautions in the process of economic development. In addition, under the influence of ecological restoration engineering, these regions still tend to be sensitive to human activities, implying that much work remains to be done to better understand its environmental characteristics for protection and land use planning.




4.3. Comparison with Previous Studies


In this study, ESV decreased from 2000 to 2010, which is consistent with the findings by Li et al. [51] that suggested the ESV in the Qinghai Lake region decreased from 2000 to 2008. Cao et al. [49] found that hydrology regulation and waste treatment are the two top ecosystem services, which is consistent with the outcomes of this study. In addition, compared with the previous studies concerning land use change [8] and its impact on the ESV of the Tibetan Plateau [10], this study both captures the land use/cover change and its effects on ESV for 1990–2010. The Markov-CA model is also used to simulate land use change and predict its impact on ESV for 2020, which is more useful for future land use planning and the development of ecosystem-related sustainable strategies.



Compared with the counties of the mid-east areas of China, the land areas of most counties in the Tibetan Plateau are large. Therefore, the assessment at a county scale is inadequate. In this study, by collecting higher resolution data, we assessed the LULCC-induced ESV and its sensitivities at township scale and specific analysis was done for two support services (soil conservation and biodiversity maintenance), one culture service (aesthetic landscape provision), and three regulation services (climate regulation, hydrology regulation, and waste treatment services). This will provide more scientific support for local or regional decision-making.




4.4. Uncertainty Analysis


First, in the process of simulating the land use/cover pattern for 2020, the Markov model is used as the land suitability map that only takes into account the historical trend of land use change. However, the effect of land change driving factors on land suitability is not taken into account. This will bring uncertainties to simulation outcome, which should be kept in mind by scholars for future studies and decision makers for land use planning. Specifically, the change tendency of land use area for 2010–2020 is extrapolated based on the area change tendency for 2000–2010, and the simulated land use/cover map for 2020 is more similar to the initial input map of 2010 than maps of 1990 and 2000, which means the simulation outcome could only capture the overall pattern, instead of the fine details. In the future, we will take anthropogenic and natural driving factors into consideration to derive the land suitability map and employ other simulation methods for further improvement [52].



The coefficients of Xie et al. [37] are applicable to the national scale. Although they were directly used in many regional scales [10,53], calibration before application will obtain more reliable results [49]. Because of the limited time and the cost constraints, this study did not localize the coefficients in the Qinghai Lake. It may overestimate the ESVs of the Qinghai Lake region since the biomass of here is lower than the average biomass of China [37], especially for waste regulation services, which should be considered when using the ESV results to inform decision-makers.



In addition, this study only assessed the impact of LULCC on ESV. The climate of the Tibetan Plateau has undergone significant changes over the decades [54], which is bound to exert an impact on ESV. Using spatially explicit models, for example, the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model [4,22,55], to assess the joint impact of LULCC and climate change on ESV will be one of our focus in future studies [56].





5. Conclusions


By interpreting remote sensing images and utilizing Markov-CA simulation, we analyzed the LULCC characteristics in the Qinghai Lake region. We then assessed the response of ecosystem services to LULCC at a township scale. For 1990–2010, the area of construction land, forest, grassland, and cropland increased while the area of unused land and wetland decreased. Markov-CA simulation results suggested that the area of grassland, forest, and construction land will increase and the area of cropland and unused land will decrease for 2010–2020. Under the influence of LULCC, the ESV in the Qinghai Lake region increased first and then decreased from 1990 to 2010. For 2010–2020, the ESV would decrease slightly. The values of hydrology regulation and waste treatment are the top two functions that account for more than 40% of the total value. In terms of the spatial patterns of the ESV, the towns in the northwest of the study region and the Qinghai Lake have high ESVs while the towns in the west and south of the study area have low ESVs. The regions with high variation of ESV are located in the north of the Qinghai Lake. The towns with high SI are located in the middle and northwest of the study area and the towns in the north of the Qinghai Lake experience increase in SI from 2000–2010 to 2010–2020.



It should be mentioned that this study did not explicitly take the land change driving forces into account in simulating LULCC and also did not localize the national scale ESV estimation coefficients for the study area. Future work will consider overcoming these limitations.








