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In recent years, drought frequency has gradually increased, which has reduced vegetation growth and development. The response of grassland to meteorological drought is more sensitive than other vegetation types and can differ substantially among grassland types. In this study, the response of vegetation change to meteorological drought at different time scales was evaluated using data from the normalized difference vegetation index (NDVI) and the standardized precipitation evapotranspiration index (SPEI) to analyze the spatial and temporal variation trends and correlations of the NDVI and SPEI of three grassland types in Xinjiang from 1982 to 2015. Over this 34-year period, the NDVI of meadow, steppe, and desert grassland in Xinjiang increased, with growth rates of 0.002, 0.002, and 0.0003 per decade, respectively, although the increase was insignificant (p > 0.05). The most obvious vegetation improvement areas of the three grassland types were mainly distributed in the Tianshan Mountains. The SPEI-12 of meadow, steppe, and desert grassland in Xinjiang indicated an extremely significant drying trend (p < 0.01), with change rates of −0.31, −0.38, and −0.34 per decade, respectively. The overall pattern was the gradual drying from the northwest to southeast, and the degree of aridification was the largest in eastern Xinjiang. On the annual scale, the correlation between the NDVI and SPEI-12 of the three grassland types was significantly different between northern and southern Xinjiang. The degree to which the vegetation of the three grassland types responded to drought was higher in northern Xinjiang than in southern Xinjiang, and most responses were significant. On the monthly scale, the response of meadow to the SPEI-12 was the highest in autumn (September) (r = 0.53; p < 0.05), the response of steppe to the SPEI-3 was the highest in summer (August) (r = 0.49; p < 0.05), and the response of desert grassland to the SPEI-12 was the highest in summer (June) (r = 0.44; p < 0.05). The results can provide a scientific basis for natural grassland drought response, ecological environmental improvement, and disaster prevention and mitigation.
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1 INTRODUCTION
Drought is one of the most serious meteorological disasters, having the characteristics of high frequency, long duration, and large scope (Grayson, 2013). According to the fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC), as the global average temperature continues to rise, the possibility of global drought events increases (IPCC, 2013). The regions most affected by climate change are the middle and high latitudes (Carrer et al., 2019). For example, the rate of temperature increase in the arid area of northwest China is 2.62 times that of the average global rate of the temperature increase (Yao et al., 2013). Because climate change is also the driving factor of vegetation change (Zhang et al., 2011), vegetation is an indicator of response to climate change and a feedback indicator of the impact of drought (Wang et al., 2012). Xinjiang is located in the hinterland of Central Asia; grassland is the most widely distributed vegetation type in Xinjiang (Zhao et al., 2020), which is of great significance in maintaining the ecological environment balance and climate regulation (Zhou et al., 2017). Drought may have many negative impacts on vegetation, such as hindering regreening and vegetation growth and development, which leads to a reduced vegetation coverage and carbon sink capacity. These changes affect the sustainable development of terrestrial ecosystems and the economy. Some studies have shown that the grassland is more sensitive to drought than other vegetation types (Chen et al., 2016; Kong et al., 2016), and the resistance and resilience of different grassland types to climatic drought differ substantially. Therefore, exploring the response of different grassland types to drought is of great significance for the protection and rational use of grassland resources (Liu et al., 2019a).
