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Abstract

:

Alpine vegetation on the Southwestern Tibetan Plateau (SWTP) is sensitive and vulnerable to climate change and human activities. Climate warming and human actions (mainly ecological restoration, social-economic development, and grazing) have already caused the degradation of alpine grasslands on the Tibetan Plateau (TP) to some extent. However, it remains unclear how human activities (mainly grazing) have regulated vegetation variation under climate change and ecological restoration since 2000. This study used the normalized difference vegetation index (NDVI) and social statistic data to explore the spatiotemporal changes and the relationship between the NDVI and climatic change, human activities, and grazing intensity. The results revealed that the NDVI increased by 0.006/10a from 2000 to 2020. Significant greening, mainly distributed in Rikaze, with partial browning, has been found in the SWTP. The correlation analysis results showed that precipitation is the most critical factor affecting the spatial distribution of NDVI, and the NDVI is correlated positively with temperature and precipitation in most parts of the SWTP. We found that climate change and human activities co-affected the vegetation change in the SWTP, and human activities leading to vegetation greening since 2000. The NDVI and grazing intensity were mainly negatively correlated, and the grazing caused vegetation degradation to some extent. This study provides practical support for grassland use, grazing management, ecological restoration, and regional sustainable development for the TP and similar alpine areas.
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1. Introduction


Vegetation is a crucial part of the terrestrial ecosystem and plays a vital role in regulating ecological balance, water, energy cycle, and climate change [1,2]. Long-term climate change, topography, and other natural factors determine the formation of vegetation spatial patterns (e.g., earthquakes, species introduction, utilization strategies, and ways) [3,4,5]. Meanwhile, human activities such as land use, urban expansion, agriculture and animal husbandry, and tourism also affect vegetation growth and the natural environment, thus changing the distribution pattern of vegetation [6,7,8]. On the contrary, the dynamic evolution of vegetation will also affect climate change and human activities [9]. Therefore, vegetation dynamics have attracted extensive attention to scientists and governors in global warming and have become one of the research hotspots of global change, with essential scientific and practical significance [10,11,12].



The analysis of vegetation cover and its correlation with environmental change is one of the research hotspots in recent decades [13,14]. The continuous innovation of remote sensing observation technology and modern analysis methods provides strong theoretical and technical support for studying vegetation cover change and its influencing factors at large-scale and longtime series [15,16]. Remote sensing data has been widely applied to reveal vegetation, ecological and environmental change at the global or regional scale [17,18]. The Normalized Difference Vegetation Index (NDVI), one of the valuable indicators, is widely applied to reflect the characteristics of vegetation cover and its dynamic changes at the global, national or regional scales [19,20,21]. The NDVI value ranges from −1.0 to 1.0 [22]. Generally, people take the NDVI value less than 0.1 as a non-vegetation area by default, e.g., water, bare land, and other land-use types [23]. The NDVI value greater than 0.1 is regarded as the area covered by vegetation, and the larger the value is, the better the vegetation growth [23].



The Tibetan plateau (TP) is an alpine region sensitive to climate change, with complex and diverse vegetation types and fluctuating terrain [24,25]. The TP is an ideal place to study the change of vegetation cover and its response to climate change because it is relatively concentrated and less disturbed by human activities [26,27]. The applications of NDVI in the TP are mainly focusing on the vegetation change [28,29], the relationship between vegetation and climatic change [30], elevation gradient [31,32], vegetation types [33,34], and human activities [35,36]. Some research showed that the vegetation of the TP changed with a trend of “overall increase and local decrease”. There were significant differences in vegetation change characteristics in different regions. Li et al. (2018) found that NDVI increased significantly in the growing season of the TP, with 70.37% of the TP showing a greening trend, and the southwest of the TP showing a browning trend [37]. In addition, some scholars found that temperature and precipitation are two significant climate factors affecting NDVI and its change, but the main factors affecting vegetation growth in different subregions of the TP have great spatial heterogeneity. For example, Bai et al. (2020) found that temperature is the main driving factor promoting vegetation growth and restoration in the Three-River Headwaters region [38]. Li et al. (2020) found that precipitation was more sensitive to vegetation growth in the southwestern Tibetan Plateau [39].



