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Abstract

:

Xinjiang, an arid region of China, has experienced a substantial warming–wetting trend over the past five decades. However, climate change has affected vegetation growth/greening in arid Central Asia in unexpected ways due to complex ecological effects. We found a significant greening trend (consistent increase in the normalized difference vegetation index or NDVI) from 1982 to 1996, during the growing season; however, the NDVI consequently decreased and plateaued from 1997 to 2015, especially in naturally vegetated regions. Atmospheric vapor pressure deficit (VPD) is a critical driver of vegetation growth, is a direct measure of atmospheric aridity, and has increased sharply in recent decades. A partial correlation analysis indicated a significant relationship between growing season NDVI and VPD from 1997 to 2015. This implies that decreased VPD corresponds to increasing NDVI, and increasing VPD corresponds to a decrease and plateauing in the NDVI trend. Using the partial derivative equation method, our results suggest that the trend in growing season NDVI was affected primarily by increasing VPD (contributing 87.57%) from 1997 to 2015, especially in the grassland and desert biomes. Rising temperatures lead to a greater VPD, resulting in exacerbated evaporative water loss. Soil drought and atmospheric aridity limit plant stomatal conductance and could effectively lead to a decrease in the greening trend and increased vegetation mortality in arid Xinjiang. Our results emphasize the importance of VPD as a limiting factor of greening trends in arid regions. The influence of VPD on vegetation growth should be considered when evaluating arid ecosystem functioning under global warming.
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1. Introduction


Complex interactions between climate systems and terrestrial ecosystems can be described through the assessment of vegetation growth dynamics [1]. Vegetation dynamics are highly influenced by climate change [2,3,4] and affect the climate system in turn through biophysical processes and feedback systems [5,6,7]. Monitoring, defining, and analyzing changes in vegetation growth in response to global change has been a popular topic of research in the earth sciences.



The normalized difference vegetation index (NDVI) is widely used as a proxy in the analysis of vegetation growth dynamics and assessment of ecological responses to climate change [1,8,9,10,11]. Long-term monitoring of global NDVI has indicated significant greening since 1982 [12]. Indeed, several studies have confirmed global and regional greening based on vegetation inventories, satellite imaging techniques, and ecosystem models [8,9,13,14]. However, after the late 1990s, the NDVI trend showed halted greening and subsequent vegetation browning [12,15]. Yuan et al. [12] found a pronounced greening trend for approximately 84% of the global vegetated area from 1982 to 1998 that was followed by significant browning of approximately 59% of the vegetated area. Similarly, Pan et al. [16] found that global vegetation browning trends were largely accelerated after the late 1990s. Greening-to-browning reversals were experienced in all continents, especially in the mid and low latitudes of the Northern Hemisphere. In addition, the duration of the growing season in the Northern Hemisphere has reduced during recent decades [17,18].



Global drylands have experienced a significant vegetation greening trend since the 1980s, and this enhanced growth has remained strong into the twenty-first century [19,20,21,22]. However, some regional hotspots of vegetation greening trend were subsequently stalled or reversed, such as in arid Central Asia and the arid region of northwest China [1,23,24,25]. The NDVI of natural vegetation showed a greening trend from 1982 to 1998, and a subsequent browning trend after 1999 as the NDVI decreased in arid Central Asia [1]. The shrub encroachment in Central Asia showed a significant increase during 2000–2013 compared with the 1980s–1990s, and approximately 8% of grasslands have transformed through shrub encroachment during 2000–2013 [1]. Similarly, in arid China (including Xinjiang), vegetation cover and NDVI trends have decreased since 2000 [23,24,25].



Changes in vegetation greenness are related to regional climate change, atmospheric CO2 concentration, nitrogen deposition, and land-use change [15]. Kaufmann et al. [26] suggested that global warming was the main contributor to vegetation greening in the Northern Hemisphere; however, Ahlbeck [27] proposed the fertilization effect of rising atmospheric CO2 concentrations as the dominant factor. In China, Piao et al. [15] also attributed vegetation greening to rising CO2 concentrations. With regard to vegetation browning after the late 1990s, Yuan et al. [12] suggested that the increased atmospheric vapor pressure deficit (VPD) drives this global trend and also inhibits vegetation growth. In addition, drought is a major contributing driver of vegetation browning [28,29,30]. In arid Central Asia, Li et al. [1] suggested that the combined effect of significant increases in temperature and decreases in precipitation caused the observed decline in NDVI from 1998 to 2013. Yao et al. [25] suggested that an increase in climatic extremes may conjointly drive the NDVI decrease in Xinjiang. Chen et al. [24] highlighted the possible adverse ecological effects of increased temperature and evaporation.



