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To deal with the increasingly severe land degradation in the downstream of the Heihe River Basin (HRB) in northwest China, an Ecological Water Diversion Project (EWDP) was implemented since 2000. A comprehensive analysis of the effects associated with the project on land degradation is necessary. According to the concept of Land Degradation Neutrality (LDN), multi-sensor data has been used to extract information on Land Use/Land Cover (LULC), Aeolian desertification, and vegetation dynamics, which were chosen as monitoring indices to reveal the process of land degradation in the HRB. Then, these results were combined with meteorological data, socio-economic statistics, and hydrological data to discuss the main driving factors influencing the land degradation process to evaluate the effects of the EWDP on land degradation in the HRB. The results showed that the process of land degradation in the HRB could be divided into two stages, in which the degradation trend was dominant from 1990 to 2000, and the rehabilitation trend was dominant from 2000 to 2015. Although both climate variation and human activities have been favorable to land degradation development in the HRB, climate factors have no significant influence on land degradation in the midstream and downstream in the HRB. The decrease of available water resources is the dominant driving factor of a series of ecological environment problems in the downstream of the HRB, and the land degradation process of the HRB has been stopped and reversed, mainly attributed to the EWDP. The EWDP facilitated the recovery of the deteriorated ecosystem by improving the efficiency of surface water resources reallocation in the downstream. Still, the EWDP indirectly led to the sink of the groundwater table in the midstream, resulting in local vegetation degradation.
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INTRODUCTION

Land, as a non-renewable and essential natural resource, is the material basis for human survival, and its rational exploitation and utilization improve social and economic development (Liu, 1995). However, under the background of global warming, population expansion, and rapid growth of the social economy, land degradation, which refers to the decrease of biological productivity of land (UNCCD, 1994), caused by the excessive and irrational use of land resources, became one of the most pressing problems causing widespread concern in the international community (Romm, 2011; Kakembo et al., 2012).

In arid and semi-arid regions, water is the single most important limiting factor for the growth and productivity of vegetation (Inman-Bamber et al., 2012). Most of those regions have been facing a growing severe shortage of water resources (Zhang and Xia, 2009), especially the inland river basin that is overly sensitive to climate variation and human activities (Mi et al., 2016). In the inland river basin, water resources are essential for maintaining the ecological balance and economic development of oases located in the midstream and downstream (Ma et al., 2005). The upstream inflow is the primary water source available to maintain the ecological environment and for the development of the whole river basin (Zhou et al., 2018). However, because of climate variation and increasing water consumption in the midstream (e.g., increased arable land irrigation, rapid urbanization, economic development, and population expansion, etc.), the amount of water that enters the downstream in many inland rivers has decreased over the past 60 years (Cheng and Li, 2015). As a result, this led to severe eco-environmental problems, such as reducing ecosystem stability, rivers and lakes drying up, declining vegetation cover, severe sandstorms, and land degradation. Therefore, integrated watershed water resource management is the critical solution to the urgent conflict of the regulation between water demand and available water resources in the present and the future in the inland river basin (Pereira et al., 2012), which is vitally essential for the protection of inland river ecosystems and regional sustainable development (Cheng et al., 2014).

The Heihe River Basin (HRB) is the second largest inland river basin in northwestern China and has all the essential characteristics of an inland river in the desert region. In the HRB, the conflict among ecological, societal, and economical water demands is foremost (He et al., 2009; Wang et al., 2009; Zhang et al., 2015). As the center of economic activities in the HRB, more than 95% of the arable land of the whole basin is distributed in the midstream oasis, which consumes about 80% of the water resources over whole HRB (Cheng et al., 2006; Zhang et al., 2006). With the rapid economic development and continuous population boom, the more substantial increase in water consumption in the midstream of the HRB dramatically reduces the discharge entering the downstream used to maintain ecological balance, which results in river breakdown, the lake drying up, groundwater level decline, wetland shrinkage, vegetation degradation, land desertification, etc. (Liu Z. et al., 2002; Xiao and Xiao, 2004; Guo et al., 2009; Cheng et al., 2014). Due to accelerated and sustained deterioration of the ecosystem, the downstream of the HRB has become one of the primary dust storm sources in China (Wang and Cheng, 1998).

In 1997, China’s State Council approved the Ecological Water Diversion Project (EWDP) in different water years to ensure that the oasis in the downstream would be restored to the level of the mid 1980s by reasonably allocating the water resources between midstream and downstream. According to the EWDP, when the water quantity of the YLX station reaches 15.8 × 108 m3, the environmental water supply of the whole basin must be guaranteed to arrive at 7.3 × 108 m3. As implementation of the EWDP since 2000, responses on the groundwater, lakes, wetlands, evapotranspiration, vegetation, hydrological and environmental process, and socio-economic effects have been reported (Ao et al., 2012; Cheng et al., 2014; Wang et al., 2014; Huang et al., 2016; Luo et al., 2016; Mi et al., 2016; Zhang et al., 2017; Zhou et al., 2018). However, the status and dynamics of land degradation in the HRB after the implementation of the EWDP are still unknown. Therefore, in this study, we used multi-sensor data to assess the effects of the EWDP on land degradation in the HRB.

