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Abstract

:

Drought affects the growth and productivity of vegetation, and the analysis of drought resistance of vegetation can help ecological and environmental protection and sustainable development in drought-prone areas. The Loess Plateau (LP) is a drought-prone area in China with an extremely fragile ecological environment. This study analyzed the drought resistance of vegetation across different climate regions and vegetation biotypes, explored the characteristics of changes in vegetation drought resistance before and after the implementation of the Grain for Green Program (GGP), and evaluated the relative contribution of climatic factors and human activities to the change in drought resistance of vegetation. The following conclusions are obtained. (1) The drought resistance of vegetation on the LP basically showed a spatial pattern of increasing from northwest to southeast with the degree of aridity. The vegetation in the semi-humid and arid regions showed the strongest and weakest drought resistance, respectively. (2) The drought resistance of vegetation on the LP mainly showed an increasing trend since the GGP was implemented, but there were differences in different climatic zones. In semi-humid regions, the drought resistance of vegetation mainly showed a weakening trend, while in arid and semi-arid regions, it mainly showed an increasing trend. There were differences between vegetation biotypes as well; the drought resistance of forest and grassland showed a different trend in different climatic zones, while that of crops in all climatic zones showed an increasing trend. In the area with cropland returned, the drought resistance tended to increase where crops turned to forests, but the area where crops turned to grassland showed a weakening trend. (3) The positive contribution of climate change and human activities leads to the enhancement of drought resistance of vegetation in most areas of the LP, and the weakening of drought resistance of vegetation in semi-humid regions is dominated by the negative contribution of climate change. The negative contribution of human activities is the main reason for the decrease in drought resistance of vegetation in the area of returning cropland to grassland. This study can provide a reference for ecological protection and high-quality development of the LP.
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1. Introduction


Vegetation is an important part of ecosystems and serves as a “link” between natural elements such as soil, atmosphere, and water. It provides an important ecosystem of goods and basic services to human society and the biosphere [1]. Drought can cause water deficit, water stress on vegetation growth, and induce changes in the physiological and ecological characteristics and structural functions of vegetation, while prolonged and sustained drought can lead to vegetation death and even ecosystem degradation and ecological crisis [2,3,4]. It has been shown that with the warming climate, the frequency and intensity of droughts in most regions of the world are significantly increasing, the area of the land affected by extreme drought is expanding, and drought is expected to become more severe and widespread in the 21st century [5,6]. How vegetation adapts to increasing drought has become a focal issue in global change research [7,8].



The LP is a drought-prone area in China [9]. During the past five decades, the frequency, severity, and duration of droughts on the LP have increased significantly due to global warming [10]. Most areas of the LP showed a drying tendency, and the area affected by drought increased by 4% every 10 years from 1961 to 2008 [11]. The drought tendency on the LP will increase significantly from 2015 to 2100, and aridification will be enhanced in the future [12]. The LP is also one of the regions with the most serious soil erosion in the world, with a soil erosion area of 4.5 × 105 km2, which is the main source of sediment in the Yellow River, a river with the highest sediment content in the world [13]. Vegetation plays an important role in reducing soil and water loss on the LP because of its functions of intercepting rainfall, reducing raindrop splash, slowing down surface runoff, increasing soil infiltration, soil conservation, and soil consolidation. It is very important to study the relationship between vegetation growth and drought on the LP. Many scholars have explored the effects of drought on the net primary productivity [14], water use efficiency [15], and coverage rate of the vegetation on the LP [16], but few studies on the drought resistance of vegetation, a key ecosystem stability indicator, were reported.



Drought resistance of vegetation refers to the ability of vegetation to resist drought disturbance and maintain its original state, and drought resistance of vegetation is one of the key indicators to quantify the response of terrestrial ecosystems to climate anomalies [17,18]. Many studies on the quantification of vegetation drought resistance have focused on small-scale field ecological experiments, but they are laborious and destructive in nature, not to mention that they cannot be applied to large-scale studies. In addition, the vegetation response to climate change is complex, and studies at the local scale can easily ignore the differences in response to climate change in climatic environments, vegetation cover types, and other factors, which is not conducive to understanding the macroscopic patterns of vegetation affected by climate change [19]. The cyclical availability of remote sensing products directly related to vegetation conditions makes it highly valuable for ecosystem monitoring [20]. Keersmaecker et al. proposed the AutoRegression (ARx) model method based on remote sensing technology to analyze the drought resistance of vegetation [18] which can be applied on a large scale. Many studies have been conducted using this model, among which, Ivits indicated that Mediterranean ecosystems showed the least resistance to drought in Europe [17], Keersmaecker et al. found that semi-natural grasslands were more resistant to drought than agricultural grasslands in the Netherlands [21]. You et al. found more pronounced differences in the resistance to drought among different climatic conditions and different types of vegetation in the Heihe Basin [22]. However, the existing studies focus more on the analysis of vegetation drought resistance and ignore the changes in vegetation drought resistance.



