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Abstract

:

Scientifically evaluating the influence of ecological restoration projects on the water conservation function (WCF) of regional ecosystems is the foundation for formulating regional ecological restoration policies and optimizing and adjusting ecological restoration projects. In this paper, we considered fully the runoff generation and confluence process in the Qilian Mountains with the actual situation of the basin and re-rated the parameter Z to improve the simulation accuracy of InVEST model. On this basis, the impact of ecological restoration project on the WCF in the upper reaches of Shiyang River Basin (SRB) in the eastern part of Qilian Mountains was quantified. The results showed that, on the whole, the water conservation depth (WCD) of forest land was the largest (138.5 mm) and that of cultivated land was the smallest (24.78 mm), while the water conservation coefficient of forest land was also the largest (93.36%) and that of unused land was the smallest (16.67%). From 1986 to 2018, the WCD showed an increasing trend in the upper reaches of SRB, among them, the WCD in the western tributaries increased faster than that in the eastern tributaries from 1986 to 2000. The significantly increased areas were mainly distributed in the middle reaches of the western tributaries and the river source areas of the eastern tributaries, while the significantly decreased areas were mainly distributed in the river source areas of the western tributaries and the cultivated land expansion area in the middle reaches of the eastern tributaries. From 2000 to 2018, the WCD of the eastern tributaries increased more than that of the western tributaries. The significantly increased areas were mainly distributed in the four eastern tributaries, and the significantly decreased areas were scattered in the middle and lower reaches of each tributary. From 1986 to 2000, the overall influence of land use change on the increase in WCD was negative, while the influence of climate and land use change on the increase in water conservation were both positive from 2000 to 2018. The influence of land use change on WCD was different in different tributaries. Among them, that of the western tributaries (except the Dongda River) was positive in two different periods, while that of the eastern tributaries (except the Xiying River) was changed from negative to positive. The implementation of ecological restoration project was one of the main reasons for the improvement of WCF in Qilian Mountains from 2000 to 2018, with a contribution of 9.04%. In the future, the protection and restoration of decreased areas of WCF should be strengthened, and the Z value determined in this paper is expected to be applied in the arid inland river basins of northwest China.
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1. Introduction


The ability of an ecosystem to treat and regulate water is called water ecosystem service [1,2]. As one of the key functions of water ecosystem services [3], WCF refers to the process and ability of the ecosystem to keep water under a certain spacetime range and conditions [4,5,6,7,8], which not only maintains green water (precipitation stored in unsaturated soil of plant roots) [9] but also plays a sufficient role in flood storage, flood peak reduction, water purification and runoff regulation [10,11,12,13]. It is an important regulating function of ecosystem services [14].



The ecosystem water conservation capacity is closely related to land use/cover types and climate change [15]. In the past 50 years, 60% of global ecosystem services have been degraded by irrational land use [16], and a series of ecological problems have emerged, such as soil erosion, desertification, biodiversity reduction, and weakening water conservation capacity [17]. In China, since the reform and opening up in the late 1970s, rapid population growth and economic development have led to huge environmental problem [18] and have posed a serious threat to ecological security. In order to restore damaged ecosystems and improve ecosystem services, the Chinese government has launched a series of sustainable development projects [19,20,21,22,23,24,25,26]. Of these, The Grain for Green Project is one of the largest ecological restoration projects in China and the world [18,25,27,28,29,30]. It was introduced as a policy in 1999 but was formally implemented in western China in 2000. And it was implemented mainly in the upper reaches of rivers with the aim of increasing forest coverage and preventing soil erosion on sloping farmland [31]. Grassland protection project aims to slow down overgrazing, improve grassland productivity, reverse the serious trend of grassland degradation, and promote the balanced development of animal husbandry and regional ecological environment protection [25]. After the implementation of the ecological restoration project, the ecosystem has been significantly improved. Among them, the vegetation [32,33,34,35,36,37], the water and soil conservation function and biodiversity have been significantly improved [38,39], as well as the soil organic carbon content and soil carbon sequestration capacity [30,40,41,42,43] and the water yield and WCF have also been strengthened [10,11,44,45,46]. The continuous improvement of ecosystem service value promotes the sound development of regional ecological environment [14,28,43,47,48,49,50]. For the influence of ecosystem WCF, land use change directly affects ecosystem governance patterns and local ecohydrological processes [51]. Therefore, quantitative research on the response of WCF to land use change is an important measure and effective way to restore and protect the ecosystem structure [52].