At present, in the study of drought characteristics and change trends (Su and Li, 2012), the most widely used is the standardized precipitation evapotranspiration index (SPEI) proposed by Vicente Serrano. The SPEI not only considers precipitation and evapotranspiration factors but also combines the advantages of the standardized precipitation index (SPI) and the Palmer drought severity index (PDSI) (Wang et al., 2014). Many scholars use the normalized difference vegetation index (NDVI) to research the response of vegetation to drought at regional scales (Luo et al., 2020), and the NDVI is the most effective and extensive index to reflect vegetation coverage and growth (Liu et al., 2019b). In recent years, there have been studies on the spatial and temporal dynamics of the NDVI in grasslands in China, different vegetation types in northern China, and the response of vegetation changes in northwest China to multi-scale drought (Xu et al., 2018; Zhang et al., 2020; Liu et al., 2022). The NDVI and SPEI have different degrees of correlation due to different vegetation types (Rajpoot and Kumar, 2019; Wang et al., 2020; Qi et al., 2021), and in arid and semi-arid areas, the two show a strong positive correlation (Wang et al., 2016). However, the larger SPEI value is not more conducive to the growth and development of vegetation (Luo et al., 2020). Some studies have also found that in forest areas with abundant precipitation in China, the NDVI of vegetation is negatively correlated with the SPEI, indicating that areas with abundant water are less affected by drought (Kong et al., 2016). The correlation between the NDVI and SPEI at different time scales is also different, and the response between the seasons changes (Liu et al., 2015). In one study, the correlation between the vegetation NDVI and SPEI in the Mediterranean Basin gradually changed from a negative to a positive relationship, and the months corresponding to the correlation coefficients of the SPEI and NDVI between seasons were also very different (Gouveia et al., 2017). Some scholars have also studied the characteristics of temporal and spatial changes in the vegetation in Ningxia and their coupling relationship with the arid climate. They found that the vegetation growth in Ningxia is significantly affected by spring and summer precipitations, while higher summer temperatures further inhibit vegetation growth (Zong and Wang, 2014). Therefore, when studying the response of vegetation to drought, it is necessary to consider the vegetation type and season.
Xinjiang, the location for this study, is in the middle latitudes and is a typical arid and semi-arid region. With the implementation of the national “One Belt, One Road” initiative, Xinjiang has become the core area of the “Silk Road Economic Belt.” Because of the region’s economic importance, changing drought conditions have received extensive attention (Xie et al., 2017; Hu et al., 2019a). The ecological environment in Xinjiang is fragile and sensitive to climate change (Hu et al., 2014; Hu et al., 2017). The shortage of water resources caused by drought is the key factor that affects the ecological balance of the region and restricts the sustainable development of grassland resources. Since 1980, the temperature and precipitation in Xinjiang have trended upward, and the climate in Xinjiang has gradually changed from warm–dry to warm–wet (Shi et al., 2007; Hu et al., 2016). The climate transition in Xinjiang has significantly impacted the local ecosystem and water cycle. Most studies have focused on the spatial and temporal variations of the NDVI in Xinjiang and its relationship with climatic factors (temperature and precipitation), but there is relatively little research on the response of the NDVI in Xinjiang natural grassland to multi-scale drought. In addition, how different grassland types in Xinjiang respond to multi-scale meteorological drought is still unclear (Tao et al., 2014; Luo et al., 2016), and further research is still needed.
Therefore, the following main issues were studied: 1) what were the spatial and temporal characteristics of vegetation and meteorological drought in different grassland types? 2) What was the response relationship between the vegetation of different grassland types and meteorological drought? 3) What was the adaptive capacity of different grassland types to drought at different time scales?
2 MATERIALS AND METHODS
2.1 Study area
The study area is in the Xinjiang Uygur Autonomous Region (73°32'∼96°21 ′E, 34°22'∼49°33 ′N) (Figure 1). Xinjiang is characterized by “three mountains and two basins:” the Altai Mountains in the north, the Kunlun Mountains in the south, and the Tianshan Mountains in the middle, and the Junggar Basin and the Tarim Basin. Rich and diverse grassland types are formed due to the complex and diverse landforms in the region. Xinjiang is mainly divided into three grassland types: meadow, steppe, and desert grassland (Zhao et al., 2020). Xinjiang has a typical temperate continental arid climate. The average annual temperature is 4–8°C in northern Xinjiang and 10–13°C in southern Xinjiang. The annual precipitation is 100–200 mm in northern Xinjiang and 80–100 mm in southern Xinjiang. The annual evaporation is 1,500–2,300 mm in northern Xinjiang and 2,100–3,400 mm in southern Xinjiang. Xinjiang has a total area of 166.49 × 104 km2, of which 5,725.88×104 hm2 is natural grassland, particularly distributed in mountainous areas, basin margins, and riverbanks. The available grassland area is 4,800.68×104 hm2, the third highest grassland area in China. Meadow, steppe, and desert grassland account for 23.6%, 29%, and 46.9% of the total grassland area and 25.2%, 31.6%, and 42.6% of the available grassland area, respectively. The ecological environment of natural grassland in Xinjiang is affected by climate and terrain and is extremely fragile.