Statistical analysis and quantification of the individual climatic factors contributing to variation in NDVI remains challenging. For example, multiple linear regression, residual trend, and ridge regression analyses have been used to quantify the individual contributions of drivers to vegetation change [31,32,33,34,35]. Chen et al. [32] investigated the contributions of climate change and human activities to the trend in gross primary production in North China during 2000–2014, using the multiple linear regression. Xie et al. [34] used ridge regression to quantify the contributions of climate drivers to vegetation growth change over the Three-North Region of China. These regression analyses suffer from two potential limitations. Firstly, statistical analysis generally assumes that effects of climatic factors on vegetation change are linear and independent of each other; meanwhile, multi-collinearity between independent variables, leads to unstable estimation [34]. However, it shows a nonlinear ecosystem response to the climatic changes. Secondly, statistical analysis of historical data shows that the dominant driving factors of the long-term trend of vegetation change may be different from those of inter-annual variability [15]. Yet, these limitations can be overcome through the application of partial derivatives equation methods, which are regarded as an effective technique to quantify individual contributions of climatic driving factors more reliably [36]. For example, Naeem et al. [36] applied partial derivative equation to calculate the dominant climatic factors of vegetation greening in the Loess Plateau.



Despite the dynamics of vegetation change in the Xinjiang of China reported by some studies [1,23,24,25], the associated drivers of vegetation change remain poorly understood. Change in VPD is an important variable in determining vegetation growth [12]. However, the constraints of VPD changes on vegetation growth have not yet been quantified. The primary objective of this study is to investigate the vegetation change trend in Xinjiang, China during the period 1982–2015, and to quantify the individual contributions of climatic driving factors to NDVI changes. The degree of vegetation change is inferred from the mean NDVI during the growing season (defined as April to October). First, we investigate the change in NDVI to describe the vegetation greening trend during 1982–2015. Secondly, we calculate the individual contributions of climatic factors (VPD, precipitation, wind speed, and radiation) to NDVI changes using a partial derivative approach. Finally, we discuss the potential mechanisms underlying the impact of VPD on changes in vegetation growth.




2. Materials and Methods


2.1. Study Area


Xinjiang, our study locality, is one of the driest areas globally and is the largest province of China, covering 1,660,000 km2. Xinjiang’s climate is continental, with an average annual air temperature of 7.6 °C and mean annual total precipitation and annual total evapotranspiration of 158 mm and 1054.2 mm, respectively [25,37]. The predominant biomes of Xinjiang are desert and grassland, with scattered glaciers, snow cover, and oases. Grasslands cover ~34% of Xinjiang, mainly occurring in the Tianshan Mountains, Altai Mountains, and the Kunlun Mountains. Desert accounts for over 25% of the total surface area, with the Taklimakan Desert (China’s largest desert and the second-largest mobile desert in the world) in the southern part of the region and a portion of the Gobi Desert in the northern part of the region [38]. The artificially vegetated areas cover ~5% of Xinjiang, mainly distributed on the northern and southern slopes of the Tianshan Mountains, in the Tarim River basin and on the northern slopes of the Kunlun Mountains.




2.2. Data


2.2.1. Satellite-Derived NDVI Data


NDVI is a widely used proxy for primary productivity and vegetation growth in ecological studies [39]. We used NASA’s Global Inventory Modeling and Mapping Studies (GIMMS) NDVI third-generation dataset NDVI3g to investigate the response of vegetation growth to specific climate variables from 1982 to 2015 [8,10]. The GIMMS NDVI3g data, obtained from the Advanced Very High-Resolution Radiometer (AVHRR), has a spatial resolution of ~8 km and a temporal resolution of 15 days [12]. The quality of the NDVI3g dataset has been assessed and the results indicate suitability of the data for research use [15]. We also calculated the mean annual NDVI respectively for the growing season (GS, from April to October) and summer season (JJA, from June to August) by averaging the monthly NDVI values.




2.2.2. Meteorological Data


Monthly meteorological data (air temperature, precipitation, wind speed, and sunshine duration) were obtained from the National Meteorological Information Center (NMIC) of the China Meteorological Administration (CMA) (http://data.cma.cn/, accessed on 1 May 2020). The dataset, for the period 1982–2015, includes 105 meteorological observatories in Xinjiang, of which the data from 89 observatories were retained after excluding stations with missing data (Figure 1). These meteorological datasets were strictly quality-controlled and tested for homogeneity with high accuracy.