As an important ecological functional area, the Qilian Mountains play an important role in biodiversity, water conservation and carbon sequestration [53,54]. The Shiyang River Basin (SRB) originates from the northern slope of the eastern Qilian Mountains and is located at the edge of the monsoon area and has a fragile ecosystem. As a runoff forming area, the change in WCF of the upper reaches directly affects the healthy development of downstream oases. Over the past few decades, under the influence of climate and human activities, the native vegetation in the upper reaches of SRB has been severely damaged, and the water conservation and carbon sequestration functions have been weakened [43]. Therefore, the Chinese government has formulated a series of ecological restoration policies since 1999, including protecting natural forests, constructing ecological public welfare forests, and returning farmland to forests, and some of them have been implemented in the Qilian Mountains [43]. But after the implementation of the project, the changes in WCF are still not very clear, which has become a bottleneck for the further optimization of ecological restoration policies. On this basis, we chose 3 years of data (1986, 2000 and 2018) to analyze the impact of the ecological restoration project on WCF; of these, the study area was most seriously affected by human impacts in 1986, and The Grain for Green Project was formally implemented in the western region in 2000, and the year of 2018 was used to reflect the changes of WCD after the implementation of the project.



The InVEST model (the Integrated Valuation of Ecosystem Services and Tradeoffs) is an open-source software model which is used to assess ecosystem services and ecological effects at spatial scales; it was developed by Stanford University, the University of Minnesota, the World Wide Fund for Nature and The Nature Conservancy [55]. When using the InVEST model for evaluating ecosystem WCF, it must be calibrated to ensure the applicability in different regions. In this paper, combined with the actual situation of the study area, we comprehensively consider the influence of the side-drainage potential flow and glacier runoff in calibrating the parameter Z to reduce the error in calculating the water conservation. This is one of the main innovation points of this paper. After re-rating the parameter Z, this paper has (1) quantified the impact of climate and land use change on the ecosystem water yield and the WCF in the upper reaches of SRB; (2) clarified the spatial distribution pattern of increasing, invariant and decreasing areas of WCF; and (3) scientific assessed the ecological effects of ecological restoration projects. It provided guidance for the formulation of ecosystem protection and ecological restoration policies in Qilian Mountains, and the Z value determined in this paper is expected to be used in the arid inland river basins of northwest China.




2. Material and Methods


2.1. Study Area


The upper reaches of SRB (101°41′–103°48′ E, 36°29′–38°18′ N) is located in the inland area of northwest China, with an altitude of 1826–5200 m and drainage area of 1.15 × 104 km2. It is under an alpine semi-arid, semi-humid climate, with a mean annual temperature of −2–6 °C, an annual precipitation of 344–538 mm, and the potential evapotranspiration of 890–1000 mm. The precipitation decreases from west to east. The area consists of eight tributaries from west to east, namely, the Xida River (XDR), the Dongda River (DDR), the Xiying River (XYR), the Jinta River (JTR), the Zamu River (ZMR), the Huangyang River (HYR), the Gulang River (GLR) and the Dajing River (DJR) (Figure 1). Atmospheric precipitation in the mountain is the main source of runoff recharge, accounting for about 60–70% of the total [56]. And Lenglongling glacial meltwater is also an important source of the runoff, which accounts for about 3.7% [57]. The vertical variations of hydrothermal conditions drive obvious distribution characteristics of vegetation zone, with transitions from mountain desert steppe (1800–2300 m), mountain steppe (2300–2500 m), mountain forest steppe (2500–3300 m), and sub-alpine meadow (3300–3800) to alpine meadow (≥3800 m) [58]. The main land use types are forest land and grassland, which accounted for 21% and 56%, respectively, in 2018.




2.2. Assessment of Water Conservation Based on InVEST Model


The InVEST model is an effective tool for evaluating ecosystem services, which can assess ecosystem services in a quantitative and visual way, and make predictions for the future [59]. Scholars at home and abroad have evaluated various ecosystem services of different regions using the InVEST model [43,60,61,62] and discussed the sensitivity and applicability of the model. The results show that the model has good simulation effects in different regions [63,64]. Moreover, the InVEST can also assess multiple ecosystem services, such as water yield, water quality, soil conservation, carbon storage, biodiversity, etc., and integrate and weigh multiple ecosystem services to inform decision-making [51]. As an important part of this model, the water yield module is often used to calculate the ecosystem water conservation [65,66], and also has been successfully applied in the related research of China’s Danjiang River Basin [12], Xiangjiang River Basin [65], Loess Plateau [67,68], Ghana and Côte d’Ivoire in West Africa [61], the Francoli River Basin in Spain [69] and 22 watersheds in Britain [64], and the simulations are all good. WCD is calculated based on the calculation of water yield, combined with flow velocity coefficient, soil saturated hydraulic conductivity, soil depth and slope.



