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China faces some of the most serious desertification in the world, leading to many problems. To solve them, large-scale ecological restoration projects were implemented. To assess their effectiveness, we analyzed normalized-difference vegetation index (NDVI) data derived from SPOT VEGETATION and gridded climate datasets from 1998 to 2015 to detect the degrees of desertification and the effects of human and climate drivers on vegetation dynamics. We found that NDVI of desertified areas generally decreased before 2000, then increased. The annual increase in NDVI was fixed dunes (0.0013) = semi-fixed dunes (0.0013) > semi-mobile dunes (0.0012) > gobi (gravel) desert (0.0011) > mobile dunes (0.0003) > saline–alkali land (0.0000). The proportions of the area of each desert type in which NDVI increased were fixed dunes (43.4%) > semi-mobile dunes (39.7%) > semi-fixed dunes (26.7%) > saline–alkali land (23.1%) > gobi desert (14.4%) > mobile dunes (12.5%). Thus, the vegetation response to the restoration efforts increased as the initial dune stability increased. The proportion of the area where desertification was dominated by temperature (1.8%) was far less than the area dominated by precipitation (14.1%). However, 67.6% of the change was driven by non-climatic factors. The effectiveness of the ecological restoration projects was significant in the Loess Plateau and in the Mu Us, Horqin, and Hulunbuir sandy lands. In contrast, there was little effect in the Badain Jaran, Ulan Buh, and Tengger deserts; in particular, vegetation cover has declined seriously in the Hunshandake Sandy Land and Alkin Desert Grassland. Thus, more or different ecological restoration must be implemented in these areas.
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1 INTRODUCTION
According to the United Nations Convention to Combat Desertification (UNCCD), the desertification was defined as “land degradation in arid, semi-arid and dry sub-humid areas resulting from various factors, including climatic variations and human activities” (FAO (Food and Agriculture Organization of the United Nations), 1993). And this process can be considered as an important global issue, which is responsible for the change of the Earth’s surface (Tran and Campbell, 2015). Desertification has been threatening millions of people around the world. The 2001 report of the International Fund for Agricultural Development (IFAD), Geneva, Switzerland, showed that one-fourth of the Earth’s surface (except Antarctica) has been under threat of desertification, which covers more than 3.6 million hectares, and income losses from this process every year can be estimated to exceed $42 billion (IFAD, 2001). After the International Convention on Desertification of the United Nations has entered into force in 1996 (Jamal, 1997), the need to measure land degradation and desertification processes has substantially increased. While standard ground survey methods for undertaking such measurements are imperfect or expensive, it has been demonstrated that satellite-based and airborne remote sensing systems offer a considerable potential. Earth observation satellites provide significant contributions to desertification assessment and monitoring, particularly by providing the spatial information needed for regional-scale analyses of the relationships between climate change, land degradation and desertification processes. For example, many remotely sensed images of different types and spatial resolutions were adopted to study land cover in arid areas over a time period, such as the high and moderate resolution images like Landsat or SPOT (Wu and Ci, 2002; Alphan and Yilmaz, 2005; Arnous, et al., 2009), or coarse resolution data like MODIS, NOAA imagery (Hoang et al., 2005), or even radar images (Hoang et al., 2003; Del Valle et al., 2010). Such research showed that land degradation in the studied areas tended to increase due to impacts of drought and soil erosion associated with agriculture.
China is one of the countries most seriously affected by desertification due to a combination of increasing frequency and severity of drought caused by climate change and unsustainable human activities such as overgrazing, excessive deforestation, unreasonable reclamation for agriculture, firewood harvesting, and excessive groundwater withdrawal. To monitor desertification in China at frequent intervals, the State Forestry Administration of China organized a national desert survey that is conducted every 5 years. The first monitoring was from 1993–1996 and the fifth was conducted from 2013 to 2016 (Tu et al., 2016). The latter results indicated that the total area of desertified land in China was 2.61 × 106 km2, accounting for 27.2% of the national land area. Desertification has affected 471 counties in 18 provinces, of which 99% are located in northern China. (We therefore focused on northern China in the present study.) For the desertified land, 1.17 × 106 km2 are distributed in arid regions (with annual precipitation <200 mm), 0.94 × 106 are in semi-arid regions (350–500 mm), and 0.50 × 106 km2 are in sub-humid regions (400–800 mm). The area of aeolian desertification (where deserts are created by wind erosion) covers 1.83 × 106 km2, accounting for 69.9% of the total area of desertified land. Compared with the results from the previous survey, in 2009, the desert area decreased by 12.12 × 103 km2 over 5 years, with an annual reduction of 2.42 × 103 km2 (National Desertification Monitoring Data, 2015).
Desertification has many negative effects. First, it damages the ecological environment, thereby threatening human survival, and can even create “ecological refugees”. Second, it decreases the productivity of land, thereby decreasing crop and animal production or even totally preventing agriculture and animal husbandry. In addition, desertification degrades ecosystem quality and reduces species diversity and abundance, thereby threatening biodiversity (NEPAPR, 1998). Facing these problems, China’s government implemented a range of restoration projects to control desertification. In 1958, the Chinese Communist Party’s Central Committee proposed a policy of “marching to the desert”, which focused on planting trees and grasses in desert areas. Since 1978, the government has implemented a series of large-scale ecological restoration projects, including the Three-Norths Shelter Forest Construction Program, which constructed large-scale artificial forests in northwestern, northern, and northeastern China. In addition, the 15th National Congress of the Communist Party of China in 1997 proposed a policy of “preventing desertification and improving the ecological environment”. Most notably, Vice-Premier Jiang Chunyun proposed a 50 years “building a cross-century ecological project” (Dong et al., 1999) that was divided into an initial stage (1998–2010), a middle stage (2011–2030), and a late stage (2031–2050). The initial stage is now complete, but the effectiveness of the ecological restoration projects implemented during this stage is not yet known. Given the long period covered by this project and the vast sums of money being invested, it’s necessary to assess the responses of vegetation cover (a primary indicator of the degree of desertification) to the project.
