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Abstract: The soil water supply and atmospheric humidity conditions are crucial in controlling plants’
stomatal behavior and water use efficiency. When there is water stress caused by an increase in
saturated water vapor pressure (VPD) and a decrease in soil water content (SWC), plants tend to close
stomata to reduce water loss. This affects the gross primary productivity (GPP) and evapotranspira-
tion (ET), subsequently leading to changes in water use efficiency (WUE) and carbon use efficiency
(CUE) in plants. However, land-atmosphere interactions mean that water vapor in the atmosphere
and soil moisture content causing water stress for plants are closely related. This study aims to
compare and estimate the effects of VPD and SWC on the carbon cycle and water cycle for different
plant functional types. Based on the fluxnet2015 dataset from around the world, the WUE and CUE
of five plant functional types (PFTs) were estimated under varying levels of VPD and SWC. The
results showed that high VPD and low SWC limit the stomatal conductance (Gs) and gross primary
productivity (GPP) of plants. However, certain types of vegetation (crops, broad-leaved forests) could
partially offset the negative effects of high VPD with higher SWC. Notably, higher SWC could even
alleviate limitations and partially promote the increase in GPP and net primary production (NPP)
with increasing VPD. WUE and CUE were directly affected by Gs and productivity. In general, the
increase in VPD in the five PFTs was the dominant factor in changing WUE and CUE. The impact of
SWC limitations on CUE was minimal, with an overall impact of only —0.05umol/pmol on the four
PFTs. However, the CUE of savanna plants changed differently from the other four PFTs. The rise in
VPD dominated the changes in CUE, and there was an upward trend as SWC declined, indicating
that the increase in VPD and decrease in SWC promote the increase in the CUE of savanna plants to
some extent.

Keywords: stomatal behavior; water use efficiency; carbon use efficiency; water vapor pressure; soil
water content

1. Introduction

Vapor pressure deficit (VPD) and soil water content (SWC) are two important en-
vironmental factors that influence vegetation photosynthetic efficiency, gross primary
productivity (GPP), and net primary productivity (NPP) [1,2]. Photosynthesis is the pri-
mary pathway for vegetation to obtain energy and organic matter, absorbing carbon dioxide
through the stomata while releasing water vapor during the transpiration process. GPP
refers to the total amount of solar energy fixed by plants through photosynthesis, includ-
ing the energy used in biochemical reactions and the energy lost during photosynthesis.
NPP, on the other hand, is the remaining energy after subtracting the energy used for
plant growth and reproduction from GPP. Thus, GPP represents the total energy obtained
by plants through photosynthesis, while NPP represents the net energy used for growth
and reproduction.

Sufficient soil moisture provides the necessary water supply for vegetation, allowing
for optimal water uptake through roots for photosynthesis and biomass accumulation.
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However, a decrease in SWC leads to a decrease in the available water taken in by plant
roots [3]. Insufficient soil moisture can have negative impacts on vegetation productiv-
ity, limiting photosynthesis and biomass accumulation, leading to decreased GPP and
NPP [4,5], while an increase in VPD will induce plants to close stomata to minimize leaf-
scale water loss and further inhibit plant photosynthesis in the ecosystem [6,7], and lower
photosynthetic efficiency usually indicates reduced utilization of light energy for photo-
synthesis and lower production of organic matter. This is because plants need to adjust
stomatal conductance to maximize carbon gains and reduce water loss as much as possible
under the condition of high VPD. Evidently, this process will affect the carbon cycle and
water cycle of the ecosystem [8,9].

Vegetation water use efficiency (WUE) and carbon use efficiency (CUE) are important
parameters that describe how plants utilize water and carbon during photosynthesis. Vege-
tation water use efficiency refers to the amount of water required by plants to produce a unit
of biomass during photosynthesis, while carbon use efficiency refers to the amount of car-
bon fixed through photosynthesis that is allocated to plant growth and reproduction [10,11].
There is a complex relationship between GPP, NPP, photosynthesis, vegetation water use
efficiency, and carbon use efficiency. Higher GPP and NPP are generally associated with
higher photosynthesis rates, as more solar energy is captured and converted into organic
matter. This may result in higher vegetation water use efficiency, as plants can produce
more biomass with less water. Similarly, higher carbon use efficiency may be observed, as
more carbon is allocated to plant growth and reproduction [12].

