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Abstract

:

There has been very limited research on water use efficiency for soil conservation (WUE-SC) in typical water scarce regions such as the lower Heihe River Basin, where there is serious wind erosion and the soil conservation service plays a key role in guaranteeing the ecological safety of Northern China. The soil conservation service, which was represented by the soil conservation amount (SC), was first estimated with an experiment-based model in this study. Then, the WUE-SC (i.e., SC/ET) was calculated on the basis of evapotranspiration (ET) data, and management implications were finally discussed. The results indicated the WUE-SC ranged between 0–98.69 t mm−1, and it first decreased and then increased on the whole during 2000–2008. Besides, the inter-annual variation of WUE-SC was mainly due to change in the potential soil loss. In addition, the WUE-SC showed significant spatial heterogeneity, and the average WUE-SC of the whole study area was very low due to spatiotemporal inconsistency between the potential soil loss and the vegetation coverage rate. Although there are some uncertainties, these results still can provide local managers with valuable information for water resource utilization and ecosystem management to improve water use efficiency.
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1. Introduction


Water is usually the single most limiting factor for provision of ecosystem services, and water scarcity is impacting human welfare worldwide, especially in arid and semiarid regions that are very sensitive to climate change and land use and land cover change [1,2,3,4]. Agriculture in arid and semiarid regions relies heavily on irrigation of water diverted from rivers, and large-scale urban or agricultural development in these regions depends upon the ability to pump groundwater or convey freshwater over long distances from natural sources [5]. Besides, rapid socio-economic development drives land use change, which is altering the hydrologic system and increasing water needs for industrial, domestic and environmental uses, has potentially large impacts on water resources [6,7]. However, coincident with rapid growth in water demand is the potential for substantial reduction in water supplies in arid regions [8]. Runoff of many rivers in arid regions showed a declining trend under the influence of the climatic and land use change during the past decades [9]. As a result, the traditional water utilization approach in these arid and semiarid regions is now facing a big challenge, which appeals to people to develop water-saving irrigation and enhance water use efficiency for sustainable water use [10]. Enhancing water use efficiency is a critical response to growing water scarcity [11], and it is necessary to carry out in-depth research on water use efficiency, which can provide valuable reference information for scientific water resource allocation to make more efficient use of limited water resources [12,13,14]. In particular, it is urgent to analyze water use efficiency in these arid and semiarid regions in order to improve the capacity of these regions to provide the key ecosystem services that are essential to human well-being [15,16]. The water use efficiency or water productivity is the ratio of the net benefits from crop, forestry, fishery, livestock and mixed agricultural systems to the amount of water used to produce those benefits, and in the broadest sense it reflects the objectives of producing more ecological benefits at less social and environmental cost per unit of water consumed [11,17]. Many of the benefits that humans gain from ecosystems are directly or indirectly related to freshwater, which are commonly referred to as water related ecosystem services, e.g., water purification and soil conservation [14,18]. The ecosystems provide multiple ecosystem services, however, the current research on water use efficiency has generally focused only on crop water use efficiency, and there has been very limited research on water use efficiency for the provision of ecosystem services except crop production or primary production [11,19,20,21,22]. With a shift in resource management philosophy from production of food, fiber and forage to protection and restoration of ecosystems [23], it is surely necessary to analyze water use efficiency for the provision of other ecosystem services.



There is an increasing consensus about the importance of incorporating ecosystem services into resource management decisions, but there are still some difficulties in quantifying these ecosystem services and the corresponding water use efficiency [24]. On the one hand, it is difficult to quantify the provision of some ecosystem services, and previous research has generally focused on ecosystem service valuation that assigns values to ecosystem services provided by different land use types and can hardly provide the information on the quantification of ecosystem services [23,25,26]. More importantly, there is rarely available information on how to account for the impacts of the pattern of land uses or land-cover classes on the provision of ecosystem services [27]. Fortunately, the Millennium Ecosystem Assessment (MA) has provided the conceptual framework to assess or quantify the provision of ecosystem services [21], and there have also been some models to quantify some essential ecosystem services, e.g., Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) [24] and the system for identifying and zoning ecosystem services (SIZES) [28]. On the other hand, there are still some difficulties in accurately estimating the water used for the provision of ecosystem services, which is generally represented with evapotranspiration (ET) [29]. There have been some reliable methods for quantifying ET at a point or field scale for specific sites, but it is fairly difficult to apply such methods for quantifying ET at large scales [5]. Fortunately, some models such as GLEAM model and MODIS-ET model have been proposed for estimating ET with remotely sensed data, which is able to capture land surface information from large geographic extents [5,30,31].