In order to strengthen soil and water conservation and ecological and environmental protection, the Grain for Green Program (GGP) was started on the LP in 2000 [23], which led to significant changes in the land use structure of the LP. A large amount of cultivated land was transformed into forest land (grassland) [13]. The LP region is a sensitive area to climate change. It is on the edge of the South Asian summer monsoon and East Asian summer monsoon regions, forming an east–west moisture gradient and north–south heat gradient, with generally low precipitation and large inter-annual variability [24]. Many scholars have found that there are significant changes in the climate characteristics of the LP before and after the implementation of the GGP [9,25,26,27]. It has been shown that the pattern of vegetation response to drought is closely related to climate and land cover [28,29], and with changes in climate and land cover, the pattern of vegetation response to drought may change in response to disturbances, as well as the drought resistance of vegetation [30]. However, we still do not know how the drought resistance of vegetation changes on the LP under climate change and the influence of the GGP.



Therefore, the specific objectives of this study are as follows: (1) assess drought resistance of vegetation in each climatic region (semi-humid region, semi-arid region, arid region) and each biotype (forest, grassland, crop) on the LP; (2) assess the characteristics of changes in drought resistance of vegetation before and after the GGP; (3) evaluate the relative contribution of climate factor and human activities to change in vegetation resistance.




2. Study Area and Data


2.1. Study Area


The LP is located in the north of Central China, west of the Wushao Mountains, east of the Taihang Mountains, south of the Qinling Mountains, north of the Yinshan Mountains, and spans between 100°52′E~114°33′E, 33.41°N~41°16′N, with a total area of about 6.3 × 105 km2, altitude of 200–5216 m (Figure 1a). It covers Shanxi Province, Shaanxi Province, and Ningxia Hui Autonomous Region, and parts of Qinghai Province, Gansu Province, Inner Mongolia Autonomous Region, and Henan Province. The LP contains three climatic zones, which are semi-humid, semi-arid, and arid regions (Figure 1b). The special natural geographical location and climatic conditions have formed the typical vegetation communities in the region (Figure 1c). According to the vegetation map of the People’s Republic of China (1:1,000,000), the area of each vegetation biotype was calculated, among which the forest area was the least, accounting for only 15.01%, mainly distributed in the semi-humid regions of the LP, the central-eastern and western parts of the semi-arid regions, and a few areas in the arid regions. Grassland was the most widely distributed vegetation biotype on the LP, with an area of 41.33%. Crops were distributed in every climatic zone of the LP, with an area of 31.32% of the study area (Figure 1c).




2.2. Data


2.2.1. Land Cover Data


The land cover data in this study were obtained from the National Land Use/Cover Dataset of the Resource and Environment Science Data Center of the Chinese Academy of Sciences (http://www.resdc.cn, accessed on 1 June 2022), and the comprehensive accuracy of the data reached 91.2% [33]. The spatial resolution of this land use /cover data is 1 km, including 6 primary classes (arable land, forest land, grassland, water, construction land, and unused land). Forest, grassland, and cropland are the main land cover types, whose area accounts for 87.66% of the whole LP, and there are significant differences in their functional traits. We selected data from 1985, 2000, 2005, 2010, and 2015 and extracted forest, grassland, and cropland from them as the vegetation biotypes data. We also used the map algebra method to analyze the conversion between land use/cover types to obtain the areas of unchanged land cover and areas where the land cover was converted from crops to forests (grasslands) [34].




2.2.2. NDVI Data


The vegetation NDVI data were obtained using 3rd generation NOAA/AVHRR remote sensing data provided by NASA’s Global Observation Simulation (https://www.nasa.gov/nex, accessed on 6 September 2022) and Mapping Research Group with a spatial resolution of approximately 8 km and a temporal resolution of 15 d, spanning the period 1982–2015. This dataset eliminates the effects of solar altitude angle, sensor sensitivity changes with time, enhances the accuracy of the data by combining the cross-radiation calibration method, and has been widely used in the study of vegetation dynamics in large regions [35,36]. Since the effect of precipitation shortage on vegetation varies widely across phenological periods [37], only the resistance of vegetation to drought during the vegetation-growing season was considered in this study. According to relevant studies [38,39], April–October of each year is defined as the growing season of the LP. NDVI time series consists of three components: seasonal component values, anomalous values, and noise [40]. To obtain the NDVI anomaly series required by the ARx model, we first used the maximum synthesis method to take the semimonthly NDVI time series, resample them into monthly NDVI datasets, and further define the areas with mean NDVI values greater than 0.1 for the annual growing season as vegetation areas, removing noise such as cloud interference [34]. We also subtracted the seasonal component values from the monthly NDVI, where the seasonal component values are the NDVI averages of the corresponding month during 1982–2015 [18,21].