In recent years, many studies have emphasized the importance of VPD and SWC
on plant stomatal conductance (Gs) and evaluated their sensitivity and contributions.
Novick et al. [13] found that in many biomes, VPD had greater restrictions on stomatal
conductance (Gs) and evapotranspiration (ET) than SWC. In the future, the impact of atmo-
spheric demand on vegetation function will become more and more important, accounting
for more than 70% of the surface conductance limit in the growing season of temperate
forests. Sulman et al. [14] showed that ecosystem-scale transpiration and photosynthesis
were significantly correlated with VPD and SWC, and VPD was the main contributor to
the interannual changes in photosynthesis and transpiration in temperate forest sites. The
analysis of crops also showed that the Gs difference was mainly due to the change in
VPD, which was almost unrelated to the changes in environmental conditions (rainfall and
temperature gradient), crop types (corn and soybean), and management practices (irrigated
or not) [15]. In addition, plant water use efficiency (WUE) is also affected by VPD and SWC.
There is a significant negative correlation between WUE and SWC in the ecosystem, and
the negative correlation is more obvious at higher VPD [16,17]. One study points out that
the WUE of the ecosystem will increase by 10-35% at the end of this century with the rise
in VPD under Representative Concentration Pathway 8.5 (RCP8.5) [18], which is supported
by both observation and model simulation [19-21]. In contrast, the research on how plant
carbon use efficiency (CUE) is affected by VPD and SWC is not sufficient, especially the
systematic and comprehensive discussion on CUE and its influencing factors [22].

However, WUE and CUE efficiency can be influenced by various factors, such as
environmental conditions, plant species, and physiological processes [23]. Under drought
conditions, plants may reduce transpiration to minimize water loss, which can lead to
lower GPP and NPP, as plants are limited by water availability [24-26]. This may also
result in lower vegetation water use efficiency, as plants need to use more water to produce
the same amount of biomass. There is ongoing debate about whether VPD or SWC has
more influence on plant water stress, given that they interact with each other and other
climatic variables in land-atmosphere interactions [27-29]. For instance, precipitation
directly affects atmospheric temperature and SWC, and in return, SWC feeds back into
the atmosphere relative humidity, which could determine the change in VPD with the
concurrent effect of the atmospheric temperature [8,9,30,31]. Furthermore, with future
global warming, the compound adverse effects of increasing VPD and decreasing SWC on
plants and ecosystems may make the problem more complex and critical [15,32]. Therefore,
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research is needed to better understand the complex interactions between GPP, NPP,
photosynthesis, vegetation water use efficiency, and carbon use efficiency. This knowledge
can provide insights into plant productivity and resource utilization in ecosystems, and
contribute to better management and conservation strategies for natural resources.

In summary, to clarify the relationship between VPD and SWC and plant stomatal
behavior and carbon and water use efficiency, and systematically evaluate the response
of different ecosystems to water stress, we used the hourly observation data of 36 flux
towers covering five plant functional types (PFTs) from around the world, namely crops,
deciduous broad-leaved forest, evergreen coniferous forest, grassland, and savanna. This
paper delves into the impact of VPD and SWC on the carbon and water cycles of ecosystems,
specifically through their influence on plant stomatal behavior. Additionally, this paper
aims to elucidate how different PFTs are differentially affected by VPD and SWC, and to
identify the conditions under which certain PFTs are most susceptible. Through a detailed
investigation of VPD and SWC’s impact on plant stomatal behavior, CUE, and WUE in
varying PFTs, this paper seeks to enhance our understanding of the relationship between
hydrological and climatic factors and ecosystem functioning. Ultimately, the findings of
this study can serve as an important reference for future research on the role of plants in
ecosystem carbon and water cycling.

2. Materials and Methods
2.1. Data

The FLUXNET2015 dataset (http:/ /fluxnet.fluxdata.org/data/Fluxnet2015dataset/,
accessed on 16 June 2020) is a global dataset of eddy covariance flux measurements,
which are used to estimate the exchange of carbon dioxide, water vapor, and energy
between the terrestrial ecosystem and the atmosphere. Hourly and half-hourly eddy co-
variance measure-related fluxes and meteorological data were selected for the study. The
FLUXNET2015 dataset categorizes plant functional types (PFTs) into broad groups based
on their growth form and ecological characteristics, such as forests, grasslands, croplands,
wetlands etc.