The Heihe River Basin is the second largest inland watershed in China, and the lower Heihe River Basin is a typical arid and semiarid region in Northwest China, where the water scarcity has been intensifying and posing a threat to the sustainability of agricultural production and provision of essential ecosystem services such as primary production and soil conservation [12,13]. The precipitation is very limited in the lower Heihe River Basin, with the annual precipitation reaching approximately 37 mm and the maximum annual evapotranspiration exceeding 1000 mm. Since the precipitation is far less than the water requirement for crop and other vegetation, the water from Heihe River plays a key role in sustaining the agricultural ecosystem as well as other ecosystems [12]. However, runoff of Heihe River into the lower reach has declined significantly due to the impacts of human activities and climate change during the past decades [12,13], which has led to a series of ecological problems such as desertification and grassland degradation, and consequently posed a great threat on the ecological safety of Northern China. For example, serious desertification has made the Badain Jaran Desert in the Ejina Banner become a main sand source of sandstorms influencing Northern China, especially the Beijing-Tianjin region, which has suffered from frequent sandstorms in the spring for years [14]. Besides, the lower Heihe River Basin is an important ecological barrier of China, where the soil conservation service of vegetation plays a key role in guaranteeing the ecological safety of Northern China [12,13]. The Chinese central government started a program of water diversion in 2000 in order to tackle the water shortage issue and restore the ecological environment and control the desertification in the lower Heihe River Basin. Engineering measures have been applied since 2000, i.e., water diversion, lining diversion channels, irrigation efficiency improvement [15]—which have increased water supply to the lower Heihe River Basin and has allowed the ecological environment begin to recover. However, much remains unknown about the changes in ecosystem service provision and water use efficiency before and after the implementation of the program of water diversion [16], which can provide valuable information for improving the program of water diversion and the local ecosystem management. In particular, there has been very limited research on water use efficiency for provision of key ecosystem services such as the soil conservation service in the lower Heihe River Basin.



The soil conservation service plays a key role in reducing the soil erosion that has great impacts on ecosystem productivity [32,33,34]. Besides, there are always strong links between measures for soil conservation and measures for water conservation, in particular there are also links between water use efficiency and biological soil conservation, and this applies equally in arid and semi-arid regions [35]. Therefore, this study aims to analyze the soil conservation service which is represented by the soil conservation amount, and quantify the water use efficiency for soil conservation in the lower Heihe River Basin. First, soil conservation in the lower Heihe River Basin was quantified with the model developed by Dong (1998) [36] and Chen et al. (1996) [37]; then water use efficiency for soil conservation was calculated based on the ET data. Finally, the implication for the land management was discussed. The results of this study can contribute to better understanding the potential impact of climate change and land cover change on the provision of essential ecosystem services and improvement of water use efficiency.




2. Method and Materials


2.1. Study Area


The lower Heihe River Basin lies between 97.13°–103.12° E and 39.87°–42.79° N, with a total land area of approximately 7.71×104 km2, covering most part of Jinta County in Gansu Province and Ejina Banner in Inner Mongolia Autonomous Region. It is a typical arid and semi-arid region, where there are frequently strong winds, sandstorms and very limited precipitation. Besides, most part of the lower Heihe River Basin is covered by unused land (e.g., sandy land and Gobi desert) and low-coverage grasslands, the area of which accounted for 82.95% and 14.14% of the total land area in 2008, respectively (Figure 1). Besides, there is mainly gray-brown desert soil and gray desert soil in the study area, making this region very susceptible to wind erosion. However, there is the second largest Populus euphratica forest of China in the Ejina Banner, which stands in the way of the strong winds into Northern China and serves as the first ecological barrier to intercept the sandstorms into China. The soil conservation service is the key ecosystem service provided by the vegetation in the lower Heihe River Basin, which plays a very important role in guaranteeing ecological safety at the regional and even national level. The vegetation growth in the lower reach heavily depends on the runoff of the Heihe River, however, the river’s supply of water to the lower reaches has declined sharply due to climate change and unreasonable water utilization during past decades and has led to serious vegetation deterioration, shrinkage of oases, intensified desertification and frequent sandstorms, all of which have threatened the provision of ecosystem services essential to the human well-being of local and national people and has done great harm to regional and even national ecological safety and sustainable development.
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Figure 1. Location and land cover types of the lower Heihe River Basin in China in 2008. 