[image: Figure 1]FIGURE 1 | Study area information. (A) Location of the study area. (B) Topography. (C) Grassland types.
2.2 Data
The NDVI data come from the dataset released by the Global Inventory Monitoring and Modeling Systems (GIMMS) of NASA (https://ecocast.arc.nasa.gov). The time resolution is 15 days, the spatial resolution is 1/12°, and the time span is from January 1982 to December 2015. The data were preprocessed by geometric correction and atmospheric correction to eliminate the influence of volcanic eruption, solar altitude angle, and sensor sensitivity changes with factors such as time. The maximum value composite (MVC) was used to obtain monthly data, and then, annual data and growing season data were obtained. Seasons were classified into the growing season (April–October), spring (April–May), summer (June–August), and autumn (September–October) (Tan et al., 2015). The digital elevation model (DEM) data were obtained from the Data Center for Resources and Environmental Sciences of the Chinese Academy of Sciences (http://www.resdc.cn), with a spatial resolution of 250 m.
The SPEI index was derived from SPEI base v. 2.6 products (https://digital.csic.es/handle/10261/202305) with a time resolution of January, a spatial resolution of 0.5°, and a time span of 1901–2015, including the scale of 1–48 months. In this study, the data from January 1982 to December 2015 were selected.
The Penman–Monteith method recommended by the Food and Agriculture Organization (FAO) of the United Nations was adopted to calculate the potential evapotranspiration ([image: image]) by comprehensively considering temperature, precipitation, wind speed, sunshine, and other factors as follows:
[image: image]
where [image: image] represents the potential evapotranspiration ([image: image]); [image: image] represents the gradient of the saturation vapor pressure curve ([image: image]); [image: image] represents net radiation ([image: image]); [image: image] represents the heat flux density ([image: image]); [image: image] represents the psychometric constant ([image: image]); [image: image] represents the daily average temperature ([image: image]); [image: image] represents the wind speed at a height of 2 m ([image: image]); [image: image] represents the vapor pressure of saturated air ([image: image]); [image: image] represents air vapor pressure ([image: image]); and the detailed calculation and value of each parameter was referred to as a reference (Allen et al., 1998).
The difference between evapotranspiration and monthly precipitation ([image: image]) was calculated using the following equation:
[image: image]
where [image: image] represents the water profit and loss ([image: image]); [image: image] represents the precipitation of the [image: image] th month ([image: image]); and [image: image] represents the potential evapotranspiration of the [image: image] th month ([image: image]).
To normalize the difference between precipitation and potential evapotranspiration, the log-logistic probability distribution function was used, and the probability density was standardized to calculate the corresponding [image: image].
The formula for the log-logistic probability distribution function is expressed as follows:
[image: image]
where [image: image], [image: image], and [image: image] are fitted by the linear moment method, and the detailed calculation and value of each parameter were referred to as a reference (Vicente-Serrano et al., 2010).
The standardized values of [image: image] were then calculated with the following formula:
[image: image]
If [image: image],
[image: image]
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If [image: image]
[image: image]
[image: image]
where [image: image] represents the cumulative probability function value of the evapotranspiration precipitation derivation function; [image: image].
For the climate drought grade (GB/T20481-2006) (General Administration of Quality Supervision, 2006), the SPEI value was divided into grade 8. The dry and wet classification of the SPEI is shown in Table 1.
TABLE 1 | Wet and dry classification based on the standardized precipitation evapotranspiration index (SPEI).
[image: Table 1]2.3 Methods
2.1.1 Trend analysis and F-test
Based on unary linear fitting regression analysis, the spatio-temporal change rates of the NDVI and SPEI at a pixel scale were studied (Gang et al., 2018). The calculation formula is expressed as follows:
[image: image]
where [image: image] represents the slope; [image: image] represents 34 (34 years from 1982 to 2015); [image: image] represents the research period; and [image: image] represents the research variable of the [image: image] th year, especially the NDVI and SPEI. If [image: image], the research variable has an increasing trend; otherwise, it has a decreasing trend. When the F-test was performed on [image: image] values of different pixels, the change trend was divided into six grades: extremely significant decrease ([image: image]); significant decrease ([image: image]); insignificant decrease ([image: image]); insignificant increase ([image: image]); significant increase ([image: image]); and extremely significant increase ([image: image]).