Supplementary Materials


The following are available online at www.mdpi.com/1660-4601/14/7/818/s1. Table S1: Ecosystem service value equivalent factors of per unit area in China. Table S2: Land use transition matrix for 2000–2010 in the Qinghai Lake region (area unit: km2). The row is 2000 and the column is 2010. Table S3: Land use transition matrix for 2010–2020 in the Qinghai Lake region (area unit: km2). The row is 2010 and the column is 2020.





Acknowledgments


The Project was supported by the Fundamental Research Funds for the Central Universities, China University of Geosciences (Wuhan) (G1323531735 and G1323531777).




Author Contributions


Jian Gong and Jingye Li conceived and designed the experiments; Jianxin Yang performed the experiments; Jingye Li and Shicheng Li analyzed the data; and Jian Gong, Jingye Li, Jianxin Yang, Shicheng Li and Wenwu Tang wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Yao, T.D.; Thompson, L.G.; Mosbrugger, V.; Zhang, F.; Ma, Y.M.; Luo, T.X.; Xu, B.Q.; Yang, X.X.; Joswiak, D.R.; Wang, W.; et al. Third Pole Environment (TPE). Environ. Dev. 2012, 3, 52–64. [Google Scholar] [CrossRef]

	



Zhao, D.S.; Wu, S.H.; Yin, Y.H.; Yin, Z.-Y. Vegetation distribution on Tibetan Plateau under climate change scenario. Reg. Environ. Chang. 2011, 11, 905–915. [Google Scholar] [CrossRef]

	



Chen, D.L.; Xu, B.Q.; Yao, T.D.; Guo, Z.T.; Cui, P.; Chen, F.H.; Zhang, R.H.; Zhang, X.Z.; Zhang, Y.L.; Fan, J.; et al. Assessment of past, present and future environmental changes on the Tibetan Plateau. Chin. Sci. Bull. 2015, 60, 3025–3035. [Google Scholar]

	



Li, S.C.; Wang, Z.F.; Zhang, Y.L. Crop cover reconstruction and its effects on sediment retention in the Tibetan Plateau for 1900–2000. J. Geogr. Sci. 2017, 27, 786–800. [Google Scholar] [CrossRef]

	



Pan, T.; Wu, S.H.; Liu, Y.J. Relative contributions of land use and climate change to water supply variations over Yellow River Source Area in Tibetan Plateau during the past three decades. PLoS ONE 2015, 10, e0123793. [Google Scholar] [CrossRef] [PubMed]

	



Wen, L.; Dong, S.K.; Li, Y.Y.; Li, X.Y.; Shi, J.J.; Wang, Y.L.; Liu, D.M.; Ma, Y.S. Effect of degradation intensity on grassland ecosystem services in the Alpine Region of Qinghai-Tibetan Plateau, China. PLoS ONE 2013, 8, e58432. [Google Scholar] [CrossRef] [PubMed]

	



Xin, H. A green fervor sweeps the Qinghai-Tibetan Plateau. Science 2008, 321, 633–635. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.Y.; Ma, Y.J.; Xu, H.Y.; Wang, J.H.; Zhang, D.S. Impact of land use and land cover change on environmental degradation in Lake Qinghai watershed, northeast Qinghai–Tibet Plateau. Land Degrad. Dev. 2009, 20, 69–83. [Google Scholar] [CrossRef]

	



Deng, X.Z.; Gibson, J.; Wang, P. Quantitative measurements of the interaction between net primary productivity and livestock production in Qinghai Province based on data fusion technique. J. Clean. Prod. 2017, 142, 758–766. [Google Scholar] [CrossRef]

	



Han, Z.; Song, W.; Deng, X.Z. Responses of ecosystem service to land use change in Qinghai Province. Energies 2016, 9, 303. [Google Scholar] [CrossRef]

	



Ellis, E.C.; Kaplan, J.O.; Fuller, D.Q.; Vavrus, S.; Goldewijk, K.K.; Verburg, P.H. Used planet: A global history. Proc. Natl. Acad. Sci. USA 2013, 110, 7978–7985. [Google Scholar] [CrossRef] [PubMed]

	



Steffen, W.; Leinfelder, R.; Zalasiewicz, J.; Waters, C.N.; Williams, M.; Summerhayes, C.; Barnosky, A.D.; Cearreta, A.; Crutzen, P.; Edgeworth, M.; et al. Stratigraphic and earth system approaches to defining the anthropocene. Earth's Future 2016, 4, 324–345. [Google Scholar] [CrossRef]