2.2.1. Calculation of Water Yield


The basic principle of the InVEST water yield module is based on Budyko water heat coupling equilibrium hypothesis (1974). The required core parameters are annual average precipitation, actual evapotranspiration, potential evapotranspiration and land use/cover [11,64,65]. The calculation formula is as follows:


   Y ( x )  = ( 1 −   A E T ( x )   P ( x )   ) ×  P ( x )   



(1)




where Y(x) is the annual water yield (mm); P(x) represents the annual precipitation of grid unit x (mm); AET (x) is the annual actual evapotranspiration (mm) of grid unit x in different land use types; AET(x)/P(x) is the approximate value of Budyko curve, which is calculated by the hypothesis formula of Budyko water–heat coupling equilibrium proposed by Fu (1981) and Zhang et al. (2004):


    A E T ( x )   P ( x )   = 1 +   P E T ( x )   P ( x )   −     1 +       P E T ( x )   P ( x )       ω         1   ω      



(2)




where PET(x) is potential evapotranspiration (mm), and ω(x) is a non-physical parameter of natural climate soil properties. The formula proposed by Donohue et al., (2012) is adopted in the InVEST model, which is defined as:


    A E T ( x )   P ( x )   = 1 +   P E T ( x )   P ( x )   −     1 +       P E T ( x )   P ( x )       ω         1   ω      



(3)




where Z is the parameter to express the characteristics of regional precipitation. AWC(x) is the effective soil water content (mm), which is determined by the soil texture and the effective soil depth, and is calculated as follows:


   AWC ( x )  =  Min ( Rest   layer   depth ,   root   depth )  × PAWC  



(4)




where the rest layer depth refers to the maximum depth of plant roots extending in the soil. The root depth refers to the soil depth at 95% of vegetation root biomass. PAWC represents the plant available water capacity, which is the difference between Field Moisture Capacity (FMC) and permanent Wilting Coefficient (WC).




2.2.2. Calculation of Water Conservation


Based on the calculation of water yield [67,70], the water conservation is calculated as follows:


  W R =   min  ⁡    1 ,   249   V     ×   min  ⁡    1 ,   0.9 × T I   3     ×   min  ⁡    1 ,     K   s a t     300           × Y ( x )  



(5)




where WR is the WCD (mm); V is the velocity coefficient; Ksat is the soil saturated hydraulic conductivity (mm/d); Y(x) is water yield; TI is the topographic index, and TI is calculated as follows:


  T I =     log   10    ⁡      D r a i n a g e   a r e a   S o i l   d e p t h × P e r c e n t s l o p e        



(6)




where drainage area is the number of grids in watershed unit; soil depth is the thickness of soil layer (mm); percent slope is the percentage slope (%).





2.3. Determination of the Parameter Z


The parameter Z represents the climate seasonality factor that captures the local precipitation pattern and hydrogeological characteristics [65] directly influencing the accuracy of the model simulation. It is crucial to determine the Z value. Currently, the Z value is mainly determined by the runoff: when the simulated water yield is equal to or close to the measured runoff, the Z value is taken at this time [12,46,66,71,72]. But this method has the following shortcomings: (1) The determination of Z value in existing research does not take into account the side-drainage potential flow, which cannot be monitored during hydrological monitoring. It should be added to the calibration of Z. (2) Few studies have considered the contribution of glacier runoff to the total runoff in the calibration of Z. Glacier runoff should be considered in the Qilian Mountains with glacier cover. (3) Existing studies seldom consider the influence of human activities. Because human activities can interfere with water production and runoff formation processes, we should try our best to choose rivers with little influence of human activities to determine the Z value.



Considering these factors, the parameter Z is determined as follows:



First, choose the tributary with the least influence of human activities. Studies have shown that among the eight tributaries in the upper reaches of SRB, the runoff monitoring section of XYR is above the reservoir, and the contribution rate of human activities to runoff change is only −0.83% in XYR, which is a tributary with the weakest human activities [73]. Therefore, XYR is selected to determine the Z value in this paper.



Second, scientifically evaluate the side-drainage potential flow (Rg). This study shows that the side-drainage potential flow was 1.82 × 108 m3 in the upper reaches of SRB, accounting for 27.2% of the total groundwater that year (2016 Shiyang River Basin Water Resources Bulletin), so the lateral discharge potential flow must be taken into account when calibrating the model.



Thirdly, calculate the glacier runoff (Wg). Glacier runoff from Lenglongling is an important source of runoff recharge in the upper reaches of SRB. And in this paper, glacier runoff recharge in XYR accounts for 5% of the mountain runoff. The calculation formula is as follows:


    W   g   =   R   h   ×  5 %   



(7)







Fourthly, calculate the actual water yield (Wp) of local precipitation.


    W   p   =   R   h   +   R   g   −   W   g    



(8)




where Rh is the mountain runoff, Rg is the lateral discharge potential runoff and Wg is the glacier runoff.



Wp is compared with the simulated value of the input different Z values until the difference is close to 0 (Figure 2).