Land degradation has been monitored via different methodologies through various indicators on regional scales. For example, Wang et al. (2011) used Landsat as the data source to extract the Aeolian desertification data of northern China by a visual interpretation method based on vegetation coverage and sand sheets coverage. Wang et al. (2020) analyzed the patterns of land degradation and restoration during 1990–2015 by using fine-resolution land cover data in Mongolia. Jiang L. et al. (2019) monitored the land degradation according to NDVI and ALBEDO by applying change vector analysis. Duan et al. (2019) identified land degradation based on the Modified Soil Adjusted Vegetation Index (MSAVI), the Fractional Vegetation Cover (FVC), Land Surface Temperature (LST), ALBEDO, and Modified Temperature Vegetation Dryness Index (MTVDI) via the QUEST (quick, unbiased, and efficient statistical tree) classification method. Feng et al. (2016) analyzed the spatial-temporal change of Aeolian desertification in northern China by the Normalized Difference Desertification Index (NDDI).

However, most of these studies on land degradation depend on data with a coarse spatial resolution (e.g., 1 km or 8 km spatial resolution), which cannot provide detailed information on the spatial-temporal patterns of the land degradation. Fewer studies have used higher-resolution images (e.g., Landsat series with 30 m resolution), which focused on one aspect of land degradation. The UNCCD considered Land Degradation Neutrality (LDN) as a Sustainable Development Goal and offered the concept of LDN as a standard quantitative method for determining degradation states in the framework of three aspects that included land cover, land productivity, and carbon storage (Akhtar-Schuster et al., 2017; Cowie et al., 2018). Therefore, we chose Land Use/Land Cover (LULC), vegetation dynamics (reflecting land productivity), and Aeolian desertification (the main form of land degradation in the HRB) as monitoring indices to reveal the process of land degradation in the HRB. The objective of this research included: ➀ to illuminate the dynamics of land degradation in the HRB by using multi-sensor data; ➁ to analyze the driving factors behind land degradation; and ➂ to discuss the effects of the EWDP on land degradation. The results provide a reference for combating and control land degradation and the basis for regional economic development and economic restructuring as well as promoting basin ecosystem stability and sustainable development.



MATERIALS AND METHODS


Study Region

The HRB, lying between 37.5–43.5°N and 96–104.3°E, is the second largest inland river basin in the arid zone of northwestern China (Figure 1), with a total drainage area of 271,000 km2 and a full length of 821 km. Geographically, the HRB can be divided into three distinct geomorphological units from south to north, including the southern Qilian Mountains in the upstream region, the middle Hexi Corridor, and the northern Alxa Plateau in the downstream. Due to severe elevation fluctuation among the up-, mid-, and downstream (800–5,500 m), the HRB has substantial spatial heterogeneity with diverse ecosystems, including an ice-snow zone, frozen soil, mountain forest, oasis, desert, and desert riparian forest (Kang et al., 2005).
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FIGURE 1. Location of the Heihe River Basin.


The HRB was situated in the interior of the Eurasian continent and dominated by arid hydrological features. Depending on the location, the temperature, precipitation, and evaporation in the HRB vary dramatically at both temporal and spatial scales. The upstream is in the middle part of the Qilian Mountains, which have an annual mean temperature ranging between 2 and 3°C, and yearly precipitation increased from about 250 mm in the low hill zone to about 500 mm in the high mountain region (Qi and Luo, 2005). The midstream with intense evaporation and little precipitation is in the Hexi Corridor. The annual mean temperature is 6–8°C, and yearly rainfall is 120–200 mm (Qi and Luo, 2005). Oasis agriculture is the main irrigated area and a substantial commodity grain base in China (Xie et al., 2015), which comprises about 97.3% of the population of the HRB and produces most of the GDP of the whole basin (Fang, 2002). The downstream adjacent to the Badain Jaran Desert is the Ejina banner and Alxa right banner, which is mainly covered by the Gobi Desert. Here, the annual mean temperature is 8–10°C, and yearly precipitation is less than 50 mm, but potential annual evaporation is >3000 mm (Liao et al., 2015a). Due to strong wind, the downstream is one primary source of sandstorms in northern China.

By the end of 2014, the total population of the HRB was 2,527,500, with an average population density of 10.64 people/km2, of which the agricultural population accounted for 56.9% of the total population. The people of the HRB are mainly distributed in the midstream, accounting for 95.3% of the total population. The overall economic development of the HRB is in a backward position. The GDP of the HRB was 115.1 billion yuan in 2014.



