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Abstract:

 Heihe River Basin is the second largest inland river basin in China, where water supply service in the upper reach has greater influence on the sustainable development of middle and lower reaches. This study analyzed the influence of land use/land cover change (LUCC) on the water supply service in the upper reach by carrying out scenario simulation. Firstly, we analyzed the LUCC and climate change in the upper reach during 1990–2005; then the water supply service, which was represented by the annual water yield, was estimated with the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model. Thereafter three scenarios (precipitation change and LUCC change combined, LUCC change only, and precipitation change only) were established to analyze the impacts of LUCC and precipitation change on the water yield. The results show that the LUCC exerted great influence on water yield, while the impact of precipitation change is even more significant than that of LUCC. Although there are still some uncertainties, the results of this study can still provide valuable reference information for ecological conservation and water resource management in the upper reach of the Heihe River Basin.
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1. Introduction

Ecosystem services are benefits that humans derive from ecosystems, which include provisioning, regulatory, supporting and cultural services [1,2]. The ecosystem services are the basis of human survival and are closely associated with the human well-being [3]. There is a crucial need to manage locations that are important for maintaining provision of ecosystem services, and it is necessary to consider climate change as well as land use/land cover change (LUCC) in the relevant ecosystem service assessments, especially when analyzing the water-related ecosystem services [4,5]. Along with the socio-economic development and all kinds of emerging ecological environmental problems, ecosystem services are becoming a research hotspot [6]. A good number of studies have been carried out on the provision of ecosystem services, their influencing factors, management measures, etc. LUCC is the main approach through which human beings influence the ecosystem and contains plentiful information of human activities [7,8]. LUCC is an important driving factor of ecosystem services, it can alter the spatial pattern of ecosystems, influence the biological processes, and consequently alter the provision of ecosystem services [9]. Besides, as LUCC becomes the focus of research in global change, more and more attention has to be paid to the influence of LUCC on ecosystem services [9], and quantitative assessment of the relationship between LUCC and ecosystem services has also become a hotspot in the ecological field. Moreover, water supply service is one of the most important ecosystem services, since adequate freshwater supply is fundamental for ensuring the sustainability of agriculture, industry and the natural environment [1]. The increasing water demand due to economic and demographic growth has led to intensive water usage among all economic sectors in many regions [10], and water scarcity has become one of the most serious worldwide problems. The water supply service and its driving mechanism have received more and more attention [11,12], and analysis of influence of LUCC and climate change on the water supply service is essential for formulating adaptive management strategies [13].

Although ecosystem services have been identified to be declining over the previous decades, there is no clear methodology of evaluating the impacts of LUCC on ecosystem services [14]. Several methods have been presented to assess ecosystem services, but these methods vary widely, and quantitative comparative studies with these methods have been lacking [15]. The Integrated Valuation of Environmental Services and Tradeoffs (InVEST), which is developed by the Natural Capital Project [16], offers a standardized approach to evaluate scenarios based on parameterization with LUCC, and it has been widely used to assess a variety of ecosystem services. Besides, scenario analysis as a method of evaluating possible futures has been advocated as an important research and planning tool in environmental studies [17,18]. There have been some studies that combined scenario analyses with the InVEST model, which use LUCC as the driver of ecosystem services [2]. However, there are only a few studies that have incorporated climate change when assessing ecosystem services [19].

LUCC is a dominant factor in influencing the heterogeneity of ecosystem services on the landscape [20]. For example, recent studies have shown that increase in agricultural land use has direct consequences on ecosystem services [17,21]; LUCC also plays an important role in influencing the climate system, such as atmospheric temperature, humidity, cloud cover, circulation, and precipitation, and these impacts range from the local and regional scales to sub-continental and global scales [7,22,23,24]. In particular, the supply of freshwater flows and water-related ecosystem services are closely related to land use management [1]. Besides, it is important to notice that climate change has greater influence on the water supply service in arid and semi-arid regions. For example, climate change will intensify the hydrological cycle in semi-arid areas through increases in global temperature, rainfall concentration in short periods of the year, and more frequent droughts [1]. Climate change will also shift the amount and timing of water movement through the landscape, which can alter the water yield [25].

The Heihe River is the second largest inland river of China, and the water of this river plays a key role in supporting the ecological environment of the whole basin. The water yield in the upper reach of the Heihe River Basin (HRU), which is the main water source region, fluctuated dramatically due to the climate change and intensified human activities, especially the land use change during past decades. Meanwhile the agricultural land in the middle reaches expanded continuously with the rapid socio-economic development, which led to the extraction of a large amount of water from the runoff of the Heihe River for agricultural irrigation and vegetation degradation in the lower reaches due to the intensified water scarcity. It is therefore of great significance to analyze the relationship between LUCC, climate change and water supply service and clarify the driving mechanism of the water yield change in the upper reaches to guaranteeing the sustainable water supply to the middle and lower reaches of the Heihe River Basin. However, previous studies in the upper reach of the Heihe River Basin have generally only focused on the impact of climate change on the water supply service [26,27]. There are only a few studies related to the influence of LUCC on the water supply service in the upper reach of the Heihe River Basin, most of which start from the perspective of the existing policies and only analyze the influence of LUCC under the national policy regulation on the water supply service. Most of these previous studies didn’t analyze the influence of LUCC and climate change on the water supply service in the long term, and there is seldom research on the driving mechanism of LUCC on the water supply service.

This study selected the upper reach of the Heihe River Basin as the study area, and analyzed the change in the water supply service due to LUCC and climate change. Using InVEST along with scenarios of LUCC and climate change, this study investigated the driving mechanism of the water yield change. In particular, it was assumed that LUCC and climate change are independent for the whole study period. Scenarios were established for analyzing the influencing mechanism of LUCC and climate change on the water supply service. Results of this study can provide valuable reference information for improving the water resource management and ecological conservation.