Homogenized monthly relative humidity (RH) data was obtained from the ChinaRHv1.0 database (Science Data Bank, http://www.sciencedb.cn/dataSet/handle/804, accessed on 12 June 2021), which provided an adjusted RH series for China from 1960 to 2017 [40].





2.3. Methodology


Figure 2 shows the major methodological approaches used in this study. We assessed the individual contributions of four climatic variables to changes in NDVI during the periods 1982–1996 and 1997–2015. We selected VPD, precipitation, wind speed, and radiation as the most relevant climatic variables in our study. The individual contributions of climatic factors to NDVI changes were quantified using the partial derivative approach. Finally, we estimated the relative contributions of different climatic factors during the periods 1982–1996 and 1997–2015.



2.3.1. Calculation of VPD


We used monthly air temperature and relative humidity data to calculate the monthly VPD in Xinjiang from 1982 to 2015 using the Allen et al. [41] equation. The VPD (kPa) was calculated as follows:


  V P D =  e s  −  e a   



(1)




where es and ea represent the saturation vapor pressure (kPa) and actual vapor pressure (kPa). Specifically, es was estimated as:


   e s  = 0.611 exp  [    17.27 ×  T a     T a  + 237.3    ]   



(2)




where Ta is the surface air temperature (°C).



The ea was estimated as:


   e a  = R H ×    e s    100    



(3)








2.3.2. Partial Correlation Analysis


The partial correlation analysis (PCA) method was used to investigate the relationship between normalized NDVI and normalized VPD, excluding the potential impacts of precipitation (PRE), wind speed (WS), and sunshine duration or radiation (RAD). PCA describes the relationship between two variables, independent of the impacts of other potentially important variables [42]. The variable with the highest partial correlation coefficient (PCC) attributed by the PCA is considered to be the dominant factor. The PCC was calculated as follows:


   R  x y · z   =    R  x y   −  R  x z    R  y z       1 −  R  x z  2      1 −  R  y z  2       



(4)




where x is the dependent variable, and y and z are independent variables. Rxy.z is the PCC of variable x on y, independent of z. Rxy is the simple correlation between dependent variable x and independent variable y. Similarly, Rxz (Ryz) is the correlation between x and z (y and z).    R  x y · z  2    represents how much of the variance of x is not estimated by z in the equation but by y.




2.3.3. Partial Derivative Equation Method


Roderick et al. [43] proposed the partial derivative equation method to estimate the individual contributions of different climatic factors to NDVI changes. Based on the basic principle of partial correlation coefficients, the method provides a more reliable estimate of the individual contributions of different climatic factors [36].



Normalization Method


All meteorological data were normalized to the NDVI range. The normalization method can be expressed as:


  X =  (    x −  x  m i n      x  m a x   −  x  m i n      )  * N D V  I  m a x    



(5)




where X is the normalized time series of climatic variables x, and x is the annual value of a climatic variable, xmin and xmax are the minimum and maximum values of the relevant climatic variable during the study period, and   N D V  I  m a x     is the maximum value of NDVI for the study period.




Elasticity Coefficient Method


We evaluated the respective contributions of climatic factors to changes in NDVI as follows:


  Δ N D V I =  f  V P D   Δ V P D +  f  P R E   Δ P R E +  f  W S   Δ W S +  f  R A D   Δ R A D + R  



(6)




where   Δ N D V I  ,   Δ V P D  ,   Δ P R E  ,   Δ W S  , and   Δ R A D   are changes in NDVI, VPD, precipitation, wind speed, and sunshine duration, respectively, where    f  V P D   =   ∂ N D V I   ∂ V P D    ,    f  P R E   =   ∂ N D V I   ∂ P R E    ,    f  W S   =   ∂ N D V I   ∂ W S    , and    f  R A D   =   ∂ N D V I   ∂ R A D    , and R is the residual term.



According to the Schaake [44] method, we defined the climatic factor    X i    elasticity regarding NDVI change as the ratio of the proportional change of NDVI to the proportional change of the climatic factor, as follows:


   ɛ   X i    =     ∂ N D V I   N D V I       ∂  X i     X i       



(7)







The mathematical meaning of    ɛ   X i      is that 1% of    X i    change may lead to    ɛ   X i     % of NDVI change.