The selected data from all the stations of fluxnet2015 Tierl meet the requirement
that they have continuously available data for at least three years, and the meteorological
indicators include temperature (ta), precipitation (P), vapor pressure difference (VPD), soil
water content (SWC), wind speed (WS), friction velocity (USTAR), soil heat flux (G), latent
heat flux (LE), sensible heat flux (H), net radiation (Rn), gross primary productivity (GPP),
and ecosystem respiration (RECO) [33,34]. The location and information of the stations
are shown in Figure 1 and Table S1. FLUXNET data are observed and quality-controlled
according to unified standards, including friction velocity filtering and missing measured
value filling. Finally, 36 sites from around the world were selected, which cover five plant
functional types (PFTs), namely crops (CRO, station 9), deciduous broad-leaved forest (DBF,
station 5), evergreen coniferous forest (ENF, station 6), grassland (GRA, station 10), and
savanna (SAV, station 6).

CRO typically refers to agricultural lands that are managed for crop production, such
as row crops including corn, wheat, soybeans, and other cultivated lands. These areas
are characterized by annual or seasonal vegetation that is typically managed through
planting, harvesting, and other agricultural practices. DBF represents forests dominated by
deciduous broad-leaved tree species, which are known for their seasonal leaf turnover. ENF
represents forests dominated by evergreen coniferous tree species, such as pine, spruce,
and fir. Evergreen coniferous forests are characterized by trees that retain their needles
throughout the year, allowing them to photosynthesize and maintain their green color.
GRA typically refers to ecosystems dominated by grasses as the main vegetation type, with
little or no tree cover. They have important ecological roles, such as supporting grazing
animals, carbon storage, and fire regimes. SAV typically refers to ecosystems that are
characterized by a mix of grasses and trees, with an open canopy structure. Savannas
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play important roles in biodiversity conservation, carbon storage, and the livelihoods of
local communities.
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Figure 1. Global distribution of 36 flux stations (5 PFTs are included: CRO, DBE, ENF, GRA, and SAV).

To ensure there are enough stations for each type, a number of stations with lim-
ited observation time spans did not pass the quality check. Thus, plant functional types
including evergreen broad-leaved forest (EBF), mixed forest (MF), and shrub (CSH) are
not considered in this study, while wetland (WET) is also excluded due to the lack of
measurement of soil heat flux.

2.2. Methods
2.2.1. Estimation of the Stomatal Conductance

Based on the Penman—-Monteith formula, vegetation stomatal conductance can be
estimated using flux measurement [35]. The formula is as follows:

YLEg,
A(R, —G) — LE(y+4) +0CpVPDg,

Gs = 1)

In the equation, Gs is the stomatal conductance (m s71), v (kPa°C1)is the hygrometer
constant, LE (W m™2) is the latent heat flux, A (kPa °C~') is the slope of saturated vapor
pressure and temperature, R, (W m~2) is the net radiation flux, G (W m~2) is the soil
heat flux, p (kg m™2) is the air density, C, (J kg~! °C™!) is the specific heat capacity of
air, VPD (kPa) is the saturated water vapor pressure difference, and g, (m s~!) is the
aerodynamic conductivity. In this paper, the relationship between canopy height and wind
speed proposed by Campbell and Norman is used to estimate g, [36]:

UK?
= 2
= iz ?

20
where U (m s~!) represents the wind speed, K is the von Karman constant (K = 0.4), z,, (m)
is the measured height, z; (m) is the zero plane displacement, and zj (m) is the momentum
roughness length. z; and z are taken as 0.67 h and 0.1 h, respectively, while h is the
canopy height.
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2.2.2. Calculation of Water Use Efficiency and Carbon Use Efficiency

WUE refers to [18], and water use efficiency at the ecosystem scale is defined as the
specific stomatal conductance (Gs) of gross primary productivity (GPP):

GPP
WUE = s 3)
WUE (umol/mol) is the water use efficiency. GPP is obtained through the nighttime
method (GPP_NT_VUT) in the flux data [37], and the unit is pmol m~2 s~1. Gs is stomatal
conductance, and the unit needs to be converted into (mol m~2 s~ 1).
CUE (umol/pmol) [38] is defined as the ratio of plant net primary productivity to total
primary productivity:
NPP  GPP—RECO
GPP GPP

where NPP (umol m—2 s~ 1) is the net primary productivity of plants, GPP (umol m—2s7 1)
is the total primary productivity of plants, RECO (umol m~2 s~1) is ecosystem respiration,
including the autotrophic respiration and heterotrophic respiration of plants, in which GPP
and RECO are directly measured by the flux tower. In this paper, GPP-RECO is used to
approximate the NPP of plant net primary productivity [27].