Figure 1. Location and land cover types of the lower Heihe River Basin in China in 2008.
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2.2. Estimation of the Soil Conservation Service


The soil conservation service can be quantified by finding the difference between the actual soil loss of the landscape and the potential soil loss which assumes the landscape is bare [38,39], and the soil conservation rate can be calculated by dividing the potential soil loss by the actual soil loss as follows.


SC = SLp − SLa



(1)






SCR = SC / SLp × 100%



(2)




where SC refers to the soil conservation amount (Unit: t), SCR is the soil conservation rate (Unit: %), i.e., the ratio of soil conservation amount to potential soil loss in percentage, and SLp and SLa are the potential and actual soil loss (Unit: t), which are estimated with an experiment-based model under the condition that there is and is not vegetation coverage in the study area as follows.
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(3)




where SL is the amount of soil loss (Unit: t), including SLp under the condition that there is no vegetation coverage, and SLa under the condition that there is vegetation coverage in the study area; V is the wind velocity (Unit: m/s), H is the relative air humidity (Unit: %), SDR refers to the artificial surface destruction rate (Unit: %), which is the share of the artificially destructed land area in the total land area, d is the average soil particle radius (Unit: mm), F is the soil hardness, θ is the slope (Unit: °), D refers to the spatial extent of the study area (Unit: km), and t is the time (Unit: s). VCR is the vegetation coverage rate, which is calculated as follows.


VCR = (NDVI − NDVIsoil) / (NDVIveg − NDVIsoil)



(4)




where VCR is the vegetation coverage rate, NDVI is the normalized difference vegetation index, NDVIsoil and NDVIveg are the signals from bare soil and dense green vegetation, which are set as seasonally and geographically invariant constants 0.00 and 0.71. In particular, VCR of the water body, the NDVI of which is below zero, is simply set to be 0.71 since the water body can completely prevent the wind erosion.




2.3. Measurement of the Water Use Efficiency for Soil Conservation


In its broadest sense, the water use efficiency is the net return for a unit of water used [11], and in previous research the crop water use efficiency is expressed as the amount of grain yield (e.g., kilograms of grain) obtained per unit of water consumption (e.g., cubic meters of water) [19,40]. Besides, depending on the type of water sources considered, crop water use efficiency is generally expressed as grain yield per unit water evapotranspired or grain yield per unit total water input (irrigation plus rainfall) [40]. For example, there are three major definitions of water use efficiency that are widely used, i.e., (1) Gross primary production (GPP) based water use efficiency: GPP/ET; (2) Net primary productivity (NPP) based water use efficiency: NPP/ET; (3) Net ecosystem carbon production (NEP) based water use efficiency: NEP/ET [20]. All these definitions only reflect the water use efficiency for primary production, but all involve ET, which is the most active process in the hydrological cycle and is also a major component of energy and water balance in agriculture ecosystems [41,42], and therefore the water consumption is also represented with ET in this study. In addition, since this study primarily focuses on the soil conservation service, which is one of the most important ecosystem services provided in the lower Heihe River Basin, the water use efficiency for the soil conservation is calculated as the soil conservation amount divided by ET as follows.


WUE-SC = SC / ET



(5)




where WUE-SC is the water use efficiency for soil conservation (Unit: t mm−1), SC is the soil conservation amount (Unit: t), and ET is the evapotranspiration (Unit: mm), which is assumed to be the water used by vegetation to provide the ecosystem services such as soil conservation. In this study, the average WUE-SC over a region was calculated as the area-weighted average value of all grid cells. It is noteworthy that the WUE-SC of water bodies was also calculated in the same way as other land cover types in this study.