	



Steffen, W.; Grinevald, J.; Crutzen, P.; McNeill, J. The Anthropocene: Conceptual and historical perspectives. Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 2011, 369, 842–867. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.C.; He, F.N.; Zhang, X.Z. A spatially explicit reconstruction of cropland cover in China from 1661 to 1996. Reg. Environ. Chang. 2016, 16, 417–428. [Google Scholar] [CrossRef]

	



Gong, J.; Yang, J.X.; Tang, W.W. Spatially Explicit landscape-level ecological risks induced by land use and land cover change in a national ecologically representative region in China. Int. J. Environ. Res. Public Health 2015, 12, 14192–14215. [Google Scholar] [CrossRef] [PubMed]

	



Braat, L.C.; de Groot, R. The ecosystem services agenda: Bridging the worlds of natural science and economics, conservation and development, and public and private policy. Ecosyst. Serv. 2012, 1, 4–15. [Google Scholar] [CrossRef]

	



De Groot, R.; Brander, L.; van der Ploeg, S.; Costanza, R.; Bernard, F.; Braat, L.; Christie, M.; Crossman, N.; Ghermandi, A.; Hein, L.; et al. Global estimates of the value of ecosystems and their services in monetary units. Ecosyst. Serv. 2012, 1, 50–61. [Google Scholar] [CrossRef]

	



Maes, J.; Liquete, C.; Teller, A.; Erhard, M.; Paracchini, M.L.; Barredo, J.I.; Grizzetti, B.; Cardoso, A.; Somma, F.; Petersen, J.-E.; et al. An indicator framework for assessing ecosystem services in support of the EU biodiversity strategy to 2020. Ecosyst. Serv. 2016, 17, 14–23. [Google Scholar] [CrossRef]

	



Song, W.; Deng, X.Z. Land-use/land-cover change and ecosystem service provision in China. Sci. Total Environ. 2017, 576, 705–719. [Google Scholar] [CrossRef] [PubMed]

	



Xie, H.L.; Yao, G.R.; Liu, G.Y. Spatial evaluation of the ecological importance based on GIS for environmental management: A case study in Xingguo County of China. Ecol. Indic. 2015, 51, 3–12. [Google Scholar] [CrossRef]

	



Costanza, R.; Kubiszewski, I. The authorship structure of “ecosystem services” as a transdisciplinary field of scholarship. Ecosyst. Serv. 2012, 1, 16–25. [Google Scholar] [CrossRef]

	



Posner, S.; Verutes, G.; Koh, I.; Denu, D.; Ricketts, T. Global use of ecosystem service models. Ecosyst. Serv. 2016, 17, 131–141. [Google Scholar] [CrossRef]

	



Daily, G.C.; Matson, P.A. Ecosystem services: From theory to implementation. Proc. Natl. Acad. Sci. USA 2008, 105, 9455–9456. [Google Scholar] [CrossRef] [PubMed]

	



Crossman, N.D.; Bryan, B.A.; de Groot, R.S.; Lin, Y.P.; Minang, P.A. Land science contributions to ecosystem services. Curr. Opin. Environ. Sustain. 2013, 5, 509–514. [Google Scholar] [CrossRef]

	



Verburg, P.H.; Crossman, N.; Ellis, E.C.; Heinimann, A.; Hostert, P.; Mertz, O.; Nagendra, H.; Sikor, T.; Erb, K.-H.; Golubiewski, N.; et al. Land system science and sustainable development of the earth system: A global land project perspective. Anthropocene 2015, 12, 29–41. [Google Scholar] [CrossRef][Green Version]

	



Millennium Ecosystem Assesment. Ecosystems and Human Well-Being: Synthesis; Island Press: Washington, DC, USA, 2005. [Google Scholar]

	



Palmer, M.; Bernhardt, E.; Chornesky, E.; Collins, S.; Dobson, A.; Duke, C.; Gold, B.; Jacobson, R.; Kingsland, S.; Kranz, R.; et al. Ecology for a crowded planet. Science 2004, 304, 1251–1252. [Google Scholar] [CrossRef] [PubMed]

	