Partial Derivative Equation


The partial derivative equation can be expressed as:


   N D V  I s    =   ∂ N D V I   ∂ V P D   ×   d V P D   d t     +   ∂ N D V I   ∂ P R E   ×   d P R E   d t     +   ∂ N D V I   ∂ W S   ×   d W S   d t     +   ∂ N D V I   ∂ R A D   ×   d R A D   d t   + R   



(8)




where   N D V  I s    refers to interannual trends (slopes) of NDVI corresponding to the periods 1982–1996 and 1997–2015, respectively.     ∂ N D V I   ∂ V P D    ,     ∂ N D V I   ∂ P R E    ,     ∂ N D V I   ∂ W S    ,     ∂ N D V I   ∂ R A D     are the partial correlation coefficients of NDVI to each climatic factor and     d V P D   d t    ,     d P R E   d t    ,     d W S   d t    ,     d R A D   d t     describe the interannual trends (slopes) of annual NDVI to each climatic factor during the study period. R is the residual of the partial derivative of (8).



The multivariate function was used to describe the relationship between NDVI and the climatic variables, as follows:


  N D V I = f  (  V P D ,   P R E ,   W S ,   R A D , R  )   



(9)







Based on the climate elasticity approach, the elasticities (expressed as regression coefficients) of multiple climatic factors were estimated using a multivariate regression model. The NDVI change was expressed as a linear combination of climatic factor changes:


  d N D V I =   ∂ N D V I   ∂ V P D   d V P D +   ∂ N D V I   ∂ P R E   d P R E +   ∂ N D V I   ∂ W S   d W S +   ∂ N D V I   ∂ R A D   d R A D + R  



(10)







By substituting the absolute changes from the mean in Equation (9), we obtain:


  N D V I −   N D V I  ¯  =   ∂ N D V I   ∂ V P D    (  V P D −   V P D  ¯   )  +   ∂ N D V I   ∂ P R E    (  P R E −   P R E  ¯   )  +   ∂ N D V I   ∂ W S    (  W S −   W S  ¯   )  +   ∂ N D V I   ∂ R A D    (  R A D −   R A D  ¯   )  + R  



(11)




where NDVI is the mean annual NDVI, and     N D V I  ¯    is the mean NDVI for the study period. These climatic factors were calculated during the study period. Equation (8) can be expressed as follows:


    N D V I −   N D V I  ¯    N D V I   =   ∂ N D V I   ∂ V P D       V P D   N D V I      (    V P D −   V P D  ¯    V P D    )  +   ∂ N D V I   ∂ P R E       P R E   N D V I      (    P R E −   P R E  ¯    P R E    )  +   ∂ N D V I   ∂ W S       W S   N D V I      (    W S −   W S  ¯    W S    )  +   ∂ N D V I   ∂ R A D       R A D   N D V I      (    W S −   W S  ¯    W S    )  + R  



(12)







By substituting the elasticity equation (Equation (6)) for the climatic factor in Equation (12), we obtain:


    N D V I −   N D V I  ¯    N D V I   =    ɛ  V P D    (    V P D −   V P D  ¯    V P D    )  +  ɛ  P R E    (    P R E −   P R E  ¯    P R E    )  +  ɛ  W S    (    W S −   W S  ¯    W S    )  +  ɛ  R A D    (    R A D −   R A D  ¯    R A D    )  + R  



(13)








2.3.4. Trends Analysis


The linear trends of NDVI and the climatic factors were assessed using the non-parametric Sen’s slope estimator and trend significance was determined by the Mann–Kendall test (MK test). In this study, trends were considered to be statistically significant at a level of 0.05.



Because of the relatively obvious transitions of VPD and NDVI from 1982 to 2015, we used the 5-year moving average and cumulative anomaly method to detect the potential turning point (TP) in the NDVI and climatic factors. In addition, we considered the response of NDVI to VPD changes that occur during the growing season (GS, from April to October) and summer season in Xinjiang.







3. Results


3.1. Spatial-Temporal Changes in NDVI


A cumulative anomaly method was used to detect the potential turning point (TP) in the annual growing season NDVI (Figure 3a). It was observed that the NDVI increased sharply before 1996, followed by a minor increase from 1997 to 2015 (Figure 3b). Regarding monthly NDVI, the mean trends for 12 months after 1996 were lower than those from 1982 to 1996 (Figure 4a). From 1982 to 1996, the trend in monthly NDVI increased significantly, especially during the growing season. However, mean NDVI trends over most of the months declined from 1997 to 2015, and only the summer NDVI trends increased slightly.