The Z value determines the water yield, and the larger Z value, the smaller water yield. Different Z values can be assigned to obtain different water yields. We refer to Z values derived from other studies of inland river basins in the Northwest and find that when the Z value was 3.15, the simulated value (Wy) was slightly larger than Wp, which was very close. The simulation results showed that the error was controlled within 4% (Table 1) with higher simulation accuracy. Therefore, the Z value suitable for this study area was determined to be 3.15.




2.4. Response of WCF to Climate and Land Use Change


The change in ecosystem service function is the result of the combination of climate and land use change [74,75,76]. Two simulation scenarios were set up to describe these effects. Scenario 1 represents the impacts of climate change only and scenario 2 is land use change only [77]. The specific process is as follows:


    W   T   =   W    T 1    −   W    T 2     



(9)






    W   L   =   W    T 1    −   W   D    



(10)






    W   C   =   W   T   −   W   L    



(11)






    R   C   =     W   C       W   T      × 100 %   



(12)






    R   L   =     W   L       W   T      × 100 %   



(13)




where WT is the total change in water conservation in T period (mm); WT1 and WT2 are the actual WCDs in the ending and starting years, respectively; WD is the WCD (mm) only considering climate change; WL is the influence amount of land use change (mm); WC is the influence amount of climate change (mm), and the positive and negative of WL and WC indicates the increase or decrease in water conservation caused by land use change and climate change; RC is the contribution rate of climate change; RL is the contribution rate of land use change.




2.5. Data Source and Processing


The data types, processing procedures and data sources required for the calculation of water yield and water conservation of InVEST model are shown in Table 2. All data were resampled to a spatial resolution of 30 m × 30 m and projected by WGS_1984_UTM_Zone_48N (Figure 3 and Figure 4).





3. Results and Analysis


3.1. Changes of WCF of Ecosystem in the Upper Reaches of SRB


3.1.1. Differences of WCF in Different Land Use Types


Different land use types have obvious differences in water conservation ability (Figure 5). From 1986 to 2018, the highest average WCD was in forest land (138.5 mm), followed by grassland (72.03 mm), unused land (52.53 mm) and cultivated land (24.78 mm), with the lowest average WCD in cultivated land. And the WCD of all four land use types showed a continuous growth trend during the study period, especially after 2000, the growth range was more obvious (Figure 5), and the WCD in forest land reached the maximum of 162.05 mm in 2018.




3.1.2. Temporal and Spatial Changes of WCF


	(1)

	
Temporal changes of WCD







Precipitation is the most direct source of water yield, and WCD, water yield and precipitation are inextricably linked and interconnected. The average WCD was 76.74 mm in the upper reaches of SRB from 1986 to 2018, accounting for 17.57% and 49.77% of the average annual precipitation and water yield depth, respectively (Table 3). On the whole, both water yield and water conservation showed an increasing trend during the period. And the average growth rates of WCD were 0.481 mm/a and 0.946 mm/a in 1986 to 2000 and 2000 to 2018, respectively, with a faster growth rate after 2000. The lowest value of water conservation appeared in 1986 (66.57 mm), accounting for 16.48% of the precipitation. The highest value appeared in 2018 (90.34 mm), accounting for 19.06% of the precipitation.




	(2)

	
Spatial patterns of WCD









The WCD presented a spatial distribution pattern of high in the west, low in the east, high in the south and low in the north in the upper reaches of SRB (Figure 6). The high-value areas were mainly distributed in the upper reaches of the eight tributaries, and relatively low in the middle and lower reaches. As far as the eight tributaries are concerned, the total water conservation of the three western tributaries was much higher than that of the four eastern tributaries (Figure 7b), and the average WCD of XDR, DDR, XYR and ZMR was greater than that of the other four tributaries (Figure 7a). At the same time, we found that the absolute growth in WCD and total water conservation of the four eastern tributaries was much greater than that of the four western tributaries from 2000 to 2018.



In order to further understand the evolution characteristics of spatial pattern of WCD, we overlaid the layers in 1986, 2000 and 2018 to visually express the spatial distribution of the invariant, decreasing, generally increasing and significantly increasing WCD areas. (Figure 8).



From 1986 to 2000, the WCD invariant areas accounted for a relatively large proportion (90.96%), with an area of 10.5 × 103 km2. And the decreasing areas were mainly distributed in the upper source areas of the western tributaries and some areas with strong agricultural activities in the middle reaches of eastern GLR, with a total area of 0.313 × 103 km2, accounting for 2.71%. The increasing areas were mainly distributed in the middle reaches of the western tributaries and the upper source areas of the two eastern tributaries, and there are also small areas in the upper source areas of the western tributaries, with a total area of 0.73 × 103 km2. Among them, the general increased area was 0.54 × 103 km2, and the significantly increased area was 0.19 × 103 km2, accounting for 4.68% and 1.65% of the total basin area, respectively.



