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Abstract: A forest is vulnerable to drought and plays important roles in the regulation of carbon
and water cycling in a terrestrial ecosystem. Atmospheric vapor pressure deficit (VPD) has been
identified as an increasingly major factor in plant functioning and has been established as a main
contributor to recent drought-induced plant mortality, independent of other drivers associated with
climate change. However, most previous studies have focused on the effects of climate warming
and CO2 enrichment on vegetation growth, without considering the effects of an increased VPD
on vegetation growth and evapotranspiration (ET) in forest ecosystems. This could lead to a large
uncertainty in estimating the variability in forest carbon sinks. Based on the long-term satellite data,
we investigated the response of the leaf area index (LAI) and ET to the VPD via a partial correlation
analysis in this study. We also examined the temporal variability in the partial coefficients within
a ten-year moving window. The results showed that over 50% of the region displayed a negative
partial correlation between the LAI, ET, and VPD, and those pixels were mainly concentrated in
North America and the plains of Eastern Europe. Regions with a negative trend of partial correlation
in both the LAI and ET are mostly located in the plains of Eastern Europe and the Siberian Plain of
western Russia, while the positive trend is mainly in South America. The plains of Eastern Europe
are becoming drier, which was proved by the interannual trend of the Standardized Precipitation
Evapotranspiration Index (SPEI) and soil water content (SWC). Additionally, the LAI and ET in those
areas exhibited a significant positive correlation with the SWC based on the moving window average.
This study suggests that the role of the VPD on vegetation will become increasingly prominent in the
context of future climate change for the forest ecosystem.

Keywords: vapor pressure deficit; LAI; evapotranspiration; water availability; global forests

1. Introduction

The terrestrial biosphere is believed to have provided a net sink for ~20% of the carbon
dioxide emitted by fossil fuel burning and industry over the last three decades [1], with the
majority estimated to occur in forests [2]. The growth of forests is thus believed to retard
anthropogenic climate change by slowing the rate of carbon dioxide (CO2) accumulation
in the atmosphere [3]. Previous studies have mainly investigated the response of forest
productivity to climate warming, changes in precipitation patterns, CO2 fertilization effects,
and human activity. With climate change, an atmospheric VPD has been recorded in a
sharp rise since the late 1990s [4] and played an important role in driving global vegetation
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dynamics. However, the response of forest productivity to increasing VPD remains poorly
characterized, limiting both our understanding of why it occurs and our ability to predict
its continued future existence.

An increasing VPD may exert a strong impact on the carbon and water cycle in
global forests. A rising VPD can significantly reduce stomatal conductance and limit
the actual photosynthetic rate [5–8]. Thus, a widespread constraint of the rising VPD on
global vegetation growth [4,9] or carbon sinks [10,11] has been reported in recent studies.
Extended periods of high VPD have been recognized as an important determinant of large-
scale tree mortality [12] and as a driver of wildfire [13]. The negative effects of an increasing
VPD on vegetation growth and ET have been widely observed in forest ecosystems in
water-limited regions [14]. In contrast, recent work has reported that in most of the wettest
parts of subtropical and tropical forests, vegetation photosynthesis (or productivity) and ET
tend to increase with a rising VPD [7,15,16]. These discrepancies suggest a large uncertainty
in the impacts of an increasing VPD on the carbon and water cycle across the global forests
and thus call for more investigations on this.

The carbon and water cycle responses to the increasing VPD may be regulated by
soil water availability across the global forests. When the soil water availability is limited,
the xylems or roots of plants sense the low water supply via an abscisic acid signal and
subsequently stomatal closure in response to an increasing VPD [17]. Studies examining
the dependence of the VPD impacts on soil water availability in forest ecosystems have
primarily been conducted on the site scale, such as a study on a forest in south central
Indiana, USA [5]. Despite that, the relationships between water availability and spatial
VPD effects may be disturbed by other factors. For one, although the spatial distribution of
global forests is mainly located in water-rich regions, the seasonal dryness always exerts
assignable impacts on photosynthesis (or productivity) and ET [7,18,19]. Also, changes in
water availability could also affect VPD effects [4], for example, the significant negative
VPD effects observed in Western Europe could be due to the apparent trend toward
aridification [20]. Therefore, the relationships between water availability and VPD impacts
across the global forests need to be further quantified on a large spatial scale.