Data Acquisition and Pre-processing


Multi-Sensor Data

The Landsat images represent the longest temporal record of space-based land observations; those used in our study included TM (1990, 1995, 2005, and 2010), ETM (2000), and OLI (2015) images with spatial resolutions of 30 m. The principles of image selection included the following: ➀ the image was acquired from July to September, in which period vegetation typically reaches its maximum extent, and ➁ the percentage of cloud coverage must be less than 10%. Acquired cloud-free images that encompassed the entire area within a given year were complicated, attributed to the broad field of the study region. Therefore, some images from previous or subsequent years were chosen as replacements for unavailable images in the target years. A total of 132 images were downloaded from the US Geological Survey1. All those Landsat images were projected to uniform Albers Conical Equal Area/WGS84 coordinate system and were pre-processed including a radiometric and atmospheric correction to eliminate the radiometric error caused by atmospheric influences. Finally, the Landsat images were clipped and mosaicked to synthesize a cloudy free image covering the HRB.

Due to a fragment of AVHRR data at 1 km, satellite data consisting of a Global Area Coverage (GAC) 4 km AVHRR top of atmosphere reflectance database were chosen for this study. Data between 1990 and 2000 with a temporal resolution of 1 day were processed in this study, which includes AVHRR observations from the NOAA-11 (1990/01/01-1994/12/31) and NOAA-14 (1995/01/01-2000/12/31) satellites. The raw AVHRR images were calibrated following the latest recommendations by NOAA, and atmospheric correction was performed by using the Quick Atmospheric Correction (QUAC) provided by ENVI 5.3. Then, the Minimum red band criterion was used to generate daily composites (Latifovic et al., 2005). After pro-processing, all AVHRR images were reprojected to uniform the Albers Conical Equal Area/WGS84 coordinate system, and the Red band and NIR bands were used to calculate NDVI.

MODIS standard land products provided by NASA and vegetation indices 16-Day L3 Global 1 km (MOD13A2) were used in this study to supplement AVHRR data to cover the entire research period. Data between 2000 and 2015 with a temporal resolution of 16 days and a spatial resolution of 1 km were processed in this study. The MODIS product was downloaded from the NASS’s LAADS DAAC2 and reprojected to the Albers Conical Equal Area/WGS84 coordinate system and resampled to resolutions of 4 km by using MRT (MODIS Reprojection Tool).

The Harmonic Analysis of Time Series (HANTS) method was used to process the NDVI series calculated from AVHRR and MODIS to eliminate the influence of clouds and atmosphere, as well as remove the outliers, smooth the data, and interpolate the missing data. After this process, the mean NDVI in the growing season calculated from 1990 to 2015 was used to extract the information on vegetation dynamics.



Ancillary Data

Meteorological data (1975–2015), including precipitation, annual mean temperature, and annual mean wind velocity were obtained from the China Central Meteorological Bureau3. Three weather stations, including Ejina Banner in Alxa League of Inner Mongolia, Zhangye in the Hexi Corridor of Gansu Province, and Qilian in the Qinghai Province, were taken as representative of the climate of the different zone of watersheds. The hydrological data used in this study were collected from the Heihe River Bureau. Three hydrological stations were included in the data set [Yingluoxia (YLX), Zhengyixia (ZYX), and Langxinshan (LXS)].



LULC Classification and Measurement of Changes

Assessing impacts of the EWDP on LULC changes is the basis for watershed management and control land degradation. Dynamic change analysis of LULC is a practical approach to understand the process, extent, and trend of land degradation. In this study, LULC transfer analysis has been used to derive the transition among different LULC classes with the aid of GIS, which provides more details of LULC change information, as well as some necessary data for land degradation process analysis.

According to China Land Cover Classification System and National Land Use Remote Sensing Mapping Classification System (Zhang et al., 2014), a classification system of six primary LULC types (included woodland, grassland wetland, cropland, artificial land, and bare land) was employed in this study, which was divided into 16 secondary types (Table 1). The spatial and temporal dynamics of the different LULC classes were investigated using remote the sensing data of the period from 1990 to 2015, covering 25 years. Based on the availability of reliable Landsat data, the study period was divided into five intervals (1990–1995, 1995–2000, 2000–2005, 2005–2010, and 2010–2015). The 2015 LULC Data Set (with a spatial resolution 30 m) of the HRB is produced by using Landsat OLI images, and the Automatic Object-Oriented Classification Based on Decision Tree was used to derive the LULC information. The Dataset in other periods were produced by using the Object-Oriented Vector Similarity Change Detection Method. The details for the Classification and Change Detection Method were described in Song and Yan (2014) and Wu et al. (2014).


TABLE 1. The LULC classification system used in the HRB.

[image: Table 1]


Aeolian Desertification Mapping

In the HRB, Aeolian desertification is the dominant form of land degradation. patchy or dispersed vegetation interlace with sand sheets/dune characterizes Aeolian Desertified Land (ADL); the coverage ratios of shifting sand, wind-eroded regions, and vegetation which can be measured not only by field survey but also by remote sensing data were selected as the crucial indices for deriving the severity of ADL. Based on classification criteria proposed in previous studies (Yan et al., 2009; Wang et al., 2012; Song et al., 2015), ADL intensity was classified into four levels: Slight (SL), Moderate (M), Server (S), and Extremely Severe (ES). Details of ADL classification indices are provided in Table 2.