From 2000 to 2018 (Figure 8b), the invariant areas still occupied the largest proportion, with a total area of 8.23 × 103 km2, accounting for 71.38%, and was mainly distributed in the western tributaries. The increasing areas mainly distributed in the four eastern tributaries and the upper source areas of three western tributaries, with a total area of 3.26 × 103 km2. Among them, the general increased area was 1.9 × 103 km2, and the significant increased area was 1.36 × 103 km2, accounting for 16.48% and 11.8% of the total basin area, respectively. The WCD decreased area was the smallest, which was 0.04 × 103 km2, accounting for 0.35%, and mainly distributed on both sides of the rivers in the western tributaries.





3.2. Contribution Rate of Climate and Land Use Change to the WCF in the Upper Reaches of SRB


The InVEST model was used to quantify the contribution rate of climate and land use change to the WCD in the upper reaches of SRB by scenario simulation, so as to determine the degree and direction of different influencing factors (Table 4). For the upper reaches of SRB, although climate change dominated the change in WCD in 1986–2018, the directions of impact of land use change differed significantly between different periods. From 1986 to 2000, the influence of land use change on the increase in the WCD was negative, with a contribution rate of −5.04%, while the influence of both climate and land use change on water conservation was positive from 2000 to 2018, with a contribution rate of 90.96% and 9.04%, respectively. For different tributaries, the influence of climate and land use change on water conservation were both positive in 2000–2018, but there were differences in the degree and direction of the influence on water conservation changes in 1986–2000. The impact of land use change was negative in DDR, ZMR, GLR and DJR, while it was positive in other four tributaries.





4. Discussion


4.1. Model Parameter Localization


In the process of calculating the regional water yield and water conservation with the InVEST model, the Z value directly affects the actual evapotranspiration (AET), which in turn determines the accuracy of the results. Therefore, the parameter Z must be calibrated to localize it when using the model. In this process, most of the existing studies determine the parameter Z based on the assumption that the water yield is equal to the runoff (i.e., the difference between precipitation and AET is the measured section runoff). But the mechanisms of runoff generation and confluence are different in regions, and the water yield is not only derived from precipitation, but also from glacial meltwater (glacier runoff exists in regions with glacier distribution), including both surface runoff and subsurface runoff or side-drainage potential flow. Moreover, we should exclude the influence of human activities, and try to choose the watershed without or with less human activities for the rate determination of Z. In this paper, we have not only chosen the XYR, where human disturbance is very weak, but also fully considered the role of glacier runoff and lateral submerged flow in the water balance equation, and obtained a Z value 3.15, which is consistent with the actual study area.




4.2. Climate Change Affects the Ecosystem WCF


Trends and differences between WCD and effective precipitation are represented in Figure 9: Firstly, the effective precipitation (the difference between precipitation and actual evapotranspiration) showed an increasing trend in both 1986–2000 and 2000–2018, which was the main reason for the continuous increase in WCD. Among them, in 1986–2000, the effective precipitation of the western tributaries increased faster than that of the eastern tributaries, resulting in a greater increase in WCD of the western tributaries in this period, while the increase in effective precipitation of the eastern tributaries was much faster than that of the western tributaries in 2000–2018, which was the main reason for the greater increase in WCD of the eastern tributaries in this period (Figure 7). Secondly, from the matching relationship between effective precipitation and the increasing speed of water conservation (α = VEP/VWC, VEP is the increasing speed of effective precipitation (mm/a), and VWC is the increasing speed of WCD (mm/a)), from 1986 to 2000, the range of α was between 1.25–4.47, and the α of five tributaries (DDR, JTR, ZMR, GLR, DJR) was greater than 2.33. During this period, the increasing speed of WCD was particularly mismatched with that of effective precipitation, which indicated that the land use type changed in a direction unfavorable to the improvement of WCF. From 2000 to 2018, the range of α was between 1.15–2.19, and the α of only two tributaries (JTR and DJR) was greater than 2.0, which indicated that the land use type changed in the direction conducive to the improvement of WCF in this period.




4.3. Human Activities Affect the WCF of Ecosystem


4.3.1. Influence of Human Activities on Ecosystem Services Function before Ecological Governance


The land-use transfer in the two periods is shown based on the transfer matrix [78] (Figure 10). Before the implementation of the ecological restoration project in the upper reaches of SRB, the transformation of land use/cover type by human activities was mainly reflected in the exploitation and degradation of grassland from 1986 to 2000. Specifically, the total area of grassland transferred was 2.6 × 104 hectares, mainly converted into cultivated land and unused land (Figure 10a). Among them, the area converted into cultivated land was 1.42 × 104 hectares and converted into unused land was 0.93 × 104 hectares, accounting for 55.21% and 35.91% of the total transferred-out area, respectively. This indicates that the human activities in this period mainly reclaimed grassland into cultivated land in this period. Among which, the reclamation of cultivated land mainly occurred in GLR, DJR and HYR in the east, and the conversion of grassland into unused land mainly occurred in the upper reaches of western DDR (Figure 11a). It was also the fundamental reason why the WCD of these rivers decreased by 1.50 mm, 0.34 mm, 0.31 mm and 2.03 mm, respectively, from 1986 to 2000 (Table 4).