2.1.2 Mann–Kendall test
The Mann–Kendall (M–K) test is a non-parametric statistical test that requires the climate series to be stable and randomly independent (Yue et al., 2002; Fensholt et al., 2013). For time series variables [image: image], [image: image] is the length of the sequence, which is in defined statistics:
[image: image]
[image: image]
Assuming random independence of time series, the defined statistics are as follows:
[image: image]
where [image: image].
[image: image] is a standard normal distribution with a given significance level [image: image]; if [image: image], there is an obvious trend change in the series. Time series [image: image] is arranged in a reverse order and then calculated according to the aforementioned formula, meanwhile making
[image: image]
In the aforementioned formulas, [image: image]
If the [image: image] value is greater than 0, the sequence [image: image] is an upward trend; otherwise, it is a downward trend. If [image: image] exceeds the critical threshold, there is a significant upward or downward trend in the sequence [image: image]. When [image: image] and [image: image] intersect at the critical boundary, the point at which the two curves intersect is the point at which the mutation begins.
2.1.3 Correlation analysis
The spatial analysis of each pixel was conducted to obtain the correlation coefficient between the NDVI and SPEI (Hu et al., 2019b; Zhou et al., 2021). The formula is expressed as follows:
[image: image]
where [image: image] represents the correlation coefficient of [image: image] and [image: image] variables; [image: image] represents 34 (from 1982 to 2015); [image: image] represents the NDVI value of the [image: image] th year; [image: image] represents the SPEI value of the [image: image] th year; [image: image] represents the average NDVI values over many years; and [image: image] represents the average SPEI values over many years.
3 RESULTS
3.1 Vegetation change characteristics of natural grassland in Xinjiang
According to the interannual variation trend of the NDVI during the study period in Xinjiang, the average NDVI value was the highest for meadow (0.2962), the second highest for steppe (0.2617), and the lowest for desert grassland (0.1833) (Figure 2). Moreover, although the NDVI of meadow, grassland, and desert grassland increased, with a growth rate of 0.002, 0.002, and 0.0003 per decade, respectively, the increase was insignificant (p > 0.05). The M–K test showed that the NDVI of meadow had a significant increasing trend from 1998 to 2005 (p < 0.05) (Figure 2A). As shown in Figure 2B, the NDVI of steppe showed a significant increasing trend from 1999 to 2003 (p < 0.05), while the NDVI of desert grassland showed an increasing trend that was insignificant during the entire study period (Figure 2C). In addition, the average NDVI value of meadow and steppe mutated after 1983 and that of the desert grassland mutated after 1982.
[image: Figure 2]FIGURE 2 | Interannual variation trend and the Mann–Kendall test of the NDVI of meadow (A), steppe (B), and desert grassland (C) in Xinjiang. (Note: if the UF value is greater than 0, it indicates that the NDVI sequence has an upward trend; otherwise, it has a downward trend. When UF exceeds the critical line, it indicates that the trend of the sequential NDVI has a significant increase or decrease. When UF and UB intersect at the critical boundary, the point at which the two curves intersect is the point where the mutation begins. The critical line is the 0.05 significant level.)