2.2.3. Climate Data


The meteorological data in this study were obtained from the National Meteorological Science Data Center (http://data.cma.cn/, accessed on 1 June 2022) using monthly values of temperature and precipitation grids with a horizontal resolution of 0.5° × 0.5° on the ground in China, which was interpolated using monitoring data from 2472 stations across China based on the Thin Plate Spline method, and the time series was from January 1982 to December 2015. The quality of meteorological grid data was checked by cross-validation and error analysis, and the root mean square error of the monthly value of temperature and precipitation grid data relative to the station observations were 0.36 °C and 0.59 mm, respectively, and the quality of the grid data was in good condition [41]. Similar to NDVI, we subtracted the seasonal component values from the month-by-month temperatures to obtain the series of temperature anomalies required by the ARx model [21]. In addition, this data was resampled to 8 km in order to be consistent with the resolution of NDVI Data.




2.2.4. SPEI Drought Indicator


This study adopted SPEI (Standardized Precipitation Evapotranspiration Index) as an indicator for drought, which was constructed by Vicente-Serrano by introducing potential evapotranspiration to SPI (Standardized Precipitation Index) [42]. SPEI performs very well in detecting, monitoring, and exploring the consequences of global warming on drought conditions, especially in semi-arid and arid regions [3,42]. Arid and semi-arid regions account for 74.51% of the LP; thus, we chose SPEI as the indicator for drought on the LP. Many studies have been conducted using SPEI for LP droughts [12,43,44,45] and have been well-validated. The potential evapotranspiration required to calculate the SPEI is calculated using the Thornthwaite algorithm, which only requires monthly mean temperature data since spatial patterns of the relative humidity, solar radiation, and wind speed were unreliable [46,47]. Meanwhile, it has been shown that the SPEI on a 3-month time scale correlates best with vegetation dynamics changes [3]. Therefore, in this study, the SPEI at a 3-month time scale was calculated as a moisture anomaly indicator.






3. Methods


3.1. The AutoRegression Model


The vegetation response to drought was modeled by considering the NDVI anomaly as a linear combination of the drought index (SPEI), the temperature anomaly, and the NDVI anomaly history:


   Y t     = α   ×   S P E I   t     + β   ×   T   t       + ø   ×   Y     t − 1       + ε   t   



(1)




where Yt is the standardized NDVI anomaly at time t, SPEIt is the standardized SPEI index at time t, Tt is the standardized temperature anomaly, and    ε t    is the residual term at time t; α, β and ø are the model’s coefficients. Standardization of the time series was performed in order to assure comparability between the model coefficients. The AutoRegression model is known by the acronym ARx. The ARx model can be applied to the LP because the data used in the model (NDVI, temperature, SPEI) can be obtained by the remote sensing method, and the remote sensing data from satellites can cover a large area such as the LP.



The coefficient of the standardized SPEI time series,  α , is an indicator of the vegetation anomaly related to instantaneous drought and thus represents a drought-resistance metric. Where α is large, anomalies are strongly determined by drought, i.e., lower resistance to drought; where α is small, vegetation has more resistance to drought. Similarly, the coefficient of the standardized temperature anomaly time series, β, represents temperature sensitivity. Finally, ø gives an indication of the dependence of the anomalies on the previous response values.



As the GGP was implemented in 2000, part of the cultivated land on the LP was converted to forest or grassland. In this study, we firstly excluded the cells with land-use/cover changes and fitted NDVI, SPEI, and temperature data of the cells without land-use/cover changes from 1982 to 2015 with multiple linear regression to obtain the DRC (Drought Resistance Coefficient) of each climate zone and biotype, and compared and analyzed the differences of drought resistance of vegetation in different climate zones and different biotypes of the LP. Secondly, we divided the study period into two, 1982–1999 and 2000–2015, and fitted NDVI, SPEI, and temperature data of these two periods by multiple linear regression to obtain the DRC of vegetation before and after the GGP, and looked for the difference between the two periods to analyze the changes in the drought resistance of vegetation on the LP. As the GGP was gradually implemented from 2000 to 2015, we further analyzed drought resistance of vegetation in the three periods of 2000–2005, 2005–2010, and 2010–2015 in order to explore the impact of the GGP policy in different periods on the drought resistance of vegetation.




3.2. Residual Analysis


The residual analysis method was used to detect the influence and the relative contribution of climatic factors and human activities to the change in the drought resistance of vegetation.



First of all, based on the temperature and precipitation data and the parameters of the regression model, the predicted value of actual NDVI was calculated (NDVIclim) [48,49], which was only affected by climate factors. The predicted value of vegetation drought resistance (DRCclim) was obtained by substituting NDVIclim into the ARx model, which was used to express the influence of climatic factors on vegetation drought resistance. The corresponding equations are as follows:


    N D V I    c l i m       = a   ×   P + b   ×   T   



(2)




where  a  and  b  are the regression coefficients,  P  and  T  refer to monthly precipitation and monthly average temperature in the growing season, respectively.