Some research results have explored the relationship between vegetation and climate change, which found that climate change has a direct impact on vegetation on the TP [40]. Nevertheless, vegetation is not only related to climate change, but the impact of human activities on vegetation is also crucial and cannot be ignored. The results indicated that in addition to the natural factors, the urban expansion, population increase, and other disturbances like grazing and farming caused by human activities have significantly impacted the ecosystem in the TP [41]. The impact of human activities on vegetation has enhanced the effects of climate change and vegetation greening in some parts of the TP [42]. Meanwhile, vegetation degradation partly occurred under global warming and grazing pressure, and overgrazing is one of the main reasons that caused local vegetation degradation [43]. Although the Chinese government has implemented some ecological construction projects, such as the Natural Forest Conservation Program (2000–2020), the Grain for Green Program (1999–2020), the Wildlife Conservation and Nature Protection Program (2001–2050), and the Grassland Ecological Protection Program (2011–2020), from the perspective of banning grazing and reducing the number of livestock, to reduce the grazing pressure and human disturbance to improve the ecological quality of the TP [44]. Recent studies have shown that short-term fencing and banning grazing have improved the ecological environment, but long-term fencing and grazing banning have not only led to increased grazing pressure outside the fences, but also have exacerbated the conflict between ecological conservation and economic development [45]. There is an urgent need to comprehensively explore the relationship between vegetation change, climate change, and human activities, and to adjust grassland management policies on the TP in accordance with the Sustainable Development Goals (SDGs) [46].



The Southwestern Tibetan Plateau (SWTP), located in the southwestern TP, is the intersection and transitional zone of the Karakoram Mt., Himalayas, and Gangdise. The SWTP is also the river source of the Yarlung Zangbo River, Indus River, and Ganges River [47]. The SWTP is a famous fragile area of the “water towers” on the earth with vital water conservation and other ecosystem services [48]. Meanwhile, it is an essential transitional ecotone among China, India, Bhutan, and Nepal, with a unique natural environment and geographical location [25]. Affected by climate change and human activities, the SWTP faces massive pressure from agricultural and animal husbandry production, ecological protection, and social and economic development due to glacier retreat, vegetation degradation, and desertification. Although several conservation projects have improved the ecological quality of the SWTP [49]. However, the results and effects of these ecological protection projects appeared slowly due to the fragile natural systems and sparse vegetation. Besides, more efforts are needed to keep up with the current environment, to adjust and refine the restoration plan, and to efficiently and effectively manage the alpine ecosystem for sustainable development in the TP. Therefore, it is necessary to quantify the relative influence of climate change and human activities on vegetation cover and clarify the relationship between climate, human activities, grazing intensity, and vegetation growth to better protect the natural environment and ecological security in the TP. In this study, based on the remote sensing data like NDVI, climatic data, livestock number, and spatial analysis methods, we aimed to: (1) investigate the spatiotemporal variation in vegetation cover in the SWTP from 2000 to 2020; (2) identify the effect of climate change and human activities on the NDVI; (3) explore the correlation between grazing intensity and the NDVI; and (4) bring forward suggestions for grazing management and steppe restoration. The results are expected to provide some useful scientific information for safe utilization of the high-altitude alpine vegetations with good grazing and animal husbandry, ecological protection and restoration, and sustainable development in the TP.




2. Materials and Methods


2.1. Case Study Area


The Southwestern Tibetan Plateau (SWTP), with an area of 308.9 thousand km2, is located in the southwest part of the Tibetan Plateau (26°59′–33°97′ N, 78°28′–90°40′ E). The SWTP is situated in the mountainous areas, including the Himalayas and Gangdise, and is an essential transitional belt between China, India, Bhutan, and Nepal (Figure 1). The SWTP is a fragile area characterized by a high relief, generally ranging from 1553 to 8848.86 m (an average elevation of more than 4000 m), a cold and dry climate, less rainfall, and substantial solar isolation. The main landscapes are desert steppe, alpine steppe/grassland, alpine brush, rivers, lakes, urban and rural settlements, glaciers and snow cover, and rocky mountains [37]. The SWTP is the river source of Shiquan, Xiangquan, Kongque, and Maquan (upper parts of the Yarlung Zangbo River), with essential water conservation and ecological services. The SWTP includes Rikaze and Ngari Prefecture, and is one of the typical pastoral areas in the TP. The economic type of the SWTP is relatively simple, and the residents largely depend on the grazing of the Capra hircus, Bos mutus, and Ovis aries.