Sutherland, W.J.; Freckleton, R.P.; Godfray, H.C.J.; Beissinger, S.R.; Benton, T.; Cameron, D.D.; Carmel, Y.; Coomes, D.A.; Coulson, T.; Emmerson, M.C.; et al. Identification of 100 fundamental ecological questions. J. Ecol. 2013, 101, 58–67. [Google Scholar] [CrossRef]

	



Crossman, N.D.; Burkhard, B.; Nedkov, S. Quantifying and mapping ecosystem services. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 2012, 8, 1–4. [Google Scholar] [CrossRef]

	



Maes, J.; Teller, A.; Erhard, M.; Liquete, C.; Braat, L. Mapping and Assessment of Ecosystems and Their Services: An Analytical Framework for Ecosystem Assessments under Action 5 of the EU Biodiversity Strategy to 2020; Publications Office of the European Union: Luxembourg, 2013. [Google Scholar]

	



Fu, B.J.; Forsius, M.; Liu, J. Ecosystem services: Climate change and policy impacts. Curr. Opin. Environ. Sustain. 2013, 5, 1–3. [Google Scholar] [CrossRef]

	



Li, G.D.; Fang, C.L.; Wang, S.J. Exploring spatiotemporal changes in ecosystem-service values and hotspots in China. Sci. Total Environ. 2016, 545–546, 609–620. [Google Scholar] [CrossRef] [PubMed]

	



Ouyang, Z.Y.; Zheng, H.; Xiao, Y.; Polasky, S.; Liu, J.; Xu, W.; Wang, Q.; Zhang, L.; Xiao, Y.; Rao, E.M.; et al. Improvements in ecosystem services from investments in natural capital. Science 2016, 352, 1455–1459. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.H.; Xiao, Y.; Zhang, J.J.; Yang, W.; Zhang, L.; Hull, V.; Wang, Z.; Zheng, H.; Liu, J.G.; Polasky, S.; et al. Strengthening protected areas for biodiversity and ecosystem services in China. Proc. Natl. Acad. Sci. USA 2017, 114, 1601–1606. [Google Scholar] [CrossRef] [PubMed]

	



Xie, G.D.; Lu, C.X.; Leng, Y.F.; Zheng, D.; Li, S.C. Ecological assets valuation of the Tibetan Plateau. J. Nat. Resour. 2003, 18, 189–196. [Google Scholar]

	



Xie, G.D.; Zhang, C.X.; Zhang, L.M.; Chen, W.H.; Li, S.M. Improvement of the evaluation method for ecosystem service value based on per unit area. J. Nat. Resour. 2015, 30, 1243–1254. [Google Scholar]

	



Xie, G.D.; Zhen, L.; Lu, C.X.; Yu, X.; Cao, C. Expert Knowledge Based Valuation method of ecosystem services in China. J. Nat. Resour. 2008, 23, 911–919. [Google Scholar]

	



Fu, B.J.; Zhang, L.W. Land-use change and ecosystem services: Concepts, methods and progress. Prog. Geogr. 2014, 33, 441–446. [Google Scholar]

	



Cavender-Bares, J.; Polasky, S.; King, E.; Balvanera, P. A sustainability framework for assessing trade-offs in ecosystem services. Ecol. Soc. 2015, 20. [Google Scholar] [CrossRef]

	



Wang, W.J.; Zhang, C.R.; Allen, J.; Li, W.D.; Boyer, M.; Segerson, K.; Silander, J. Analysis and prediction of land use changes related to invasive species and major driving forces in the State of Connecticut. Land 2016, 5, 25. [Google Scholar] [CrossRef]

	



Qinghai Provincical Bureau of Statistics; The National Bureau of Statistics Survey office in Qinghai. Qinghai Statistical Yearbook; China Statistics Press: Beijing, China, 1991.

	



Qinghai Provincical Bureau of Statistics; The National Bureau of Statistics Survey office in Qinghai. Qinghai Statistical Yearbook; China Statistics Press: Beijing, China, 2001.

	



Qinghai Provincical Bureau of Statistics; The National Bureau of Statistics Survey office in Qinghai. Qinghai Statistical Yearbook; China Statistics Press: Beijing, China, 2011.