    N D V I    c l i m , t       = D R C    c l i m        ×   S P E I   t     + β   ×   T   t     + ø   ×   N D V I     c l i m , t − 1       + ε   t   



(3)




where     N D V I    c l i m , t      is the standardized     N D V I    c l i m , t      at time t, SPEIt is the standardized SPEI index at time t, Tt is the standardized temperature anomaly at time t, and    ε t    is the residual term at time t.



Secondly, the difference between the real value of vegetation drought resistance (    D R C   a c t    ) and     D R C   c l i m    , namely the vegetation drought resistance residual (    D R C   h u m    ), was calculated to represent the influence of human activities on vegetation drought resistance.


    D R C    h u m         = D R C    a c t        −   D R C    c l i m    



(4)




where     D R C   a c t     can be estimated by actual NDVI, and it is affected by both human and climatic factors.



Finally, the drought resistance of vegetation before (    D R C    a , b e f     ) and after (    D R C    a , a f t     ) the implementation of the GGP was calculated, respectively. The actual change in the drought resistance of vegetation was calculated as follows:


  Δ   D R C   a c t      = D R C     a c t , a f t         −   D R C     a , b e f     



(5)







  Δ   D R C   a c t     is composed of two parts, including   Δ   D R C   c l i m     affected by climate factors and   Δ   D R C   h u m     affected by human factors. Their formulas are:


  Δ   D R C    c l i m         = D R C     c l i m , a f t         −   D R C     c , b e f     



(6)






  Δ   D R C   h u m      = D R C     h u m , a f t         −   D R C     h u m , b e f     



(7)







The contributions of climate factors and human activities to DRC changes were quantified by Equations (4)–(7).




3.3. Statistical Analysis


In this study, the F test was used to test the overall significance of the multiple linear regression model and the linear relationship of the ARx model. If the statistics F >    F α    with the significance level  α  = 0.05, then the multiple linear regression model and the linear relationship of the ARx model were considered to have a good fitness [50]. Furthermore, the Kruskal–Wallis test was employed to test the difference in the drought resistance of vegetation before and after the GGP in each climatic region of the LP, where the significant level α was 0.05 [51]. All statistical analyses were performed using Matlab (version R2021a) software.





4. Results


4.1. Drought Resistance of Vegetation


We analyzed the drought resistance of vegetation in areas with constant land cover types on the LP during 1982–2015. It was found that the drought resistance of vegetation on the LP was closely related to the aridity of the climate (Figure 2). Spatially, the drought resistance of vegetation on the LP basically showed a spatial pattern of increasing from northwest to southeast and varied with the arid degree, but there was a high spatial heterogeneity. Among them, the DRC of vegetation in southern Shaanxi Province and southern Shanxi Province, which are located in the semi-humid regions, were significantly smaller than those of other regions, i.e., the vegetation in these two regions was relatively more resistant to drought. Vegetation in Qinghai Province, which is located in a semi-arid region, also showed strong drought resistance. The areas with the weakest drought resistance of vegetation were mainly concentrated in the arid regions. However, the vegetation in the northern Inner Mongolia Autonomous Region and northern Ningxia Hui Autonomous Region, which are located in arid regions, showed strong drought resistance.



Drought resistance in different climatic zones and different biotypes of the LP differed significantly (Figure 3). The DRC of vegetation was the smallest (median, 0.163) in the semi-humid regions, the largest (median, 0.245) in the arid regions, and between them in the semi-arid regions (Figure 3a). It showed that the vegetation had the strongest drought resistance in the semi-humid regions, the weakest in the arid regions, and between them in the semi-arid regions. Figure 3b shows the DRC of different biotypes. It can be seen that the drought resistance of different biotypes also differed significantly. The forest had the smallest DRC (median, 0.128), the grassland had the largest (median, 0.218), and the crops were between forest and grassland (median, 0.208), i.e., the drought resistance of forest is the strongest, followed by cropland and grassland. In addition, the DRC of rain-fed agriculture (median, 0.186) was greater than that of irrigated agriculture (median, 0.171), i.e., the drought resistance of rain-fed agriculture is weaker than that of irrigated agriculture.



The DRC of conspecific biotypes under different climatic conditions on the LP varied greatly and was characterized by a certain gradient variation (Figure 4). Forests and grasslands under more humid conditions had a smaller DRC than those under arid conditions, i.e., forests and grasslands under more humid conditions showed greater resistance to drought (Figure 4a,b). Crops presented the opposite characteristic; crops under more humid conditions had a larger DRC than those under arid conditions, i.e., the more humid the conditions, the weaker the drought resistance of the crops (Figure 4c).