CUE =

4)

2.2.3. Separating the Relative Contribution of SWC and VPD to WUE and CUE

Liu et al. [1] used SIF and reanalysis climate data for a global analysis. They estimated
the difference between the SIF of the highest VPD bin and the lowest VPD bin in each SWC
bin to derive ASIF (VPD | SWC), which means VPD limitation of SIF without SWC-VPD
coupling. Similarly, the difference between the SIF of the highest SWC bin and the lowest
SWC bin in each VPD bin is called ASIF (SWC | VPD). This method can quantify the SWC
and VPD limitation of SIF without SWC-VPD coupling. In this paper, we refer to this
method and apply it to WUE and CUE. We calculate the AWUE (VPD |SWC), AWUE
(SWCIVPD), A CUE (VPDISWC), and ACUE (SWCIVPD) of each site. The specific
calculation formula is as follows:

1
AVar(VPD|SWC) =~} | Varimax = Varimin ®)

where Var is WUE or CUE, n is the number of SWC bins, and i is the bin number of a specific
SWC bin. i, max and i, min are the maximum and minimum VPD bin numbers in SWC bin i,
respectively. This formula can calculate the limit of VPD rise in WUE and CUE without
SWC-VPD coupling (termed AVar (VPD | SWC)). Similarly, the limit of SWC reduction
in WUE and CUE without SWC-VPD coupling (called AVar (SWC | VPD)) is calculated
as follows:

1
AVar(SWC|VPD) = — Z}” Varj min — Var; max (6)

where M is the number of SWC bins and j is the bin number of a specific VPD bin. j,min
and j,max are the minimum and maximum SWC bin numbers in VPD bin j, respectively.
The response of plant photosynthesis to SWC and VPD can be nonlinear [39], which can be
overcome by using this method.

Many previous studies have shown that the correlation between VPD and SWC
decreases with a decreasing time scale [14,32], and the correlation coefficient between the
two is very low at the hourly scale, indicating negligible mutual influence. Therefore, in
order to decouple the effects of VPD and SWC as much as possible, hourly data were used
in the analysis presented in this paper. SWC is divided into six percentile ranges: 0-15%,
15-30%, 30-50%, 50-70%, 70-90%, and 90-100%. The site meteorological and flux data are
classified accordingly into these six ranges. The data were further classified using VPD,
with a VPD range of 0.2 kPa selected to ensure sufficient data in each VPD bin. To reduce
the impact of outliers, only the mean values of data with more than 10 samples in each bin
were selected to represent the quantity of different indicators in each VPD and SWC range.
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3. Results
3.1. Meteorology Characteristics of Sites

Figure 2 shows the ranges of the four main climate variables, VPD, SWC, shortwave
radiation (SWin), and 2 m air temperature (Ta), that affect the plant stomatal behavior. It
can be seen that there are significant differences in VPD and SWC among the five vegetation
types. The SWC of the ENF, GRA, and SAV sites is significantly lower than that of CRO
and DBF sites, with most of the SWC of SAV sites being below 10%. The VPD of GRA and
SAV sites is commonly 5-10 hPa higher than that of ENF, COR, and DBF sites. It is evident
that the water demand from the atmosphere and soil water deficit in GRA and SAV sites
lead to significantly greater water stress than in CRO, DBF, and ENF sites.
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Figure 2. Ranges of four variables (a) VPD, (b) SWC, (c) SWin, and (d) Ta for five PFT (CRO, DBE, ENF,
GRA, and SAV) sites. The upper, middle, and lower horizontal lines represent the 75th percentile,
median, and 25th percentile, respectively. The red dot represents the mean value, and the blue '+’
sign represents an abnormal value.