4.3.2. Influence of Human Activities on Ecosystem Services Function after Ecological Governance


In 1999, the Grain for Green Project was first implemented in Gansu Province [79,80]. In 2000, the Qilian Mountain National Nature Reserve was identified as the national natural forest protection project area, the protected forest was recognized as the national key ecological public welfare forest in 2004, and the Qilian Mountains were identified as the ecological function area of water conservation in 2008. Under this background, a series of ecological governance projects have been implemented one after another, with 25,573 hectares of closed hillsides for afforestation and 1067 hectares of barren hills for afforestation in the nature reserve. Forest resources have been effectively protected, and the vegetation coverage rate in the nature reserve has reached over 80%, effectively reversing the process of sustainable degradation of the ecosystem before the 20th century [43]. In 2012, the state approved the Comprehensive Management Plan for Ecological Protection and Construction of Qilian Mountains (2012–2020), and further strengthened the ecological governance of Qilian Mountains through ecological engineering. At the same time, the upper reaches of SRB, which is located in the Qilian Mountain Nature Reserve, has implemented “five prohibitions” for natural forest areas, ecologically fragile areas, and severely degraded grassland areas, as well as encouraging livestock breeding in captive sheds to restore degraded grassland, giving subsidies for returning farmland to forest (grass) in the areas with slopes greater than 25, and encouraging the closing hill for afforestation. After the implementation of the ecological restoration project, the land use/cover types have changed significantly in the upper reaches of SRB (Figure 11b). In this period, the land use transfer was mainly from cultivated land to grassland, unused land to grassland and unused land to forest land, with the total transfer areas were 2.27 × 104 hectares and 1.19 × 104 hectares, respectively (Figure 10b). Among them, the areas of cultivated land transferred to grassland and forest land were 2.04 × 104 hectares and 0.15 × 104 hectares, respectively, accounting for 89.87% and 7.05% of the total transferred area of cultivated land. And the areas of unused land transferred to forest land and grassland were 0.66 × 104 hectares and 0.35 × 104 hectares, respectively, accounting for 48.74% and 32.77% of the total transfer-out area of unused land. The increased areas of forest land and grassland had effectively improved the ecosystem water conservation, resulting in an increase of 23.26% in water conservation from 2000 to 2018, of which the average contribution rate of land use change to water conservation was 9.04% after the implementation of ecological restoration project.



The main areas for the implementation of the Grain for Green Project were HYR, GLR and DJR located in Liangzhou District, Gulang County and Tianzhu County. Tianzhu County started the Grain for Green Project in 1999. By 2015, this county had completed returning cultivated land to forests and grasslands of 5978.55 hectares. After the implementation of the new round of the Grain for Green Project, this county had completed returning cultivated land to forests of 2720 hectares. Gulang County began to implement the Grain for Green Project in 2002, completed the first round of returning cultivated land to forests with 0.35 × 104 hectares in 2005, and replanted 4133 hectares from 2006 to 2009. In 2016, with the implementation of a new round of the Grain for Green Project, Gulang County has completed 4646.67 hectares of returning cultivated land to forests. By 2018, a total of 1.32 × 104 hectares of farmland were returned to forests, and the forest coverage rate increased to 12.41%. An ecological restoration area with a length of 50 km and a width of 20 km was gradually established in the southern mountainous areas. Liangzhou District has made remarkable achievements in ecological protection since the implementation of the Three-North Shelterbelt and the Grain for Green Project. In 2015, it is planned to complete a new round of returning cultivated land to grassland with an area of 369.93 hectares, and supporting wasteland afforestation of 133.33 hectares. The task of returning cultivated land to forest and grassland of 2653.33 hectares was completed in 2006. After the implementation of a series of ecological restoration projects, cultivated land of HYR, GLR and DJR decreased by 5.85%, 4.56% and 4.1%, respectively, grassland increased by 5.42%, 2.61% and 3.8%, respectively, and forest land increased by 0.47%, 1.85% and 0.67%, respectively (Figure 12). This is one of the important reasons that the WCF of the eastern tributary ecosystem has been greatly improved.






5. Conclusions


As the ecological security barrier of the Tibetan Plateau, the Qilian Mountains play an important role in ecosystem services. The ecological restoration project aims to repair the damaged ecosystem and enhance the ecosystem service function. In this paper, based on the scientific verification of InVEST model parameters, we calculated the WCD of SRB upstream ecosystem located on the northern slope of the eastern Qilian Mountains in different periods, analyzed the temporal and spatial changes of WCF, defined the spatial distribution of increased, decreased and invariant areas of WCF, and scientifically evaluated the impact of ecological restoration projects on the change in WCF. The conclusions are as follows:



The WCD of different land use types was obviously different in the upper reaches of SRB. The WCD of forest land was the largest (138.5 mm) and that of cultivated land was the smallest (24.78 mm), while the water conservation index of forest land was also the largest (93.36%) and that of unused land was the smallest (16.67%), and the spatial distribution of WCD was obviously different.