4.2. Changes in the Drought Resistance of Vegetation before and after the Implementation of the GGP


The drought resistance of vegetation before and after the GGP in each climatic region of the LP was tested by the Kruskal–Wallis test. There were significant differences in the drought resistance of vegetation before and after the GGP in semi-humid (p-value = 0.032), semi-arid (p-value = 0.019) and arid regions (p-value = 0.026). We calculated the DRC of vegetation of 1982–1999 and 2000–2015, respectively, and evaluated the difference between the two to analyze the changing characteristics of the drought resistance of vegetation before and after the GGP, and calculated the mean (  x ¯  ) and standard deviation (s) of the DRC change values (DRCC), and divided the DRCC into four categories with mean, mean plus one standard deviation and mean minus one standard deviation as cut points. The four categories include a significant increase in DRC (  D R C C >  x ¯  + s  ), a non-significant increase in DRC (   x ¯  ≤ D R C C ≤  x ¯  + s  ), a significant decrease in DRC (  D R C C <  x ¯  − s  ), and a non-significant decrease in DRC (   x ¯  − s ≤ D R C C ≤  x ¯   ). The results are shown in Figure 5. On the whole LP, the DRC of 35.53% of vegetation increased, with a significant increase of 10.92%, and the DRC of 65.47% of vegetation decreased, with a significant decrease of 21.28%. In the semi-humid regions, it showed the characteristic of increasing in 58.85% of vegetation and decreasing in 42.15% of vegetation. In contrast, the DRC of vegetation in semi-arid regions (77.09%) and arid regions (64.81%) decreased, with the most significant decrease in semi-arid regions, showing a significant decrease of up to 28.16% of the cells. It showed that the drought resistance of the vegetation of the whole LP was mainly changed by increasing after 2000, but it showed heterogeneity in different climatic zones. Among them, the drought resistance of vegetation in the semi-humid regions was mainly characterized by weakening, while in the arid and semi-arid regions, it was mainly characterized by increasing.



As the conversion of some cropland to forest land (grassland) led by the GGP started in 2000, it may have led to differences in the DRC change characteristics in areas with constant land cover and areas with changed land cover. To this end, we analyzed the change characteristics of vegetation drought resistance in areas with constant land cover on the LP and in areas where the land cover was converted from crops to forests (grasslands), respectively.



Figure 6 shows a stacked plot of DRC change of vegetation in the constant land cover area of LP. It shows that the DRC of 61.98% forests and 68.44% grasslands in the semi-humid regions (SH) increased, while only 26.94% crops increased, indicating that forests and grasslands in areas with constant land cover in the semi-humid regions are characterized by a decrease in drought resistance. The DRC of 65.96% forests, 71.70% grasslands, and 81.18% crops in the semi-arid regions (SA) decreased. The DRC of 63.78% forests, 65.83% grasslands, and 86.70% crops in the arid regions (A) decreased. It indicated that the drought resistance of forests and grasslands in the arid and semi-arid regions with constant land cover was mainly characterized by increasing. Unlike the forests and grasslands, in each climate zone, the drought resistance of crops was characterized by increasing, among which the increase in arid regions was the most significant, with the percentage of cells showing a significant increase, reaching 56.42%.



Figure 7 shows the area and DRC of land cover conversion from crops to forests (grasslands) on the LP every five years from 2000 to 2015. It shows that the area of cropland converted to forest showed a downward trend, while the area of cropland converted to grassland showed an upward trend from 2000 to 2015. From 2000 to 2005, the LP was dominated by returning cropland to forest, and the area of cropland converted into forest (16.49 × 103 km2) was much larger than that of cropland into grassland (7.23 × 103 km2) (Figure 7a). The DRC of vegetation showed a downtrend in areas where the land cover was converted from crops to forests from 2000 to 2015 (Figure 7b), i.e., the drought resistance of vegetation was increasing. The DRC of vegetation was mainly characterized by an increase where the land cover was converted from crops to grasslands (Figure 7c), i.e., the drought resistance of vegetation was weakening.




4.3. Contribution of Climate and Human Factors to Change of Vegetation Resistance


Figure 8a shows that the positive contribution rate of climate change to the change in the drought resistance of vegetation on the LP accounts for about 77.34%. Among them, the area with a positive contribution rate of more than 80% accounts for about 5.36%, which is mainly concentrated in the Qinghai Plateau. The area with a negative contribution rate of climate change to drought resistance of vegetation on the LP accounts for about 22.66%, which is mainly concentrated in central Inner Mongolia, south-central Shaanxi, southern Shanxi, and most of Henan. In the climatic regions, the main contribution of climate change to the drought resistance of vegetation in semi-humid regions is negative (−73.06%). Climate change made a positive contribution to the drought resistance of vegetation in semi-arid and arid regions, which were 89.80% and 80.48%, respectively.