Vegetation is the main biological component of terrestrial ecosystems and plays an essential role in conserving soil and water, regulating the atmospheric composition, and mitigating the rise of greenhouse gas concentrations (Sun et al., 2015). Changes in vegetation cover will therefore have a huge impact on the environment. Studying changes in the vegetation cover of a site can provide a scientific basis for formulating rational land use patterns (Zhang et al., 2008b). However, surveying vegetation status over an area as large as China is expensive and time-consuming, making it necessary to find less expensive and faster methods, such as satellite remote sensing. The normalized-difference vegetation index (NDVI), which is derived from satellite remote-sensing data in the near-infrared and red bands (Piao et al., 2006), can meet this need. It is a good indicator for evaluating vegetation cover and an effective indicator for monitoring changes in vegetation and the ecological environment over large areas and with sufficient frequency to support monitoring of ecological restoration projects (Paruelo et al., 1997). NDVI datasets have therefore been widely used in ecological research (Fung and Siu, 2000; Pettorelli et al., 2005), studies of vegetation cover (Piao et al., 2003; Lin et al., 2012; Liu et al., 2016), studies of phenology (Clerici et al., 2012; Feng et al., 2017), and in agriculture (Wardlow and Egbert, 2008; Magney et al., 2016).
Climate change, human activities, and CO2 fertilization effects (increased vegetation growth in response to increasing CO2 levels) will affect the change in vegetation cover (Piao et al., 2006). Of the abiotic factors that affect plant growth, the effects of temperature and precipitation are the most direct and important (Nemani et al., 2003; Wang et al., 2015). The feedbacks between climate factors and NDVI change have become a key research focus around the world, and researchers have shown that temperature, precipitation, and vegetation NDVI are closely related (Nemani et al., 2003; Nie et al., 2012; Nie and Xu, 2015; Nash et al., 2017).
Based on this literature review, we designed the present study to evaluate the effectiveness of China’s ecological restoration projects since 1998 for land with different degrees of desertification using NDVI, and examined climate data to identify the driving factors responsible for the vegetation response. The rest of this review is organized as follows. The data and methods are described in Materials and Methods. The temporal and spatial variations of NDVI and its response to changes in temperature and precipitation are presented in Results. Discussion on the impact of climatic factors and ecological restoration on vegetation changes in desertified areas are provided in Discussion, followed by conclusions in Conclusions and Outlook. Our study provides guidance for policy makers to improve the success of their future ecological restoration work.
MATERIALS AND METHODS
Study Area
Figure 1 shows that China’s area of desert is mainly distributed in the country’s arid and semi-arid northern temperate and warm-temperate zones, between 35°N and 50°N, and between 75°E and 125°E. The elevation of the study area is between −160 to 5,668, and the highest elevation is mainly located in the Qaidam Basin and its surrounding areas (Supplementary Figure S1). The region’s climate is dry, with annual precipitation less than 250 mm in most parts of the region, and there is a large temperature difference between day and night during the warm season. The maximum summer temperature ranges from 50 to 60°C, and the winter temperature ranges from −20°C to −30°C. According to China’s desert classification (Appendix Table 1), the desertified land in China can be divided into six different types: mobile dunes (29.3% of the total area in 2000), semi-mobile dunes (17.1%), semi-fixed dunes (14.4%), fixed dunes (9.8%), saline–alkali land (7.4%), and gobi (gravel) desert (22.0%).
[image: Figure 1]FIGURE 1 | Location of the study area, and the spatial distribution of the desert types in 2000 based on a 1:100,000 scale desert-distribution map of China created from Landsat TM images. The desert types are defined in Table 1. Source: Environmental & Ecological Science Data Center for West China, National Natural Science Foundation of China (http://westdc.westgis.ac.cn).
TABLE 1 | Changes in the annual mean normalized-difference vegetation index (NDVI) for different desert types from 1998 to 2015 in China, and statistical measures of their variation.
[image: Table 1]There are many deserts and four major sandy lands in the study area: In the west, the Taklamakan Desert covers 337 600 km2; it is the largest desert in China and the second-largest area of mobile dunes in the world. Northeast of this desert, the Gurbantunggut Desert covers 48 800 km2, and to the southeast lies the Qaidam Basin, which covers 34,900 km2; both deserts are dominated by mobile dunes. In the center of the study area, the Badain Jaran Desert covers 44 300 km2. South of this desert, the Ulan Buh Desert covers 9,900 km2, and is dominated by mobile dunes, and the Tengger Desert contains the mobile dunes with the fastest migration rate in China, covering an area of 42,700 km2.In addition, the eastern part of the study area contains four major sandy lands: The Mu Us Sandy land covers 32,100 km2 and is dominated by fixed and semi-fixed dunes. The Hunshandake Sandy Land covers 21,400 km2, but because it has more water than most of the study area, it is covered by lush grassland. The Horqin Sandy Land covers 42,300 km2, and was once covered by lush vegetation dominated by palatable grasses; however, starting in the 1950s, the region’s landscape began to undergo severe desertification and it is now dominated by fixed dunes. The Hulunbuir Sandy Land covers 7,200 km2, and is dominated by fixed and semi-fixed dunes.