	



Costanza, R.; d’Arge, R.; de Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; Oneill, R.V.; Paruelo, J.; et al. The value of the world’s ecosystem services and natural capital. Nature 1997, 387, 253–260. [Google Scholar] [CrossRef]

	



Batty, M.; Xie, Y.; Sun, Z. Modeling urban dynamics through GIS-based cellular automata. Comput. Environ. Urban Syst. 1999, 23, 205–233. [Google Scholar] [CrossRef]

	



Takada, T.; Miyamoto, A.; Hasegawa, S.F. Derivation of a yearly transition probability matrix for land-use dynamics and its applications. Landsc. Ecol. 2010, 25, 561–572. [Google Scholar] [CrossRef]

	



Wang, X.L.; Bao, Y.H. Study on the methods of land use dynamic change research. Prog. Geogr. 1999, 18, 83–89. [Google Scholar]

	



Xiao, Y.; Xie, G.D.; An, K. Economic value of ecosystem services in Mangcuo Lake drainage basin. J. Appl. Ecol. 2003, 14, 676–680. [Google Scholar]

	



Cao, S.K.; Cao, G.C.; Chen, K.L.; Liu, W.; Chen, Z.; Lu, B.L.; Zhang, T.; Wang, J.M.; Zhang, J. Dynamic of alpine wetland ecosystem service values in the Qinghai Lake basin. J. Desert Res. 2014, 34, 1402–1409. [Google Scholar]

	



Shao, Q.Q.; Cao, W.; Fan, J.W.; Huang, L.; Xu, X.L. Effects of an ecological conservation and restoration project in the three-river source region, China. J. Geogr. Sci. 2017, 27, 183–204. [Google Scholar] [CrossRef]

	



Li, H.M.; Zhang, A.L.; Gao, Z.B.; Zhuo, M.C. Quantitative analysis of the impacts of climate and socio-economic driving factors of land use change on the ecosystem services value in the Qinghai Lake area. Prog. Geogr. 2012, 31, 1747–1754. [Google Scholar]

	



Zhai, R.T.; Zhang, C.R.; Li, W.D.; Boyer, M.; Hanink, D. Prediction of land use change in long island sound watersheds using nighttime light data. Land 2016, 5, 44. [Google Scholar] [CrossRef]

	



Chuai, X.W.; Huang, X.J.; Wu, C.Y.; Li, J.B.; Lu, Q.L.; Qi, X.X.; Zhang, M.; Zuo, T.H.; Lu, J.Y. Land use and ecosystems services value changes and ecological land management in coastal Jiangsu, China. Habitat Int. 2016, 57, 164–174. [Google Scholar] [CrossRef]

	



Liu, X.D.; Chen, B.D. Climatic warming in the Tibetan Plateau during recent decades. Int. J. Climatol. 2000, 20, 1729–1742. [Google Scholar] [CrossRef]

	



Sharp, R.; Chaplin-Kramer, R.; Wood, S.; Guerry, A.; Tallis, H.; Ricketts, T. (Eds.) InVEST 3.2.0 User’s Guide; The Natural Capital Project, Stanford University: Stanford, CA, USA; University of Minnesota: Minneapolis, MN, USA; The Nature Conservancy: Arlington, VA, USA; World Wildlife Fund: Washington, DC, USA, 2015. [Google Scholar]

	



Jennings, V.; Gaither, C.J. Approaching environmental health disparities and green spaces: An ecosystem services perspective. Int. J. Environ. Res. Public Health 2015, 12, 1952–1968. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 14 00818 g001 550] 





Figure 1. Map of the study area: the Qinghai Lake region, China (The elevation data is provided by International Scientific & Technical Data Mirror Site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn). The vector boundary data for county and township are provided by National Administration of Surveying, Mapping and Geoinformation of China (http://en.nasg.gov.cn/)). 
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Figure 2. Framework of this study. LULC: land use and land cover; LULCC: land use and land cover change; ESV: ecosystem service value. 
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Figure 3. Land use/cover map for 1990, 2000, 2010, and 2020 in the Qinghai Lake region. The map for 1990, 2000 and 2010 were interpreted from Landsat TM 5 and 7 satellite images (http://earthexplorer.usgs.gov), and the map for 2020 was simulated using CA-Markov model. 
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Figure 4. Ecosystem service values (ESV) for 1990–2020 in the Qinghai Lake region. Data were calculated based on Equations (4)–(6). 
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Figure 5. Town scale ecosystem service value (ESV) in the Qinghai Lake region for 1990–2020. Data were calculated based on Equations (4)–(6). 






