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Atmospheric vapor pressure deficit (VPD, indicative of atmospheric water conditions) has been identified as a major driver of global vegetation dynamics. Drylands, including deserts, temperate grasslands, savannas, and dry forests, are more sensitive to water conditions and affect carbon, nitrogen, and water cycles. However, our knowledge is limited on the way increasing VPD affects vegetation growth and evapotranspiration (ET) in global drylands. In this study, we used long-term satellite datasets combined with multiple statistical analyses to examine the relationship between the satellite-derived normalized difference vegetation index (NDVI), a proxy for vegetation growth, and ET to VPD across global drylands. We found that significant decreases in NDVI and ET predominantly influenced the NDVI (RVPD − NDVI) and ET (RVPD − ET) responses to VPD in both the savannas and dry forests of South American, African, and Australian savannas and dry forests, as well as in temperate grasslands (e.g., Eurasian steppes and American prairies). Notably, more than 60% of global drylands exhibited significantly negative RVPD − NDVI and RVPD − ET values. In contrast, the percentage of significantly negative RVPD − NDVI and RVPD − ET decreased to <10% in cold drylands (>60° N). In predominantly warm drylands (60° N~60° S), negative VPD effects were significantly and positively regulated by soil water availability, as determined by multiple linear regression models. However, these significant regulatory effects were not observed in cold drylands. Moving-window analyses further revealed that temporal changes in RVPD − NDVI and RVPD − ET were positively correlated with changes in the Standardized Precipitation Evapotranspiration Index (SPEI). In warm drylands, areas with increasing RVPD − NDVI and RVPD − ET over time showed an increasing trend in the SPEI, whereas areas with a decreasing SPEI showed a negative trend in RVPD − NDVI and RVPD − ET values over time. Given the increasing atmospheric dryness due to climate change, this study highlighted the importance of re-evaluating the representation of the role of water availability in driving the response of the carbon-water cycle to increased VPD across global drylands.
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1. Introduction

Drylands [areas characterized by an aridity index (AI) of <0.65] cover ~41% of Earth's land surface and include deserts, temperate grasslands, savannas, and dry forests (Prăvălie, 2016; Huang et al., 2017; Lian et al., 2021). Dryland ecosystems play an important role in regulating the global carbon (Ahlstrom et al., 2015), nitrogen (Tian et al., 2020), and water (Wang et al., 2012) cycles. For example, trends and variability in the global terrestrial carbon sink are largely dominated by drylands because of drylands' sensitivity to variations in temperature and precipitation (Ahlstrom et al., 2015). A growing body of evidence shows that the ecological processes in global drylands are always driven by precipitation or soil water availability (Niu et al., 2008; Hoover et al., 2014; Chen et al., 2020a; Lian et al., 2021). Atmospheric water demand, which is characterized by a vapor pressure deficit (VPD), has been identified as a critical driver of vegetation dynamics (Yuan et al., 2019; Liu et al., 2020) and carbon balance (He et al., 2022), but it has always been overlooked in the global drylands. Recent studies have shown that dryland grasslands in the United States are even more sensitive to VPD than precipitation variations (Konings et al., 2017). Therefore, a comprehensive representation of VPD's effects in drylands would deepen our understanding of global vegetation dynamics under climate change.

Atmospheric water demand (represented by VPD) could control plant photosynthesis and transpiration by affecting the stomatal activity and xylem conductance (Rogiers et al., 2012). VPD, the difference between saturated and actual vapor pressure, is a good indicator of atmospheric water demand (Novick et al., 2016; Rigden and Salvucci, 2017). It has experienced a significant increasing trend over the past few decades and is projected to increase continually throughout the coming century (Yuan et al., 2019; Fang et al., 2022). In response to the excessive water deficit caused by a high VPD, plants tend to close their stomata and reduce the risk of hydraulic failure at the cost of reducing or stopping photosynthesis (Rogiers et al., 2012; Sulman et al., 2016). More importantly, the elevated VPD may increase the hydraulic burden on plants and subsequently limit vegetation growth, especially in regions with severe seasonal or annual water deficits (Ding et al., 2018). Despite the growing awareness and concern, only a handful of studies have been conducted to assess the impact of VPD on global drylands. This can be partly attributed to the fact that most studies focused on water balances using precipitation-based drought indices (Novick et al., 2016; Rigden and Salvucci, 2017). As a result, atmospheric water conditions, which are an essential component of the soil–plant–atmosphere continuum, have not been adequately addressed.