TABLE 2. Indices used for the classification of Aeolian desertified land in the HRB.

[image: Table 2]Because of excellent flexibility and high precision (Kang and Liu, 2014), we performed a visual interpretation method to generate the ADL status information. When interpreting, we also used TGSI (Topsoil Grain Size Index) (Xiao et al., 2006) and FVC (Fraction of Vegetation Cover) derived by using the Linear Spectral Mixture Model (Li et al., 2013) as auxiliary to identify the degree of ADL. The details of the visual interpretation method are provided in Wang et al. (2013). The spatial resolution of the ADL dataset is 30 m.



Vegetation Change Trend Monitoring

Monitoring changes in NDVI induced by land degradation has been widely employed and proven an effective method of identifying land degradation at global, regional, and national scales. In this study, we converted NDVI data into more easily understandable representations of relative greenness (RG) (Burgan and Hartford, 1993), which expresses how green each pixel currently is with the range of greenness observations for that pixel since 1990. It is calculated as:

[image: image]

Where,

NDVIo = mean NDVI values in each growing season.

NDVImin = minimum of mean NDVI in the growth period for that pixel between 1990 and 2015.

NDVImax = maximum of mean NDVI in the growth period for that pixel between 1990 and 2015.



Validation

To obtain the ground validation data for estimating the accuracy of the LUCC and Aeolian desertification database, a field survey was carried out in the HRB from July 20 to August 1 in 2015. Three hundred thirty-four field verification points with landscape photograph accurate positioning by GPS were obtained to assess its accuracy, and coverage photographs obtained with fisheye lenses from 69 samples were used to evaluate the accuracy of FVC calculated by remote sensing. We evaluated the accuracy of the LULC database and the ADL database by combined field verification points and random sampling methods. The results show that the total accuracy of LULC and ADL is more than 95%, the classification performance is satisfactory. Moreover, a significant correlation exists between the measured values and calculated values of FVC (Figure 2).


[image: image]

FIGURE 2. Scatter plot correlation between the field-measured and LSMM-estimated vegetation fraction in 2015.




RESULTS


Characteristic of LULC Change in 1990–2015

The status of LULC in 2015 is shown in Figure 3. As a result of economic development, changes in the LULC mainly occurred around the oasis in the midstream of the HRB; fewer changes appeared in the upstream, and the downstream only occurred in wetlands surrounding riverbanks and the Ejina oasis. In 1990, bare land was the most significant percentage of the land area throughout the study period, which covered 89.22% of total area (Table 3). Although analysis of six time periods (1990–1995–2000–2005–2010–2015) revealed the continuous decline of bare land, it is also the dominant land use type in the HRB. Over the entire study period, the coverage of cropland, forest, shrubs, water area, marsh, and artificial land increased by 28.60, 1.41, 5.92, 36.53, 10.32, and 99.15%, respectively, while grassland and bare land declined by 0.48 and 1.05%, respectively.


[image: image]

FIGURE 3. Map of LULC in the HRB in 2015.



TABLE 3. The area of LULC classes for 1990 and net change of five periods in the HRB (km2, %).

[image: Table 3]To evaluate the land degradation process, we classify the conversion between LULC types into two categories by using the transfer matrix. Among them, the land degradation process included a decrease of grassland coverage, grassland turned into bare land, and forest, shrubs, water area, and marsh turned into grassland or bare land; land restoration process included an increase of grassland coverage, bare land turned into grassland, water area, forest and shrubs, and grassland turned into the marsh, forest, and shrubs. Figure 4 shows the trend of land degradation in the whole basin and each part of the HRB. From the entire basin, the land degradation process was dominant from 1990 to 2000. But since 2000, the land restoration process has changed into the leading process, and land restoration area continued to decrease after reaching its maximum in 2005. Viewed from different parts of the HRB, although the overall trend of degradation and restoration is the same as the whole basin, each part of the basin has its characteristics. Land degradation dominated in the upstream and midstream occurred mainly between 1995 and 2000. However, land degradation in the downstream primarily occurred between 1990 and 1995, but land restoration began to appear since 1995 and became the dominant process until 2000. After land restoration dominated, the midstream and downstream recovered fastest from 2005 to 2010, while the upstream recovered most quickly from 2000 to 2005.
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FIGURE 4. The trend of land degradation process extracted from LULC change in the HRB during 1990–2015.




Aeolian Desertification Dynamics

Figure 5 shows the temporal and spatial distribution of ADL in the HRB. Although there was no significant change in the overall location of ADL, the severity of ADL did change over time. The ADL was centrally distributed in areas adjacent to the oasis, areas of sparse vegetation along the river, and areas of the western edge of the Badain Jaran Desert. In 2015 (Table 4), ADL covered 11,983.99 km2, amounting for 4.42% of the total area. Most ADLs were classified as ES and S (34.10%, 43.38% respectively), with a smaller proportion classified as M and SL (12.54%, 9.98%, respectively). ES and S ADL were concentrated and mainly distributed in the Ejina, Gaotai, Jinta, and Yumen. Slight and moderate desertified land was fragmented and mostly in the Suzhou, Linze, Ganzhou, and Minle areas. The ADL in the midstream of the HRB jeopardizes the stability and development of these vital oasis agricultural areas.