3.2. Effect of Decoupling VPD and SWC on Vegetation Stomatal Behavior

Figure 3 illustrates the distribution of Gs, GPP, and NPP across five vegetation types,
where Gsref, GPPref, and NPPref represent the plant reference stomatal conductance,
primary productivity, and net primary productivity (defined as the mean of VPD between
0.9 and 1.1 kPa), respectively.

For the CRO and DBF sites, when the SWC percentile is in the 90-100% range, Gs
shows a very slow increasing trend with increasing VPD compared to other SWC ranges,
which may imply that extremely high SWC weakens the limiting effect of increasing VPD
on Gs, and may even promote an increase in Gs in the opposite direction. Analyzing the
impact of SWC on Gs across the five vegetation types reveals that there is a large difference
in Gs among different SWC percentile ranges, and the difference in Gs/Gsref is even greater
than 1 when VPD is around 1 kPa.

Overall, except for the SAV sites, the Gs of the other four vegetation types decrease
with decreasing SWC, with the CRO and GRA showing the most significant SWC limitation,
while the relationship between SWC and Gs in the SAV sites differs from that of other
vegetation types, as Gs is almost greater in all VPD ranges when SWC is low (0-30%)
than when it is high (30-70%). This phenomenon may be due to the overall low and
stable SWC at the SAV sites, where slightly lower SWC may be more favorable for plant
stomatal opening.
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Figure 3. The influence of Gs, GPP, and NPP on five PFTs ((a-c) CRO, (d-f) DBF, (g-i) ENF, (j-1) GRA,
(m—-o0) SAV) when VPD and SWC are decoupled. The six colors represent different percentile ranges
of soil water content (0-15%, 15-30%, 30-50%, 50-70%, 70-90%, and 90-100%). The interval of each
point on VPD is 0.2 kpa.

In contrast to Gs, the GPP of the five vegetation types reflects different characteristics,
with DBF, ENF, and GRA showing an overall decrease in GPP with increasing VPD, which
is also affected by SWC. The GPP with a high SWC range (70-100%) in the DBF and the
GRA sites is significantly larger than the low SWC range (0-15%) at various VPD values,
and the difference between them gradually decreases with increasing VPD, while the ENF
is less affected by SWC, with similar GPP values across all VPD ranges. The GPP variation
in the CRO sites reveals that GPP does not show any obvious limitation effects in various
VPD ranges, but instead increases with increasing VPD at higher SWC (90-100%), which is
possibly affected by human activities, indicating that the effect of VPD limitation on GPP in
CRO with different SWC conditions is not significant. The GPP variation in SAV is clearly
different from the previous four vegetation types, with a general trend of increasing first
and then decreasing, where GPP increases with increasing VPD when VPD is less than
2 kPa and starts to decrease when VPD is greater than 2 kPa, but is not limited by VPD in
the high SWC range (90-100%). The GPP in SAV sites is also limited by SWC, where similar
to Gs distribution, the GPP value in the low SWC range (0-30%) is greater than that in the
high SWC range (30-50%).

The comparison of NPP distribution shows that the basic characteristics are consistent
with GPP distribution, indicating a strong correlation between the two. However, it is
worth noting that in ENF sites, there is a trend of increasing NPP with increasing VPD in
the 30-50% SWC range, and NPP in the 70-100% and 0-15% SWC ranges is very similar
and significantly decreases with increasing VPD.