Data Sources
NDVI Data
We used NDVI as an indicator of vegetation cover. NDVI is calculated as follows:
[image: image]
Where Red and NIR represent the spectral reflectance measurements acquired in the red (visible) and near-infrared regions, respectively (Purevdorj et al., 1998). We used a NDVI dataset for the period from 1998 to 2015 derived from the VEGETATION sensor onboard the SPOT-4 satellite. This data is collected by the Kiruna (Sweden) ground station, and the image quality is controlled by a monitoring center in Toulouse (France), which provides relevant parameters (such as calibration coefficients). The VEGETATION Processing Center of the Flemish Institute for Technological Research is responsible for preprocessing of the global vegetation data at a spatial resolution of 1 km and a temporal resolution of 10 days (Duchemin, 2004). To ensure the data quality, the institute implements simplified methods for atmospheric corrections, radiation corrections, and geometric corrections (Rahman and Dedieu, 1994). We further processed the data using the maximum-value compositing (MVC) algorithm (Holben, 1986) to minimize non-vegetation effects caused by cloud cover, atmospheric interference, and large solar zenith angles (Stow et al., 2007). The SPOT VEGETATION dataset has been widely used by scholars in many countries to study vegetation and the ecological environment (Fraser and Li, 2002; Delbart et al., 2006; Stibig et al., 2007; Zhou et al., 2009; Song et al., 2010).
We obtained monthly NDVI (MNDVI) data using the MVC algorithm, as follows:
[image: image]
where NDVI1, NDVI2, and NDVI3 represent the maximum NDVI during the first 10 days, second 10 days, and third 10 days in each month, respectively. We then used the same method (i.e., the MVC algorithm) to process the MNDVI values and calculate the annual NDVI values.
Desert Map of China
The desert area in 2000 was classified into the six major types in Appendix Table 1 using the 1:100 000 scale desert distribution map of China (http://westdc.westgis.ac.cn), which was created by interpreting Landsat TM data.
Climate Data
We obtained annual average temperature and total precipitation data from 1998 to 2015 from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn). These gridded datasets (1 km × 1 km) were interpolated using the ANUSPLIN software (Hutchinson, 1998) based on daily observations from more than 2,400 meteorological stations distributed throughout China. We extracted the gridded datasets for the study area using the Extract by Mask tool provided by version 10.3 of ArcMap (https://desktop.arcgis.com/en/arcmap/).
Analyses
Trend Analysis
We used linear regression analysis to analyze the NDVI trends over time. We calculated the trend for each pixel (the slope) using the Raster Calculator tool provided by version 10.3 of ArcMap using the following formula:
[image: image]
Where i represents the number of the year (i.e., 1998 = 1), and Yi represents the NDVI value in year i. The vegetation cover increased when slope >0, decreased when slope <0, and was stable when slope ≈0.
Correlation Analysis
The partial correlation coefficient measures the degree of association between two random variables after removing the effects of the set of controlling random variables (Baba et al., 2015). In the present research, we calculated the pixel-based partial correlation between the effects of the two climatic variables (temperature and precipitation) on the NDVI change (i.e., the slope of the trend for each pixel). First, we calculated the linear correlation coefficient using the following formula:
[image: image]
Where Rxy is the linear correlation coefficient for the variables x and y, xi and yi are the values of these variables in year i, [image: image] and [image: image] represent the average of the two variables during the n years of the study period, and n is the number of years. We then calculated the partial correlation coefficient based on the linear correlation coefficient, as follows:
[image: image]
Where Rxy,z is the partial correlation coefficient between the dependent variable x and the independent variable y after the independent variable z is fixed. We tested the significance of the partial correlation coefficient using the t test:
[image: image]
Where n is the number of samples (for the time series from 1998 to 2015, n = 18), and m is the number of independent variables.
In fact, the change of one factor is often affected by the combined effects of multiple factors, and the factors are interrelated. Thus, we calculated the multiple-correlation coefficient based on the correlation and partial correlation coefficients, as follows:
[image: image]
Where Rx,yz is the multiple-correlation coefficient for the dependent variable x and the independent variables y and z. We used the F-test to identify significant multiple-correlation coefficients, as follows:
[image: image]
Where n is the number of samples (for the time series from 1998 to 2015, n = 18), and k is the number of independent variables. The specific processing steps of this study are presented in Supplementary Figure S2.
RESULTS
The Multi-Year Mean NDVI in the Study Area
Spatial Distribution of the Multi-Year Mean NDVI
The overall regional vegetation cover characteristics can be indicated by the multi-year mean NDVI from 1998 to 2015 (Figure 2). Overall, the NDVI values increased from west to east, and ranged from 0 to 0.88. The areas with the highest NDVI were mainly located in the Horqin Sandy Land and the Hulunbuir Sandy Land. The NDVI of the Mu Us Sandy Land and the Hunshandake Sandy Land were mainly between 0.14 and 0.40. Areas with poor vegetation cover, with NDVI <0.13, were common in most parts of the western desert area. However, the values ranged between 0.14 and 0.24 in the Gurbantunggut Desert, which is in the center of the Junggar Basin, in the Xinjiang Uygur Autonomous Region.