Figure 4b indicates that the annual growing season NDVI indicates a significant greening trend before 1996 (y = 0.0007x − 1.19, R2 = 0.46, p < 0.05), while NDVI declined and then plateaued from 1997 to 2015 (y = 0.0002x − 0.20, R2 = 0.09, p > 0.05). From 1982 to 1996, approximately 90% of the vegetated area in Xinjiang exhibited an increase in NDVI. Regions with the most significant greening trend, where annual NDVI was mostly greater than 0.015, were in the Tianshan Mountains, Altai Mountains, the upper reaches of the Tarim River, and parts of the Kunlun Mountains (Figure 5c,d). In addition, the mean NDVI for this period significantly decreased in less than 10% of the vegetated area, mainly downstream of the Tarim River, including the Hetian River, the southern edge of the Tarim Basin, and parts of the Turpan–Hami Basin (Figure 5c,d). In comparison, the NDVI trend from 1997 to 2015 decreased in approximately 50% of the vegetated area, mainly in the Ili River Valley, Junggar Basin, Tianshan Mountains, Altai Mountains, and the Kunlun Mountains. These areas are dominated by natural vegetation, and the NDVI trend was generally lower than −0.010 per year (Figure 5e,f). Greening trends during 1997–2015 were generally observed in the artificially vegetated areas, including the northern slope of the Tianshan Mountains and the Tarim Basin, especially downstream of the Tarim River (Figure 5e,f).



The summer NDVI increased significantly from 1982 to 1996 (slope = 0.0007, R2 = 0.34, p < 0.05), but no increase or decrease was observed after 1996 (slope = 0.0004, R2 = 0.25, p > 0.05) (Figure 4c). By comparison, the increase in NDVI was more pronounced in the summer season than in the growing season. We also compared the spatial patterns of NDVI trends before and after TP (1996) (Figure 6). From 1982 to 1996, the maximum NDVI was greater in the summer (NDVI = 0.025) compared with the growing season. In addition, the decline of the NDVI trend occurred over a larger scale in summer than in the growing season, including most of the Tarim Basin and Turpan–Hami Basin (Figure 6c,d). However, after 1996, the area of delaying NDVI trends decreased more in summer than in the growing season (Figure 6e,f).




3.2. Partial Correlations between the Climatic Factors and NDVI


To estimate the impacts of the climatic factors on the change in NDVI, we calculated the partial correlations between each factor and NDVI for the growing season and summer season of the periods 1982–1996 and 1997–2015. From 1982–2015, the growing season NDVI was significantly correlated with precipitation (PCC = 0.47, p < 0.05) and wind speed (PCC = −0.82, p < 0.01). However, all four climatic factors were significantly correlated with NDVI during the summer season (Figure 7a).



A correlation was observed between growing season NDVI and precipitation, wind speed, and sunshine duration for the period 1982–1996. In comparison, after 1996, changes in NDVI correlated significantly with VPD and wind speed (Figure 7c). No difference was observed in the effect of wind speed on NDVI change before or after 1996, though the effect of VPD increased from 1997 to 2015. Thus, the partial correlation analysis indicated a strong relationship between growing season NDVI and the corresponding VPD from 1997 to 2015, when the effects of precipitation, wind speed, and sunshine duration were excluded. Similarly, the NDVI over the summer season was significantly correlated with VPD, when the effects of other climatic factors were excluded (Figure 7b).



Decreasing VPD corresponded to significantly increased NDVI, and rising VPD corresponded to stalled or decreased NDVI. In this study, the NDVI was constant and then stalled from 1997 to 2015, implying that a substantial increase in VPD strongly limited changes in NDVI.




3.3. Contributions of Climate Variables to NDVI Change


3.3.1. Spatial-Temporal Changes in VPD


Similar to previous studies, the data showed that the decadal change in mean VPD during the growing season and summer season was marked by a distinct transition from a decreasing to an increasing trend around 1996 (Figure 8). The growing season VPD decreased by approximately 0.008 kPa per year from 1982 to 1996, and data from more than 90% of the observatories indicated a decreasing trend before 1996 (with a significant decrease reported at 59.55% of the observatories, Figure 9a and Figure 10b). In comparison, the growing season VPD trends were reversed, with a rate of 0.0089 kPa per year from 1997 to 2015, and 59% of the observatories reporting an increasing trend (56.18% with a significant increase, Figure 9a and Figure 10c). Figure 10d shows the difference in VPD trends before and after TP years, indicating that the mean VPD has experienced a substantial increase since 1996 at more than 92% of the observatories.