2.4. Data Collection and Processing


It is necessary to gather and integrate detailed information of the study area, and a database was first built, covering geophysical factors, climate factors, vegetation factors, ET and land use data from 2000–2008. Climate factors include the daily relative air humidity and daily wind velocity, all of which may have great impacts on the spatial and temporal patterns of wind erosion. All of those climate data between 2000 and 2008 were derived from daily records of observation stations maintained by the China Meteorological Administration. The original meteorological data, which was saved in form of text, was interpolated into 1 km × 1 km grid data using gradient plus inverse distance squares method [43,44]. Besides, geophysical factors include the slope and soil properties. The slope data was obtained with the 90 m resolution digital elevation model data (DEM) which was downloaded from http://srtm.csi.cgiar.org/ [44]. The soil properties, including the average soil particle radius and soil hardness, were extracted from the HWSD soil dataset covering the Heihe River Basin and literatures [45,46]. In addition, the vegetation coverage rate was calculated with the cloud-free NDVI data from 2001–2011 in the Heihe River Basin [47]. What is more, the ET data for the study area were extracted from the monthly evapotranspiration datasets (2000–2012) with 1 km spatial resolution over the Heihe River Basin Version 1.0 [48]. This study also used the 1 km resolution land use data derived from Landsat TM/ETM images in 2000, 2005 and 2008, which were interpreted by Chinese Academy of Sciences (CAS) with the overall interpretation accuracy of 92.7% [49]. All these data were processed to be the same with the climate data in terms of their spatial reference and resolution.





3. Results and Discussion


3.1. Spatiotemporal Variation of the Soil Conservation Amount


The results suggested that there was significant spatiotemporal variation of potential soil loss, soil conservation amount and soil conservation rate in the study area (Figure 2 and Figure 3). The annual soil conservation amount in the study area ranged between 0–8822 t km−2 a−1, with an average value of 75.47, 71.38 and 137.18 t km−2 a−1 in 2000, 2005 and 2008, respectively. Besides, the annual total soil conservation amount of the study area first decreased from approximately 5.80 million ton in 2000 to 5.4 million ton in 2005, but then increased to 10.55 million ton in 2008, showing significantinter-annual variation. In addition to the inter-annual variation, the soil conservation amount also showed obvious time-series variation at the monthly scale (Figure 2). The climax of the soil conservation amount occurred during March and May in 2000 and 2008 and during April and June in 2005, while there was very limited soil conservation in other months, indicating the soil conservation mainly occurred in the spring (Figure 2). There are frequently strong winds in the spring in the lower Heihe River Basin, which lead to the enormous increase of potential soil loss; what is worse, the vegetation coverage rate is generally very low in the spring when most vegetation just begins to grow, making the study area extremely susceptible to the wind erosion.
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Figure 2. The monthly soil conservation amount (SC) (Unit: thousand ton) and ET (Unit: mm) in 2000, 2005 and 2008. 






Figure 2. The monthly soil conservation amount (SC) (Unit: thousand ton) and ET (Unit: mm) in 2000, 2005 and 2008.
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Although the soil conservation amount in the study area varied substantially across years, the overall spatial pattern of soil conservation was generally consistent during 2000–2008, with significant change only occurring in a few parts of the study area (Figure 3). Besides, the soil conservation amount was very low in most parts of the study area, and a high soil conservation amount only occurred in a few regions such as the northeast border region and the area near Gurinai Lake in the southeast border region. The soil conservation amount in the northeast border region showed an obvious decreasing gradient from the northeast to the southwest during 2000–2008, and the soil conservation amount in the southeast border region also showed an obvious decreasing gradient from the border part to the inner part in 2008. It is not surprising that the spatial pattern of the soil conservation amount is similar to that of the potential soil loss since the latter is the maximum of the former, but the soil conservation amount is also influenced by other factors such as the vegetation coverage rate. What is more, the soil conservation amount varied greatly among different land cover types. For example, the high soil conservation amount in 2008 occurred in the Gobi desert in the northeast border region, the water body over East Juyanhai Lake, the low-coverage grassland and sandy land in the southeast border region, where the vegetation coverage rate was generally low. The lowest soil conservation amount occurred in the Gobi desert near the southwest border, where both the vegetation coverage rate and potential soil loss were very low. It is somewhat surprising that the high soil conservation amount mainly occurred in the regions with the low vegetation coverage rate rather than the high vegetation coverage rate, indicating that the potential soil loss may have exerted more significant impacts on the soil conservation amount.