As shown in the spatial distribution of the meadow NDVI (Figure 3A), the areas where the meadow NDVI averaged greater than 0.4 were mainly distributed in the Yili River Valley, some mountainous areas of the Tianshan Mountains, and some mountainous areas of the Altai Mountains, accounting for about 29.1% of the total meadow area. The vegetation coverage at the margin of the Tarim Basin was extremely low. The average NDVI value in the Yili River Valley and the Tianshan Mountains was generally greater than 0.4 (Figure 3B); the valley and mountains belonged to the high-value NDVI steppe area, accounting for 23.1% of the total steppe area. However, the Pamir Plateau, the Kunlun Mountains, and the Altai Mountains had a poor vegetation coverage and belonged to the low-value steppe NDVI area. Desert grassland was mainly in the Junggar Basin and some mountainous areas of the Tianshan Mountains and the Kunlun Mountains. In terms of spatial distribution, the desert grassland was concentrated in northern Xinjiang (Figure 3C), but it covered a small area. In southern Xinjiang, the desert grassland was scattered, but it covered a large area. From the perspective of spatial change (Figures 3D–F), the areas with an NDVI change rate greater than zero accounted for 58.4%, 63.6%, and 52.9% of the total area of meadow, steppe, and desert grassland, respectively. The areas with an extremely significant increase and significant increase in the meadow NDVI were mainly located in some mountainous areas of the Tianshan Mountains and the southwest margin of the Tarim Basin, accounting for 33.1% of the total meadow area (Figure 3G). The areas with an extremely significant increase and significant increase in the steppe NDVI accounted for 30.2% of the total steppe area and were mainly distributed in some mountainous areas of the Altai Mountains, the Tianshan Mountains, and the Kunlun Mountains (Figure 3H). The areas with extremely significant increase and significant increase in the desert grassland NDVI accounted for 24.9% of the total desert grassland area and mainly occurred in some mountainous areas of the Tianshan Mountains, some mountainous areas of the Kunlun Mountains, and the northern and southern margins of the Junggar Basin (Figure 3I).
[image: Figure 3]FIGURE 3 | Spatial distribution pattern of the annual average NDVI and change rate and significance test of meadow, steppe, and desert grassland in Xinjiang. [Annual average NDVI of meadow (A), steppe (B), and desert grassland (C) in Xinjiang; the NDVI change rate of meadow (D), steppe (E), and desert grassland (F) in Xinjiang; and the significance test of meadow (G), steppe (H), and desert grassland (I) in Xinjiang.]
3.2 Variation characteristics of meteorological drought in natural grasslands in Xinjiang
The change rules and distribution of the SPEI at different time scales were relatively consistent. Taking the change trend of the SPEI-12 as an example (Figure 4), the average value of the SPEI-12 during the study period was as follows: steppe (0.0043) > desert grassland (−0.0580) > meadow (−0.0932). The SPEI-12 of meadow, steppe, and desert grassland all showed an extremely significant drying trend (p < 0.01), and its growth rate per decade was −0.31, −0.38, and −0.34, respectively. During the 34 years of the study period, SPEI-12 of the three grassland types reached the maximum value in 1988, the wettest year, and the minimum value in 2008, the driest year. According to the M–K test, the SPEI-12 of the three grassland types showed a significant drying trend after 2009 (p < 0.05) (Figures 4A–C). In addition, the average SPEI-12 value of meadow and steppe indicated a sudden change in the drought trend after 2001, and the regional climate changed from drought to wetness. However, the regional climate of meadow and steppe reverted from wetness to drought in 2004 and 2005, respectively. The average SPEI-12 value of desert grassland showed a sudden change in the drought trend after 2004, and the regional climate changed from wetness to drought.
[image: Figure 4]FIGURE 4 | Interannual variation trend and Mann–Kendall test of the SPEI-12 of meadow (A), steppe (B), and desert grassland (C) in Xinjiang. (Note: if the UF value is greater than 0, it indicates that the SPEI sequence has an upward trend; otherwise, it has a downward trend. When UF exceeds the critical line, it indicates that the trend of the sequential SPEI has a significant increase or decrease. When UF and UB intersect at the critical boundary, the point at which the two curves intersect is the point where the mutation begins. The critical line is the 0.05 significant level.)