The summer VPD transitioned from a decreasing trend, before 1996, to an increasing trend, with a much greater change in VPD compared with the growing season. On average, the rate of decrease in summer VPD was 0.013 kPa per year from 1982 to 1996, and summer VPD increased by 0.0125 kPa per year after 1996 (Figure 9b). From 1982 to 1996, most of the monthly VPD values showed a decreasing trend, but increased after 1996. The summer VPD trends were more extensive than those in the other seasons for the two periods (Figure 9c).



Figure 11 shows the shifts in VPD observed in Xinjiang during the two periods of 1982–1996 and 1997–2015. Air temperature increased by 1.1 °C, resulting in an increase in VPD of 0.2 kPa (from 0.9 to 1.1 kPa) (Figure 11a,b). A transition from decreasing to increasing trends was also observed for es in Xinjiang, and ea was reversed in 1996 (Figure 11c). Increased air temperature increased es, and decreased relative humidity jointly explained the changes in ea after 1996 (Figure 11b). For the period 1997–2015, the air temperature in Xinjiang increased by 0.31 °C per decade, and relative humidity declined by 2.55% per decade, resulting in a VPD increase of 0.08 kPa per decade (Figure 11a,b).




3.3.2. Attributions of Long-Term Changes in Climate Variables and NDVI


To quantify the impact of climate on NDVI, we assessed the mean contribution of each climate variable (i.e., VPD, precipitation, wind speed, and sunshine duration) to regional NDVI during the growing season and summer season for the two periods, respectively (Figure 12).



During the 1982–1996 period, an overall decrease in wind speed played an important role in greening over the growing season and summer season in the Xinjiang region, and sunshine duration, precipitation, and VPD contributed to NDVI greening in most regions of Xinjiang. Notably, the sunshine duration negatively affected NDVI, and VPD also contributed negatively to NDVI change during the summer season (Figure 12a,b). After 1996, increasing VPD trends played a dominant role in the decrease, and eventual plateauing, of greening trends in the Xinjiang region over the growing season and summer season, whereas wind speed restoration in Xinjiang was positively associated with NDVI trends decreasing and plateauing. Notably, the residual R also contributed to NDVI trends plateauing during the summer season (Figure 12b). The growing season VPD decreased by 0.008 kPa per year, corresponding to an increase in NDVI of 0.0008 per year before 1996, while annual regional NDVI decreased to 0.001 resulting from a VPD increase of 0.009 kPa per year from 1996 to 2015 (Figure 12a). Similarly, in the summer season, the VPD-induced NDVI stalls increased by 0.0019 per year after 1996 (Figure 12b).



Figure 13 shows the estimated mean contribution of climatic factors to NDVI change over the growing and summer seasons during the two periods. Before 1996, the greening during the growing season in more than 90% of the vegetated area in Xinjiang was attributed to wind speed (73.68%) and VPD (15.57%), whereas sunshine duration (−21.19%) had a negative relationship (Figure 13a). However, from 1997 to 2015, increased VPD (87.57%) was the dominant contributing factor to growing season NDVI greening stalls, especially in the Ili River valley, Junggar Basin, and mountainous areas where grassland and desert vegetation were the dominant vegetation cover types (Figure 13a). In addition, a decrease in precipitation (32.89%) also contributed to decreases in growing season NDVI.



For the summer season, the VPD (69.29%) was also the leading factor in NDVI decreases, followed by residual R, contributing to 44.66% of the change in NDVI stalling after 1996 (Figure 13b). Anthropogenic factors also significantly contribute to vegetation restoration or degradation, including gross domestic product (GDP), population dynamics, rapid urbanization, grazing, and livestock.






4. Discussion


4.1. Response of VPD to Global Warming


Global air temperature has risen by approximately 0.2 °C per decade over the last 30 years [45]. This warming increases the saturation vapor pressure (es) [46], leading to increased VPD if the actual vapor pressure (ea) does not increase by the same amount as es [12]. A previous study reported an increase in global VPD after the late 1990s, which was jointly determined by increased es and decreased ea [12]. Notably, increases in VPD occur according to a nonlinear relationship. A continuous increase in global VPD has not only been reported in recent decades but has also been predicted to continue in the 21st century [12]. Yuan et al. [12], comparing four climate datasets, found a sharp increase in global VPD after the late 1990s but the trends were spatiotemporally heterogeneous.