To facilitate a more intuitive comparison of the effects of VPD and SWC on Gs, GPP,
and NPP, we analyzed the variability in these three variables at various VPD and SWC
percentiles (Figure 4). By dividing Gs, GPP, and NPP into 10 x 10 grids based on every
10th percentile of VPD and SWC, with red indicating positive changes and blue indicating
negative changes, we found that the five vegetation types exhibited clear stratification
in VPD and SWC. The CRO and DBF sites showed a clear boundary around the 30th
percentile of SWC, where Gs, GPP, and NPP exhibited significant negative changes below
this value and positive changes above it. The DBF sites were more significantly affected by
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VPD, with the required SWC for positive changes increasing with higher VPD. In contrast,
the CRO sites were more affected by VPD at extremely high SWC levels (90-100%), with
all three indicators gradually increasing with increasing VPD (variability ranging from
—10% to +20%), further confirming the conclusions drawn in Figure 3. The GRA and SAV
showed similar variability distributions, but unlike the previous two vegetation types, they
exhibited a clear boundary at the 60-70% percentile of SWC, with a large span of variability
ranging from —40% to +40%. This phenomenon indicates that stomatal behavior and
productivity in these two vegetation types are significantly affected by SWC and require
higher SWC to maintain high stomatal conductance and productivity. However, these two
vegetation types have a higher adaptability to atmospheric drought, as they exhibit only
small negative changes in Gs, GPP, and NPP at higher SWC levels (70-100%) and under
extremely high VPD conditions (90-100%). The change trend for ENF was the most unique,
with the distribution of Gs and GPP for this vegetation type clearly affected by both VPD
and SWC. Positive changes were observed when the SWC percentile was greater than
10%, but this change was restricted by VPD and only partially alleviated at higher SWC
percentiles (80-100%). However, at moderate SWC percentiles (40-70%), the restriction by
VPD was severe, and negative changes occurred only when the VPD percentile was greater
than 20%, with Gs and GPP levels even lower than those at lower SWC levels (10-30%).
In addition, the abnormal increase in NPP observed at the 30-50% percentile of SWC in
Figure 3i is also reflected in Figure 4m.
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Figure 4. Changes in Gs (a—e), GPP (f—j), and NPP (k-o) affected by VPD and SWC for five PFTs
(CRO, DBF, ENF, GRA, SAV). The color in the figure indicates the abnormality of Gs, GPP, CUE, and
WUE for each VPD and SWC percentile. For different vegetation types, the difference between these
variables and the average value of the multi-year growing season is calculated as the abnormal value
on the hourly scale.

3.3. Influence of VPD and SWC on WUE and CUE of Different PFTs

In the previous section, we found that VPD and SWC limit the Gs, GPP, and NPP of
vegetation, which directly affect the WUE and CUE of vegetation. To further investigate the
effects of VPD and SWC on WUE and CUE, we used a similar analytical approach as in the
previous section and focused on the possible impact of VPD and SWC on WUE and CUE.
From Figure 5, it is clear that the linear relationship between WUE/CUE and VPD/SWC is
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CRO

not as strong as that between Gs/GPP and VPD/SWC. Overall, in the five vegetation types,
WUE generally increases with increasing VPD, except for when the soil water content is
extremely high (90-100%) in the DBF sites and when the soil water content is between 15
and 30% in the GRA sites under the condition that VPD is greater than 3 kPa, where WUE
shows a significant decreasing trend. The effect of SWC is more ambiguous, as WUE in
the DBF and ENF sites with lower soil water content (15-30%) is higher in than those with
higher soil water content (90-100%). These conclusions are also supported by Figure 6,
which shows that positive changes in WUE are mainly distributed in the upper part of
the 10 x 10 grid, while negative changes are distributed in the lower part. The area with
the greatest positive change in WUE among the five vegetation types is mainly located in
the 0-50% soil water content percentile and VPD greater than the 40th percentile interval
(positive variation of 20-30%), and it is noteworthy that GRA also shows an abnormal
positive change in WUE in the 80-90% soil water content percentile interval. As GPP and
NPP have a similar distribution with respect to SWC and VPD among the five vegetation
types, the specific changes in CUE are difficult to determine from Figures 5 and 6. However,
in the previous section, we found that in ENF, the increase in NPP in the 30-50% soil
water content percentile range with increasing VPD and the significant decrease in the
soil water content percentile range of 70-100% and 0-15% with increasing VPD indirectly
leads to an increase or decrease in CUE in these soil water content percentile ranges with
increasing VPD.
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Figure 5. The WUE and CUE of five PFTs (CRO (a,b), DBF (c,d), ENF (e,f), GRA (g/h), SAV (i,j))
when VPD and SWC are decoupled. The six colors represent different percentile ranges of soil water
content (0-15%, 15-30%, 30-50%, 50-70%, 70-90%, and 90-100%). The interval of each point on VPD
is 0.2 kpa.