As shown in the spatial distribution of the meadow SPEI-12 (Figure 5A), the areas where the average value of the meadow SPEI-12 was greater than 0.2 were mainly distributed in some mountainous areas of the Tianshan Mountains and the Altai Mountains. The eastern margin of the Tarim Basin had the strongest degree of aridification. In the steppe area (Figure 5B), the average value of the SPEI-12 in some mountainous areas of the Tianshan Mountains and the northern margin of the Junggar Basin was generally greater than 0.2, while the degree of aridification was strong in some mountainous areas of the Kunlun Mountains and the northern margin of the Hami Basin. In the desert grassland area (Figure 5C), some mountainous areas of the Tianshan Mountains and the Kunlun Mountains were relatively dry, and the average of the SPEI-12 was generally less than 0.2. The meadow, steppe, and desert grassland all showed a trend of drying gradually from the northwest to southeast, especially in the eastern part of Xinjiang. From the perspective of spatial change (Figures 5D–F), the areas with an SPEI-12 change rate of less than zero accounted for 98.1%, 93.4%, and 98.6% of the total area of meadow, steppe, and desert grassland, respectively. Among them, the areas with extremely significant drying and significant drying in the meadow SPEI accounted for 49.4% of the total meadow area and were mainly distributed in some mountainous areas of the Tianshan Mountains, some mountainous areas of the Altai Mountains, and the eastern margin of the Tarim Basin (Figure 5G). The areas with extremely significant drying and significant drying in the steppe SPEI accounted for 43.1% of the total steppe area and were mainly distributed in some mountainous areas of the Altai Mountains, the Tianshan Mountains, and the Kunlun Mountains (Figure 5H). The areas with extremely significant drying and significant drying in the desert grassland SPEI accounted for 64.8% of the total desert grassland area and were mainly distributed in some mountainous areas of the Altai Mountains, the Tianshan Mountains, and the Kunlun Mountains, and the eastern margin of the Junggar Basin (Figure 5I).
[image: Figure 5]FIGURE 5 | Spatial distribution pattern of the annual average SPEI-12 and change rate and significance test of meadow, steppe, and desert grassland in Xinjiang. [The annual average SPEI of meadow (A), steppe (B), and desert grassland (C) in Xinjiang; the SPEI change rate of meadow (D), steppe (E), and desert grassland (F) in Xinjiang; and the significance test of meadow (G), steppe (H), and desert grassland (I) in Xinjiang.]
3.3 Response of natural grassland vegetation to meteorological drought in Xinjiang
3.1.1 Response of the annual vegetation status to annual meteorological drought
The SPEI-12 data representing the interannual drought status were selected for analysis; there were significant spatial differences in the correlation between the NDVI and SPEI-12 of different grassland types (Figure 6). In general, the area of positive correlation between the NDVI and SPEI-12 was significantly larger than the area of negative correlation in the three grassland types. The grassland type with the largest proportional area of positive correlation was desert grassland (accounting for 76% of the total desert grassland area), followed by steppe (accounting for 70.1% of the total steppe area). Meadow had the smallest proportional area of positive correlation (accounting for 63.4% of the total meadow area). The proportion of the grassland type with a significant positive correlation was the highest (32.6%) in desert grassland, which was mainly distributed in some mountainous areas of the Tianshan Mountains and the eastern and western margins of the Junggar Basin. The next highest proportion of the significant positive correlation was steppe (21.2%), which was mainly distributed in some mountainous areas of the Tianshan Mountains and the northern margin of the Junggar Basin. The meadow had the smallest proportion of the significant positive correlation area (19.2%), where it was mainly distributed in some areas of the Yili River Valley, some mountainous areas of the Altai Mountains, and the northern margin of the Tarim Basin.
[image: Figure 6]FIGURE 6 | Correlation coefficient and significance test between the NDVI and SPEI-12 of meadow, steppe, and desert grassland in Xinjiang. (The correlation coefficient between the NDVI and SPEI-12 of meadow (A), steppe (B), and desert grassland (C) in Xinjiang and the significance test between the NDVI and SPEI-12 of meadow (D), steppe (E), and desert grassland (F) in Xinjiang.)