[image: image]

FIGURE 5. Aeolian desertification monitoring results in the HRB during 1990–2015.



TABLE 4. The changes in the severity of ADL from 1990 to 2015 in the HRB (km2, %).

[image: Table 4]From 1990 to 2015, ADL in the HRB declined by 1,038.59 km2, which is equal to 7.97% of the total ADL in 1990, representing a linear decrease of 64.91 km2y–1. To analyze the trends of Aeolian desertification, we classified area expansion and degree increase of ADL as desertification development, and area reduction and degree decrease of ADL as desertification recovery, by using the transition matrix (Figure 6). From 1990 to 2000, the area of ADL has shown a decreasing trend, but the degree of ADL is aggravated. Therefore, the direction of desertification in the HRB is still a desertification development in this period. From 2000 to 2015, the trend of desertification in the HRB is reversed, which shows not only a decrease of degree but also a reduction of area of ADL. In the midstream, the reason for the reversal of desertification is that it expands the area of ADL which is much smaller than the reduced area of ADL between 1990 and 2000. After 2000, the reversal of desertification is mainly due to the reduction of desertification degrees. In the downstream, the change of desertification degree is the main factor determining the direction of the desertification process. When inflow reduced (1990–2000), vegetation coverage decreased so that desertification presents a trend of development. On the contrary, desertification tends to reverse (2000–2015).
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FIGURE 6. The trend of Aeolian desertification process in the HRB during 1990–2015.




Vegetation Trend

In the arid and semi-arid areas, vegetation is positively generally correlated with precipitation. Therefore, the driving factors of vegetation change can be better explained by combining precipitation change with vegetation trends. Figures 7, 8 show the RG (from 1990 to 2015), precipitation, and its change trend (from 1975 to 2015), respectively. Different trend changes are observed in the different parts of the HRB. In the upstream, the precipitation showed an increasing linear trend with a rate of 1.1 mm/year, which indicated a more wet trend from the last 4 decades, while vegetation also changed from relatively worse to relatively better from 1990 to 2015. Notably, the most massive precipitation appeared in 1998, the plant also was best. In the midstream, worse vegetation areas mainly occurred in oasis agricultural areas and the Shandan County from 1990 to 2001, attributed to less precipitation. However, the natural vegetation around the oasis shows a relatively good trend, which might be due to the increase of groundwater level caused by the rise of irrigation water in the oasis because of drought. From 2002 to 2015, with the rise in precipitation and the implementation of environmental protection projects, vegetation continued to recover in most areas, and the plant was in a relatively better stage, but vegetation around the oasis gradually disappeared. In the downstream, although there is no significant change trend in precipitation, the precipitation in the period from 1990 to 2000 is more than that in the period from 2001 to 2015. However, vegetation change is contrary to precipitation trend, and the vegetation is worse in the period of more precipitation, but better in the period with less precipitation.
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FIGURE 7. The relative greenness maps portray vegetation greenness in the HRB during 1990–2015.
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FIGURE 8. Change in annual temperature, precipitation, and mean wind velocity in the HRB from 1975 to 2015.




DISCUSSION

Natural factors and human activities were the two critical driving forces behind the land degradation process and could both influence land degradation on the regional scale (Dawelbait and Morari, 2012). In this study, we analyzed the driving factors behind the positive and negative process of land degradation from the changes in temperature, precipitation, wind speed, population, cultivated land, livestock, and water use patterns in the HRB.


Effects of Climate Variation on Land Degradation

In this study, because the HRB contains three distinct geographic units, the annual mean temperature, precipitation, and annual mean wind velocity data recorded at Qilian, Zhangye, and Ejina meteorological stations covering the period from 1975 to 2015 in the different parts of the HRB have been selected. Those meteorological data showed the climatic change in the upstream, midstream, and downstream of the HRB, respectively. Furthermore, deviation, 5-year moving average, and linear trend of the relevant variables have been calculated to analyze the climatic variation and the drivers of land degradation (Figure 8).

In the upstream of the HRB, the annual mean temperature and precipitation show a significant increasing trend, and the annual mean temperature growth rate was 0.046°C/year. In the upstream, increasing temperature eased thermal constraints on vegetation growth, which was conducive to vegetation growth. Meanwhile, increased precipitation contributes to vegetation growth also. But some scholars considered that increasing temperature is a critical climatic factor responsible for land degradation in cold, high-altitude regions (Xue et al., 2009). As rapidly growing temperature warmed the upper permafrost layers, a large area of permafrost was thawing and even disappeared in some regions, which has decreased water content in vegetation root zone and has led to changes in soil structure and composition. All these changes were the main factor in the degradation of the high cold meadow and swamp meadow (Wang and Cheng, 1999), which is also a significant factor in land degradation from 1995 to 2000 (a dry period, Figure 8) in the upstream of the HRB. Therefore, taken together, the process of land degradation is consistent with climate change. This indicates that climate change is the dominant driving factor in land degradation in the upstream of the HRB.