VPD effects could be regulated by water availability. Soil water availability is the direct water pool of plants and determines the amount of water available for plant roots (Liu et al., 2020). Soil water conditions can regulate the abscisic acid concentrations and leaf water potential, which are closely related to stomatal activities (Rogiers et al., 2012; Chen et al., 2021). For example, plant xylems or roots can respond to a soil water deficit by sensing decreased abscisic acid concentrations and closing their stomata (Rogiers et al., 2012). In addition, changes in soil water conditions could affect VPD variations by directly influencing air temperature and relative humidity, subsequently regulating VPD effects (Chen et al., 2021). The dependence of VPD effects on soil water conditions has been investigated in studies on forests (Sulman et al., 2016), Semillon vines (Rogiers et al., 2012), and crops (Kimm et al., 2020). Compared with these relatively well-studied ecosystems, most dryland ecological processes are more sensitive to variability in water conditions (Chen et al., 2021; Lian et al., 2021). Further, it is expected that natural hazard events, particularly those of a climatic nature (especially droughts, heat waves, and wildfire activity), will become more widespread, frequent, and severe (Middleton and Sternberg, 2013). Thus, the regulatory effects of soil water content (SWC) may be important for understanding the VPD effects in global drylands.

In this study, we used long-term satellite observations of the Normalized Difference Vegetation Index (NDVI), a proxy for vegetation growth, and ET to investigate the response of ET and NDVI to VPD and soil water conditions in regulating the effects of VPD. Based on these datasets, our objectives were (1) to investigate the response of NDVI and ET to VPD in global drylands and (2) to investigate the dependence of the effects of VPD on soil water conditions. Achieving these objectives will improve our understanding of drylands' vulnerability to hydrological and climatic change and the modeling of dryland carbon and water cycle feedback to climatic change.



2. Materials and methods


2.1. Study regions

The aridity index is the ratio of mean annual precipitation to mean annual potential evapotranspiration (PET) and is used to identify cold drylands where the AI is <0.65 (Figure 1) (Middleton and Sternberg, 2013; Lian et al., 2021). The pixels with a mean annual NDVI lower than 0.1 were removed in our study to reduce noise from non-vegetated and sparsely vegetated areas. Drylands north of 60° N were defined as cold drylands, and other regions were defined as warm drylands. Warm-dryland vegetation types mainly include savannas and dry forests in South America, Africa, and Australia, as well as temperate grasslands (e.g., Eurasian steppes and American prairies) (Middleton and Sternberg, 2013; Liu et al., 2022).
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FIGURE 1
 Spatial distribution of global drylands.




2.2. Datasets

The third-generation NDVI (NDVI3g) dataset was from the Global Inventory Monitoring and Modeling Studies (GIMMS) group, derived from NOAA/AVHRR land datasets with a spatial resolution of 0.08° and a 16-day interval (Pinzon and Tucker, 2014). The GIMMS NDVI 3 g data include corrections for sensor degradation, cloud cover, inter-sensor differences, solar zenith angle, viewing angle effects, and volcanic aerosols. It has been widely used to study vegetation dynamics under climate change (Piao et al., 2014; Jiao et al., 2021). Monthly ET was derived from the Global Land Evaporation Amsterdam Model (GLEAM, v3.5a) at a spatial resolution of 0.25° (Martens et al., 2017). Potential evaporation estimates for the land fractions of bare soil, tall canopy, and short canopy were converted to actual evaporation using a multiplicative evaporative stress factor based on microwave vegetation optical depth observations and root-zone soil moisture estimates (Martens et al., 2017). The aforementioned datasets were standardized to a spatial resolution of 0.5° and a 1-month temporal resolution.

Monthly solar radiation (SR) was derived from ERA-5 reanalysis products (0.1° × 0.1°) (Dee et al., 2011). Monthly root-zone SWC was derived from GLEAM v3.5a with a spatial resolution of 0.25°, which is calculated by a multi-layer running-water balance (Martens et al., 2017). Monthly air temperature (Ta), precipitation, and VPD (equations 1–2) (Yuan et al., 2019) were derived from the CRUST 4.04 dataset (land; 0.5° × 0.5°) (Harris et al., 2020). The aridity index is the ratio of mean annual precipitation to mean PET and was used to identify drylands where the AI is <0.65 (Figure 1) (Lian et al., 2021).
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AVP (derived from CRUST 4.04; 0.5° × 0.5°) and SVP are actual and saturated vapors, respectively. The gridded Standardized Precipitation Evapotranspiration Index (SPEI) dataset (SPEIbase v2.5) is at a 0.5° spatial resolution and monthly time step. In this study, the SPEI time scales of 1 and 3 months were used to quantify dry-wet conversions during the period of 1982–2015.