From 1986 to 2018, the WCD showed a trend of continuous growth in the upper reaches of SRB, among them, the WCD in the western tributaries increased faster than that in the eastern tributaries from 1986 to 2000, and the significantly increased areas were mainly distributed in the middle reaches of the western tributaries and the river source areas of the eastern tributaries, while the significantly decreased areas were mainly distributed in the river source areas of the western tributaries and the cultivated land expansion areas in the middle reaches of the eastern tributaries. From 2000 to 2018, the WCD of the eastern tributaries increased more than that of the western tributaries. The significantly increased areas were mainly distributed in the four eastern tributaries, and the significantly decreased areas were scattered in the middle and lower reaches of each tributary.



Climate and land use change jointly affect the function of water conservation, and the increase in precipitation was the fundamental reason for the increasing WCD in the upper reaches of SRB. From 1986 to 2000, the influence of land use change on the increase in WCD was negative, while the influence of climate and land use change on the increase in water conservation were all positive from 2000 to 2018. The influence of land use change on WCD was different in different tributaries. Among them, that of the western tributaries (except DDR) was positive in two different periods, and that of the eastern tributaries (except XYR) changed from negative to positive. The implementation of ecological restoration project was the fundamental reason for land use change, and it was also one of the important reasons for the improvement of WCF in Qilian Mountains from 2000 to 2018, with a contribution of 9.04%.



In this paper, there are some limitations of the study; for example, like the accuracy of the data, such as soil types and soil properties, which limits the result. Therefore, the field survey of the study area should be strengthened in future research to solve this problem. And the parameter Z (3.15) obtained from this paper combined with the actual situation of the Qilian Mountains determination is expected to be extended in the arid inland river basins of northwest China, but the universality of the Z should also be verified in future studies by combining with the situation of other inland river basins in northwest China. Finally, we must focus on strengthening the protection and restoration of the area with weakened WCF.
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Figure 1. Study area. 






Figure 1. Study area.



[image: Land 12 01850 g001]







[image: Land 12 01850 g002] 





Figure 2. Difference between simulated water yield and actual runoff (taking 1986 as an example). 
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Figure 3. Model parameters (2018): (a) represents precipitation in 2018; (b) represents ET0; (c) represents plant available water content and (d) represents soil depth. 
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Figure 4. Land use/cover types. 
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Figure 5. Water conservation depth in different land use types. 
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Figure 6. Spatial distribution of water conservation. 
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Figure 7. WCD (a) and total water conservation (b) of different tributaries. 
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Figure 8. Spatial distribution of water conservation in the upper reaches of SRB: (a) the period from 1986–2000; (b) the period from 2000–2018. 
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Figure 9. Variation trends of effective precipitation and WCD in sub-basins. 
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Figure 10. Land use transfer changes from 1986 to 2018: (a) the period from 1986–2000; (b) the period from 2000–2018. (CL: Cultivated land; FL: Forest land; GL: Grass land; BL: Build_up land; UL: Unused land. The positive and negative values of the transfer area indicate the direction of conversion, for example, the positive value of CL-FL indicates that the cultivated land is converted into forest land. If the CL-FL value is negative, it means that the forest land is converted into cultivated land). 
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Figure 11. Spatial distribution of land use transfer change in the upper reaches of SRB: (a) the period from 1986–2000; (b) the period from 2000–2018. 
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Figure 12. Changes of land use/cover type area and proportion in sub-basins. 
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Table 1. Comparison between actual runoff and simulated water yield.
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	Rh (108 m3)
	Rg (108 m3)
	Wg (108 m3)
	WP (108 m3)
	Wy (108 m3)
	Error (%)





	1986
	2.876
	0.387
	0.144
	3.120
	3.220
	3.200



	2000
	2.693
	0.367
	0.135
	2.925
	3.020
	3.250



	2018
	3.530
	0.412
	0.180
	3.800
	3.950
	3.900










 





Table 2. Main parameters and data sources for calculating water yield and WCD by Invest model.
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	Data
	Data Source and Processing
	Format





	Meteorological data (precipitation and potential evapotranspiration)
	Potential evapotranspiration is calculated according to the method of Zhao Yaru et al. [46]. The required meteorological data include daily precipitation, daily average temperature, daily maximum and minimum temperature, etc. The spatial resolution is 0.5 × 0.5, which is processed by IDW of ArcGIS. The data comes from the National Meteorological Science Data Center (https://data.cma.cn (accessed on 20 May 2022)).
	Raster