The contribution rate of human activities to the change in the drought resistance of vegetation on the LP is quite different from that of climate change, but it is still mainly a positive contribution (Figure 8b). The positive contribution rate of human activities to the change in the drought resistance of vegetation on the LP accounts for about 88.67%, and the area with a positive contribution rate of more than 80% accounts for about 8.15%, mainly concentrated in central Shaanxi. The negative contribution rate of human activities to the change in the drought resistance of vegetation on the LP accounts for about 11.33%, which is mainly distributed in northern Shaanxi and northern Shanxi. Human activities make a positive contribution to the change in the drought resistance of vegetation in each climatic region, and the contribution rate of human activities to the change in the drought resistance of vegetation in arid regions is the largest (92.10%).





5. Discussion


5.1. Drought Resistance of Vegetation on the LP


The results indicated that the drought resistance of vegetation on the LP basically showed a spatial gradient pattern increasing from northwest to southeast with the degree of aridity, and the vegetation in the semi-humid, semi-arid and arid regions having the strongest, moderate, and weakest drought resistance, respectively (Figure 2 and Figure 3a). The reason is that the semi-humid regions of LP are relatively rich in precipitation and soil moisture [52], which can effectively offset the effect of drought on vegetation growth. At the same time, forests with relatively high drought resistance are mainly distributed in the semi-humid regions, leading to the low sensitivity of vegetation to drought in this region, while other climatic factors, such as temperature, may be the key controlling factor for vegetation growth in the semi-humid regions [53]. In arid regions, the natural vegetation is dominated by desert steppe [54], and studies have shown that desert steppe is the vegetation type with the weakest resistance to drought [47]. Meanwhile, natural vegetation in arid regions usually experiences a water deficit during the growing season [55]. When the water supply is lower than usual, vegetation in arid regions responds rapidly due to physiological, structural, and functional strategies to reduce damage caused by water shortage by reducing water loss, respiration cost, photosynthesis, and growth rate [3,43]. Therefore, vegetation in arid regions is more sensitive to drought-induced water changes, and they have weaker drought resistance. Our findings on the drought resistance of vegetation varying in a gradient with the degree of aridity agree with those reported by Zhao et al., who studied the time scale of vegetation productivity response to drought on the LP, which also showed that vegetation productivity in arid, semi-arid, and semi-humid regions had the shortest, medium, and longest response time to drought [43].



However, there is also spatial heterogeneity in the spatial gradient pattern of drought resistance of vegetation on the LP (Figure 2). Among them, vegetation in the northern Inner Mongolia Autonomous Region and northern Ningxia Hui Autonomous Region (Figure 2), which are located in the arid regions, showed strong drought resistance, which may be attributed to the large amount of irrigated agriculture distributed in these regions (Figure 1c). We also found that vegetation in the western part of the semi-arid regions is more resistant to drought (Figure 2) because the western part of the semi-arid regions is Qinghai Province (Figure 1b), where the evaporation is low, and vegetation is dominated by alpine meadows, where glaciers and permafrost melt can replenish the water demand of vegetation during droughts [47].



Drought resistance of the same biotypes in different climatic zones of the LP is also characterized by gradient variations. The moister the area, the stronger the drought resistance of forests and grasslands. Because moist forests have a high embolism resistance, and even during droughts, moist forests keep stomata open for a longer period of time, ensuring gas exchange and maintaining a high photosynthetic rate [56], whereas dry forests have low embolism resistance, they need to show a rapid response to water deficit during a drought so that they can avoid drought stress [3,56]. Grasses in different moisture environments have different life cycles, and different life cycles and growth environments result in different types of grasses with different drought resistances [47]. On the LP, most herbaceous perennials are distributed in wet areas, while annual herbs are mostly distributed in dry areas. It has been shown that herbaceous perennials respond more slowly and have greater drought resistance than annual herbs during drought [57]. However, the drought resistance of crops showed an opposite gradient, i.e., the wetter the area, the weaker the drought resistance of crops. This may be due to differences in agricultural practices in different climatic contexts. As a traditional agricultural growing area with a long history, there are two types of agricultural cultivation on the LP, rain-fed agriculture and irrigated agriculture, due to the differences in crop cultivation types, seasonal precipitation dependence, and hydrological conditions [58]. Rain-fed agriculture is the mainstay in semi-humid regions [58], and natural rainfall is the main source of soil moisture for it. Rain-fed agriculture relies on natural climate conditions and has less impact on the natural water cycle than irrigated agriculture, while irrigated agriculture is the mainstay in the arid and semi-arid regions, especially in the arid regions. The soil moisture absorbed by crops comes from both artificial irrigation and natural rainfall, and irrigation seriously changes the natural water cycle [59]. Therefore rain-fed crop growth is more susceptible to suppression by water stress than irrigated agriculture [60], and rain-fed agriculture is more vulnerable to drought than irrigated agriculture [61]. Different agricultural cultivation practices result in a diametrically opposed gradient of drought resistance between crops and natural vegetation (forests and grasslands) on the LP.