In sum, there is growing evidence that an increasing VPD plays an important role in
driving global vegetation dynamics [4,9,11]. However, very few studies have investigated
the VPD effects across global forests. Here, we used long-term satellite observations of
the LAI and ET to parse the VPD impacts across the global forests. We first analyzed the
spatial distribution of the response of the ET and LAI to the VPD across the global forests;
subsequently, we examined whether the impacts of the VPD on ET and the LAI can be
regulated by the SWC; then, we investigated the temporal changes in the VPD impacts and
then analyzed the correlation of these changes with changes in the water conditions.

2. Materials and Methods

The Global Land Surface Satellite LAI (GLASS LAI) was used in this study. This
product was generated based on Advanced Very High Resolution Radiometer (AVHRR)
and Moderate Resolution Imaging Spectroradiometer (MODIS) surface reflectance data
via general regression neural networks [21,22]. In particular, preprocessing should be
conducted on the surface reflectance so as to mitigate the effects caused by clouds, aerosols,
and sensor noise. The GLASS LAI product has been widely used in climate change,
ecological environment monitoring, and other fields due to its unique features, including
a long-term span (from 1982 to present), fine resolution (0.05 degree and 8-day interval),
high quality, and accuracy [23,24]. The monthly actual ET and root-zone SWC data came
from the Global Land Evaporation Amsterdam Model (GLEAM, v3.5a). This dataset
spans over 40 years, from 1980 to 2021, at a spatial resolution of 0.25 degree [25]. The
monthly air temperature (Ta), precipitation, and actual vapor pressure (AVP) were derived
from CRUST 4.04 (0.5 degree), and the monthly solar radiation (SR) was provided by the
ERA5 reanalysis products (0.1 degree). Then, the VPD could be calculated according to
the saturated vapor pressure (SVP) and AVP following Equations (1) and (2) [4]. The
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Standardized Precipitation Evapotranspiration Index (SPEI) was used to quantify the
dry/wet conditions from 1982 to 2015 and the three-month SPEI was derived from the
SPEI base v2.5 at a 0.5 resolution [26,27]. For the subsequent analysis, all the data were
resampled to 0.5 degrees to align to the same resolution.

SVP = 0.611 × exp
(17.27 × Ta

273.3 + Ta
)

(1)

VPD = SVP − AVP (2)

We implemented a partial correlation analysis to explore the responses of the LAI and
ET to the VPD during the growing season from 1982 to 2015 after controlling the effect
of the Ta, precipitation, and SR. Furthermore, we detected the temporal variability in the
partial coefficients within a ten-year moving window via the Mann–Kendall test [28,29]. To
access the temporal dynamics of the water availability from 1982 to 2015, we also conducted
the Mann–Kendall test on the SWC and SPEI. Finally, we used the Pearson correlation
analysis to estimate the relationship between the SWC and the effects of the VPD on the LAI
and ET based on a ten-year moving mean value. All the statistical analyses were carried
out in R (version 4.0.5) software.

3. Results

Overall, the negative partial correlation coefficients occupied a large proportion for
both the LAI (Figure 1a) and ET (Figure 1b), with the negative partial correlations account-
ing for 68.6% (39.0% of pixels were significant) and 56.6% (34.9% of pixels were significant)
of the total study area, respectively. The negatively correlated areas were concentrated in
the Northern Hemisphere, mainly distributed in regions including North America and the
plains of Eastern Europe. In contrast, the positive correlation pixels of the LAI and ET to
the VPD were mainly observed in South America, Siberia, and southern China, and only a
few correlations were significant.
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As shown in Figure 2, the proportions of the negative trend in the moving window
partial correlation between the LAI and VPD were 62.1% (40.0% of the pixels were sig-
nificant), and mainly distributed in the northern and eastern parts of North America, the
plains of Eastern Europe, and the Siberian Plain region of western Russia. The regions that
exhibited a positive trend were mainly located in South America, accounting for 53.9% of
the area. As for ET, it displayed an increased trend on the whole, with 54.0% (34.4% of the
pixels were significant) being positive. Similar to the LAI, the negative values were also
found mainly in the northern and eastern parts of North America, the plains of Eastern
Europe, and the Siberian Plain region of western Russia. Additionally, about 62.3% of the
regions in Africa displayed a negative trend in ET, with 47.7% of the pixels experiencing a
significant decrease.
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Figure 2. The trend of moving window in partial correlation between LAI (a), ET (b), and VPD across
the global forest ecosystem in spatial pattern. The inset maps in lower right represent the significance
at the level of 0.05.