To further analyze the impact of increased vapor pressure deficit (VPD) and decreased
soil water content (SWC) on five different types of vegetation, we quantified the water use
efficiency (WUE) and carbon use efficiency (CUE) of different vegetation types under the
influence of VPD and SWC, respectively. Figure 7 quantifies the stress of WUE (CUE) under
VPD and SWC by subtracting the maximum WUE (CUE) in the highest VPD chamber from
the minimum WUE (CUE) in the lowest VPD chamber or by subtracting the minimum
WUE (CUE) in the lowest SWC chamber from the maximum WUE (CUE) in the highest
SWC chamber (represented as AWUE(CUE)(VPD | SWC) and AWUE(CUE)(SWC | VPD),
respectively).
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The results showed that under the influence of VPD and SWC on WUE, an increase in
VPD and a decrease in SWC both led to an increase in WUE, with the dominant effect of
VPD occurring at around 50 umol/mol and the ENF vegetation type showing the largest
impact at 70 pmol/mol. The change in WUE dominated by a decrease in SWC was around
30 umol/mol, with a median level consistent across all vegetation types, except for DBF,
which showed more significant fluctuations. It should be noted that, in general, high VPD
and low SWC limit the GPP and NPP of the plant.

When CUE was studied, an increase in VPD led to a decrease in CUE in CRO, DBF,
ENF, and GRA, with the exception of ENF (ACUE(VPD | SWC) = —0.28), where the change
in CUE for the other three vegetation types was around —0.1 umol/umol. In contrast, the
change in CUE dominated by a decrease in SWC were much smaller, with the median of
ACUE(SWC | VPD) fluctuating around —0.05 pmol/pumol for all three vegetation types,
except for the CRO and SAV vegetation types, indicating that the influence of SWC is
limited compared to VPD. In contrast to the previous four vegetation types, the SAV
vegetation type showed an increasing trend in CUE with both an increase in VPD and
a decrease in SWC, with the median of both ACUE(SWC | VPD) and ACUE(VPD | SWC)
being 0.1 umol/pmol, indicating that an increase in VPD and a decrease in SWC have a
significant promoting effect on CUE in the SAV vegetation type.

4. Discussion

The results showed the effects of the decoupling of VPD and SWC on the stomatal
behavior of the vegetation. It is evident that Gs in the five vegetation types has a significant
relationship with VPD and SWC, as Gs decreases significantly with increasing VPD and
decreasing SWC. The limitation of the VPD is mostly manifested as a decrease in Gs with
increasing VPD across the five vegetation types, indicating that the elevated VPD restricts
Gs to varying degrees in different vegetation types, a result that has been confirmed by
numerous studies [13,15,40].

VPD dominates the decrease in Gs, GPP, and NPP in most of the vegetation, which
has been confirmed in previous studies. In addition, we found that SWC also plays a
non-negligible role, which is reflected by the fact that the decrease in SWC limits the overall
levels of Gs, GPP, and NPP. While previous studies focused on a single vegetation type
(e.g., crop, forest) or separated the effects of VPD and SWC from all types of flux sites as a
whole, this paper separates the sites of five representative vegetation types to study their
responses to VPD increase and SWC decrease, respectively. Different vegetation types were
limited by SWC in a different way, among which CRO and GRA were most limited by SWC,
and it is also noted that there is an exceptional response of SAV to SWC, which showed
that Gs at low SWC was greater than Gs at high SWC. With respect to VPD, VPD stress is
more pronounced in agricultural and forest areas than in shrub and grassland areas.

CRO and DBEF exhibit negative variations in Gs, GPP, and NPP when SWC is below the
30th percentile, while GRA and SAV exhibit stronger adaptability to decreased SWC and
only exhibit negative variations when SWC is below the 60th percentile. VPD has a more
significant impact on the stomatal behavior of vegetation in CRO, DBF, and ENF, while its
impact is smaller in GRA and SAV and mainly concentrated in the extremely high VPD
range (90-100%). Similar conclusions have been drawn in previous studies, suggesting
that VPD stress is stronger in agricultural and forest areas than in shrub and grassland
areas, which is due to VPD limitations being more apparent in humid areas than in dry
areas [40,41]. Our study also confirms that an increase in VPD has a dominant effect on the
increase in WUE, which is similar to the conclusion drawn by Zhang et al. [18]. However,
it is worth noting that for the DBF and GRA vegetation types, the decrease in SWC has
a greater effect on WUE than the increase in VPD. In addition, we introduced CUE to
quantify the carbon sequestration capacity of plants affected by VPD and SWC, and the
results showed that an increase in VPD dominated the decrease in CUE in the CRO, DBF,
ENF, and GRA vegetation types.