[image: Figure 2]FIGURE 2 | Spatial distribution of the multi-year mean normalized-difference vegetation index (NDVI) of the desertified area of China from 1998 to 2015. The NDVI intervals were calculated using the natural-breaks method provided by ArcMap.
The Vegetation Cover of Different Desert Types
The vegetation cover varied greatly for the six desert types during the study period (Table 1). For the multi-year mean NDVI, the value decreased in the following order: fixed dunes (0.421) > semi-fixed dunes (0.331) > semi-mobile dunes (0.174) > saline–alkali land (0.169) > mobile dunes (0.106) = gobi desert (0.106). Due to the effects of gradual restoration of desertified land, the coefficient of variation (CV) for each desert type exhibited the following trend: saline–alkaline land (93.7%) > mobile dunes (87.3%) > semi-mobile dunes (80.2%) > gobi desert (63.0%) > semi-fixed dunes (54.6%) > fixed dunes (45.9%). This indicated that the vegetation cover tended to be more variable during the initial stages of vegetation restoration. The CV values of saline-alkali land were higher than those of the other desert types, suggesting that vegetation restoration was most unstable in the saline–alkali land.
Temporal and Spatial Variation of Vegetation Cover for the Different Desert Types
Temporal Variations of NDVI Changes in the Desertified Area of China
Figure 3 shows the temporal variations of NDVI for the six desert types from 1998 to 2015. The annual variation had similar trends for the six desert types, with decreases until 2000 followed by increases from 2001 to 2003. There was little change from 2004 to 2006, followed by fluctuations after 2007 and a peak in 2012/2013, followed by a decrease until 2015. Fixed and semi-fixed dunes had the highest NDVI values, both of which were much higher than in the other desert types throughout the study period, with a lower NDVI for semi-fixed dunes than for fixed sand dunes. Similarly, mobile and semi-mobile dunes showed very similar NDVI values throughout the study period, as did Gobi desert and saline–alkali land, though NDVI was always lowest for the two latter types.
[image: Figure 3]FIGURE 3 | The inter-annual variations of the normalized-difference vegetation index (NDVI) for the six desert types.
Spatial Pattern of NDVI Changes in the Desertified Area of China
The NDVI values showed little change in the Badain Jaran, Ulan Buh, and Tengger deserts in the central part of the study area and in many deserts in the western part (Figure 4), suggesting that desertification has slowed or stopped in these areas rather than continuing to develop. A large area of light degradation took place in the Gurbantunggut Desert in the northwestern part of the study area. In contrast, areas with increasing vegetation cover were mainly located in the Mu Us, Horqin, and Hulunbuir sandy lands in the eastern part of the study area, as well as around the northern margins of the Taklamakan Desert and southern margins of the Gurbantunggut Desert. The vegetation cover improved particularly greatly in the Mu Us Sandy Land and at the edges of the Horqin Sandy Land. However, not all of these changes were statistically significant (Figure 5). Nonetheless, there have been serious decreases of vegetation cover in the Hunshandake Sandy Land and parts of the Horqin Sandy Land.
[image: Figure 4]FIGURE 4 | Spatial distribution of the changes in the normalized-difference vegetation index (NDVI) for the six desert types in northern China from 1998 to 2015.
[image: Figure 5]FIGURE 5 | Spatial distribution of statistically significant changes in the annual average normalized-difference vegetation index (NDVI) for the six desert types in northern China from 1998 to 2015. De and Im represent significantly decreasing and increasing NDVI, respectively, and P represents the significance level.
NDVI Changes for the Six Desert Types
Figure 6 shows the distribution of NDVI changes for the six desert types in the study area from 1998 to 2015. We used these percentages to calculate the proportion of the area of each desert type that changed in different directions. The area where vegetation cover did not change accounted for the largest proportion of the total area, especially for mobile dunes (78.9%), gobi desert (64.0%), semi-mobile dunes (54.4%), and saline–alkali land (54.2%). With increasing or decreasing vegetation cover, the proportion of areas with no NDVI change gradually decreased, so the proportion of the area with changed vegetation cover (including both degradation and restoration) increased. Restoration of vegetation mainly achieved mild to moderate improvement of NDVI. The proportions of the area that showed improved vegetation cover were in the following order: fixed dunes (43.4%) > semi-mobile dunes (39.7%) > semi-fixed dunes (26.7%) > saline–alkali land (23.1%) > gobi desert (14.4%) > mobile dunes (12.5%). The proportions of the area that showed decreased vegetation cover were in the following order: fixed dunes (35.1%) > semi-mobile dunes (33.9%) > saline–alkali land (22.7%) > gobi desert (21.6%) > semi-fixed dunes (18.9%) > mobile dunes (8.6%). Only gobi desert showed a greater area of degradation than improvement; this indicated that overall vegetation cover improved in most desert types.
[image: Figure 6]FIGURE 6 | Proportions of the area of each of the six desert types that showed changes in the normalized-difference vegetation index (NDVI) from 1998 to 2015. Desert types: MD, mobile dunes; SMD, semi-mobile dunes; SFD, semi-fixed dunes; FD, fixed dunes; GD, gobi desert; SAL, saline–alkali land.