2.3. Statistical analyses

The growing season was defined as the months in which NDVI was >20% of the monthly maximum for the year in each grid cell. Partial correlation analysis (PCOR) was used to estimate the impacts of VPD on vegetation growth and ET during the growing seasons from 1982–2015 when Ta, precipitation, and SR were removed. Following previous studies (Sulman et al., 2016; Kimm et al., 2020; Chen et al., 2021), we applied a multiple linear regression model to test the regulatory effect of SWC on VPD impacts through the interaction between VPD and SWC (VPD × SWC).
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To further demonstrate the regulatory effect of water availability, we analyzed the temporal dynamics of VPD effects and SPEI for 1982–2015. First, we calculated the temporal variability of SPEI and the PCOR coefficients of VPD vs. LAI and ET (RVPD − NDVI and RVPD − ET) in 25 10-year moving windows using non-parametric Mann-Kendall test (MK) analyses. We then used a simple linear regression to estimate the correlation of the temporal changes in SPEI with the temporal dynamics of RVPD − NDVI and RVPD − ET in the 25 10-year moving windows. The aforementioned analyses were conducted in R 4.1.2 (http://www.r-project.org/).




3. Results


3.1. Responses of NDVI and ET to VPD

The significant negative response of NDVI and ET to VPD was observed mostly in global drylands. PCOR showed that NDVI and ET were significantly negatively correlated with VPD in 68.0% and 77.6% of the drylands, respectively (Figures 2A, B). These significant responses were mainly found in the warm drylands, such as savannas and dry forests in South America, Africa, and Australia, and temperate grasslands (e.g., Eurasian steppes and American prairies) (Figures 2A, B). In contrast, significant positive responses of NDVI and ET to VPD were detected throughout 53.3% and 36.4% of the cold drylands, respectively, whereas the percentage decreased to 4.1% and 6.8% for the significant negative responses (Figures 2A, B). These results suggested that the suppression of NDVI and ET by VPD was stronger in warm drylands than in cold drylands.


[image: Figure 2]
FIGURE 2
 Spatial distribution of the correlation of NDVI (A) and ET (B) with VPD across the global drylands. The insets show the relative frequency (%) distribution of significant negative correlations (Negative*), as well as significant positive correlations (Positive*), insignificant negative correlations (Negative), and insignificant positive correlations (Positive).




3.2. SWC regulated the VPD effects

The responses of NDVI and ET to VPD were significantly regulated by soil water availability in global drylands. A significant positive correlation in the interaction of VPD × SWC with NDVI and ET was observed in 44.9% and 88.1% of the drylands, respectively, but the VPD × SWC was significantly and negatively correlated with NDVI and ET in only 8.4% and 2.5% of the drylands, respectively (Figures 3A, B). The percentages of the significant positive effects of VPD × SWC on NDVI and ET were ~40% lower in the cold drylands than in the warm drylands (Figures 3A, B). Overall, these results suggest that the suppression of NDVI and ET by VPD could be mitigated in the global drylands by improving the water supply.


[image: Figure 3]
FIGURE 3
 Spatial patterns of correlations between SWC × VPD and NDVI (A) and ET (B). The insets show the relative frequency (%) distribution of significant negative correlations (Negative*), as well as significant positive correlations (Positive*), insignificant negative correlations (Negative), and insignificant positive correlations (Positive).




3.3. Temporal changes in VPD effects with changes in water supply

We analyzed the temporal dynamics in the response of NDVI and ET to VPD to investigate the regulatory effects of water availability on the effects of VPD. The moving-window analyses showed that significant increases in RVPD − NDVI and RVPD − ET were found in 30.4 % and 32.0 % of the drylands, respectively, and RVPD − NDVI and RVPD − ET showed significant decreasing trends in 28.3% and 24.3% of the study regions, respectively (Figures 4A, B). Significant temporal changes in RVPD − NDVI and RVPD − ET were observed in the warm drylands of Northern and Southern Africa and Eastern Europe in dense concentrations (Figures 4A, B). In Northern and Southern Africa, RVPD − NDVI and RVPD − ET experienced significant increases in 41.2% and 46.3% of the dryland regions, respectively; in Eastern Europe, significant decreases in RVPD − NDVI and RVPD − ET were observed in 53.0% and 47.5% of the dryland regions, respectively (Figures 4A, B).