In the midstream and downstream of the HRB, the annual mean temperature also shows a significant increasing trend with a growth rate of more than 0.05°C/year. Every degree of temperature rise can increase potential evapotranspiration by approximately 75 mm/year (Le Houérou, 1996). Thus, a higher temperature could result in increasing topsoil evapotranspiration and decreasing topsoil moisture content. Meanwhile, precipitation not only did not show a significant increasing trend but also showed a slight decrease trend in the midstream of the HRB, which increased the arid conditions of the region. During the study period, the overall aridity of the climate increase attributed to temperature steadily increased while precipitation was not changed throughout the midstream and downstream of the HRB. Therefore, this simultaneous effect of changes in precipitation and temperature created more significant water stress on vegetation, which has worsened the land degradation process. Moreover, because of enhanced irrigation in the oasis agriculture region to address the impact of rising water stress on crops, reduction of ecological water consumption resulted in increased land desertification in the downstream.

Wind also plays a vital role in soil erosion and land degradation in the arid region. Throughout the whole study period, the annual mean wind velocity shows a decreasing trend, and only a slightly increasing trend after 2011 in the midstream of the HRB. Such a change could reduce the wind’s erosive power and slow down the development of desertification. In conclusion, the trend of climate change is not consistent with that of the land degradation process in the midstream and downstream of the HRB. So, the climate variation was not the main driving force for land degradation in the midstream and downstream of the HRB.

NDVI has been widely used to monitor land degradation (Li et al., 2016). Therefore, we chose 3 × 3 pixel mean-NDVI at three weather stations to do correlation analysis with meteorological elements to reveal the impact of climate factors on land degradation. We found that only the annual mean temperature in the upstream and the annual mean wind speed in the midstream has a significant influence on NDVI (p < 0.01; Table 5). Generally, the vegetation is sensitive to precipitation in semi-arid and arid areas, but NDVI is not related to precipitation in the midstream and downstream of HRB. In a word, this indicated that climate factors are not the main driving factors of land degradation development and reversion in the midstream and downstream in the HRB.


TABLE 5. The correlation between the NDVI and climatic factors.

[image: Table 5]


Effects of Human Activities on Land Degradation

Human activities have two sides to land degradation. On the one hand, unreasonable human activities accelerate or promote the process of land degradation; on the other hand, reasonable human activities contribute to the reversal of land degradation under adverse natural conditions. In this research, the intensity of human activities was evaluated by using four proxies: the population, the area of arable land, and the numbers of livestock and politic measures, which can be used as an indication of effecting vegetation cover changes.

Rapid population expansion was the root of all irrational human activities, which led to the destruction of the ecological environment. For example (Figure 9A), the population of Zhangye City was 549,200 in the 1950s but had increased to 1,213,300 in 2014 (an increase of 221%). The rise in population will inevitably lead to a substantial increase in the area of cultivated land, residential land, industrial land, and traffic land, which is the leading cause of the decrease in Aeolian desertified land after the 1990s. Furthermore, due to the lack of adequate surface protection, the severe destruction of vegetation and soil surface structure caused by population and unreasonable economic activities and the intensification of wind erosion and the accumulation of surface soil salt caused by unreasonable utilization of water resources, were primary factors causing the intensification of land degradation.


[image: image]

FIGURE 9. Change in population in Zhangye city from 1950 to 2015 (A), and change in livestock in Zhangye city from 1984 to 2015 (B).


Cultivated land in the oasis increased rapidly due to implementation of the “Grain Production Base Policy” in the 1970s and increased by 58.6% in 2010 (Liao et al., 2015b), which led to the oasis in the midstream becoming the major grain production base in Gansu Province and even in China. With the increase of cultivated land, the demand for irrigation water in the midstream continues to increase, which has led to a severe deterioration in the downstream ecosystems, including lakes, rivers drying up, wetlands shrinking, Aeolian desertification, and ecological degradation.

Overgrazing is another main factor in land degradation in the HRB. Since the 1980s, the livestock population in the HRB has increased dramatically. Taking Zhangye City as an example (Figure 9B), the sheep population increased by 283.73% from 1984 to 2014. Overgrazing is a common phenomenon in the natural grassland of the HRB. The overloading rate has increased from 21.68% in the early 1990s to 32.1% (Liu J. et al., 2002). At the same time of grazing, over-exploitation of valuable medicinal herbs such as Licorice, Cordyceps, Cynomorium soongaticum, Ephedra, etc. was also one of the main factors causing the extreme desertification of grassland in the HRB.