The temporal trend of the growing season SPEI and SWC are shown in Figure 3.
In general, the SPEI and SWC appeared as predominantly positive and negative trends,
respectively, with the former accounting for 63.2% (9.3% of the pixels were significant) and
the latter for 56.4% (23.4% of the pixels were significant). The pixels with increased SPEI
values were concentrated in eastern North America, the Siberian plains of western Russia,
and western South Africa, while the decreasing pixels were located in the plains of Eastern
Europe, southern Siberia, the subtropical regions of China, and the central regions of South
America (Figure 3a). As for the SWC (Figure 3b), the areas with increasing pixel values
were mainly in North America and parts of Russia, while other areas such as the plains of
Eastern Europe, southern Siberia, and central Africa were where the SWC decreases.
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To further clarify the relationship between the LAI, ET, and SWC, we performed
the correlation analysis based on the ten-year moving window averages. As a whole, the
positive correlation pixels for the LAI and SWC (Figure 4a) accounted for 53.8% (29.5% of the
pixels were significant), mainly distributed in the plains of Eastern Europe, southern Siberia,
the subtropics of China, and parts of the Amazon. In comparison, the negatively correlated
pixels mainly occurred in the Siberian plains of western Russia, western North America,
central Africa, and parts of South America. The proportion of significantly negatively
correlated pixels was relatively small, only occupying 23.6% of the study area. We also
observed that about 50.1% (27.5% of the pixels were significant) of the pixels displayed
a positive correlation between the ET and SWC (Figure 4b), most of them distributed in
the plains of Eastern Europe, eastern Russia, central Africa, and parts of the Amazon. For
those negatively correlated pixels, they were mainly located in the Siberian Plain in western
Russia, eastern and southwestern China, and parts of the Amazon.
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4. Discussion

Overall, the response of the forest LAI and ET to the VPD varied with the spatial water
gradients. The VPD may also indicate atmospheric dryness. Increased atmospheric water
demand caused by an increasing VPD reduces plant photosynthesis and transpiration by
controlling the stomatal activity and xylem conductance [14,30]. A typical plant response
to an increasing VPD is to close the stomata to minimize the water loss and avoid excessive
water tension in the xylem at the expense of reducing or stopping photosynthesis [5,31].
This negative response of plant photosynthesis and transpiration to an increasing VPD
has always been observed in water-limited regions [4,5]. This is because, in these regions,
xeric species tend to adopt a more conservative sequence to prevent severe tissue damage
through tighter stomatal regulation and higher resistance to embolism [32]. In contrast, the
LAI and ET can resist the atmospheric dryness caused by an increasing VPD across the
mostly forest regions, especially for the water-rich regions. Most forests are distributed in
water-rich regions. Although annual precipitation in most boreal forest regions is always
less than 500 mm, they are not water-limited due to the high soil water-holding capacity of
high soil organic matter [33] and low water loss under thermal constraint. Mesic species
adopt a riskier sequence through looser stomatal regulation to maximize carbon uptake
at the expense of hydraulic safety [32]. Plant root systems could partly determine how
a certain soil water availability is translated into leaf water potential, which is strongly
correlated with stomatal activity [34].Forests can extract deeper soil water through vigorous
root systems and allow them to maintain higher leaf water potential and stomatal openness
under dryness stress (such as under a VPD) [7,19]. In addition, the subtropical and tropical
forests always have light limitations and thus plants could tend to maintain their stomata
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openness at the cost of water loss in response to an increasing VPD [7,35]. Furthermore,
new leaves have a higher photosynthetic capacity than the leaves they replaced in the dry
season, compensating for the negative stomatal response to increased dryness [15]. In line
with our study, a recent global study also has shown that the VPD has weakly negative or
even positive impacts on vegetation productivity in most of boreal southern China, India,
and tropical rainforests [16].