More than half of the total area (56.9%) showed no change in vegetation cover (Table 2). For mobile dunes and gobi desert, 24.0 and 14.0% of the area, respectively, showed no NDVI change. The area of light degradation (270.71 × 103 km2) was larger than that of moderate degradation (68.47 × 103 km2). The proportion of the area in which vegetation restoration occurred was in the following order: mild improvement (12.6%) > moderate improvement (7.2%) > strong improvement (3.1%). For the total area of desert in China, the proportions of the area that showed improved vegetation cover were in the following order: semi-fixed dunes (5.7%) > semi-mobile dunes (4.4%) > fixed dunes (4.1%) > mobile dunes (3.8%) > gobi desert (3.2%) > saline–alkali land (1.7%). The proportions of the area that showed vegetation degradation were in the following order: semi-fixed dunes (4.9%) > gobi desert (4.7%) > fixed dunes (3.2%) > semi-mobile dunes (3.2%) > mobile dunes (2.6%) > saline–alkali land (1.7%). Of the total desert area in China, 22.8% showed increasing vegetation cover, whereas 20.3% showed decreasing vegetation cover. The areas of vegetation improvement and degradation were both largest for semi-fixed dunes.
TABLE 2 | Changes in the area in which the normalized-difference vegetation index (NDVI) changed from 1998 to 2015 for the six deserttypes.
[image: Table 2]Correlations of NDVI With Temperature and Precipitation
Partial Correlations of NDVI With Temperature and Precipitation
Figure 7 shows the spatial distribution of the partial correlations between the multi-year mean NDVI from 1998 to 2015 and the mean annual temperature for the same period. The partial correlation ranged from −0.96 to 0.95. The areas with positive and negative correlations accounted for 66.3 and 33.7% of the study area, respectively. Areas with a positive correlation were mainly distributed in the central and western parts of the study area, whereas negative correlations were mainly located in the four major sandy lands in the eastern part of the study area.
[image: Figure 7]FIGURE 7 | Spatial distribution of partial correlations between the multi-year mean normalized-difference vegetation index (NDVI) from 1998 to 2015 and the mean annual temperature for the same period in the desert area of northern China.
Figure 8 shows the spatial distribution of the partial correlations between the multi-year mean NDVI from 1998 to 2015 and the mean total annual precipitation for the same period. The maximum and minimum values of the correlation coefficient between NDVI and precipitation were 0.95 and −0.90, respectively. The areas with a positive correlation accounted for 81.8% of the total area, and areas with a negative correlation accounted for 18.2% of the study area. The areas with positive correlations were mainly distributed at the western and southern edges of the Taklamakan Desert and in the Gurbantunggut Desert, as well as in the sandy lands in the eastern part of the study area. The negative correlations were mainly located in the Badain Jaran, Ulan Buh, and Tengger deserts in the center of the study area and parts of other deserts in the western part of the study area.
[image: Figure 8]FIGURE 8 | Spatial distribution of partial correlations between the multi-year mean normalized-difference vegetation index (NDVI) from 1998 to 2015 and the mean total annual precipitation for the same period in the desert area of northern China.
Multiple-Correlation Analysis of NDVI and the Climate Drivers
Figure 9 shows the spatial distribution of the multiple-correlation coefficient between the multi-year mean NDVI from 1998 to 2015 and the climate drivers. The multiple-correlation coefficient ranged from 0 to 0.96. Overall, the areas with a high multiple-correlation coefficient were mainly distributed in the Hunshandake Sandy Land, Hulunbuir Sandy Land, and parts of the Gurbantunggut Desert. The areas with a weak correlation were mainly located in the central area and in the region between the Taklamakan Desert and Gurbantunggut Desert.
[image: Figure 9]FIGURE 9 | Spatial distribution of the multiple-correlation coefficient between the multi-year mean normalized-difference vegetation index (NDVI) from 1998 to 2015 and the two climate drivers (temperature and precipitation) for the same period in the desert area of northern China.
Classification of the Driving Factors for NDVI Changes
To further analyze the effects of the driving factors on the dynamic change in NDVI, we defined classification criteria for the dominant driving factors (Appendix Table 2) based on previous research on these factors (Mohamed et al., 2004; Liu and Gao, 2009; Wang et al., 2017).
Figure 10 shows the spatial distribution of the driving factors for changes in NDVI in the study area based on the criteria in Appendix Table 2. The area where NDVI changes were driven strongly by both precipitation and temperature was very small, accounting for only 0.4% of the total area (Table 3); this proportion was <1% for all desert types. In contrast, the area weakly driven by both precipitation and temperature was larger (16.1%) but scattered. The area driven strongly by precipitation (14.1%) was far greater than the area dominated by temperature (1.8%). The areas where precipitation was the major driver were mainly located in the Hunshandake and Hulunbuir sandy lands. NDVI change in rest of the study area was driven primarily by non-climatic factors, which accounted for 67.6% of the study area.
[image: Figure 10]FIGURE 10 | Spatial distribution of the effects of the driving factors on changes in the multi-year normalized-difference vegetation index (NDVI) in the desert area of China from 1998 to 2015. [T + P]+ represents changes driven strongly by temperature and precipitation, P represents changes driven mainly by precipitation, T represents changes driven mainly by temperature, [T + P] represents changes driven weakly by temperature and precipitation, and NC represents changes driven by non-climate factors.
TABLE 3 | The proportion of the study area in which NDVI changes from 1998 to 2015 were dominated by different driving factors for the six desert types.