The soil conservation rate also showed significant spatial heterogeneity (Figure 3). The regions with the high soil conservation rate concentrated in the oases and irrigated areas along the main stream of Heihe River, where the vegetation coverage was in good conditions and the major land cover types included cultivated land, shrub forests, closed forest land and medium-coverage grassland. Besides, the soil conservation rate ranged between 2.62%–100% during 2000–2008, it first increased slightly during 2000–2005 and then decreased during 2005–2008, which is contrary to the change of the soil conservation amount. Although the average soil conservation rate was the highest in 2005, the soil conservation amount in 2005 was the lowest, indicating there were still some other factors that influenced the soil conservation amount, e.g., spatial heterogeneity of the potential soil loss. There was obvious spatial inconsistency between the potential soil loss and the soil conservation rate, which has significant impacts on the soil conservation amount, especially in the southwest part of the study area, where there was a large area of high-coverage vegetation. There was a high vegetation coverage rate in oases in the southwest part of the study area, but the potential soil loss is very low in this region, which leads to the extremely low soil conservation amount and fails to give full play to the potential of the high-coverage vegetation to reduce soil erosion. The soil conservation amount is influenced by the potential soil loss and the vegetation coverage rate, both of them generally show obvious spatial heterogeneity and consequently lead to the high location-dependence of the soil conservation amount, to which sufficient consideration should be given in ecosystem management.
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Figure 3. The annual potential soil loss (SSp), annual soil conservation amount (SC) (Unit: t) and soil conservation rate (SCR) in 2000, 2005 and 2008. 






Figure 3. The annual potential soil loss (SSp), annual soil conservation amount (SC) (Unit: t) and soil conservation rate (SCR) in 2000, 2005 and 2008.
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3.2. Spatiotemporal Variation of Evapotranspiration


The annual ET ranged between 12–1344 mm during 2000–2008, which showed significant spatial heterogeneity (Figure 4). It is very low in most part of the study area, where it generally ranged between 32–100 mm, and it is only high in the oases, East Juyanhai Lake and the regions along Heihe River. The highest ET was generally found in the forests, water body and irrigated croplands, while the lowest ET was found in the desert area and Gobi area. In particular, the highest ET in 2005 and 2008 occurred in the water body of East Juyanhai Lake, which reappeared in 2003. By comparison, ET was generally below 50 mm in the desert area, where the land surface is mainly covered by bare rock with sparse vegetation. There were widespread sandy land and Gobi desert in most part of the study area, where both the vegetation coverage rate and the water availability was very low. While thehigh-coverage vegetation such as the cultivated land and forests was generally distributed in the oases and the regions along the main stream of Heihe River, where there was high water availability. Besides, the annual ET first increased during the first half of the period (2000–2005), and then decreased after that, but the overall increase was significant in the entire study period. In addition, there was also obvious variation of the monthly ET, which was generally high during the growing season (from April to October) and low during the non-growing season (Figure 3). It is noticeable that there was obvious temporal inconsistency between the ET and the soil conservation amount (Figure 2). Most part of the ET occurred in the summer and autumn, while most part of the soil conservation amount concentrated in the spring, indicating only a part of the ET was used to provide the soil conservation service. What is more, since the precipitation of the study area is very limited (approximately 37 mm), it has very limited impacts on the change of ET, other factors such as the water diversion of Heihe River and land use and land cover change may have played a key role in influencing the spatiotemporal variation of ET.
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Figure 4. Spatial pattern of the annual ET in 2000, 2005 and 2008. 
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3.3. Spatiotemporal Variation of the Water Use Efficiency for Soil Conservation