2.2. Data


The information on the data used can be found in Table 1. This study used Google Earth Engine (GEE) (https://earthengine.google.com/) (accessed on 10 December 2021)) to obtain the 16-day 250 m MOD13Q1 data sets of the growing season (May to September) for the period from 2000 to 2020. To eliminate the negative effects of cloudy and atmospheric change, we used the maximum value composite (MVC) to select a higher value for each pixel during the two images. Then, we calculated the NDVI value from May to September from 2000 to 2020 [50]. To obtain more accurate results of the alpine vegetation, the pixels with NDVI value less than 0.1 for consecutive 15 years are taken as non-vegetation areas by default, and vegetation areas after mask processing were selected as the primary research areas [51,52]. Based on ArcGIS software, we performed basic operations such as projection, clipping, and format conversion on monthly mean temperature and precipitation to generate data sets of annual mean temperature and precipitation in the growing season of the study area. The statistical data were obtained from the statistical yearbooks of Rikaze and Ngari Prefecture. The socio-economic statistical data at the township scale before 2010 were not good and standardized and comprehensive enough due to some departments like the statistical bureau of the local government being established late. Therefore, we used the statistics at the county scale, especially the number of livestock and the available grassland area from 2000 to 2020.




2.3. Methods


2.3.1. Linear Trend Analysis Method


Linear trend analysis mainly uses the ordinary least squares (OLS) to simulate the dynamic variation trend of NDVI in each pixel [34]. This method can eliminate the influence of extreme data in individual years to reflect the spatial change characteristics of NDVI in the study area [54,55]. The calculation formula is [56]:


   θ  slope   =   n ×   ∑  i = 1  n   i ×    X ¯   i  −   ∑  i = 1  n   i   ∑  i = 1  n      X ¯   i          n ×   ∑  i = 1  n    i 2    −    (    ∑  i = 1  n  i   )   2     



(1)




where n is the time series, n = 21,      X ¯   i    is the NDVI value of the year i. If    θ  slope   < 0  , indicates that NDVI has a decreasing trend, and if    θ  slope   > 0  , it has an increasing trend. In addition, we use the F test to determine the significance level of vegetation change. According to the results of the significance test, the trend change can be divided into four grades: significant increase (θ > 0, p ≤ 0.05), no significant increase (θ > 0, p > 0.05), significant decrease (θ < 0, p ≤ 0.05), no significant decrease (θ < 0, p > 0.05).




2.3.2. Correlation Analysis Method


To further quantitatively analyze the relationship between NDVI and climate factors, the correlation analysis method is adopted to calculate the correlation coefficient of NDVI, annual average temperature, and precipitation data pixel by pixel [57,58]. The calculation formula is:


   r   =     ∑  i = 1  n    [   (   x i  −  x ¯   )   (   y i  −  y ¯   )   ]          ∑  i = 1  n      (   x i  −  x ¯   )   2    ∑  i = 1  n      (   y i  −  y ¯   )   2           
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where n is time series,    X i    is the average annual temperature or precipitation in i year, and    x ¯    is the average yearly temperature or precipitation in the research period,    y i    is the NDVI value of i year,    y ¯    represents the mean value of NDVI in the research period.  r  is the correlation coefficient between variables, and its value range is [−1, 1]. If  r  > 0, indicates a positive correlation between variables, if  r  < 0 m there is a negative correlation between variables, and the closer the absolute value is to 1, the stronger the correlation is. We use the F test to determine the significance level of vegetation change, and according to the test results, the trend change can be divided into four grades: significant positive correlation (r > 0, p ≤ 0.05), significantly negative correlation (r > 0, p > 0.05), no significant positive correlation (r < 0, p ≤ 0.05), and no significant negative correlation (r < 0, p > 0.05).