3.1.2 Response of the vegetation status to meteorological drought at different time scales during the growing season
In different months of the growing season, different grassland types had different responses to meteorological drought. The NDVI was used to characterize the monthly vegetation growth. Based on the monthly scale, the correlation coefficients between the NDVI of the same month and the SPEI of the corresponding pixel at the scale of 1, 3, 6, and 12 months were calculated, respectively, in the growing season from 1982 to 2015. Through calculation, 84 spatial distribution maps of correlation coefficients were obtained. Through statistical analysis (Figure 7), it was found that in spring (April–May), in April, the SPEI of meadow and steppe in each time scale were significantly negatively correlated, of which meadow had the largest negative correlation coefficients, −0.72, −0.74, −0.63, and −0.43. The SPEI of desert grassland was insignificant at all scales; in summer (June–August); the meadow and steppe were not significantly affected by drought in June. There was a significant positive correlation between desert grassland and the SPEI-6 and SPEI-12, and the response to the SPEI-12 was stronger, with a correlation coefficient of 0.44. In August, the SPEI-3, SPEI-6, and SPEI-12 had a significant impact on the NDVI of three grassland types, of which the steppe correlation coefficient was the highest, with correlation coefficients of 0.49, 0.48, and 0.47, respectively. In autumn (September–October), meadow and steppe showed a significant positive correlation in the SPEI-3, SPEI-6, and SPEI-12 in September. The meadow response was stronger, with correlation coefficients of 0.45, 0.50, and 0.53. Desert grassland only showed a significant positive correlation in the SPEI-12 in September–October. In general, the response of meadow to the SPEI-12 was the highest in autumn (September) (r = 0.53; p < 0.05), the response of steppe to the SPEI-3 was the highest in summer (August) (r = 0.49; p < 0.05), and the response of desert grassland to the SPEI-12 was the highest in summer (June) (r = 0.44; p < 0.05).
[image: Figure 7]FIGURE 7 | Correlation coefficients between the NDVI and SPEI at different time scales of meadow, steppe, and desert grassland in Xinjiang.
4 DISCUSSION
Frequent drought strongly impacts the vegetation growth and distribution patterns in grassland ecosystems. Drought occurrence in different grassland types is variable, and the response mechanism of grassland types to drought also differs (Bai and Alatengtuya, 2022). In terms of temporal changes, the NDVI of different grassland types in northern China and the Yili Region of Xinjiang showed a weak increasing trend (Cao et al., 2016; Qin et al., 2021). This study found that the NDVI of meadow, steppe, and desert grassland in Xinjiang also showed a weak increasing trend that was insignificant (p > 0.05); the NDVI growth rate was 0.002 per decade for meadow and steppe and 0.0003 per decade for desert grassland. In terms of spatial change, the NDVI of meadow increased significantly in some mountainous areas of the Tianshan Mountains and the southwest margin of the Tarim Basin. The steppe regions with a significant increase in the NDVI were mainly distributed in some mountainous areas of the Altai Mountains, the Tianshan Mountains, and the Kunlun Mountains. The desert grassland regions with a significant increase in the NDVI were mainly distributed in some mountainous areas of the Tianshan Mountains, some mountains of the Kunlun Mountains, and the northern and southern margins of the Junggar Basin. These results were similar to those of other scholars in China and northern China (He et al., 2020; Geng et al., 2022). The ecological environment of meadow, steppe, and desert grassland in Xinjiang is constantly improving, and the vegetation of different grassland types shows a benign development trend. Since the state initiated the vegetation restoration project of returning farmland to grassland in 1999, Xinjiang has carried out a series of ecological restoration projects such as fence enclosure and grassland improvement, which has improved the grassland growth environment and generally increased the area covered by grassland. In addition, the implementation of the “livestock reduction project” has also played a positive role in grassland restoration (Dong et al., 2009). In the past 34 years, the SPEI-12 of meadow, steppe, and desert grassland in Xinjiang showed an extremely significant drying trend (p < 0.01). The main climate factor affecting the interannual change of the water cycle of the terrestrial ecosystem is precipitation (Hu et al., 2022). Although precipitation has increased in Xinjiang, since it is in an arid and semi-arid region, the rising temperature has led to the strengthening of evapotranspiration, and the climate is still drying (Guo et al., 2019).