2. Study Area

Heihe River Basin is generally divided into three parts according to the landform, including the southern Qilian Mountains, the central Hexi Corridor and northern High Plains Alxa. The upper reach of the Heihe River is mainly in the southern Qilian Mountains, where the major vegetation is the coniferous forest with the Picea crassifolia as the constructive species [28]. In the upper reaches, the elevation is between 1665 m and 5271 m; the main landforms include high and middle mountains, intermountain basins; and low mountains and hills. The local climate is influenced by both the continental climate and the Qinghai-Tibet plateau climate.

Heihe River Basin is divided into three parts by the Yingluoxia and Zhengyixia stations. We define the part above Yingluoxia as the “upper reaches”, the part below Zhengyixia as the “lower reaches”, and the part between these two regions as the “middle reaches”. The upper reaches are the major water source regions and the middle reaches are the major water consumption regions, while the lower reaches are ending regions where both rivers and lakes disappear. The upper reach of Heihe River Basin are located in the Hexi Corridor ins Gansu Province, between 98°34'E–101°09'E, 37°43'N–39°06'N. The catchment area of the upper reaches is about 100,000 km2, and Yingluoxia station is the controlling hydrologic station (Figure 1). The upper reaches cover most of Qilian County of Qinghai Province, and a few parts of Gansu Province, including Mati Township of Sunan County, Mongolian Township of Baiyin City, Dahe Township and Kangle Township. The annual average temperature ranges from −3 °C to 7 °C in the upper reaches, while the annual rainfall ranges from 300 mm to 700 mm, and there is obviously uneven distribution of rainfall throughout the year. The major land use types in the upper reaches include grassland, woodlands, water and bare land. There are various soil types in the upper reaches, e.g., aeolian sandy soil, cold desert soil, alpine meadow soil, mountain swamp chestnut soil and mountain marshy soil.

Figure 1. Location and major hydrological stations of the upper reach of Heihe River Basin.
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The upper reaches of the Heihe River Basin serve as the major water source region, where the water supply service is of great importance to guaranteeing the sustainable development of the whole basin [29]. However, there has been serious ecological degradation due to changes in temperature and precipitation, and human activities in the upper reaches in recent decades. For example, there was once serious forest shrinkage, degradation of natural vegetation and loss of biodiversity in the past, which seriously threatened the water conservation capacity in the upper reach of Heihe River Basin [28]. In particular, the continuous droughts and overgrazing of grassland led to serious grassland degradation and decline of water conservation capacity of grassland, which further threatened the sustainable development of animal husbandry and caused significant eco-environmental deterioration. What’s worse, the ecological degradation (from 1990 to 2000) in the upper reaches seriously affected the provision of water supply service as well as other ecosystem services, decreased the runoff into the middle and lower reaches of the Heihe River Basin and consequently increased the potential risk of land degradation in the downstream area [30]. The middle and lower reaches of the Heihe River Basin are extremely dry, with very low annual precipitation. These regions are also characterized by large evapotranspiration and very scarce water resources, which cannot meet the needs of the local economic development and maintenance of the ecological balance. Actually, there has been very serious contradiction between the water supply and demand in the middle and lower reaches of the Heihe River Basin throughout history. There has also been over-exploitation of the water resource due to the population growth and economic development in the Heihe River Basin [31]. The amount of water into the downstream has gradually reduced since the 1960s, leading to the intensification of a series of ecological problems, such as drying up of rivers and lakes, death of trees, degradation of grassland and occurrence of sandstorms [32]. The inter-provincial water disputes have been also more prominent, therefore it is of great importance to protect the ecological environment and guarantee the provision of water conservation services in the upper reach of Heihe River Basin.



3. Data and Methodology

This study first simulated the annual water yield, which represents the water supply service in the upper reaches in 1990, 1995, 2000 and 2005, and then analyzed the influence of LUCC and precipitation change on the water yield. The data from these four years were accordingly prepared, including the LUCC data, precipitation data and other data. It was assumed that all factors except LUCC and precipitation remain unchanged in this study in order to better understand the impacts of LUCC and precipitation change on the water supply service. Two scenarios were established for analyzing the influencing mechanism of the water yield. Under Scenario 1, LUCC data in 1990 were used as the input data, which is assumed to remain unchanged, while the precipitation will change, and the change in the water yield reflects the impacts of precipitation change. Similarly under Scenario 2, precipitation data in 1990 were used as the input data, which is assumed to remain unchanged, while LUCC will change, and the change in the water yield reflects the impacts of LUCC. Comparison between the results under Scenario 1 and 2 can reflect the influence of LUCC on the water supply service in the upper reach of the Heihe River Basin.


3.1. Data Collection and Processing

The data used in this study mainly include the LUCC, biophysical table, annual precipitation, average annual reference evapotranspiration, soil depth, plant available water fraction (PAWF), watersheds and sub-watersheds, and seasonality factor (Z). The LUCC data used in this study include the LUCC data in 1990, 1995, 2000 and 2005, which were extracted from the land use database developed by the Chinese Academy of Sciences (CAS) [33,34]. The land use data was interpreted by CAS according to the Landsat Thematic Mapper (TM) and/or Enhanced Thematic Mapper (ETM) images, and the interpretation accuracy is as high as 92.7% [31,35]. The biophysical table is used to represent the attributes of each land use and land cover type, including the LUCC code, descriptive name of LUCC, maximum root depth for vegetated land use classes in millimeters, and plant evapotranspiration coefficient for each LUCC class. The root depth of main vegetation types was obtained following FAO. We estimated the evapotranspiration coefficient of each LUCC type based on the research of Allen et al. [36] and the InVEST user guide.