[image: Figure 4]
FIGURE 4
 Spatial distribution of temporal changes in RLAI − VPD (A) and RET − VPD (B). The insets show the relative frequency (%) distribution of significant negative correlations (Negative*), as well as significant positive correlations (Positive*), insignificant negative correlations (Negative), and insignificant positive correlations (Positive). Black dots indicate the significant negative correlation of VPD with NDVI and ET. Black squares indicate the hotspot regions in Northern and Southern Africa and Eastern Europe.


To further investigate whether the observed temporal changes in RVPD − NDVI and RVPD − ET were caused by changes in water supply, we analyzed the correlation of the temporal dynamics of water supply with temporal changes in VPD effects in the 25 10-year moving windows. Our observations showed that the areas where SPEI decreased (increased) often corresponded to the areas where RVPD − NDVI and RVPD − ET decreased (increased) (Figures 5A, B). Increases (significant, 38.3 %; insignificant, 34.8%) in SPEI dominated the temporal changes in water availability in the warm drylands of northern and southern Africa (Figures 5A, B). In contrast, the temporal changes in water availability in Eastern Europe were dominated by decreases in SPEI (significant, 5.1%; insignificant, 71.0 %) (Figures 5A, B). We further found that temporal changes in SWC were significantly positively correlated with changes in RVPD − NDVI (RVPD − ET) in 62.5 % (65.3%) of Eastern Europe and in 33.9 % (40.0%) of Africa (Figures 5C, D). Taken together, these observations emphasized that improving water availability alleviated VPD's suppression of NDVI and ET in Africa, and with increasing water deficits, the VPD's suppressing effect was magnified.
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FIGURE 5
 Spatial distribution of temporal changes in 3-month (A) and 1-month (B) SPEI and the relationships between temporal changes in SWC and RLAI − VPD (C) and RET − VPD (D) across global drylands. The insets show the relative frequency (%) distribution of significant negative correlations (Negative*), as well as significant positive correlations (Positive*), insignificant negative correlations (Negative), and insignificant positive correlations (Positive) in the hotspots (square frames, Northern and Southern Africa, and Eastern Europe).





4. Discussion

The VPD-induced suppressions are consistent with the results of previous studies in the temperate grasslands of the dryland regions (Niu et al., 2008; Konings et al., 2017; Ding et al., 2018; Chen et al., 2020a). These grassland regions are characterized by limited precipitation of 300–500 mm, poor water-holding capacity associated with stony sandy loam, and stronger solar radiation and wind (Chen et al., 2021; Lian et al., 2021). Grasses, as particularly abundant species in global drylands, have relatively shallow root systems (Liu et al., 2022), which are limited by dry surface soils (Zhang et al., 2018; Chen et al., 2020b). This could be further exacerbated because dry soils restrict root growth (Niu et al., 2008), making the remaining soil moisture less accessible for uptake as the soil suction increases (Seneviratne et al., 2010). In the areas where these occur, the tendency may be for leaves to limit their stomatal activity with a water-conservative strategy in response to increasing VPD (Massmann et al., 2019). As a result, photosynthesis is reduced, and water loss is limited to reduce the risk of hydraulic failure (Meinzer et al., 2016).

NDVI and ET were also significantly suppressed by VPD in the seasonally dry dryland savannas of South America, Africa, and Australia. Although savanna woodlands may use deep soil water through their vigorous root systems to maintain stomatal openness, plants can suppress stomatal activity and vegetation growth as the water deficit strengthens during the dry seasons. These observations have been supported by a recent study conducted in seasonal dry subtropical forests (Chen et al., 2021). This could be attributable to Xeric species adopting a more conservative sequence to prevent severe tissue damage through tighter stomatal regulation (isohydric strategy) and higher embolism resistance (Jin et al., 2023), especially for the sunnier and drier seasons (Konings and Gentine, 2017).