Arid regions are particularly sensitive and vulnerable to climate warming [47]. Typical to arid areas, Xinjiang has experienced rapid warming over the past century [48]. As a result, the VPD in Xinjiang increased considerably in recent decades, with an unexpectedly high response rate to global warming of approximately 10% (according to the Clausius–Clapeyron relationship) [49].




4.2. Impacts of VPD on Vegetation Dynamics


Reliable detection and attribution of NDVI changes are key to understanding global changes and effectively conserving ecosystems [50]. Xinjiang is one of the driest regions in the world. Long-term monitoring of NDVI has indicated a significant greening trend since 1982 and was subsequently reversed to a browning trend from the late 1990s to the early 2010s [1,37]. In this study, we found a clear trend in greening from 1982 to 1996; however, the NDVI greening trend stalled from 1997 to 2015.



Compared with the detection of regional vegetation growth changes, information regarding the attribution of these changes in Xinjiang is still scarce. Previous studies have emphasized the vital role of air temperature and precipitation on NDVI changes in Xinjiang [1,37]. For example, Li et al. [1] found that the reversed trends of NDVI after the late 1990s could be attributed to increased warming and reduced precipitation. Yao et al. [37] found that increased drought severity exacerbated the loss of soil moisture, and led to decreased NDVI. However, Yao et al. [25] suggested that climate extremes (e.g., minimum temperature and torrential rainfall) were the primary driving forces for the decreased NDVI. In this study, we also identified the contributions of climatic factors to the growing season NDVI change during the periods 1982–1996 and 1997–2015 in Xinjiang. Using a method based on the partial derivative equation, we found that the growing season NDVI greening stalls were primarily driven by increasing VPD (contributing 87.57%) from 1997 to 2015. However, decreasing precipitation also contributed to the decrease in growing season NDVI.



Figure 14 describes the mechanisms with which VPD, among other climatic variables, affects vegetation growth. Vegetation growth is strongly influenced by climate change and global warming [15,51]. The rising average global temperature is largely related to increasing atmospheric CO2 concentrations [45]. Previous studies have suggested that the fertilization effect of increasing atmospheric CO2 is a chief driver of vegetation greening in the northern hemisphere [15,27,52]. In addition, a model experiment demonstrated that the atmospheric CO2 concentration, air temperature, and VPD are dominant driving factors in global NDVI variability [12]. In China, rising atmospheric CO2 concentration is a leading driving factor in vegetation greening [15]. Thus, the vegetation is significantly greening in response to the fertilization effects of rising CO2 concentration [52]. The atmospheric CO2 concentration in Xinjiang (Akedala Observatory) is significantly higher than that at the global representative station (Mauna Loa Observatory) using the observed and reconstructed model (Figure 15a). In addition, Yuan et al. [12] found that increased VPD actually reduced global vegetation growth after the late 1990s. Our study also suggests that, after 1996, increased VPD leads to vegetation greening stalls in arid Xinjiang after 1996. The increase in VPD effectively counteracts the fertilization effect of rising CO2 on vegetation growth [12].



Increasing VPD is considered a thermodynamic consequence of rising temperatures, which causes a further increase [53,54]. Potential evapotranspiration (PET) in Xinjiang decreased significantly until the late 1990s, when it reversed to an increasing trend (Figure 15b), which is consistent with pan evaporation rates observed in the arid region of Northwest China [55]. Li et al. [55] also found contrasting trends in wind speed and VPD after the late 1990s, both contributing to the increase in PET. Growing season precipitation in Xinjiang showed a minor overall increasing trend after the late 1990s. With concurrent decreases in annual precipitation, the observed increase in PET leads to a net loss of soil moisture and exacerbates the ecological effects of arid climates [37,53,54] (Figure 15c). Increased VPD increases evaporative water loss, which triggers plant stomatal closure under elevated CO2 [56]. Global VPD and soil moisture have a strong positive coupling relationship, implying a high probability of co-occurring soil drought (low soil moisture) and atmospheric aridity (high VPD) [57], two physiological stressors known to affect vegetation mortality. We also found that lower soil moisture was accompanied by higher VPD in Xinjiang from 1982–2015 (Figure 15c). Soil moisture and VPD stresses may limit plant stomatal conductance and drive vegetation mortality [58]. The fertilization effect of rising CO2 concentration (Figure 15a) may trigger a vegetation greening trend, but increased VPD may offset this effect; thus, vegetation greening stalls or leads to vegetation mortality in arid Xinjiang, China.