2.3.3. Residuals Analysis


Without considering other factors, the residual analysis can be used to distinguish the influence of climate change and human activities on the NDVI, by modeling the regression between NDVI data and annual mean temperature and precipitation for long time series. The residual between the predicted NDVI value and the actual NDVI value, obtained from the simulation is the anthropogenic influence on NDVI [59,60]. The formula is [61]:


    NDVI   CC   = a × T + b × P + c  



(3)






    NDVI   HA   =   NDVI   OBS   − N D V  I  CC    



(4)




where, a, b, and c is the model parameter, T and P are the mean annual temperature and precipitation,     NDVI   HA     is the difference between the actual NDVI value and the predicted value in i year,   N D V  I  O B S     is the actual value of NDVI in i year,     NDVI   CC     is the predicted value of NDVI in i year. When     NDVI   HA     > 0 indicates that human activities have a positive impact on vegetation growth.     NDVI   HA     < 0 means that human activities have a negative impact on vegetation growth, and     NDVI   HA     = 0 means that human activities have no significant impact.




2.3.4. Calculation of Grazing Intensity


Yak and sheep were the main types of grazing livestock in the study area. During the calculation, we converted the number of the large livestock uniformly to the equivalent unit of five sheep [62]. Then, the domestic livestock was used to calculate grazing intensity based on the county scale [63]. The formula is [37]:


  GI = GL / G A  



(5)




where GI represents grazing intensity (head/hm2), GL represents number of livestock (head), and GA represents the available grassland area (hm2) for grazing in county units.






3. Results


3.1. Spatial Distribution Characteristics of NDVI in the SWTP


The climatic conditions determined the spatial distribution characteristics of the annual mean vegetation NDVI in the SWTP from 2000 to 2020. The value of NDVI was generally low but with apparent spatial differentiation and regional imbalance and showed an increasing trend from the northwest of the SWTP to the southeast. With the decrease in latitude, the NDVI value increased gradually (Figure 2).



The statistical results showed that the vegetation cover in the study area is relatively poor. The SWTP is sparsely vegetated and non-vegetated (NDVI < 0.1), and the low vegetation cover (0.1 < NDVI ≤ 0.2) accounted for 11.88% and 59.08% of the total area of the SWTP, respectively, mainly includes the Ngari Prefecture and the Himalayan Mountainous region. The areas with 0.2 < NDVI ≤ 0.3 are distributed in east Zhongba, accounting for 19.59%. The higher vegetation cover area (NDVI > 0.3) is distributed primarily in the southeast and northeast of the SWTP, accounting for 9.44% of the SWTP (Figure 2).




3.2. Temporal and Spatial Distribution Characteristics of NDVI in the SWTP


3.2.1. Temporal Variation of NDVI


The change rate of NDVI in the SWTP was 0.006/10a, increasing with fluctuations (p < 0.05) over the last two decades (Figure 3). The maximum value of NDVI appeared in 2017 (0.194). The minimum NDVI value was 0.165 in 2015, and the maximum amplitude of NDVI value in the whole study area was 0.029. From the perspective of 2000–2010 and 2011–2020, there is no significant decrease/increase trend in these two periods, and the average rate of NDVI is −0.006/10a and −0.003/10a. The fluctuation trend of NDVI indicates that vegetation cover in this region is more susceptible to external factors, and the ecosystem is fragile, facing the risk of functional changes like the ecological security barriers [26].




3.2.2. Spatial Variation of the NDVI


Figure 4 shows the changing trend of the vegetation in the SWTP from 2000 to 2020. The vegetation change in the SWTP has both greenness and brownness, with obvious spatial imbalance. The increasing trend is apparent in the western part of the SWTP, and the decrease mainly happens in the eastern of the SWTP, like Rikaze City. The main reason may be that most of the counties in Rikaze are primarily farming and grazing. Crop harvest may lead to a significant decrease in the NDVI (Figure 4a). Figure 4b reveals the significance of NDVI variation in the growing season. The results show that the area with an increasing trend accounted for 77.09% of the total area. The areas with a significant increase of NDVI accounted for 21.47% of the SWTP, mainly distributed in the Ngari Prefecture. The areas with a substantial and non-significant decrease of NDVI during the growing season, respectively, accounted for 1.34% and 21.57% of the SWTP, mainly distributed in the eastern parts. The reason may be that the western part of the SWTP is greater and sparsely populated. In contrast, the east part of the SWTP is small but densely populated, and human activities lead to a decrease in the NDVI (Figure 4b).