The meteorological data, including the annual precipitation, were obtained from the daily meteorological observation data of meteorological station maintained by the China Meteorological Administration. The original meteorological observation data were saved in the form of text, and were then interpolated into 1 km × 1 km grid data with the Kriging interpolation method. Besides, the annual potential evapotranspiration data were calculated with the data evapotranspiration data provided by Heihe Plan Science Data Center due to the limitation of data availability. The evapotranspiration data with the resolution of 1 km × 1 km were estimated with the ETWatch model [37,38,39,40]. In addition, the soil depth data were extracted from the second national soil survey data, which were interpolated into 1 km × 1 km grid data with the Kriging interpolation method.

PAWF is defined as the difference between the fraction of volumetric field capacity and permanent wilting point, which is an important influencing factor of crop production, agro-ecological zoning, irrigation planning, and land cover changes [41]. PAWF can be estimated on the basis of physical and chemical properties of soil. There is a mathematical equation of the relationship between PAWF and proportion of sand, silt, clay and organic matter in soil [41], and this method is used to estimate PAWF as follows:
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where PAWF is the plant available water fraction (%); sand %, silt %, clay %, OM % represent the measured contents of sand, clay, silt and organic matter (%), respectively [41].
The watersheds and sub-watersheds data were obtained from the digital elevation model (DEM). The watershed and sub-watersheds were generated using Hydrology Analyst Tools based on 90 m DEM data [42]. The watershed was delineated into 179 sub-watersheds, and each sub-watershed was given only one identification number (Figure 2).

Figure 2. Spatial heterogeneity of the levels of ETo (a); Soil depth (b); plant available water fraction (PAWF) (c); Boundaries of small watersheds (d) in the Upper Reaches of Heihe River Basin.



[image: Sustainability 07 00366 g002 1024]







The Z constant characterizes the seasonality of precipitation, with the possible floating point value ranging from 1 to 10, which is corresponding to the seasonal distribution of precipitation. The Z constant was estimated and validated with the water balance method based on the observation data of average annual evapotranspiration and runoff. As shown in Figure 3, the difference between the observed and simulated runoff is 0, when the Z constant is 6, which represents the best simulation results. In this study, Z constant is accordingly set to be 6, which is thereafter used to validate the simulation results obtained with the water yield model in the InVEST model.

Figure 3. Difference between the observed and simulated annual natural runoff.
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3.2. InVEST Model

The InVEST model is a tool for ecosystem service assessment to support environmental decision-making, which is developed in 2007 by Stanford University, the World Wide Fund for Nature and the Nature Conservancy. It comprises many sub-models, and the water yield model is a vital component for assessing water-related ecosystem service, and the water yield model generates and outputs the total and average water yield at the sub-basin level. The water yield model in the InVEST model is based on the Budyko curve [43] and annual average precipitation. Annual water yield (Yxj) for each pixel (indexed by x = 1, 2, …, X) on the landscape with LUCC j is calculated as follows:
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(1)




where Yxj is the water yield of pixel x, lx is the land cover type for pixel x, AETxj is the annual actual evapotranspiration for pixel x with LUCC j, and Px is the annual precipitation on pixel x.
The evapotranspiration partition of the water balance, [image: there is no content] can be estimated as follows [44]:
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(2)




where Rxj is defined as the ratio of potential evapotranspiration to precipitation [43] as follows:
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(3)




kxj is the plant (vegetation) evapotranspiration coefficient associated with the LUCC j on pixel x, which is largely determined by the vegetation characteristics of the LUCC found on that pixel.

ωx is a modified dimensionless ratio of plant accessible water storage to expected precipitation during the year. As defined by Zhang et al. [44], ωx is a non-physical parameter to characterize the natural climatic-soil properties, which is calculated as follows:
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(4)




where AWCx is the plant-available water content (in mm) that can be held and released in the soil for use by plants, it can be estimated as the product of the difference between field capacity and wilting point and the minimum of soil depth and root depth, Z is a seasonality factor that represents the seasonal distribution and depth of precipitation.



4. Results and Discussions


4.1. Analysis of Historical LUCC

As shown Figure 4 and Table 1, the sharp decline of the water body area during 1990–1995 is mainly due to the precipitation decrease, and the gradual increase of the water body area during 1995–2005 is caused by the gradual increase in precipitation. The cultivated land in the upper reach of the Heihe River Basin showed a decreasing trend as time goes by, declining from 174 km2 in 1990 to 99 km2 in 2005. By comparison, the forestland showed a slightly expanding trend, increasing from 4392 km2 in 1990 to 4460 km2 in 2005. This is mainly due to the influence of policies of returning cultivated land to forest land [45]. Besides, grassland first decreased during 1990–1995, but then recovered during 1995–2005, and it showed an overall increasing trend throughout the whole study period, with an increment of 205 km2. In addition, Built-up area increased during 1990–2005, with an increment of 8 km2. Bare land decreased by 197 km2 during 1990–2005. Overall, LUCC in the upper reaches is characterized by the decrease of cultivated land, which is mainly converted into forestland and grassland.

Figure 4. Land use and land cover change (LUCC) patterns in the upper reach of Heihe River Basin in the year of 1990, 1995, 2000, and 2005.
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Table 1. Temporal changes of land use and land cover in the upper reach of Heihe River Basin (Unit: km2).


	Year
	1990
	Δ1995–1990
	1995
	Δ2000–1995
	2000
	Δ2005–1990
	2005





	Cultivated land
	174
	−18
	156
	−13
	143
	−44
	99



	Forest land
	4392
	42
	4434
	17
	4451
	9
	4460



	Grassland
	14,007
	−16
	13,991
	156
	14,147
	65
	14,212



	Water area
	385
	−48
	337
	35
	372
	4
	376



	Built-up area
	15
	4
	19
	1
	20
	3
	23



	Bare land
	8294
	36
	8330
	−196
	8134
	−37
	8097





Note: Δ1995–1990 represent the difference between 1995 and 1990.