In contrast, there is a significant negative response of ET and the LAI to the VPD in
the seasonally dry regions of forests. Although these forest regions are always classified as
water-rich regions, the seasonal dryness could lead to the negative response of the LAI and
ET to the VPD. The majority of seasonally dry ecosystems become more isohydric during
the sunnier and drier seasons, as they are most at risk of hydraulic failure [18,19]. Like
other forests in the water-rich regions, forests could also utilize soil water via deep roots to
resist the atmospheric water deficits [36], but forests may restrain stomatal activity to avoid
hydraulic failure as the SWC continues to decrease during the dry seasons [7]. Similar to
seasonal drought regions, tropical forests also experience seasonal dryness, whereas their
co-variation patterns are different. Except for the plant water use strategy and soil water
conditions, these differences could also be attributed to plant phenology developments.
Certainly, we expect that future research combining multiple factors (water use strategy,
phenology developments, water availability, etc.) is urgently needed to help shed light on
these differences.

Climate scenarios and our observations present an enhancement of the water deficit
and heatwaves over the past few decades in Eastern Europe [37,38]. In particular, frequent
heatwaves, evidenced by marked decreases in the ESI, co-occur with high temperatures
and low SWC, amplifying the negative impacts of a VPD on vegetation growth and ET by
pushing atmospheric dryness up to the peak [8,39]. Thus, the negative response of the LAI
and ET is exacerbated by a drop in the water supply in Eastern Europe on a temporal scale.

With an improving water supply, the positive regulatory effects disappeared in the
moisture-rich regions of Central Siberia, suggesting that the positive co-variation was
withering on a temporal scale. This is in reasonable agreement with recent work in humid
regions, where the positive sensitivity of the vegetation growth to the VPD in wet gradients
is less than in other gradients [7,40]. Given the increasing likelihood for wet and cloudy
conditions to coincide over the past 30 years, as evidenced by decreases in SR, the decreases
seem not to be responsible for the VPD because an adequate water supply makes it less
possible for atmospheric dryness to occur. It is possible that a water surplus can limit
vegetation growth due to waterlogging or the fact that temperatures and solar radiation
limit productivity or ET in some wetter years [40,41].

In this study, we mainly used the remote sensing datasets combined with a statistical
correlation analysis to analyze the response of the LAI and ET to the VPD. This may increase
uncertainties in the VPD impacts. Many indicators (e.g., leaf hydraulic traits) related to
the plants’ water use strategy were not measured in this study, which may influence the
ecological response mechanisms of the VPD effects [17,42]. In view of the above, future field
experiments on extreme drought should comprehensively measure indicators of the plant
water use strategy. In addition, we expect future earth system models to fully consider the
effects of the VPD on the forest ecosystem structure and functions.

5. Conclusions

This study utilized long-term remote sensing data to evaluate the response of the LAI
and ET to the VPD via multiple statistical analyses across the global forest ecosystem. The
results showed that negative partial correlations were found in over 50% of the regions
between the LAI, ET, and VPD, indicating the suppression effect of vegetation growth by
the VPD. Moreover, this suppression effect is getting stronger, especially in the plains of
Eastern Europe and the Siberian Plain of western Russia. We also observed a decreasing
trend for both the SPEI and SWC in the plains of Eastern Europe, which shows the region is
becoming increasingly drier. Furthermore, the regions of the LAI and ET in the above area
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exhibited a significant positive correlation with the SWC based on the moving window
average. This study would deepen our understanding of vegetation and ET responses to an
increased atmospheric VPD across the global forest in the context of climate change. Our
research potentially improves our knowledge and understanding of the negative impacts
of the VPD on forests and the predictions of forest ecosystem functioning and bio-diversity
in response to climate change.
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