3.3. Relationships between the Vegetation Dynamics and Climate Factors


During the last 20 years, the average annual temperature of the SWTP has increased (p < 0.01), with an average rate of 0.307 °C/10a (Figure 5a), the maximum temperature occurred in 2010 (4.88 °C) and the minimum temperature occurred in 2008 (3.87 °C). The fluctuation of annual precipitation showed no significant increase trend (Figure 5b), the maximum precipitation occurred in 2000 (37.92 mm), and the minimum precipitation occurred in 2014 (20.50 mm). The results of the Pearson correlation analysis showed that the fluctuation trend of NDVI and annual mean temperature and annual mean precipitation in the SWTP in the last 20 years have a certain similarity, showing a positive correlation (Figure 5). The reason may be that there are spatial differences in climatic conditions in the SWTP, and there is a time lag effect between NDVI and temperature and precipitation. Therefore, a simple linear relationship may be difficult to clearly characterize the correlation between NDVI and climate change.



To further reveal the correlation between NDVI and the average temperature and rainfall in the growing season of the SWTP from 2000 to 2020, the spatial distribution pattern of correlation coefficients was calculated pixel by pixel by the correlation analysis (Figure 6). There is a positive correlation between NDVI and the average yearly temperature in the growing season of the SWTP (51.16%), 7.25% of which is characterized by a significant positive correlation, mainly distributed in Gar. The areas with no significant positive correlation, 43.91% of the SWTP, distributed primarily in Ngari Prefecture and Ngamring, Xaitongmoin, Yadong, and Tingri (Figure 6a). The NDVI in the growing season was negatively correlated with the average annual temperature, accounted for 48.84%, and was mainly distributed in the central and northeastern of the SWTP (Figure 6a). The NDVI in the growing season of the SWTP mostly positively correlated with the annual average precipitation (65.76%), 9.16% of which is characterized by a significant positive correlation, was mainly distributed in the western parts of Gar, Zanda, and Purang. The precipitation in these areas was slight, and the local vegetation was easily affected by the drought. The areas with no significant positive correlation, accounted for 56.60% and were mainly distributed in Ngari Prefecture and the northeastern SWTP. The negative correlation between NDVI and annual precipitation in the growing season accounted for 34.24%, mainly in Zhongba (Figure 6b).




3.4. Relationships between Vegetation Dynamics and Human Activities


The residual analysis method was applied to explore the effects of human activities and climate change on the NDVI in the growing season. The results showed that human activities had affected the alpine vegetation (Figure 7). The effect of human activities on the NDVI is mainly positive (residual > 0), accounting for 69.15% from 2000 to 2020, and the adverse effects (residual < 0) accounted for 30.85%. In the last 20 years, 12.07% of the NDVI was primarily affected by human activities (residual > 0.001) and mainly distributed in the southern slope area of the Himalayas. The improvement of surrounding vegetation was relatively small due to human activities (residual value of 0.0005~0.001), accounting for 20.00%. The eastern parts of the SWTP, such as Xaitongmoin, Namling, Rinbung, Bainang, and Dinggyê, were mainly affected by human activities (residual < −0.001), accounting for 4.46%. The vegetation degradation was less affected by human activities (residual values of −0.001~−0.00005), accounting for 6.92%. In addition, 59.56% of the SWTP were least affected by human activities (residual values of −0.0005~0.0005), 19.47% belonged to the residual values of −0.0005~0, and 37.09% had their residual values of 0~0.0005, mainly distributed in the western and central SWTP, where the vegetation is more affected by the precipitation and temperature.




3.5. Relationships between the Vegetation Dynamics and Grazing Intensity


The number of year-end livestock declined significantly at an average rate of 2017 million standard sheep per 10 years, and the rate declined dramatically after 2010 (Figure 8a). There is a linear correlation between NDVI and livestock number (p < 0.01). The NDVI decreased with the increase of the livestock quantity. The grazing intensity of the SWTP also showed a decreasing trend, with an average rate of 28,200 head/square hectare per 10 years (Figure 8b). The NDVI also had a linear correlation with grazing intensity (p < 0.01). With the increase in grazing intensity, the NDVI decreased gradually. The simple linear relationship results showed that the NDVI has a certain correlation with the number of livestock and grazing intensity, but grazing intensity has significant spatial differences, so it is necessary to further explore the spatial correlation between NDVI and grazing intensity.