4.2. Analysis of Historical Precipitation

We have calculated the annual average precipitation during 1990–2005 using the annual precipitation data of sixteen years from 1990 to 2005, which is used as the baseline precipitation for further analysis.

The spatial patterns of precipitation suggest that the annual precipitation in the upper reach of the Heihe River Basin showed a declining trend from southeast to northwest (Figure 5), The spatial pattern of precipitation in 1990 differ obviously from that in 1995, 2000 and 2005. Most of the regions with annual precipitation below 200 mm were located in the northwest part, while the regions with annual precipitation above 400 mm all concentrated in the southeast part. Besides, regions with annual precipitation below 200 mm showed an expanding trend during the study period, while regions with annual precipitation above 400 mm showed a shrinking trend.

Figure 5. Spatial patterns of the annual precipitation in the upper reach of Heihe River Basin in the year of 1990, 1995, 2000, and 2005 (Unit: mm).
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The results in Figure 6 showed that the precipitation in the study area first declined during 1990–1995 and then increased during 1995–2005 generally. The precipitation in 1990 increased by about 0–60 mm compared to the baseline precipitation. While in 1995, the precipitation decreased by about 0–60 mm compared to the baseline precipitation. In 2000, only the southeastern part of the study area showed a decreasing trend, and the precipitation in northwestern part increased by about 0–40 mm compared to the baseline precipitation. In 2005, the total study area showed an increasing trend, with increment about 0–40 mm compared to the baseline precipitation.

Figure 6. Difference between the annual precipitation in 1990, 1995, 2000, 2005 and the baseline precipitation (Unit: mm). Δ (1990-baseline); Δ (1995-baseline); Δ (2000-baseline); Δ (2005-baseline) refer to the difference between the precipitation in 1990, 1995, 2000, 2005 and the baseline precipitation.
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4.3. Impacts of LUCC and Precipitation Changes on Water Yield in Upper Reach of Heihe River Basin

Three scenarios were designed in this study, which were used to analyze the impacts of LUCC on the water yield (Table 2). The annual water yield in 1990, 1995, 2000 and 2005 under the three scenarios was estimated using the InVEST, with different precipitation data and LUCC data as the input data. Under the baseline scenario, the annual water yield in each year was jointly influenced by the annual precipitation and LUCC in the same year. Under Scenario 1, there is no change in the input precipitation data in the InVEST, which is always the precipitation data from 1990. But the LUCC data in 1990, 1995, 2000 and 2005 were used as the input data for the corresponding years in order to check whether LUCC influences the water yield. Similarly under Scenario 2, there is no change in the input LUCC data in the InVEST, which is always the LUCC data from 1990. The precipitation data in 1990, 1995, 2000 and 2005 were used as the input data for the corresponding years in order to check whether the precipitation change influences the water yield.


Table 2. Scenario design for analyzing impacts of land use and land cover change (LUCC) on the annual water yield.



	
Scenarios

	
1990

	
1995

	
2000

	
200






	
Baseline

	
Precipitation 1990 LUCC 1990

	
Precipitation 1995 LUCC 1995

	
Precipitation 2000 LUCC 2000

	
Precipitation 2005 LUCC 2005




	
Scenario 1

	
Precipitation 1990




	
LUCC 1995

	
LUCC 2000

	
LUCC 2005




	
Scenario 2

	
Precipitation 1995

	
Precipitation 2000

	
Precipitation 2005




	
LUCC 1990












4.3.1. Simulated Water Yield under Baseline Scenario: LUCC Change and Precipitation Change Combined

The result in Figure 7 showed that simulation results under the baseline scenario show that the water yield in the upper reach of the Heihe River Basin ranges from below 800 m3/ha to above 4000 m3/ha during 1990–2005. The water yield ranges between 1600–3200 m3/ha in most part of the study area, while it only exceeds 4000 m3/ha in a few areas in 1990. The water yield shows an increasing trend from northwest to southeast, and the overall spatial pattern kept consistent during 1990–2005. The water yield in the upper reaches mainly concentrates in the southeast part, where it is the Qilian Mountains, while the regions with the water yield above 4000 m3/ha also generally concentrated in the southeast part. By comparison, the water yield is generally below 800 m3/ha in the northwest part of the study area. In addition, the results show that the annual total water yield in the upper reach of the Heihe River Basin first declined dramatically, then rebounded and thereafter increased slightly during 1990–2005, however, the total water yield in 2005 still decreased in comparison to that in 1990, with a decrement of approximately 13 million m3 (Table 4).

Figure 7. Spatial patterns of simulated annual water yield of the upper reach of the Heihe River Basin under Baseline in the year of 1990, 1995, 2000, and 2005 (Unit: m3/ha).
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Table 4. Simulated patterns of per sub-watershed annual water yield of upper reach of Heihe River Basin under the three Scenarios (Unit: million m3).


	Year
	1990
	1995
	2000
	2005





	Baseline
	202.81
	139.10
	180.62
	199.63



	Scenario 2
	202.81
	204.38
	205.32
	204.40



	Scenario 3
	202.81
	142.71
	180.49
	200.53












4.3.2. Simulated Water Yield under Scenario 2: Only Impact of LUCC Change

The Pearson correlation was carried out to further study the influence of LUCC on the water yield. The Pearson correlation coefficients between changes in the water yield and area changes of cultivated land, forestland, grassland, water area, built-up land and bare land were calculated. Results show that change in the water yield is highly correlated to the change of LUCC: The change in the cultivated land, grassland and water area made major contribution to the change in the water yield; Whereas there is no result of Pearson correlation between changes in the built-up land and the water yield since there is very little change in the built-up land (Table 3).