5.2. Changes in the Drought Resistance of Vegetation


This study found that the drought resistance of vegetation on the LP as a whole was mainly characterized by enhancement, mainly because climate change and human activities have made positive contributions to the change in the drought resistance of vegetation on the LP. In terms of climate change, the LP as a whole and the arid and semi-arid regions of the LP were likely getting wetter, and the drought was weakening during the period since the GGP was implemented [4,9,25]. Climate wetting and drought weakening are not only conducive to the improvement of photosynthesis and vegetation productivity but also accelerate the absorption and transport of soil nutrients, which is conducive to the increase in drought resistance of vegetation [62,63]. In terms of human activities, we found an increasing trend of drought resistance of crops in each climate zone, which may be more attributed to the positive contribution of human activities such as the GGP. The GGP is not only an ecological project but also a livelihood project, which promotes the construction of agricultural infrastructure, the wide application of modern agricultural technology, coping with the traditional agricultural problems of weak infrastructure, insufficient moisture, weak disaster resistance, and mitigation capacity and other complex “agricultural diseases” [64,65,66], and effectively improved the drought resistance of crops. The LP has traditionally been known for its thick loess accumulation and severe soil erosion. In order to reduce erosion, large-scale terraced fields and silting dams were built on the LP [13]. Since 2000, in order to cooperate with and promote the implementation of the GGP, a lot of terraced fields and silting dams have been constructed on the LP, and the area of terraced fields and the number of silting dams have been increasing year by year. By 2015, 4 million hm2 of terraced fields had been built, accounting for about 60% of the total arable land, and 5.84 × 104 silting dams had been built [67]. The construction of terraced fields and silting dams can not only effectively reduce soil erosion but also store the slope sediment containing a large amount of organic matter such as livestock manure and leaf-litter, accelerating the soil ripening process and the ability of water and fertilizer conservation, and improving the agricultural drought resistance and disaster mitigation on the LP [68]. At the same time, driven by the GGP, modern agricultural science and technology have been widely used on the LP. Since 2000, rainwater’s efficient and intensive utilization techniques, such as ridge-furrow film mulching, have been developed in agricultural practice and have been popularized in a large area. The cultivation area of ridge-furrow film mulching has reached 1.3 × 106 hm2 [69]. Ridge-furrow film mulching transforms the cropland into a micro-terrain alternating between furrow and ridge, the surface of the furrow and ridge is completely covered with plastic film, and the crops are sowed in the furrow [70]. Ridge-furrow film mulching cultivation can improve crop water use efficiency, collect precipitation and quickly infiltrate the soil, reduce soil water evaporation, preserve natural precipitation, alleviate water stress caused by drought, and as a result, indirectly enhance the drought resistance of crops [71].



Climate change and human activities can also lead to a decline in the drought resistance of vegetation in parts of the LP (Figure 5 and Figure 6). It was obvious that climate change had a certain negative impact on drought resistance change in semi-humid regions (Figure 8a), which might be related to most parts of the semi-humid regions turning warmer and drier, and the drought intensifying during 2000–2015 since the GGP was implemented [25]. The decrease in precipitation, increase in temperature, and aggravation of drought usually leads to a decrease in soil fertility and the inhibition of vegetation activities such as photosynthetic rate and absorptive function, which contributes to the decrease in the drought resistance of vegetation [72]. In addition, the negative impact of human activities on the drought resistance of vegetation was more obvious in northern Shanxi and northern Shaanxi (Figure 8b). As a result of the GGP, large tracts of arable land in these areas have been converted into artificial forests [73]. However, increased afforestation areas increase transpiration and result in water shortages and deterioration of soil ecosystems at a local scale [74,75]. The malpractice of returning cropland to forests in a large area and excessive human intervention might be the main reasons for the weakening of the drought resistance of vegetation in these areas.



This study found that the drought resistance of vegetation was the weakest during 2000 to 2005 when the land cover was converted from crops to forests (Figure 7b). The period from 2000 to 2005 was the initial stage of the GGP, which mainly involved returning cropland to forest, planting artificial tree forests in arid and semi-arid regions, and planting high-density, high-biomass forest and grass species in semi-humid regions [76]. As a result, a large area of cultivated land on the LP was converted into artificial forests (Figure 7a). However, the initial vegetation construction pattern of the LP violates the ecological distribution pattern of vegetation to a certain extent, and most of these young artificial forests become “little old trees”, and the drought resistance and survival rate were very low. From 2000 to 2005, the overall survival rate of trees in afforestation projects was only 24% [77]. In 2006, following the laws of nature, the Chinese government restructured measures for the GGP. The area of returning cropland to forest was reduced; instead, the cropland was converted to forest only in areas suitable for forest growth, and artificial management of forests was strengthened, which resulted in increasing drought resistance [78]. However, the drought resistance of vegetation in the area where cropland was converted to grassland showed a weakening trend, which may be due to the excessive grazing prohibition. Some studies showed that livestock trampling and feces conversion into organic fertilizer were lifted by using block fences, and the decomposition rate of vegetation litterfall and soil fertility was reduced [79,80]. At the same time, some studies showed that excessive exclusion using fences could affect the natural regeneration and biodiversity of grassland, easily lead to the occurrence of shrub and fire, and reduce the resistance of grassland [81,82].