The WUE-SC in the study area showed significant spatial heterogeneity and ranged between 0–98.69 t mm−1 during 2000–2008, indicating that approximately 98.69 t soil loss had been reduced by using 1 mm ET in a 1 km grid cell at most. The WUE-SC was below 1.00 t mm−1 in most part of the study area, and the regions with high WUE-SC mainly concentrated in the northeast part and southeast part of the study area, showing a spatial pattern similar to that of the soil conservation amount during 2000–2008. For example, the highest WUE-SC occurred in the low-coverage grassland and Gobi desert near the northeast broader region, low-coverage grassland, shrub forest and sandy land near the northeast broader region. The WUE-SC is also very high in the medium-coverage or low-coverage grassland in some part of Ejina Oasis. Besides, the average WUE-SC reached 1.10, 0.89, 1.68 t mm−1 in 2000, 2005 and 2008, respectively, which was very low on the whole and first decreased slightly and then increased during the study period (Figure 5). In addition, the spatial pattern of WUE-SC kept consistent in most part of the study area, but it changed significantly in some regions in the southeast part and northeast part during 2005–2008. The WUE-SC decreased by 1–37 t mm−1 in most regions in the northeast part of the study area, and it increased in only a few regions in the northeast part, with the increment showing a decreasing gradient from the broader to the inner part. In particular, the WUE-SC has decreased very obviously in the water body of East Juyanhai Lake, which has reappeared in 2003 due to the water diversion. By comparison, the WUE-SC increased significantly in the southeast part of the study area during 2005–2008, with an increment of 1–10 t mm−1 in the regions around Gurinai Lake, and even 10–97 t mm−1 in some parts near the southeast broader.
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Figure 5. The water use efficiency for soil conservation (WUE-SC) in 2000, 2005 and 2008. 
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It has been reported that uneven changes in environmental factors can lead to spatially heterogeneous responses of WUE to environmental change [20], and this also applies to the WUE-SC (Figure 2). The average WUE-SC decreased by 19.09% during 2000–2005, and the average ET increased by 18.47%, while there was no significant change in the soil conservation amount (decreasing by 5.42%), indicating that the change in the WUE-SC was mainly due to the change in the ET during 2000–2005. The ET increased during 2000–2005 because more water had been allocated to the lower reach since the ecological water transfer project was implemented. In particular, East Juyanhai Lake near Ejina oasis reappeared in the year 2003, the water body of this lake greatly increasing the ET. By comparison, the average WUE-SC increased by 88.76% during 2005–2008, the ET only decreased by 3.89%, while the soil conservation amount increased by 82.15%, suggesting the change in the soil conservation amount made a great contribution to the increase of the average WUE-SC. Besides, there was no obvious change in the soil conservation rate during 2005–2008, which reached 57.36% and 55.98% in 2005 and 2008, respectively, indicating that the vegetation coverage change did not lead to significant change in the soil conservation amount. However, during 2005–2008 the potential soil loss increased remarkably by 88.76%, which led to the significant increase of the soil conservation amount and consequently an improvement in the average WUE-SC. In particular, the potential soil loss increased most obviously in the southeast part of the study area (Figure 2), which is close to Badain Jaran Desert, with an increment of 1000–5000t/km2 and an increment rate of 20%–50% in most parts of this region during 2005–2008. In this region, the wind speed increased significantly during 2005–2008; there is widespread sand that is very susceptible to wind erosion on the edge of Badain Jaran Desert, and even a slight increase of the wind speed may lead to significant increase of potential soil loss in this region. Although there was no significant change in the soil conservation rate and ET in this region, the remarkable increase in the potential soil loss evidenced the vegetation’s full capacity to reduce wind erosion, leading to a significant increase in the regional soil conservation amount and improvement of the overall WUE-SC of the study area. In summary, during 2000–2005, the ET increased since more water was allocated to the lower reach of the Heihe River Basin, while the wind speed increased significantly in the southeast part of the study area during 2005–2008, which led to the obvious increase of potential soil loss.



The overall low WUE-SC in the study area is mainly due to the spatiotemporal inconsistency between the potential soil loss and the vegetation coverage rate. For example, the vegetation coverage rate is very low in most part of the regions where the potential soil loss is high. Although ET is low in these regions and the soil conservation amount may be high, the soil conservation rate is generally very low, which indicates there is still some scope to increase the soil conservation amount and improve the WUE-SC. Besides, the potential soil loss is generally very low in the regions with a high vegetation coverage rate, especially in the western part of the study area, and the ability of the vegetation to reduce wind erosion in these regions is not fulfilled, and the high ET due to high vegetation coverage rate leads to an even lower WUE-SC. In addition, vegetation coverage is generally high in the summer and autumn, while the strong winds that lead to high potential soil loss mainly occur in the spring, and the temporal inconsistency between the vegetation coverage rate and the potential soil loss may also contribute to the low WUE-SC.