Table 3. Pearson correlation between the water yield and land use and land cover change (LUCC).







	
	p
	r





	Cultivated land
	0.049
	−0.578



	Forest land
	0.990
	0.004



	Grassland
	0.061
	0.555



	Water area
	0.064
	−0.550



	Built-up area
	N/A
	N/A



	Bare land
	0.994
	0.003





Note: p shows whether the two variables are correlated or not, there is significant correlation between two variables if p is <0.1. Besides, r is the Pearson correlation coefficient, which ranges between −1 and 1. The larger the absolute value of r is, the more closely correlated the two variables are. N/A: Not Applicable






The simulation results under Scenario 1 show that when there is no change in the precipitation; the water yield in the upper reach of the Heihe River still shows obvious spatial heterogeneity; and there is only slight change in the spatial pattern of the water yield. Besides, there is some inter-annual variation of the total water yield, which first increased and then decreased during 1995–2005, but it showed an increasing trend throughout the whole study period; increasing from 202.81 million m3 in 1995 to 204.40 million m3 in 2005 (Table 4). By integrating the information on LUCC and water yield in the four years, it can be found that the water yield change is highly correlated to the change of cultivated land, water area, and grassland. The water yield increase is mainly correlated to the decrease of cultivated land and water area and increase of grassland, while the water yield decrease is mainly related to the land degradation caused by human activities, e.g., decrease of forest land and grassland and water area. The increasing human activities have damaged the ecosystems in the upper reach of the Heihe River Basin, decreasing the water supply service and leading to the decline of the total water yield [46].





4.3.3. Simulated Water Yield under Scenario 2: Only Impact of Precipitation Change

The simulation results under Scenario 2 show that when there is no LUCC, the change of precipitation also has some influence on the water yield, which is even more significant than that of LUCC. In particular, when there is no change in the precipitation, the water yield remains above 4000 m3/ha in most part of the southeast part of the study area over the time period (Figure 8). By comparison, when there is precipitation change over the time period, there will be significant change in the water yield, and the regions with the water yield above 4000 m3/ha will shrink from most of the southeast area to only a few parts (Figure 9). Overall, the annual water yield in the study area decreased from 202.81 million m3 in 1990 to 200.53 million m3 in 2005), to which the precipitation change made the dominant contribution, while the influence of LUCC was only secondary.

Figure 8. Spatial patterns of simulated annual water yield of the upper reach of the Heihe River Basin under Scenario 1 in the year of 1990, 1995, 2000, and 2005 (Unit: m3/ha).
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Figure 9. Spatial patterns of simulated annual water yield of the upper reach of the Heihe River Basin under Scenario 2 in the year of 1990, 1995, 2000, and 2005 (Unit: m3/ha).
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The precipitation changed significantly in the Heihe River Basin during 1990–2005, which decreased during 1990–1995 and increased during 1995–2005 (Figure 6). The precipitation also showed an increasing trend on the whole in the past decades, but at a lower increase rate. The precipitation led to an overall increasing trend of the water yield and the surface runoff in the upper reaches in past decades. The water yield in the upper reach of the Heihe River Basin changed significantly during 1990–1995 under the influence of precipitation changes and human activities. The water yield subsequently increased to some extent as the “Grain for Green” policy was carried out, but it still showed an overall decreasing trend during 1990–2005. Besides, the water demand in the middle and lower reaches of the Heihe Basin has continuously increased, so it is a key problem to be solved for the water resource management of the Heihe River Basin to protect the ecological environment and increase the water supply service in the upper reaches.





There are still some uncertainties in the results of this study. For example, the reference evapotranspiration is an important indicator in the model input data, and it is assumed to remain unchanged in this study, which may have some negative influence on the simulation accuracy, so it is necessary to make some further improvement in future research. Besides, this study has simulated only the water yield in the upper reaches in the past decade and focused on the model validation, and more research on the future water yield may be carried out with the expectation of providing scientific support decision making of local ecological managers. Although with these uncertainties, the results of this study can still provide some reference information for conserving the ecological environment and improving the water supply service in the upper reach of the Heihe River Basin.





5. Conclusions

It is of great management value to analyze water supply service in the upper reach of the Heihe River Basin, which serves as the water source of the whole basin in this region. This study simulated the water yield in the upper reach of the Heihe River Basin in 1990, 1995, 2000, and 2005, and also analyzed the influence of LUCC and precipitation change on the water supply service. The results show that water yield in those four years reached 202.81, 139.1, 180.6, and 199.63 million m3, respectively. Two scenarios with LUCC and precipitation change were established to further explore the driving mechanism of the water yield. The results show that LUCC and precipitation change both have important influence on water yield during 1990–2005, and the influence of precipitation change is more significant, indicating that any long-term variations in precipitation can have greater influence on water supply service in the upper reach of the Heihe River Basin. This study is the first to analyze the impacts of LUCC and climate change with the InVEST model as a tool. There are still some uncertainties in the simulation, but the simulation results still can provide some valuable reference information for water resource management and ecological conservation in the upper reach of the Heihe River Basin.






Acknowledgments

This research was financially supported by the major research plan of the National Natural Science Foundation of China (Grant No. 91325302), the National Natural Science Funds of China for Distinguished Young Scholar (Grant No. 71225005), and the Key Project in the National Science & Technology Pillar Program of China (No. 2013BAC03B00).