[image: Table 3]Table 3 shows that the proportion of the area in which the NDVI change was driven primarily by precipitation was in the following order: semi-fixed dunes (30.9%) > fixed dunes (28.5%) > semi-mobile dunes (14.8%) > gobi desert (10.9%) > saline–alkali land (8.9%) > mobile dunes (5.3%). The proportion of the area where NDVI change was driven by non-climate factors was >70% for mobile dunes, gobi desert, and saline–alkali land, and >65% for semi-mobile dunes; this indicates that the effects of the climate drivers on vegetation cover were weak in these areas. Therefore, more vegetation restoration projects are needed in these desert types.
DISCUSSION
NDVI Changes for the Six Desert Types
Overall, NDVI in the desert areas of northern China decreased before 2000, and there was a clear increasing trend after 2000 (Figure 3). This result, combined with the strong importance of non-climate factors (Table 3), demonstrated that the improvement of vegetation cover occurred as a result of the initial stage (1998–2010) of the ecological restoration projects implemented by the Chinese government, although precipitation also had a significant effect in some areas. However, the NDVI change differed among the six desert types. Of the total area of fixed dunes, 43.4% showed increased vegetation cover (Figure 6); this was the highest percentage for the six desert types, and suggested that fixed dunes responded best to vegetation restoration. In contrast, the effects of restoration were worst for mobile dunes, with only 12.5% of the area of this type showing improved vegetation cover. Similarly, the most and least degradation appeared in areas of fixed dunes and mobile dunes, respectively. This contradicts a previous study in which the restoration was most effective in mobile dunes (Zhang et al., 2012). The difference may be mainly due to the differences in the study areas, since Zhang et al. only studied the Horqin Sandy Land. There are 0.43 × 106 km2 of mobile sand dunes in the Horqin Sandy Land, accounting for 15.8% of its area, and soil degradation has been greatly reduced by planting sand scrubs on mobile dunes. This would reduce wind speeds (thus, wind erosion) and improve the microclimate around the plants, creating conditions more conducive to vegetation growth (Gagnaire-Renou et al., 2001; Zhao et al., 2007). Unfortunately, mobile dunes accounted for more than half of the total area of desert in our study area (Table 1). Such a large proportion would increase the difficulty of vegetation restoration. However, both Zhang et al.’s study and the present study showed that fixed dunes responded strongly to restoration, with greatly increased vegetation cover.
The mean NDVI increased at a rate of 0.013 per year for semi-fixed dunes and fixed dunes, vs. only 0.0003 for mobile dunes (Table 4). The vegetation therefore showed an increased response to restoration as dune stability increased. Thus, future vegetation restoration should pay more attention to desert types with low vegetation cover, such as mobile dunes, saline–alkali land, and gobi desert, with the goal of restoring them to a condition that will let them respond more strongly to subsequent restoration efforts.
TABLE 4 | The annual mean rate of increase of the normalized-difference vegetation index (NDVI) from 1998 to 2015 for the six desert types.
[image: Table 4]Spatial Pattern of NDVI Changes in the Desert Area
A large area of light degradation took place at the edges of the Gurbantunggut Desert and Taklamakan Desert. This may be because both deserts are located in an arid zone, and desertification control measures in such arid areas mainly included establishing belts of sand-fixing grasses at the edge of oases and planting sand-fixing plants in mobile sand dunes near these oases. In contrast, vegetation cover decreased seriously in the Hunshandake Sandy Land, a region with strong winds that is an important source of blowing sand in Beijing and Tianjin. Here, desert expanded greatly from 1960 to 1987, with the area of desertified land reaching its maximum by 2000. The Beijing–Tianjin Sandstorm Source Project, implemented between 2000 and 2005, caused initial restoration of the severely desertified land, but only about 65 km2 of desertified land was restored in the Hunshandake Sandy Land; given the large size of this area, restoration of its desertified land will be a long-term process (Liu and Wang, 2007). The areas with improved vegetation cover were mainly located in the Mu Us Sandy Land, Horqin Sandy Land, and Hulunbuir Sandy Land, which is consistent with previous results (Li et al., 2007; Wang et al., 2010; Yan and Bo, 2013). These three sandy lands, which are located in moister parts of our study area, were located in an area where NDVI changes were strongly driven by precipitation (Figure 10). Thus, the effectiveness of ecological restoration projects was greater in areas where changes were driven by precipitation.
The Effects of Climate Factors on NDVI Change
On a global scale, Schultz and Halpert (1995) reported that the time variation of NDVI is not highly correlated with climate variation. Whereas Ichii et al. (2002) found that NDVI trends are mainly controlled by temperature rise in the northern mid- and high latitudes and precipitation decrease in the semiarid regions of the Southern Hemisphere. On a regional scale, Djebou et al. (2015) found that the long-term trends in vegetation dynamics may not be a direct consequence of precipitation in the southwestern United States. However, the factors sustaining trends in NDVI are complex (Barbosa et al., 2006). For instance, in northern Patagonia's arid and semi-arid ecosystems, Fabricante et al. (2009) highlighted that precipitation may not be the main driver of NDVI fluctuations during certain periods of the year. Piao et al. (2006) found a relationship between the NDVI trend and air temperature. Furthermore, the relationship between vegetation change and climate variables in the dry climate region was notable. It was reported that there is a strong relationship between the magnitude of vegetation response to precipitation and the aridity gradient in several dry climate regions of the globe, such as Inner Mongolia (Chuai et al., 2013), the Tibetan Plateau (Ding et al., 2007), the African Sahel (Schmidt et al., 2014; Fensholt et al., 2013), northern Patagonia (Fabricante et al., 2009), and the northeast region of Brazil (Barbosa et al., 2006). In 66.3% of the study area, we found a positive correlation between temperature and NDVI, primarily in the central and western parts (Figure 7). This may be mainly due to increased photosynthesis at higher temperatures, which promotes vegetation growth so long as the rainfall is relatively stable and does not become a limiting factor (Diao and Xia, 2016). Similarly, 81.8% of the study area showed a positive correlation between NDVI and precipitation (Figure 8), mainly distributed in the semi-arid areas. This result was consistent with previous research in the Horqin Sandy Land, where precipitation was positively correlated with increased vegetation cover, and where this correlation was stronger than that for temperature (Huang et al., 2016).