3.4. Uncertainties and Future Improvements


Since both wind erosion and evapotranspiration are very complex processes that are influenced by various interactive factors, it is very difficult to accurately estimate the soil conservation amount and ET, which inevitably leads to some uncertainties in the estimation results of the WUE-SC. First, this study has estimated the soil conservation amount with an experimental model, which may be not completely suitable for the lower Heihe River Basin, and it is necessary to adjust the model parameters according to field observation data in future research. Besides, the data accuracy also has great impacts on the estimation results of the WUE-SC, even if most of the model input data are from available data sources that have been validated. For example, the total soil conservation amount of the study area in this study (5.48–10.55 million ton) is much less than that in previous research (62.96 million) [46], but the average soil conservation rate in this study (55.32%–57.36%) is much higher than that in previous research (33.5%) [46]. On the one hand, this may be due to the inconsistency in the study area boundaries between previous study and this study, which may lead to some difference in the results. On the other hand, the wind velocity and the relative air humidity were set to be constant in previous research, which inevitably led to some bias in the estimation results. Although this study used the daily meteorological data from meteorological stations, which are very accurate, there may be still many uncertainties due to the data interpolation. In addition, the soil conservation amount in this study only involves the local soil erosion in the study area, and the sandstorms intercepted by the vegetation in the study area are not considered in this study, which may lead to underestimation of the soil conservation amount and consequently make the WUE-SC underestimated. For example, the Populus euphratica forests in Ejina Banner play an important role in intercepting sandstorms from Mongolia [50,51], but it is very difficult to accurately estimate the amount of intercepted sandstorms, which has not been considered in this study. What is more, the biological characteristics of vegetation with the same vegetation coverage rate may also influence the soil conservation amount and the WUE-SC, the role of which has not been considered in this study since there is still a lack of related long-term observation data, and therefore it is necessary to carry out more in-depth research with more field observation data in the future.




3.5. Suggestions to Management and Policy Makers


Although there are some uncertainties, the results of this study can still provide valuable reference information for water management and ecosystem management in the study area and other regions. A most important issue in sustainable land use is how to maintain the functioning of ecosystem processes and to ensure thereby the provision of ecosystem services, and it is necessary to enhance the water use efficiency to leave enough water in rivers to sustain ecosystems and meet the growing demands of cities and industries [11,52]. The results of this study, including the spatial patterns of the WUE-SC, potential soil loss, soil conservation amount and rate, can provide valuable reference information for the land use management and water management to improve the water use efficiency and balance the water availability and the provision of the soil conservation service. For example, the soil conservation service is highly location-dependent since it is influenced by the potential soil loss and the vegetation coverage rate, both of which generally show obvious spatial heterogeneity, and the results of this study show that there is high spatiotemporal inconsistency between the soil conservation rate and the potential soil loss, which may lead to the low overall soil conservation amount (Figure 2). All these results can provide significant reference information for increasing the provision of the soil conservation service. Besides, the high spatiotemporal inconsistency between potential soil loss and ET may lead to low WUE-SC. The high vegetation coverage rate can lead to a high soil conservation rate and high ET, but it does not always lead to a high soil conservation amount or high WUE-SC. The potential ability of the vegetation to reduce wind erosion can only be fulfilled in the regions with high potential soil loss. Therefore, it is very necessary to increase the soil conservation amount and improve WUE-SC by carrying out management measures such as adjustments to the spatial pattern of vegetation and water diversion, which can also be used to manipulate the balance of ecosystem services at the landscape scale [53]. In addition, natural resource management programs and land management decision making should consider the complex nature of trade-offs between ecosystem services [53,54]. It is especially necessary for local and regional ecosystem managers and policy makers to consider the balance between the water availability and provision of ecosystem services and coordinate trade-offs between different ecosystem services, the provision of which competes for increasingly scarce water resources [54,55].





4. Conclusions


This study estimated the soil conservation amount and the WUE-SC in the lower Heihe River Basin during 2000–2008. The results indicated that the WUE-SC first decreased and then increased on the whole during 2000–2008. Besides, the WUE-SC showed significant spatial heterogeneity and it was very low in most part of the study area where the main land cover type was unused land, and the high WUE-SC mainly occurred in the northeast and southeast part of the study area where the potential soil loss was high and the ET was low. In addition, the overall low WUE-SC was mainly due to spatiotemporal inconsistency between potential soil loss and vegetation coverage rate. What is more, the decrease of WUE-SC during 2000–2005 was mainly due to an increase in the ET, while the increase of WUE-SC during 2005–2008 was mainly attributed to a significant increase in potential soil loss. There are some uncertainties in the estimation results of soil conservation in this study, and it is necessary to carry out more in-depth research on the accurate estimation of WUE-SC. Nevertheless, the results of this study can still provide local and regional ecosystem managers with important reference information for improving ecosystem management to increase soil conservation amounts and improve water use efficiency. In particular, the spatiotemporal inconsistency between potential soil loss and vegetation coverage rates can provide valuable reference information for the improvement of water diversion and manipulation of the spatiotemporal pattern of vegetation coverage to improve WUE-SC.
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