Author Contributions

Xiaoli Geng and Xinsheng Wang designed research; Xiaoli Geng, Xinsheng Wang, Haiming Yan, and Qian Zhang performed research; Xiaoli Geng, Haiming Yan, Qian Zhang, and Gui Jin analyzed data; and Xiaoli Geng, Xinsheng Wang, Haiming Yan, Qian Zhang, and Gui Jin wrote the paper. Xiaoli Geng and Haiming Yan revised the paper. All authors read and approved the final manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Marquès, M.; Bangash, R.F.; Kumar, V.; Sharp, R.; Schuhmacher, M. The impact of climate change on water provision under a low flow regime: A case study of the ecosystems services in the Francoli river basin. J. Hazard. Mater. 2013, 263, 224–232. [Google Scholar] [CrossRef] [PubMed]

	2. 
Polasky, S.; Nelson, E.; Pennington, D.; Johnson, K.A. The impact of land-use change on ecosystem services, biodiversity and returns to landowners: A case study in the State of Minnesota. Environ. Resour. Econ. 2011, 48, 219–242. [Google Scholar] [CrossRef]

	3. 
Deng, X.; Li, Z.; Huang, J.; Shi, Q.; Li, Y. A Revisit to the Impacts of Land Use Changes on the Human Wellbeing via Altering the Ecosystem Provisioning Services. Adv. Meteorol. 2013, 2013. [Google Scholar] [CrossRef]

	4. 
Wade, A.S.I.; Asase, A.; Hadley, P.; Mason, J.; Ofori-Frimpong, K.; Preece, D.; Spring, N.; Norris, K. Management strategies for maximizing carbon storage and tree species diversity in cocoa-growing landscapes. Agric. Ecosyst. Environ. 2010, 138, 324–334. [Google Scholar] [CrossRef]

	5. 
Egoh, B.; Rouget, M.; Reyers, B.; Knight, A.T.; Cowling, R.M.; van Jaarsveld, A.S.; Welz, A. Integrating ecosystem services into conservation assessments: A review. Ecol. Econ. 2007, 63, 714–721. [Google Scholar] [CrossRef]

	6. 
Chen, X.; Bai, J.; Li, X.; Luo, G.; Li, J.; Li, B.L. Changes in land use/land cover and ecosystem services in Central Asia during 1990–2009. Curr. Opin. Environ. Sustain. 2013, 5, 116–127. [Google Scholar] [CrossRef]

	7. 
Pielke, R.A.; Pitman, A.; Niyogi, D.; Mahmood, R.; McAlpine, C.; Hossain, F.; Goldewijk, K.K.; Nair, U.; Betts, R.; Fall, S. Land use/land cover changes and climate: Modeling analysis and observational evidence. Wiley Interdiscip. Rev. Clim. Chang. 2011, 2, 828–850. [Google Scholar] [CrossRef]

	8. 
Kishtawal, C.M.; Niyogi, D.; Tewari, M.; Pielke, R.A.; Shepherd, J.M. Urbanization signature in the observed heavy rainfall climatology over India. Int. J. Climatol. 2010, 30, 1908–1916. [Google Scholar] [CrossRef]

	9. 
Daily, G.C.; Polasky, S.; Goldstein, J.; Kareiva, P.M.; Mooney, H.A.; Pejchar, L.; Ricketts, T.H.; Salzman, J.; Shallenberger, R. Ecosystem services in decision making: Time to deliver. Front. Ecol. Environ. 2009, 7, 21–28. [Google Scholar] [CrossRef]

	10. 
Li, Z.; Deng, X.; Huang, J.; Zhang, R.; Huang, J. Critical Studies on Integrating Land-Use Induced Effects on Climate Regulation Services into Impact Assessment for Human Well-Being. Adv. Meteorol. 2013, 2013. [Google Scholar] [CrossRef]

	11. 
Arthington, A.H.; Bunn, S.E.; Poff, N.L.; Naiman, R.J. The challenge of providing environmental flow rules to sustain river ecosystems. Ecol. Appl. 2006, 16, 1311–1318. [Google Scholar] [CrossRef] [PubMed]

	12. 
Ji, X.B.; Kang, E.S.; Chen, R.S.; Zhao, W.Z.; Xiao, S.C.; Jin, B.W. Analysis of Water Resources Supply and Demand and Security of Water Resources Development in Irrigation Regions of the Middle Reaches of the Heihe River Basin, Northwest China. Agric. Sci. China 2006, 5, 130–140. [Google Scholar] [CrossRef]

	13. 
Boithias, L.; Acuña, V.; Vergoñós, L.; Ziv, G.; Marcé, R.; Sabater, S. Assessment of the water supply: Demand ratios in a Mediterranean basin under different global change scenarios and mitigation alternatives. Sci. Total Environ. 2014, 470–471, 567–577. [Google Scholar] [CrossRef] [PubMed]

	14. 
Leh, M.D.; Matlock, M.D.; Cummings, E.C.; Nalley, L.L. Quantifying and mapping multiple ecosystem services change in West Africa. Agric. Ecosyst. Environ. 2013, 165, 6–18. [Google Scholar] [CrossRef]

	15. 
Bagstad, K.J.; Semmens, D.J.; Winthrop, R. Comparing approaches to spatially explicit ecosystem service modeling: A case study from the San Pedro River, Arizona. Ecosyst. Serv. 2013, 5, 40–50. [Google Scholar] [CrossRef]

	16. 
Natural Capital Project. Available online: www.naturalcapitalproject.org (accessed on 29 December 2014).

	17. 
Zhang, W.; Ricketts, T.H.; Kremen, C.; Carney, K.; Swinton, S.M. Ecosystem services and dis-services to agriculture. Ecol. Econ. 2007, 64, 253–260. [Google Scholar] [CrossRef]

	18. 
Thompson, J.R.; Wiek, A.; Swanson, F.J.; Carpenter, S.R.; Fresco, N.; Hollingsworth, T.; Spies, T.A.; Foster, D.R. Scenario Studies as a Synthetic and Integrative Research Activity for Long-Term Ecological Research. BioScience 2012, 62, 367–376. [Google Scholar] [CrossRef]