The area in which NDVI changes were driven primarily by temperature (1.8%) was far less than the area dominated by precipitation (14.1%), largely because the areas driven by temperature were mainly located in the arid parts of our study area, and higher temperatures would increase evapotranspiration, thereby increasing stress on the vegetation and restricting the vegetation cover (Cao et al., 2011). This would also reduce the correlation between NDVI and temperature (Zhang et al., 2008a). In contrast, the areas driven by precipitation were mainly in the moister Hunshandake, Horqin, and Hulunbuir sandy lands. In recent years, the amount of precipitation has decreased continuously in this region, and sandy grassland is highly sensitive to changes in precipitation; thus, precipitation is a dominant factor influencing the growth of vegetation in these sandy lands (Mao et al., 2012).
Effectiveness of Ecological Restoration Projects in Desert Areas
The natural and socioeconomic conditions in desertified areas in China are complex and diverse, and the resource advantages or disadvantages and the direction of regional economic development differ among these regions. Therefore, the measures that have been adopted for desertification control also differed. To control the expansion of desert as soon as possible, Ecological Function Reserves have been established in areas with serious desertification (Figure 11). These reserves are areas in which activities such as agriculture and livestock grazing have been prohibited or greatly reduced to mitigate the pressure on the ecosystem, and in which intensive vegetation restoration has been conducted. The ecological functions and restoration measures for these protected areas are summarized in Appendix Table 3.
[image: Figure 11]FIGURE 11 | The Ecological Function Reserves that have been established in northern China’s desert areas.
We estimated the annual change rate of the NDVI from 1998 to 2015 for the Ecological Function Reserves in Appendix Table 3. The mean NDVI increased in most ecological protection zones, but decreased in the Alkin Desert Grassland Ecological Function Reserve and the Hunshandake Sandy Land Ecological Function Reserve (Appendix Table 3). Outside of these reserves, the mean NDVI increased at a rate of 0.0005 per year. In contrast, annual NDVI in some Ecological Function Reserves was far larger than this value: Eight times this rate in the Yili Ecological Function Reserve, more than 15 times this rate in the Songnen Plain Wetland Ecological Function Reserve, more than five times this rate in the Horqin Sandy Land Ecological Function Reserve, three times this rate in the Yangtze River Source Ecological Function Reserve, more than five times this rate in the Yellow River Source Ecological Function Reserve, more than 10 times this rate in the Mu Us Sandy Land Ecological Function Reserve, and 20 times this rate in the Loess Plateau Ecological Function Reserve. These results strongly suggest that desertification has been mitigated by the ecological restoration measures that were implemented in these areas.
However, NDVI did not increase much faster than the rate for the overall study region in several of the reserves: the Tianshan Mountain Ecological Function Reserve, Tarim River Basin Ecological Function Reserve, Heihe River Basin Ecological Function Reserve, and Altai Mountain Ecological Function Reserve. This indicates that the ecological restoration effects were weak in these western desert areas, possibly because precipitation is a greater constraint in this region. In addition, the sensitivity of the Alkin Desert Grassland to desertification was very high due to the extremely arid climate and the scarcity of vegetation. To promote NDVI growth, it will be necessary to stop all development activities in this region, and especially any human activities that damage the reserve’s ecological functions; for example, it will be necessary to establish more sustainable levels for the grassland’s livestock carrying capacity, return grazing areas to protected grassland, ban grazing during periods when the grassland is most vulnerable, establish grazing exclosures and implement rotation grazing, and implement ecological migration (i.e., relocation of farmers and herders to more suitable areas where their activities can be sustained) in severely degraded areas. In the Hunshandake Sandy Land, degradation of the grassland ecosystem by unsustainable development and utilization of the grassland resources has been occurring for a long time, leading to the development of a large area of degraded grassland, serious desertification, decreasing soil fertility in cultivated land, loss of forests caused by firewood production, and drought and water shortages, which together threaten the region’s ecological security. To mitigate these problems, the government should take aggressive measures to stop the land-use practices that are responsible for degradation, restore the native ecosystems, and promote changes to the traditional energy structure in rural areas by encouraging the adoption of alternative energy sources such as natural gas that would reduce the need to harvest trees to provide firewood. In addition, efforts must be made to adopt agricultural methods to use water more efficiently, such as the implementation of mulches to reduce evaporation of water from the soil surface and the use of drip irrigation rather than flooding for agricultural irrigation.
CONCLUSIONS AND OUTLOOK
Based on satellite NDVI data and gridded climate datasets from 1998 to 2015, we assessed the effectiveness of the large-scale ecological restoration projects that have been implemented in northern China, and analyzed the effect of the two main climate drivers (precipitation and temperature) on the region’s vegetation dynamics and the spatial distribution of NDVI and changes in NDVI. We found that vegetation covers generally increased as a result of the restoration projects, but that the change in NDVI differed among the six desert types. The most and least improvement in vegetation cover appeared in fixed and mobile dunes, respectively. The vegetation covers also increased more as dune stability increased. Thus, more efforts should be paid to restoration of desert types with low vegetation cover and unstable dunes in future vegetation restoration projects; by increasing their stability, this will also increase their ability to respond to future restoration efforts.