Due to the sparsely populated and vast desert steppe, the main human activities are herders grazing and livestock, which resulted in vegetation degradation in the SWTP. Based on the spatial distribution of the statistical data, the spatial distribution of year-end livestock number and grazing intensity on the county scales in the SWTP changed apparently from 2000 to 2020 (Figure 9a,b). The year-end livestock number was high in the north and low in the south from 2000 to 2020. The grazing intensity was high in the east and low in the west, with an obvious imbalance in the spatial distribution. In the past 20 years, the year-end number of the domestic livestock in the SWTP ranged from 199,500 to 1112,500. The grazing intensity ranged from 0.14 to 2.29 in the SWTP. The grazing capacities of Zhongba and Ongren were larger than one million sheep equivalent units (Figure 9a). The grazing intensity in most counties was lower than 0.90, mainly concentrated in the west SWTP, like Zhada, Gar, Gê’gya, and Purang (Figure 9b).



To further determine the spatial relationship between grazing intensity and the residual NDVI, we converted grazing intensity data into 250 m raster types, and then conducted a correlation analysis between grazing intensity and the residual NDVI (Figure 9c,d). The results showed that the residual NDVI was correlated negatively with grazing intensity in the SWTP. The negative correlation pixel area accounted for 77.80% of the study area, mainly distributed in the western and central of the SWTP. The positive correlation pixel area accounted for 22.19% of the study area, distributed primarily in Xaitongmoin, Namling, Bainang, and Kamba (Figure 9c). The significance test verified the correlation coefficients, and the results showed that the subregions with significant negative correlation (p < 0.05), accounting for 5.99%, were mainly distributed in Zhada, Gar, Gê’gya, Zhongba, Cuqen, and Gyirong, with a significant positive correlation of only 0.43% of the SWTP (Figure 9d).





4. Discussion


4.1. Spatiotemporal Change Characteristics of NDVI in the SWTP in the Last Two Decades


In this study, we found that the spatial distribution pattern of NDVI in the SWTP gradually increased from the northwest to the southeast (Figure 2), which was consistent with the climatic conditions of the SWTP. Compared with the eastern part, the climate conditions in the west were unfavorable to vegetation growth [24]. We found that the vegetation cover in the SWTP showed an overall upward trend in the time series (Figure 3), consistent with the previous research results on the dynamic changes of vegetation in the TP [9,37]. Besides, we found an opposite trend in the vegetation cover change in the past two decades. The NDVI decreased significantly from 2000 to 2010 and increased substantially from 2011 to 2020. These results are consistent with Gillespie et al. (2019) [36] and Li et al. (2020) [9], who found that the southwest of the Tibetan Plateau became browning from 2000 to 2010. This result may be related to the implementation of ecological projects such as the Grassland Ecological Protection Program (2011–2020). To sum up, the SWTP is generally becoming greener but browner in some parts, which is consistent with the study results of the TP [64,65]. It is worth noting that the vegetation mainly greening in the western SWTP, while the vegetation is browning partly in the eastern, which may be due to the intensity of human activities in eastern SWTP being significantly higher than that in the west [66].




4.2. Effects of Temperature and Precipitation on the NDVI in the Growing Season


Climate change and human activities determine the dynamic change of alpine vegetation in the TP, and climate change is the dominant factor [66,67]. Under the background of global warming, the temperature in SWTP increased apparently, while the precipitation fluctuated (Figure 5) [68]. We found that the NDVI correlates positively with temperature and rainfall during the growing season in most SWTP. Precipitation is positively correlated significantly with rains in the southwest and northeast of the SWTP. Still, the temperature is correlated positively in the western of the SWTP, which indicates that water resources are the main limiting factor of vegetation change in this region (Figure 6) [69]. However, the study area belongs to the semi-arid alpine climate, and the main vegetation types are desert steppe and alpine steppe [68]. Therefore, the browning in the northeast of the SWTP may be due to the decrease in precipitation, and temperature increase may cause the greening in the west of the SWTP. Although many scholars believe that the Tibetan Plateau will be warm and humid in the future, the southwest part of the TP will be warmer and drier [9]. Suppose the climate continues to warm in the SWTP in the future. In that case, the drought will increase, and soil moisture will challenge vegetation growth, thus inhibiting vegetation growth and aggravating desertification in the SWTP [67]. Therefore, the ability to combat climate drought risk should be improved in the future, such as the development of water-saving agriculture, the use of underground drip irrigation, and other water-saving irrigation technologies to reduce the impact of drought and rain shortage, and effectively improve the utilization efficiency of irrigation water and crop yield.