	19. 
Bateman, I.J.; Harwood, A.R.; Mace, G.M.; Watson, R.T.; Abson, D.J.; Andrews, B.; Binner, A.; Crowe, A.; Day, B.H.; Dugdale, S.; et al. Bringing Ecosystem Services into Economic Decision-Making: Land Use in the United Kingdom. Science 2013, 341, 45–50. [Google Scholar] [CrossRef] [PubMed]

	20. 
Bennett, E.M.; Peterson, G.D.; Gordon, L.J. Understanding relationships among multiple ecosystem services. Ecol. Lett. 2009, 12, 1394–1404. [Google Scholar] [CrossRef] [PubMed]

	21. 
Dale, V.H.; Polasky, S. Measures of the effects of agricultural practices on ecosystem services. Ecol. Econ. 2007, 64, 286–296. [Google Scholar] [CrossRef]

	22. 
Mahmood, R.; Pielke, R.A.; Hubbard, K.G.; Niyogi, D.; Dirmeyer, P.A.; McAlpine, C.; Carleton, A.M.; Hale, R.; Gameda, S.; Beltrán-Przekurat, A. Land cover changes and their biogeophysical effects on climate. Int. J. Climatol. 2014, 34, 929–953. [Google Scholar] [CrossRef]

	23. 
Nair, U.S.; Wu, Y.; Kala, J.; Lyons, T.; Pielke, R.; Hacker, J. The role of land use change on the development and evolution of the west coast trough, convective clouds, and precipitation in southwest Australia. J. Geophys. Res. Atmos. (1984–2012) 2011. [Google Scholar] [CrossRef]

	24. 
Deng, X.; Zhao, C.; Lin, Y.; Zhang, T.; Qu, Y.; Zhang, F.; Wang, Z.; Wu, F. Downscaling the Impacts of Large-Scale LUCC on Surface Temperature along with IPCC RCPs: A Global Perspective. Energies 2014, 7, 2720–2739. [Google Scholar] [CrossRef]

	25. 
Hoyer, R.; Chang, H. Assessment of freshwater ecosystem services in the Tualatin and Yamhill basins under climate change and urbanization. Appl. Geogr. 2014, 53, 402–416. [Google Scholar] [CrossRef]

	26. 
Li, L.; Wang, Z.; Wang, Q. Inflence of Clmiatic Change on Flow over the Upper Reaches of Heihe River. Sci. Geogr. Sin. 2006, 26, 40–46. [Google Scholar]

	27. 
Liu, J.F.; Zhang, B. Impact of Climate Change on the Alpine Streamflow in the Northwest Inland Arid Region of China During the Past 50a-Case Study of Heihe River Valley. J. Arid Land Resour. Environ. 2007, 21, 58–63. [Google Scholar]

	28. 
Meng, J.; Wu, X.; Li, Z. Land Use and Land Cover Changes in Heihe River Basin during the Period of 1988–2000. Acta Sci. Nat. Univ. Pekin. 2004, 6, 922–929. [Google Scholar]

	29. 
Wu, J. The effect of ecological management in the upper reaches of Heihe River. Acta Ecol. Sin. 2011, 31, 1–7. [Google Scholar] [CrossRef]

	30. 
Zhang, K.; Wang, R.; Han, H.; Wang, X.; Si, J. Hydrologica land Water Resources Effects under Climate Change in Heihe River Basin. Resour. Sci. 2007, 1, 77–83. [Google Scholar]

	31. 
Liu, J.; Liu, M.; Zhuang, D.; Zhang, Z.; Deng, X. Study on spatial pattern of land-use change in China during 1995–2000. Sci. China Ser. D Earth Sci. 2003, 46, 373–384. [Google Scholar] [CrossRef]

	32. 
Zhang, Z.Q.; Xu, Z.; Wang, J.; Cheng, G. Value of the Ecosystem Services in the Heihe River Basin. J. Glaciol. Geocryol. 2001, 23, 360–366. [Google Scholar]

	33. 
Deng, X.; Liu, J.; Zhuang, D.; Zhan, J.; Zhao, T. Modeling the relationship of land use change and some geophysical indicators for the interlock area of farming and pasturing in China. J. Geogr. Sci. 2002, 12, 397–404. [Google Scholar] [CrossRef]

	34. 
Deng, X.; Su, H.; Zhan, J. Integration of multiple data sources to simulate the dynamics of land systems. Sensors 2008, 8, 620–634. [Google Scholar] [CrossRef]

	35. 
Liu, J.Y.; Buheaosier. Study on Spatial-temporal Feature of Modern Land Use Change in China: Using Remote Sensing Techniques. Quat. Sci. 2000, 3, 229–239. [Google Scholar]

	36. 
Allen, R.G.; Pereira, L.S.; Raes, D.; Smith, M. Crop evapotranspiration-Guidelines for computing crop water requirements-FAO Irrigation and drainage paper 56. FAO Rome 1998, 300, 6541. [Google Scholar]

	37. 
Wu, B.; Xiong, J.; Yan, N. ETWatch: Models and methods. J. Remote Sens. 2010, 15, 224–230. [Google Scholar]

	38. 
Wu, B.; Yan, N.; Xiong, J.; Bastiaanssen, W.G.M.; Zhu, W.; Stein, A. Validation of ETWatch using field measurements at diverse landscapes: A case study in Hai Basin of China. J. Hydrol. 2012, 436, 67–80. [Google Scholar] [CrossRef]

	39. 
Wu, B.; Xiong, J.; Yan, N.; Yang, L.; Du, X. ETWatch for monitoring regional evapotranspiration with remote sensing. Adv. Water Sci. 2008, 19, 671–678. [Google Scholar]