In response to the expansion of land degradation and the increasing deteriorated ecological environment, a series of environmental protection and restoration projects, including the “Three-North Shelterbelt Project,” “Grain for Green,” “Grazing Withdrawal Program,” “Construction of National Ecological Security Barrier,” and others, have been carried out. On the other hand, countermeasures have been adopted to combat land degradation and rehabilitate the deteriorated environment. These include the exclusion of grazing in degraded grassland, closed breeding, aerial sowing of tree and grass, seedings by airplane, etc. These projects and related policy played a vital role in revegetation and land degradation reversal.



Effects of the EWDP on Land Degradation

Figure 10 shows the trend of runoffs from the YLX, water consumption in the midstream, and runoffs to the downstream from 1975 to 2017. Before the EWDP was implemented, the runoffs from YLX have no significant change trend, but the water consumption in the midstream was rising rapidly. In contrast, runoffs to the downstream have declined sharply, and nearly zero, especially in 2001. Combined with the above analysis, we found that the decrease of available water resources is the dominant driving factor of a series of ecological environment problems in the downstream of the HRB.


[image: image]

FIGURE 10. Change in runoffs from the Yingluoxia, water consumption in the midstream, and runoffs to the downstream from 1975 to 2015.


As Figure 10 shows, water consumption in the midstream maintained at a stable level, with no significant change trend after 2000. However, the runoffs to the downstream increased dramatically since 2000, and the accumulated actual discharge volume of the ZYX section is 13.2 billion m3 (Jiang X. et al., 2019). The terminal lake of the Heihe River has been recovered, and the area of the East Juyan Lake was up to 59.6 km2 in 2000, which was greater than in 1958. The West Juyan Lake and the Swan Lake (a residual lake of the ancient Juyan Lake) have also been replenished gradually after 2002 (Liao et al., 2015a). The increased water volume in the terminal lakes of the Heihe River led to increasing groundwater recharge and soil moisture content, which has promoted an increase in native vegetation and the restoration of the ecological environment in the downstream of the HRB. Also, there has been an expansion of downstream vegetation. As Table 5 shows, environmental rehabilitation has increased vegetation cover of the downstream by 226.7 km2 during 2000–2015, and the vegetation area in 2015 was much larger than the area in 1990. Attributed to increase in the area of the East Juyan Lake and the recovery of withered forests along the banks, the tourist industry based on the desert lake and a Populus euphratica forest has begun to boom, which has promoted the transformation of economic structure in the downstream region to reduce the interference to the ecological environment.

Although the EWDP is a benefit to the restoration of degraded downstream ecological environment, some potential factors which promoted land degradation have also arisen. After the EWDP, the artificial oasis still continuously expanded in the midstream, mainly because desert and ADL are reclaimed for cropland. But due to the shortage of surface water caused by the EWDP, irrigation of most newly reclaimed farmland after 2000 has relied on groundwater. To maintain a more massive increase in water demand for new cropland, groundwater abstraction in the midstream has been intensified further, which was already extensive in the 1980s. Furthermore, to reduce the leakage of ditches and improve the utilization rate of surface water resources, more than 70% of the irrigation system used the waterproof canal, which blocked the groundwater recharge source. So, the combination of farmland expansion in the midstream and the implementation of the water-saving irrigation system were the main reasons for the constant decrease in the groundwater table, resulting in the deterioration of native grassland around the key irrigation district near the Heihe River, which accounts for land degradation in the midstream after 2000.



CONCLUSION

In this study, LULC, Aeolian desertification, and vegetation change, extracted by using multi-sensor data, were chosen as monitoring indices to illustrate the effects of the EWDP on land degradation in the HRB. Our results reveal that the process of land degradation in the HRB can be divided into two stages, in which the degradation trend was dominant from 1990 to 2000, and the rehabilitation trend was dominant from 2000 to 2015. During the study period, although both climate variation and human activities except political measures have been favorable to land degradation development in the HRB, the land degradation process of the HRB has been stopped and reversed after 2000. The EWDP and the other political measures were benefited to change the land degradation process. Especially in the downstream, the EWDP improving the efficiency of the surface water resources reallocation supplemented groundwater and facilitated the recovery of the deteriorated ecosystem. However, the EWDP indirectly led to the decline of the groundwater table in the midstream caused by the expansion of farmland and completion of the water-saving irrigation system, with resulting local vegetation degradation. Hence, we propose to promote economic restructuring and change the mode of economic growth based on agriculture so as to prevent land degradation caused by the reduction of surface water resources due to the implementation of the EWDP in the midstream of the HRB.
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Mobile sand ridges, dunes, and sand sheets
cover the whole area. Blowouts are widely
distributed. Only sparse xerophytic herbs grow
between dunes.

Sand sheets and coppice dunes are standard.
There are some wind-scoured depressions and
residual mounds. There is sparse vegetation.

Semi-anchored dunes cover most of the area,
and some scattered mobile dunes or sand
sheets are present around the semi-anchored
dunes. Blowouts or sand sheets are sparsely
distributed. The vegetation areas contain
sparse areas of sand sheets, dunes, or
blowouts.

Only small, sparse, scattered patches of mobile
sand or blowouts are present; most of the area
still resembles the original landscape. The
whole area is covered by vegetation, but some
areas suffer from degradation resulting from a
lack of water or human activity.