5.3. Limitations


Although there are important discoveries revealed by this study, there are also limitations. Firstly, this study simply divided the research period into two, namely the periods before and after the GGP; however, the GGP measures were not constant. Actually, the Chinese government kept adjusting the unreasonable measures and offsetting the negative ecological effects of the GGP [23,83]. At the same time, under the background of global warming, the climate of the LP may change greatly in the future [84]. Secondly, although the residual analysis method has been widely used to separate the effects of human activities on vegetation growth, it still has some shortcomings. For example, when establishing a multiple regression equation between climate factors and NDVI, there is no final conclusion on how to reasonably select climate factors (such as air temperature, precipitation, and solar radiation) [85]; when referring to human activities, specific aspects of human activities such as vegetation construction, agricultural technological progress, and urban expansion were not considered [86].





6. Conclusions


In this study, we evaluated the drought resistance of vegetation on the LP based on remote sensing technology, analyzed its change characteristics before and after the GGP, and explored the relative contribution of climate factors and human activities in order to understand the mechanism of vegetation resistance on drought. Our study showed that the drought resistance of vegetation on the LP was controlled by climatic conditions and vegetation biotypes, and the vegetation in the arid regions had the weakest drought resistance. The conservation of vegetation is very important for the reduction of dust storms and control of land degradation on the LP and its adjacent regions, so we suggest establishing a drought early warning system covering vegetation in arid areas to avoid disasters. We also found that the drought resistance of vegetation on the LP was characterized by an increase, but there were differences in different climatic zones. Among them, the drought resistance of vegetation in the semi-humid regions was characterized by weakening, and the drought resistance of vegetation in the arid and semi-arid areas was characterized by an increase. The drought resistance of vegetation mainly tended to increase after the crops converted to forests, but the areas where the land cover was converted from crops to grasslands were characterized by a weakening change in the drought resistance of most vegetation. Climate change and human activities make a positive contribution to the change in the drought resistance of vegetation in most areas of the LP. The decrease in the drought resistance of vegetation in semi-humid areas is dominated by the negative contribution of climate change. The malpractice of returning cropland to forests in a large area and excessive human intervention may be the main reasons for the weakening of the drought resistance of vegetation in the areas of returning cropland to forest and grassland. To improve the drought resistance of vegetation in the area of returning cropland to forest and grassland on the LP, we suggest coordinating vegetation restoration and GGP measures, reducing the interference of unreasonable intensive human activities, and limiting grazing activities through pasture rotation. How the drought resistance of vegetation will change in the future on the LP as well as within its different climatic zones is the next goal of our research.
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Figure 1. The spatial distribution of topography (a), climate zones (b), vegetation biotypes (c), and land use/land cover change (d) over the LP. The climate zoning is extracted from Zheng et al. [31]. The type of vegetation comes from the vegetation map of the People’s Republic of China (1:1,000,000) [32]. 
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Figure 2. Spatial distributions of DRC (Drought Resistance Coefficient) of vegetation during 1982–2015 over the LP. Where values are larger, vegetation has lower resistance to drought; where values are smaller, vegetation has larger resistance to drought. 
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Figure 3. DRC (Drought Resistance Coefficient) of vegetation in different climate zones (a) and vegetation biotypes (b). Boxplot elements: box = values of 25th and 75th percentiles; horizontal line = median; whiskers = ±1 Standard Deviation (SD). 
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Figure 4. Mean DRC (Drought Resistance Coefficient) of forest (a), grassland (b), and cropland (c) across climate zones. Error bar is 1 SD. 
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Figure 5. The percentage of area with different DRC (Drought Resistance Coefficient) change characteristic (Insignificantly/Significantly increased/decreased) on the whole LP and three climate zones (semi-humid, semi-arid, arid). 
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Figure 6. Percentage change of DRC (Drought Resistance Coefficient) across climate zones and vegetation biotypes. Semi-humid regions (SH), Semi-arid regions (SA), and Arid regions (A). 






Figure 6. Percentage change of DRC (Drought Resistance Coefficient) across climate zones and vegetation biotypes. Semi-humid regions (SH), Semi-arid regions (SA), and Arid regions (A).



[image: Remotesensing 14 05142 g006]







[image: Remotesensing 14 05142 g007 550] 





Figure 7. Change of the area (a) and DRC (Drought Resistance Coefficient) on the land cover from crops to forest (b) and grassland (c). 
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Figure 8. Spatial distributions of contributions of climate change (a) and human activities (b) to change in the drought resistance of vegetation on the LP. Top-left insets show contributions across climate zones. 
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