The effectiveness of ecological restoration projects was strongest in areas where NDVI change was driven by precipitation, such as the Loess Plateau and the Mu Us, Horqin, and Hulunbuir sandy lands. In contrast, ecological restoration projects in the Badain Jaran, Ulan Buh, and Tengger deserts were ineffective, and there has been a serious decrease in vegetation cover in the Hunshandake Sandy Land and the Alkin Desert Grassland. Thus, more or different ecological restoration efforts must be implemented in these areas.
This study aimed to employ remote sensing and geographic information system (GIS) to examine the relationship between NDVI and climate drivers. The following recommendations are made to upgrade the methodology described in this study as an effective tool desertification monitoring.
(1) NDVI on its own is a crude mean of vegetation changes. It must therefore be related and integrated to biophysical data (such as soil type, evapotranspiration etc.) in order to determine areas at risk, and other socio-economic information, in order to determine groups at risk of desertification. GIS is an essential tool for integration of such diverse data sets, in order to facilitate timely decision making.
(2) The NDVI was used to reflect vegetation dynamics of desert areas in the present study, to achieve the assessment goal of desertification in future research, it is necessary to compare the sensitivity of various indices to desertification, e.g. Modified Soil-adjusted vegetation index (MSAVI), Normalized Difference Water Index (NDWI), Soil brightness Index (SBI), Wetness vegetation index (WVI) etc.
(3) NDVI time-series data sets have been widely used in vegetation dynamic change monitoring. However, the significant residual effects and noise levels impede the application of NDVI time-series data in environmental change research. Although the maximum-value compositing (MVC) technique (Holben, 1986) has been widely used to eliminate the effect of cloud contamination and the residual atmosphere, it is necessary to reconstruct high-quality NDVI time series by novel and robust filter method, e.g., the moving weighted harmonic analysis (MWHA) method (Yang et al., 2015), the iterative interpolation for data reconstruction (IDR) method (Julien and Sobrino, 2010), the mean value iteration filter (MVI) method (Ma and Veroustraete, 2006), changing weight filter (CWF) method (Zhu et al., 2012), etc.
(4) Assessment of wind (direction and speed) in the study area.
(5) Changes in the non-climate environment, such as changes in the groundwater level and soil matrix, will affect the NDVI-climate relationship (Lv et al., 2013; Liang and Yang, 2016). Therefore, to improve the prediction of NDVI response to future climate change, we should consider all kinds of uncertainty factors when analyzing the NDVI-climate relationship.
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NDVI

Year Mobile dunes Semi-mobile dunes Semi-fixed dunes Fixed dunes Gobi desert Saline-alkali land
1998 0100 0179 0364 0.464 0112 0.174
1999 0.105 0.166 0321 0419 0.105 0.162
2000 0098 0.156 0298 0375 0099 0.151
2001 0089 0.144 0273 0363 0083 0.144
2002 0097 0.162 0322 0399 0099 0.158
2003 0.113 0.180 0352 0.450 0112 0.175
2004 0111 0175 0323 0414 0111 0.169
2005 0.107 0.170 0318 0416 0.109 0.170
2006 0.104 0.170 0.331 0419 0.103 0.167
2007 0.106 0.172 0328 0.403 0.108 0.165
2008 0.108 0.180 0357 0.459 0.102 0177
2009 0.109 0.172 0312 0379 0.105 0.167
2010 0.123 0202 0344 0.420 0136 0.196
2011 0.113 0.182 0.348 0.441 0.110 0.182
2012 0126 0211 0399 0503 0.124 0.202
2013 0.127 0.206 0.379 0.471 0.127 0.199
2014 0084 0.153 0303 0394 0076 0.151
2015 0085 0154 0207 0390 0081 0152
Overall mean 0.106 0.174 0331 0.421 0.106 0.169
Overall SD 0093 0139 0.181 0194 0,067 0.159
Overall CV (%) 87.33 80.15 54.58 45.93 62.99 9371

SD represents the standard deviation, and CV represents the coefficient of variation.
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Desert type

Mobile dunes Semi-mobile dunes Semi-fixed dunes Fixed dunes Saline-alkali land Gobi desert

Increase in NDVI (per year) 0.0003 0.0012 0.0013 0.0013 0.0000 0.0011
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Proportion (%) of total desert area

Driving factor Mobile dunes Semi-mobile dunes Sel ixed dunes Fixed dunes Gobi desert Saline-alkali land Total area
[T+P)" 0.1 0.37 0.83 0.98 0.22 0.32 0.38
P 5.26 1477 30.87 2854 10.92 8.86 14.10
T 1.87 229 1.67 129 0.96 351 1.78
(T+P] 14.57 16.20 18.45 20.58 15.40 14.56 16.13
NC 78.19 66.36 48.18 4861 72.51 7275 67.61

[T+PJ* represents changes dfiven strongly by temperature and precipitation, P represents changes dfiven mainly by precipitation, T represents changes diven mainly by temperature,
T+P] rapresents changes driven weakly by tamperature and precioitation, and NC represents changes diven by non-climate factors.
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