The degree of vegetation change in response to meteorological drought differed among grassland types. On an annual scale, the correlation between the NDVI and SPEI-12 of the three grassland types was significantly different between north and south Xinjiang. The response of vegetation to drought was higher and more significant in north Xinjiang than in south Xinjiang. This may be due to the uneven distribution of precipitation in north and south Xinjiang. Unique landforms in the Yili River Valley and the Altai Mountain area in north Xinjiang make humid air flow from the north Atlantic and the Arctic Ocean enter. As a result, vegetation growth is more easily restricted by the water conditions in the three grassland types in northern Xinjiang (Zhang et al., 2009; Wang et al., 2017; Chen et al., 2021). To reduce water loss and adapt to physiological stress during drought, vegetation generally adopts methods such as reducing respiration, photosynthesis, and growth rate (Liu, 2016). Due to different structures and functions across types of vegetation, vegetation’s adaptability to climate change also varies (Vicente-Serrano et al., 2013). Affected by the humid air flow, the temperature in northern Xinjiang was relatively low, the precipitation was higher, and the vegetation was more sensitive to drought stress than southern Xinjiang. Drought reduces the soil water content, which reduces vegetation roots’ capacity to absorb water. Therefore, the grassland vegetation in northern Xinjiang is greatly affected by drought. However, the southern Xinjiang region is obstructed by the Tianshan Mountains. The temperature was relatively high, the precipitation was very low, and the vegetation had a stronger adaptability to drought stress, which improved the water storage capacity during drought. Therefore, the grassland vegetation in southern Xinjiang had a weak response to drought.
On the monthly scale, the response of the three grassland types to the SPEI was the most sensitive in summer, followed by autumn, and the weakest in spring; this pattern was consistent with the research results from the central part of the Inner Mongolia Plateau (Deng et al., 2022). With warming temperatures, the melting of ice and snow increases the soil water content. However, insufficient effective accumulated temperature inhibits the physiological activities of grassland vegetation, and water consumption is limited, reducing the sensitivity of grassland vegetation to drought in the spring (Deng et al., 2022). In summer, most grassland vegetation is in the critical period of growth and development and is extremely vulnerable to drought (Huang et al., 2009). In autumn, grassland vegetation begins to wither and turns yellow, and the impact of water on it is weakened, especially in October. The response of meadow to the SPEI-12 was the highest in autumn (September) (r = 0.53; p < 0.05), the response of steppe to the SPEI-3 was the highest in summer (August) (r = 0.49; p < 0.05), and the response of desert grassland to the SPEI-12 was the highest in summer (June) (r = 0.44; p < 0.05), which indicate that the drought resistance of grassland types differed. When summer drought occurred over a short time scale, steppe was more sensitive to drought changes; however, meadow and desert grassland were sensitive to long-term summer and autumn drought changes; these findings were similar to the research results from northeast China (Luo et al., 2020). This was not only related to the water absorption capacity of the root system of different grassland types but also to the different distribution ratios of soil water in the shallow and middle layers of the soil in the area where the vegetation was located.
In addition, this study assumes that the distribution of different grassland types is stable during the study period, but climate change and human activities will change the distribution of grassland vegetation (Liu and Yu, 2017; Xue et al., 2019). Other factors such as soil humidity and extreme climate will also play a certain role in the growth grassland vegetation growth (Girardin et al., 2016; Li et al., 2018). This study only considers the impact of the SPEI on the grassland vegetation. Because of this limitation, the various factors affecting the NDVI change in grassland vegetation will be incorporated into the next research study to better reflect the response of different grassland vegetation to meteorological drought.
5 CONCLUSION
In the past 34 years, the NDVI of meadow, steppe, and desert grassland in Xinjiang has shown an increasing trend that was insignificant (p > 0.05), with a growth rate of 0.002, 0.002, and 0.0003 per decade, respectively. The SPEI-12 has shown an extremely significant drying trend (p < 0.01), with a change rate of −0.31, −0.38, and −0.34 per decade, respectively. The areas with the most obvious vegetation improvement of the three grassland types were mainly distributed in the Tianshan Mountain area. The overall meteorological drought trend was gradually drying from the northwest to southeast, with the degree of aridification in the eastern Xinjiang region being the most obvious. On the annual scale, the response of vegetation of the three grassland types in northern Xinjiang to drought was higher and more significant than that in southern Xinjiang; on the monthly scale, the response of meadow to the SPEI-12 was the highest in autumn (September) (r = 0.53; p < 0.05), the response of steppe to the SPEI-3 was the highest in summer (August) (r = 0.49; p < 0.05), and the response of desert grassland to the SPEI-12 was the highest in summer (June) (r = 0.44; p < 0.05). Thus, when summer drought occurred over a short time scale, steppe was more sensitive to drought changes; however, meadow and desert grassland were sensitive to long-term summer and autumn drought changes.
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