4.3. Effects of Human Activities on the NDVI in the Growing Season


In this study, we found that the impact of human activities on vegetation was mainly positive, accounting for 69.94% in the SWTP, and the negative implications accounting for 30.06% (Figure 7). To sum up, human activities promoted the growth of vegetation. However, from the perspective of spatial distribution, the area of brown vegetation caused by human activities is mainly concentrated in the northeast part of the SWTP with a dense population and more cultivated land. As a result, although the government has implemented ecological protection measures and the ecological environment has been improved to a certain extent [70]. There is still browning in densely populated towns and settlements and their surrounding areas [64,71]. Thus, human activity is a double-edged sword. Therefore, the future work should not only focus on the environmental protection policy, but also to improve people’s awareness of environmental protection, for a win-win of regional economic development and environmental protection.




4.4. Effects of Grazing Intensity on the NDVI in the Growing Season


We found differences in the grazing intensity and spatial distribution of livestock, possibly because animal husbandry is the primary economic source in the western SWTP. The livestock number is significantly higher in the west of the SWTP than in the eastern part. The available grassland area is more extensive, so the distribution characteristics of the western regions are large livestock carrying capacity but low grazing intensity (Figure 9). Meanwhile, the eastern parts of the SWTP belong to the farming and pastoral areas with a higher population density. With the rapid development of the economy, people’s demand for meat products, and a series of significant external reasons for livestock number increase, the Rinbung performance significantly, the livestock is less than 400,000. Still, its grazing intensity is 1.8~2.29 per hectare.



However, the effect of grazing intensity on vegetation is still unclear. Therefore, we calculated the correlation analysis between grazing intensity and the residual NDVI only affected by human activities and obtained the correlation between the grazing intensity and residual NDVI at the pixel scale from 2000 to 2020 (Figure 9). We found that the grazing intensity in the Ngari Prefecture was not high, but there was a strong negative correlation on the pixe scales. This result may be due to the poor climatic conditions in the western region, and the precipitation is difficult to achieve the vegetation growth conditions. Although the available grassland area in the SWTP was larger, it belonged to desert alpine grassland with less aboveground biomass. The local grassland cannot afford domestic livestock [72]. The relationship between grazing intensity and residual NDVI in the eastern SWTP is complicated. The results showed that the negative correlation coefficient between NDVI and grazing intensity was low in most areas, and positive correlation was found between NDVI and grazing intensity in some areas. This spatial distribution pattern may be due to the apparent advantages of agriculture and animal husbandry in the eastern SWTP, which provides supplementary feed for some livestock. In addition, the climatic conditions in the east of China are relatively good, which is suitable for vegetation growth. The vegetation condition is better than that in the western, and the aboveground biomass is more, which makes NDVI in this region meet the demand of livestock quantity. Therefore, the negative correlation coefficient between NDVI and grazing intensity is small or shows a positive correlation. Human activities significantly impact the vegetation in the SWTP. Within them, grazing is one of the main factors. In the future, it is necessary to link land use and residential location data together to reveal the impact of human activities on the NDVI change, such as land use pattern and its change, agricultural production and life ways, and grazing behavior in the winter and summer, and so on.




4.5. Limitations and Outlook


This study aimed to explore the spatiotemporal changes of the alpine vegetation and its influencing factors, like climatic change, human activities, and grazing intensity in the SWTP. Our study obtained some preliminary findings, which are helpful in the understanding of the vegetation variation and its influencing factors in the SWTP.