Water 2023, 15, 1675

12 0f 15

VPD and SWC could affect vegetation WUE and CUE by influencing plant physio-
logical functions in many ways. Under the condition of high VPD and low SWC, plants
may be limited in their ability to perform photosynthesis, the process through which plants
convert carbon dioxide and water into organic matter using sunlight, producing nutrients
and energy for plant growth and metabolism. When water is scarce, plants may close their
stomata to reduce water transpiration, thereby reducing the rate of carbon dioxide entry
into the leaves, leading to limited photosynthesis and lower water use efficiency. Moreover,
when soil moisture is inadequate, plant growth rate may decrease, resulting in reduced
efficiency of water use for growth. Plants may adjust their physiological metabolism to
adapt to water-limited environments under drought conditions. For example, plants may
synthesize and accumulate antioxidant substances to counteract oxidative stress caused by
drought. However, the synthesis of these substances requires energy and nutrients, which
may lower the total primary productivity and net primary productivity of plants, thereby
affecting WUE and CUE.

Less water supply from the soil to the root system induces the plant to reduce water
loss and increase WUE through circulating abscisic acid (ABA) with reduced stomatal
conductance [42]. Abscisic acid is a plant hormone that plays a crucial role in regulating
various physiological processes, especially in response to environmental stress, such as
water stress, cold, and drought. When plants experience water stress, ABA is synthesized in
certain plant tissues and then transported to other plant organs, where it acts as a signaling
molecule to trigger various adaptive responses, such as stomatal closure, regulating gene
expression and metabolic processes, or regulating root growth, etc. [43—45]. Together, this
generates a limitation through a decrease in the photosynthetic efficiency, GPP, and NPP of
the plant.

These adjustments and responses of physiological functions may result in decreased
photosynthetic efficiency, total primary productivity, and net primary productivity of
vegetation, thereby affecting water use efficiency of vegetation. As is shown in this study, it
should be noted that different plant species may exhibit different physiological responses
to water stress, thus WUE and CUE may be influenced differently by high vapor pressure
deficit and low soil moisture content for different plant species.

5. Conclusions

This research analyzed hourly meteorological flux data from 36 flux sites across five
vegetation types worldwide (CRO, DBF, ENF, GRA, SAV) to investigate how variables such
as VPD and SWC affect vegetation stomatal behavior and productivity for different types
of vegetation. It was found that these variables have a significant impact on ecosystem
WUE and CUE, indicating the importance of understanding how they affect ecosystems.
The following conclusions were drawn:

(1) High VPD coupled with low SWC can restrict plant stomatal conductance, GPP, and
NPP. However, in some vegetation types (CRO, DBF), high soil moisture content can
offset the negative impact of high VPD, while low SWC limits vegetation stomatal
conductance. Interestingly, in SAV, lower SWC levels (percentiles 0-30%) can lead to
higher stomatal conductance and GPP than higher SWC levels (percentiles 30-70%).
For certain PFTs, higher soil moisture levels can alleviate the limitation caused by
high VPD and even partially promote GPP and NPP as VPD increases. Notably, there
is an anomalous increase in NPP in the ENF vegetation type when soil moisture
percentiles range between 30 and 50%, leading to a corresponding increase in CUE as
soil moisture content increases with VPD.

(2) Vegetation stomatal conductance and productivity have a direct impact on both WUE
and CUE. Across the various vegetation types, an increase in VPD generally results
in an increase in WUE, while the influence of SWC on WUE is less clear. Moreover,
specific analyses reveal that the effect of VPD on WUE is more significant than that of
SWC. The changes in WUE due to increasing VPD occur at an average WUE value of
approximately 50 pmol/mol, with the ENF vegetation type being the most affected at
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70 umol/mol. Conversely, the changes in WUE due to decreasing SWC occur at an
average WUE value of about 30pmol/mol.

(38) The CUE of the CRO, DBF, ENF, and GRA vegetation types decreases as VPD increases,
whereas the impact of SWC on these four types is relatively insignificant, with only a
—0.05 pmol/pumol total change. In contrast, the SAV vegetation type’s CUE is affected
differently by VPD and SWC, displaying an ascending tendency in CUE changes that
are dominated by the rise in VPD and decline in SWC. This indicates that a decrease
in SWC and increase in VPD foster the enhancement of CUE in the SAV vegetation
type to some extent.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w15091675/s1, Table S1: Station ID, latitude (°), longitude (°)
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