ES, extremely severe; S, severe; M, moderate; SL, slight; SSC and FVC represent
shifting sand cover and fraction of vegetation coverage, respectively.
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Use Area % 1990-1995 1995-2000 2000-2005 2005-2010 2010-2015 1990-2015
Upstream

CL 11582 0.42 —0.53% —1.05% —7.26% —2.33% —8.68% —18.59%
FL 766.03 2.77 —0.17% —0.11% 0.10% 0.07% 0.10% —0.01%
SL 2604.06 9.42 —0.07% —1.05% 2.20% 0.34% 0.17% 1.56%
GL 11326.56 40.95 —0.11% 1.47% —1.65% 0.19% —0.18% —0.31%
WA 52.34 0.19 —0.40% —0.29% 3.41% —0.26% 2.37% 4.85%
ML 850.68 3.08 2.07% —24.18% 45.09% —0.23% 2.31% 14.63%
AL 10.61 0.04 12.91% 8.76% 15.66% 27.67% 9.36% 98.30%
BL 11927.06 43.13 —0.02% 0.61% —1.34% —0.25% —0.01% —1.02%
Midstream

CL 5572.79 10.19 712% 4.34% 1.22% 8.51% 5.27% 29.23%
FL 145.75 0.27 —0.98% 0.89% —0.03% 1.28% 2.94% 4.12%
SL 779.99 1.43 4.08% —0.88% 6.24% 8.71% —1.10% 17.84%
GL 3923.31 77 —717% —2.64% 4.23% 1.78% 0.23% —3.90%
WA 94.49 0.17 14.86% 5.20% —0.58% 16.30% 11.23% 55.39%
ML 101.95 0.19 —42.37% —23.23% 1.04% 14.77% —2.41% —49.94%
AL 51919 0.95 8.50% 4.03% 10.84% 20.86% 30.48% 97.31%
BL 43544.47 79.63 —-0.37% —0.40% —0.79% —1.96% —1.47% —4.89%
Downstream

CL 76.76 0.04 —26.26% 4.56% 76.36% 10.08% 3.07% 54.19%
FL 55.94 0.038 1.50% 1.36% —1.16% 8.63% 3.06% 13.84%
SL 243.93 0.13 —8.06% —3.05% 3.93% 15.34% 6.94% 14.27%
GL 1833.66 0.98 —0.85% 3.28% 0.25% 4.74% —1.58% 5.84%
WA 74.07 0.04 —54.27% —4.37% 123.46% 29.30% 6.73% 34.86%
ML 11.78 0.01 —98.30% 205.00% 555.74% 130.25% 310.31% 220.80%
AL 42.4 0.02 10.31% 6.97% 2.76% 63.18% 12.18% 121.96%
BL 186343.1 98.76 0.05% —0.03% —0.06% —0.11% —0.02% —0.16%
Whole Basin

CL 5765.47 213 6.52% 4.24% 1.77% 8.36% 5.08% 28.60%
FL 967.72 0.36 —0.19% 0.12% 0.01% 0.75% 0.72% 1.41%
SL 3627.98 1.34 0.28% —-1.13% 3.21% 3.18% 0.32% 5.92%
GL 17083.53 6.3 —1.81% 0.77% —-0.21% 1.04% —0.25% —0.48%
WA 220.9 0.08 —11.94% 2.06% 20.70% 16.51% 8.02% 36.53%
ML 964.41 0.36 —3.85% —24.07% 42.71% 0.97% 4.86% 10.32%
AL 57272 0.21 8.72% 4.34% 10.32% 24.05% 28.30% 99.15%
BL 241814.6 89.22 —0.03% —0.07% —0.25% —0.44% —0.27% —1.05%

CL, cropland; FL, forest; SL, shrubs; GL, grassland; WA, water area;, ML, marsh; AL, artificial land; BL, bare land.
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Aeolian desertification intensity

Total ADL

Slight Moderate Severe Extremely Severe Area Area of the total area

Area of Area of Area of Area of

ADL ADL ADL ADL
1990 1172.65 9.00 1642.23 12.61 5486.81 42.13 4720.88 36.25 13022.58 4.81
1995 1102.8 8.58 1558.37 12.12 5520.15 42.93 4675.99 36.37 12857.31 474
2000 906.95 7.19 1446.41 11.47 5590.04 44.31 4671.3 37.03 12614.7 4.65
2005 930.46 7.52 1471.8 11.90 5492.51 44.42 4471 36.16 12365.78 4.56
2010 1056.64 8.66 1571.13 12.87 5345.84 43.80 4231.11 34.67 12204.72 4.50
2015 1196.52 9.98 1502.98 12.54 5198.09 43.38 4086.41 34.10 11983.99 4.42
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Annual

Annual mean

temperature Precipitation wind velocity
Qilian 0.64 ** 0.23 —0.34
Zhangye —-0.17 0.06 —0.56**
Ejina 0.05 0.04 —0.25

** Indicates a significant test by 0.01.