However, this study still has some uncertainties and limitations. Firstly, the climate conditions of the SWTP have substantial spatial heterogeneity, and it isn’t easy to interpolate temperature and precipitation that more satisfy the study accuracy by the meteorological station data. Therefore, we chose a climate data set of 1km. Although it can represent the response of vegetation to climate change in space, there are still some limitations. Secondly, when exploring the effect of grazing intensity on the NDVI, we used the live-stock number to get the grazing intensity at the county scale (the only data source of the domestic livestock). It was found that the correlation between grazing intensity and NDVI could be revealed using correlation analysis, but it was still difficult to reveal grazing behavior. In the future, it is needed to use NDVI and grazing intensity data to refine the study scale (i.e., from the county scale to the residential level, or smaller pixel scale) to explore the impact of grazing intensity on vegetation. Thirdly, the Residual Analysis Method is useful to separate the effects of climate change and human activities on the NVDI change. However, the regression model using temperature and precipitation simulation is still not good enough, which will amplify the impact of human activities on the NDVI to a certain extent. Therefore, more efforts are still needed to further refine the model and consider more influencing factors, such as topography, solar radiation, soil moisture, soil nutrients, etc. Fourthly, the implementation of ecological conservation projects has a certain impact on the NDVI. However, it is very difficult to quantitatively analyze the effect of every single ecological restoration projects/policy due to the variety of the implementation duration and areas. In the future, more efforts are still needed to explore the impact of ecological projects on the NDVI for ecological conservation in different time and spatial scales, and to provide a reference basis for future ecological environmental protection and human well-being.





5. Conclusions


This study used the NDVI, climate data, and social statistic data to explore the spatiotemporal changes and their relationship with climatic change, human activities, and grazing intensity. We found that the NDVI of the SWTP increased at a rate of 0.006/10a from 2000 to 2020, with partial browner which was mainly distributed in Rikaze. The correlation analysis between NDVI and climate change shows that precipitation is the most critical climate factor affecting the spatial distribution of NDVI in the SWTP, and NDVI is correlated positively with temperature and precipitation in most areas. We found that climate change and human activities combined impact vegetation change in the SWTP, and human activities have led to vegetation greening in the last two decades. We also found that NDVI and grazing intensity were mainly negatively correlated, and the grazing damaged vegetation cover to some extent. This study quantitatively analyzes the effects of climate change and human factors on the spatial and temporal distribution pattern of NDVI. It supports alpine grassland use and grazing, ecological restoration, and management.
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Figure 1. Location of the study area of the SWTP. 
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Figure 2. The spatial distribution of the NDVI (a) and areal proportion (b) in the average growing season from 2000 to 2020. 






Figure 2. The spatial distribution of the NDVI (a) and areal proportion (b) in the average growing season from 2000 to 2020.



[image: Land 11 00975 g002]







[image: Land 11 00975 g003 550] 





Figure 3. The variation of the NDVI in the SWTP. 
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Figure 4. NDVI variation trend (a) and significance test (b) in the SWTP from 2000 to 2020. 
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Figure 5. Interannual variation and correlation of NDVI with mean temperature (a) and precipitation (b) in the SWTP from 2000 to 2020. 
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Figure 6. Correlation between NDVI and annual mean temperature (a) and precipitation (b) in the growing season of the SWTP from 2000 to 2020. 
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Figure 7. Spatial distribution of human activities on the vegetation change (a) and area proportion (b) in the SWTP from 2000 to 2020. 
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Figure 8. Interannual variation of the year-end livestock number (a) and grazing intensity (b) in the SWTP from 2000 to 2020. 
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Figure 9. Spatial distribution of the year-end livestock number (a), grazing intensity (b), correlation coefficient between grazing intensity and the residual NDVI (c), and their significance (d) at pixel scale in the SWTP from 2000 to 2020. 
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Table 1. Sources of the fundamental data used.
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	Dataset
	Time and Spatial Scale
	Source of Data





	NDVI
	2000–2020, 250 m
	MOD13Q1, Google Earth Engine

(https://earthengine.google.com/

(accessed on 10 December 2021))



	Climate dataset
	2000–2020, 1km
	National Earth System Science Data Center, National Science & Technology

Infrastructure of China [53]



	Statistical data
	2000–2020
	Statistics Bureau of Rikaze and Ngari Prefecture
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