5. Conclusions and Recommendation


In the Xinjiang region, a significant greening trend (increased NDVI) was observed over the growing season from 1982 to 1996; however, the NDVI remained constant and then stalled from 1997 to 2015. Approximately 50% of the vegetated area exhibited a significantly decreased NDVI trend from 1997 to 2015, especially in naturally vegetated regions. From 1997 to 2015, the partial correlation analysis indicated a significant relationship between growing season NDVI and VPD, when excluding the effects of other climate factors, implying that substantial VPD increases strongly limited NDVI. Using the partial derivative equation method, our study estimates suggest that the growing season NDVI greening stalls were chiefly driven by increasing VPD (contributing 87.57%) during 1997–2015.



This study emphasizes the importance of increased VPD in the vegetation greening trends and as a driver of vegetation stalls. However, their mechanisms of action remain unclear. Thus, there is a need to further evaluate the mechanisms driving vegetation change in response to rising VPD under global warming. Furthermore, more effort should be made to separate the air temperature- or humidity-driven impacts of VPD and its projected changes.
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Figure 1. Meteorological stations in Xinjiang. 
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Figure 2. The major methodological approaches and steps applied in this study. 
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Figure 3. Cumulative anomaly (a) and 5-year moving average (b) of NDVI over the growing season. Blue and red lines represent the linear fit before and after the TP years. 
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Figure 4. Change in the NDVI trends over Xinjiang, China, from 1982 to 2015. (a) Mean monthly NDVI trends between the two periods of 1982–1996 and 1997–2015. (b,c) Time series of NDVI over the GS and JJA. 
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Figure 5. NDVI trends (left) and M–K significance test (right) over the GS in Xinjiang, China, from 1982 to 2015 (a,b); as well as the two periods of 1982–1996 (c,d) and 1997–2015 (e,f). 
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Figure 6. NDVI trends (left) and M–K significance test (right) over the JJA in Xinjiang, China, from 1982 to 2015 (a,b); as well as the two periods of 1982–1996 (c,d) and 1997–2015 (e,f). 
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Figure 7. The PCC between NDVI and climate variables over the GS and JJA season during 1982-2015 (a), and comparison of the PCC between NDVI and climate variables over the GS (b) and JJA (c) season during the two periods of 1982–1996 and 1997–2015. 
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Figure 8. 5-year moving average of VPD over the GS (a) and JJA (b). Blue and red lines represent the linear fit before and after the TP years. 
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Figure 9. Change in the VPD trends over Xinjiang, China, from 1982 to 2015. (a,b) Time series of VPD over the GS and JJA. (c) Mean monthly VPD trends between the two periods of 1982–1996 and 1997–2015. 
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Figure 10. Spatial distributions of the VPD trends over Xinjiang, China, from 1982 to 2015 (a) and the two periods of 1982–1996 (b) and 1997–2015 (c). A solid circle indicates a 95% confidence level. (d) The difference of VPD trends before and after TP years. Positive values denote the higher VPD trends after TP years. 
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Figure 11. Relationship between VPD (kPa) and relative humidity (%) as a function of air temperature (a). The VPD represents the difference between es (red line, 100% humidity) and ea (blue line, relative humidity remains constant at 20%) at a given temperature. Panels (b,c) show the long-term temperature changes, humidity, es, and ea from 1982 to 2015. 
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Figure 12. Individual contributions of selected climate variables to NDVI changes over the GS (a) and JJA season (b) during the two periods. Four climate variables are included: VPD, precipitation, wind speed, and sunshine. The figure to the right illustrates the NDVI changes of the two periods. 
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Figure 13. The mean contribution of climatic factors to NDVI change over the GS (a) and JJA season (b) during the two periods. 
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Figure 14. Schematic representation of the impacts of climatic variables on vegetation growth under the effects of increasing levels of atmospheric CO2. Circled symbols of ‘−’ and ‘+’ represent a negative and positive impact, respectively. 
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Figure 15. The long-term changes in atmospheric CO2 concentrations and other climatic variables over the GS in Xinjiang from 1982 to 2015. (a) Atmospheric CO2 concentrations at the Mauna Loa Observatory (MLO) and Akedala Observatory (AKDL), and air temperature; (b) PET (modified according to Yao et al. [38]) and wind speed; (c) soil moisture (modified according to Yao et al. [37]) and VPD, respectively. 
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