	LUCC
	The data comes from the American Landsat/TM −5/8 remote sensing image data with a resolution of 30 m received by China Remote Sensing Satellite Ground Station. Through field survey and manual visual interpretation against remote sensing data by ArcGIS 10.2 IDW, the interpretation accuracy is over 90%.
	Raster



	Soil
	Including soil type, soil texture (%sand,% silt,% clay,% organic matter) and soil depth, the spatial resolution is 1 km, and the data comes from the National Glacier, Frozen Soil and Desert Science Data Center (http://www.ncdc.ac.cn (accessed on 20 May 2022)).
	Raster



	DEM
	ASTER GDEM 30 m resolution digital elevation data, which comes from the Chinese Academy of Sciences Geospatial Data Cloud Platform. (http://www.gscloud.cn (accessed on 20 May 2022)).
	Raster



	Biological physical parameters
	Based on the research of Fu Bin (2013) and others, the biophysical parameter table of the upper Shiyang River is obtained.
	CSV



	Topographic index
	Based on DEM and soil depth, ArcGIS spatial analysis tools are used for calculation.
	Raster



	Ksat
	Based on soil texture data, calculations are made by SPAW software.
	Raster



	Watersheds
	Based on DEM, calculations are made by the ArcGIS hydrological analysis tool.
	Vector










 





Table 3. Water yield, water conservation and average annual precipitation in different periods.
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	Periods
	Water Yield Depth (mm)
	Average Annual Precipitation (mm)
	WCD (mm)
	WCD/Water Yield (%)
	WCD/Average Annual Precipitation (%)





	1986
	133.25
	403.84
	66.57
	49.96
	16.48



	2000
	148.23
	426.71
	73.31
	49.46
	17.18



	2018
	181.09
	474.03
	90.34
	49.89
	19.06



	Average
	154.19
	434.86
	76.74
	49.77
	17.57










 





Table 4. The contribution rate of climate change and land use to the depth change in water conservation.
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WT1

	
WT2

	
WD

	
WT

	
WL

	
WC

	
WL/WT(%)

	
WC/WT(%)






	
Study area

	
1986–2000

	
73.31

	
66.57

	
73.65

	
6.74

	
−0.34

	
7.08

	
−5.04

	
105.04




	
2000–2018

	
90.34

	
73.31

	
88.80

	
17.03

	
1.54

	
15.49

	
9.04

	
90.96




	
XD

	
1986–2000

	
85.23

	
76.73

	
84.98

	
8.50

	
0.25

	
8.25

	
2.94

	
97.06




	
2000–2018

	
92.29

	
85.23

	
90.34

	
7.06

	
1.95

	
5.11

	
27.62

	
72.38




	
DD

	
1986–2000

	
90.84

	
84.82

	
92.87

	
6.02

	
−2.03

	
8.05

	
−33.72

	
133.72




	
2000–2018

	
98.52

	
90.84

	
97.08

	
7.68

	
1.44

	
6.24

	
18.75

	
81.25




	
XY

	
1986–2000

	
98.37

	
88.90

	
97.51

	
9.47

	
0.86

	
8.61

	
9.08

	
90.92




	
2000–2018

	
107.72

	
98.37

	
105.91

	
9.35

	
1.81

	
7.54

	
19.36

	
80.64




	
JT

	
1986–2000

	
79.27

	
66.57

	
77.73

	
12.70

	
1.54

	
11.16

	
12.13

	
87.87




	
2000–2018

	
84.20

	
79.27

	
83.65

	
4.93

	
0.55

	
4.38

	
11.16

	
88.84




	
ZM

	
1986–2000

	
82.19

	
81.75

	
82.26

	
0.44

	
−0.07

	
0.51

	
−15.91

	
115.91




	
2000–2018

	
105.54

	
82.19

	
105.09

	
23.35

	
0.45

	
22.90

	
1.93

	
98.07




	
HY

	
1986–2000

	
60.21

	
60.99

	
60.52

	
−0.78

	
−0.31

	
−0.47

	
39.74

	
60.26




	
2000–2018

	
92.32

	
60.21

	
90.05

	
32.11

	
2.27

	
29.84

	
7.07

	
92.93




	
GL

	
1986–2000

	
51.64

	
45.15

	
53.14

	
6.49

	
−1.50

	
7.99

	
−23.11

	
123.11




	
2000–2018

	
86.70

	
51.64

	
84.75

	
35.06

	
1.95

	
33.11

	
5.56

	
94.44




	
DJ

	
1986–2000

	
27.04

	
19.09

	
27.38

	
7.95

	
−0.34

	
8.29

	
−4.28

	
104.28




	
2000–2018

	
49.60

	
27.04

	
48.13

	
22.56

	
1.47

	
21.09

	
6.52

	
93.48
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