Ecological processes in drylands may be broadly more resilient to changes in water availability (Hoover et al., 2015). Our findings showed that water availability positively regulated the suppression of VPD on vegetation growth and ET. In the warm drylands of Africa, increases in precipitation in southern Africa and the Sahel have been demonstrated by observational and modeling evidence (Maidment et al., 2015), as well as our findings. When water availability improves more significantly, the negative sensitivity of vegetation growth and ET to VPD could be attenuated (Sulman et al., 2016; Rigden et al., 2020) and even change from significantly negative to positive (Chen et al., 2021). This could be due to the following reasons: First, the rapid recovery of soil water has direct effects on soil evaporation, thereby mitigating atmospheric dryness, which could otherwise be more severe by further aggravating water stress (Chen et al., 2021); second, when the soil water supply is improved, which is often associated with increasing leaf water potential and decreasing abscisic acid, photosynthesis is improved by the maintenance of transpiration and evaporative cooling (Rogiers et al., 2012).

In contrast, climate scenarios and our observations showed increased water deficits and heatwaves over the past few decades in Eastern Europe (Seneviratne et al., 2010; Liu et al., 2021). In particular, frequent heatwaves associated with high temperatures and low SWC exacerbate the negative impacts of VPD on vegetation growth and ET by pushing atmospheric dryness to its peak (Wang et al., 2020; Fu et al., 2022). Thus, VPD-induced suppression is exacerbated on a temporal scale by declining water supplies in Eastern Europe.

In addition to water availability, increasing atmospheric CO2 is an important factor regulating VPD effects in global drylands. Recent studies have shown that the negative effects of VPD on dryland vegetation growth may be partially offset by increasing CO2 (Ding et al., 2018). This is not surprising as atmospheric CO2 regulates stomatal conductance, which is directly related to plant photosynthesis (de Boer et al., 2011). Furthermore, CO2-induced water savings are sufficient to alleviate water limitation and allow for continued photosynthesis in drylands (Morgan et al., 2011; Lian et al., 2021). We found that, when CO2 was included in the PCOR models, RVPD − NDVI and RVPD − ET were increased by 0.01 and 0.09, respectively, in over 50% of the global drylands compared to CO2 removal (unpublished data), which is consistent with these studies. This signifies that the positive water-saving effects of CO2 could neutralize the suppression of VPD on the carbon-water cycle.

Compared to the warm drylands, a weaker VPD suppression was found in the cold drylands. Most cold drylands are distributed in the tundra biome. More available soil moisture in the tundra under favorable atmospheric conditions would maintain air humidity, as evidenced by slight increases in RH (Vicente-Serrano et al., 2018). Furthermore, in cold ecosystems, climate warming may improve vegetation growth by enhancing soil organic matter decomposition and nitrogen mineralization (Rustad et al., 2001; Lu et al., 2013; Wang et al., 2019). Increased below-ground biomass could potentially be beneficial for extracting more water from moisture-rich soils (Li et al., 2020). With increases in VPD, adequate moisture can not only maintain high leaf water potential but also potentially respond to atmospheric water demand, which could alleviate VPD-induced suppression.

Our study has several limitations. Although a recent study reported that dryland grasses with a water-conserving strategy responded to increased VPD at the site scale (Massmann et al., 2019), the plant water-use strategy was not measured at the large spatial scale of drylands. Furthermore, many indicators (e.g., leaf hydraulic traits) related to plant water-use strategy were not measured in this study. These indicators may also shape the ecological response mechanisms of vegetation growth and ET to VPD, especially during dry-wet transitions (Rogiers et al., 2012; Novick et al., 2019). Given the above, future field experiments should comprehensively measure these indicators to better understand VPD effects throughout global drylands.



5. Conclusions

Dryland ecosystems play a critical role in the global carbon, nitrogen, and water cycles and are among the most vulnerable ecosystems to climate change. Using long-term satellite datasets, we found that increases in VPD in global drylands had a wide range of ecological consequences, ranging from the suppression of vegetation growth to the reduction of ET. This VPD-induced suppression of vegetation growth and ET was significantly and positively regulated by changes in water availability across the global drylands. Based on our analyses, future VPD-induced suppression in global drylands could be relieved as soil water increases in the coming century (Lian et al., 2021). For the global drylands, this study deepened our understanding of the response of carbon and water cycles to increasing atmospheric dryness and provides more realistic projections of carbon and water cycles under climate change.
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