	40. 
Li, X.; Lu, L.; Yang, W.; Cheng, G. Estimation of evapotranspiration in an arid region by remote sensing—A case study in the middle reaches of the Heihe River Basin. Int. J. Appl. Earth Observ. Geoinf. 2012, 17, 85–93. [Google Scholar] [CrossRef]

	41. 
Zhou, W.; Liu, G.; Pan, J.; Feng, X. Distribution of available soil water capacity in China. J. Geogr. Sci. 2005, 15, 3–12. [Google Scholar] [CrossRef]

	42. 
Li, Z.; Xu, Z.; Shao, Q.; Yang, J. Parameter estimation and uncertainty analysis of SWAT model in upper reaches of the Heihe river basin. Hydrol. Process. 2009, 23, 2744–2753. [Google Scholar] [CrossRef]

	43. 
Budyko, M.I. Climate and Life; Information Systems Division, National Agricultural Library: Beltsville, MD, USA; Washington, DC, USA, 1971. [Google Scholar]

	44. 
Zhang, L.; Dawes, W.; Walker, G. Response of mean annual evapotranspiration to vegetation changes at catchment scale. Water Resour. Res. 2001, 37, 701–708. [Google Scholar] [CrossRef]

	45. 
Gao, Z.; Deng, X. Analysis on spatial features of LUCC based on remote sensing and GIS in China. Chin. Geogr. Sci. 2002, 12, 107–113. [Google Scholar] [CrossRef]

	46. 
Pielke, R.; Adegoke, J.; Beltran-Przekurat, A.; Hiemstra, C.; Lin, J.; Nair, U.; Niyogi, D.; Nobis, T. An overview of regional land-use and land-cover impacts on rainfall. Tellus B 2007, 59, 587–601. [Google Scholar] [CrossRef]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
39°N

38N

99°E 100°E 101°E

98°E 99°E 100°E 101°E

LZ
£
2
LZ
2
LZ
2
9 99°E. 100 101°E 95 99 100 101°E
98°E 99 100°E. 101°E. 95E 9°E 100E 101°E
g
.g £
£
g
& &
95 99°E 100°E 101°E 95 99 100°E 101°E.
- Cultivated land - Grass land - Build-up area 0 50 100 200
B Forestiand [ Water area [ | Bare land —————Kn





nav.xhtml


  sustainability-07-00366


  
    		
      sustainability-07-00366
    


  




  





media/file1.png
98°E 99°E 100°E 101°E 98°E 99°E 100°E 101°E

39°N

38°N

39°N

38°N

Z
g
2
£
g -
Unit: mm z| Unit mm
IHigh 1697.65 z 2 lHigh 11175
Low: 19.71 Low: 1010
98°E 99°E 100°E 101°E 98°E 99°E 100°E 101°E
98°E 99°E 100°E 101°E 98°E 99 100°E 101°E
¢
2
¢
2
95°E 99°E 100°E 101°E
0 50 100 200

40°N

38°N

39°N

38°N






media/file2.png
Z value

Difference (%)





media/file7.png
100°E 101°E

99°E 100°E 101°E

Z |
2
|
2
95°E 99°E 100 101°E 98 99°E 100 101°E
98°E 99°E 100°E 101°E 98°E 99°E 100°E 101°E
| &
£ L
2
z]
1z =
2
z |
lz =
2
. J H - T T T T
98 99°E 100°E 101°E 9E 9E 100E 0
<800 1600 - 2400 I 3200 - 4000 o s 100 200

[
[ 800- 1600 [ 2400 - 3200 | > 4000

—— Km





media/file9.png
40°N

95 99E 100°E 101°E

98°E 99°E 100°E 101°E

95 99 100°E 101°E
98°E 99°E 100°E 101

39°N

95 99E 100°E 101°E

[ J<soo NN 1600 -2400 | 3200 - 4000
[ 800 - 1600 [N 2400 - 3200 [N > 4000

95 99 100°E 101°E

0 50 100 200
Km





media/file5.png
101°E

40°N

98°E 99°E 100°E 101°E 98°E 99°E 100°E
L#
2
1990 1995
" 1
| 2
@ LZ
2
z] £
& |z
2
95 99 100°E 101°E 98°E 99°E 100°E 101°E
oE - 100°E 101 98°E 99 100°E 101°E
LZ
3
2000 2005
g £
98°E 99°E 100°E 101°E 98E 99E 100°E 101°E
[ <200 N 200300 N 300 o0 [ 400 N

39°N

38°N

39°N

38°N





media/file3.png





media/file0.png
39°N

38°N

98°E

99°E 100°E 101°E

® Station
— River
DEM (m
High : 5271

Low : 1665

39°N

T
98°E

T T T
99°E 100°E 101°E

38°N





media/file8.png
100°E 101°E

39°N

T T T T
98°E 99°E 100°E 101°E
98°E 99°E 100°E 101°E

100°E 101°E
100°E 101°E

40."N

39°N

38:’N

95 99 100°E 101°E

[ l<soo [N 1600-2400 [N 3200 - 4000
[ s00- 1600 [ 2400 - 3200 [HE > 4000

100°E 101°E

200
Km





media/file6.png
98°E 99°E 100°E 101°E

99°E 100°E 101°E

. £
r e
A (1990 - baseline A (1995 - baseline
Z |
£ 3 z
2 |z HE
& 3
z|
95°E 99 100°E 101°E 98°E 99, 100°E 101°E
98°E 99°E 100°E 101°E 98°E 99°E 100°E 101°E
z |
A (2000 - baseline) - A (2005 - baseline
| | 4
»
z
é' z ® Lz
& 2
98E 99 100°E 101°E 98°E 99°E 100°E 101°E
I (o0 [ c0--201 [ 20-0] 0w 0

I 50 - <0)

[l 4o-200 [r0-0)

S Km