Figure 5. Town scale ecosystem service value (ESV) in the Qinghai Lake region for 1990–2020. Data were calculated based on Equations (4)–(6).



[image: Ijerph 14 00818 g005]







[image: Ijerph 14 00818 g006 550] 





Figure 6. Soil conservation service, biodiversity maintenance service, and aesthetic landscape provision service in the Qinghai Lake region for 1990–2020. Data were calculated based on Equations (4)–(6). 
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Figure 7. Climate regulation, hydrology regulation, and waste treatment services in the Qinghai Lake region for 1990–2020. Data were calculated based on Equations (4)–(6). 
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Figure 8. Sensitivity index of ecosystem service values (ESV) to land use and land cover change (LULCC) in the Qinghai Lake region. Data were calculated based on Equation (7). 
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Figure 9. Sensitivity index of soil conservation service, biodiversity maintenance service, and aesthetic landscape provision service to land use and land cover change (LULCC) in the Qinghai Lake region for 1990–2000, 2000–2010, and 2010–2020. Data were calculated based on Equation (7). 
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Figure 10. Sensitivity index of climate regulation, hydrology regulation, and waste treatment services to land use and land cover change (LULCC) in the Qinghai Lake region for 1990–2000, 2000–2010, and 2010–2020. Data were calculated based on Equation (7). 
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Figure 11. (a) Gross domestic product and (b) population of the four counties surrounding the Qinghai lake region for 1990–2010. Data were cited from Qinghai statistics yearbook for 1990–2010. 
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Table 1. Land use transition matrix for 1990–2000 in the Qinghai Lake region (area unit: km2).






Table 1. Land use transition matrix for 1990–2000 in the Qinghai Lake region (area unit: km2).





	Land Use Type
	Cropland
	Forestland
	Grassland
	Wetland
	Waterbody
	Construction Land
	Unused Land
	Total





	Cropland
	514.51
	0.14
	130.72
	9.82
	1.06
	11.97
	17.30
	685.52



	Forestland
	0.15
	492.14
	266.35
	19.88
	0.00
	0.02
	3.70
	782.24



	Grassland
	384.13
	507.59
	34,705.90
	1173.80
	13.23
	20.34
	2319.89
	39,124.88



	Wetland
	0.22
	9.24
	1009.59
	1959.90
	1.74
	1.17
	71.13
	3052.98



	Waterbody
	0.01
	0.14
	47.23
	25.94
	4287.87
	0.05
	22.64
	4383.89



	Construction land
	2.63
	0.00
	1.14
	0.08
	0.00
	3.60
	0.00
	7.45



	Unused land
	11.35
	15.43
	2585.72
	303.90
	11.35
	0.68
	4871.10
	7799.54



	Total
	913.00
	1024.68
	38,746.64
	3493.31
	4315.26
	37.85
	7305.76
	55,836.49
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Table 2. Ecosystem service value of different land use types in the Qinghai Lake region for 1990–2020 (unit: 109 Yuan).
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	Year
	Cropland
	Forestland
	Grassland
	Wetland
	Waterbody
	Construction Land
	Total





	1990
	4.37
	17.75
	368.35
	134.90
	160.39
	8.75
	694.50



	2000
	5.82
	23.25
	364.79
	154.35
	157.88
	8.19
	714.28



	2010
	4.72
	26.68
	371.05
	134.29
	158.96
	7.89
	703.59



	2020
	3.93
	28.09
	375.41
	122.50
	159.07
	7.72
	696.72
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Table 3. Changes of sensitivity index for 1990–2020 in terms of number and area of townships. Data were calculated based on Equation (7).
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Compare Periods

	
Changes of Sensitivity Index

	
Number of Townships

	
Area of Townships




	
Number

	
Proportion (%)

	
Area (104 km2)

	
Proportion (%)






	
1990–2000 and 2000–2010

	
Decrease

	
23

	
62.16%

	
39.07

	
70.08%




	
Increase

	
14

	
37.84%

	
16.68

	
29.92%




	
2000–2010 and 2010–2020

	
Decrease

	
9

	
24.32%

	
22.20

	
39.80%




	
Increase

	
28

	
75.68%

	
33.56

	
60.20%
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