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Key Points:

e CMIP6 projections show a sustained increase in vapor pressure deficit (VPD) associated
with global warming over global wheat areas

e The global response of wheat stomatal conductance (g;) shows a decreasing trend from
around 2040 in the three CMIP6 scenarios evaluated

e The higher sensitivity of g, to VPD than to air temperature suggests that the areas of
decreasing g, could increase in warmer climates
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Abstract

Climate change is expected to alter the conditions in which plants develop. The mechanisms by
which plants can adapt to changing conditions must be studied in terms of the magnitude of their
response and the implications for productivity. Recognizing wheat as a main crop sustaining
global livelihoods as well as the need for long-term adaptation strategies to climate change, this
work assesses the response of wheat stomatal conductance (g;) to changes in vapor pressure
deficit (VPD) associated with global warming in three future scenarios from the Coupled Model
Inter-comparison Project phase 6 (CMIP6). We used multiple datasets and a modeling approach
to estimate g, as a function of atmospheric variables only over global wheat areas. The results
show a sustained increase in both temperature and VPD in the historical period and future
CMIP6 scenarios, and a generalized decrease in wheat g, that becomes clear from around the
year 2040. The pattern of change is spatially divergent, with areas that present increases in
relation to the historical average, which mostly concentrate towards high latitudes. Negative
trends in g, area mainly observed in North America, Southern Europe, North Africa and Asia.
Notwithstanding, the proportion of areas of positive change in g, tend to decrease in warmer
climate scenarios. g is more sensitive to changes in VPD than to global warming, which implies
that the areas of negative trends in g, could expand to higher latitudes. These results may assist
the regional focus of long-term wheat adaptation programs to climate change.

Plain language summary

Climate change projections are of great relevance for crops, on the one hand due to the increase
in temperatures, but also due to the changes in vapor pressure deficit (VPD), an indicator of air
dryness. One of the plant responses to changes in temperature and VPD is stomatal closure,
which affects transpiration, photosynthesis, and consequently, productivity. This is of great
relevance for agricultural crops such as wheat given its importance for global food security. The
present study assesses the global response of wheat stomatal conductance (g;), an indicator of the
magnitude of leaf-air gas exchanges, to the changes in VPD under future CMIP6 global warming
scenarios. The results show a generalized increase in VPD that is consistent with projected
warming over global wheat areas. However, a divergent response in g; is projected. In general,
high latitude areas of both the Northern and Southern hemisphere show an increase in g;, while
lower latitude areas in North America, Asia, and Europe show a decrease in g;. The results also
revealed that the changes in g, are more sensitive to changes in VPD than to temperature.

1 Introduction

The water losses and CO, photosynthetic uptake by plant leaves are controlled by
stomatal behavior, which is in turns controlled by biophysical processes counteracting water
availability and atmospheric demand (Buckley, 2005). The water flow through the soil-plant-
atmosphere continuum is driven by the differences in water potential between the soil and the air
surrounding the leaves, locally controlled by leaf transpiration (Passioura, 1982). A higher
atmospheric water demand reduces leaf water status, so that the stomata reduce their opening to
prevent the decline in water status (Buckley, 2005), playing a key role in the adaptation of plants
to changing environmental conditions (Damour et al., 2010). Given the strong relationship
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between transpired water, crop productivity, and water use efficiency (Miner et al., 2017), the
stomatal conductance (g;), an estimator of the magnitude and dynamics of leaf-air gas exchanges,
has been widely used as an indicator of plant water status and as a predictor of yields in crop
species such as wheat (Fisher et al., 1998). In this regard, higher yielding wheat varieties have
been monitored and described as having higher g, consequently lower canopy temperature and
heat resistance, thus making g, useful as a selection metric for high yields under optimal water
supply conditions (Lu et al., 1998), and drought tolerance (Bota et al., 2004).

The global observed and projected atmospheric warming leads to an increase in the
drying power of air (Broz et al., 2021). This drying effect is driven by the vapor pressure deficit
(VPD), the difference between the actual water vapor content (actual vapor pressure) and the
maximum amount that the air can hold in the gas phase at a specific temperature (saturated vapor
pressure), whose magnitude depends on multiple factors such as land surface evaporation and the
large-scale atmospheric environment (Ficklin & Novick, 2017). Increasing attention has been
paid to VPD in recent years as its observed increase in the last decades has been associated with
a global reduction in vegetation growth (Yuan et al., 2019), offsetting the CO, fertilization effect,
and with an enhancement of heat stress on crops given its association with land-surface water
loss (Lobell et al., 2013). Moreover, anomalously high seasonal values of VPD have been
directly associated with the occurrence of droughts (Sanginés de Carcer et al., 2018). The
immediate response of plant to increases in VPD is the stomatal closure, consequently reducing
gs, with impacts on multiple biophysical processes such as evapotranspiration (Grossiord et al.,
2020). Plants close their stomata after a certain level of soil water depletion to avoid water loss
(Fang et al., 2021) and modern crop varieties are no exception. However, it has been observed
that VPD can limit stomatal conductance in a greater extent than soil water content, explaining
up to 90% of the variability in g, in relation to soil moisture in maize and soybean (Kimm et al.,
2020), and up to 70% in global croplands and natural ecosystems (Novick et al., 2016).
Similarly, VPD has been quantified as the main factor triggering reductions in terrestrial gross
primary production (Fu et al., 2022; Lu et al., 2022), and a main driver of plant stress compared
with soil water content and available energy (Tong et al., 2019). These studies show that the
expected increase in VPD due to climate change could exacerbate stress conditions for crops and
terrestrial ecosystems, in addition to the relative importance of atmospheric water demand that
could be accentuated under climate change scenarios (Novick et al., 2016).

The current context of climate change poses challenges to global agriculture, especially
to field crops such as wheat, given its importance for food security and livelihoods, and the wide
range of environments in which wheat is grown (Gbegbelegbe et al., 2017). However, despite the
observed increase and robust projections in air temperature and evaporative demand (Byrne &
O’Gorman, 2018; Zhu & Troy, 2018; Fang et al., 2022), there is still much uncertainty regarding
the projections of rainfall (Sheffield et al., 2012; Shiogama et al., 2022) and therefore on
integrating processes such as droughts (Cook et al., 2014) and associated plant responses (Kath
et al., 2022). Although VPD is projected to increase in the future as a consequence of the
combination of global warming and saturated vapor pressure, changes in actual vapor pressure
and relative humidity vary across regions (Byrne & O'Gorman, 2013). The latter results from
complex feedback mechanisms that can modify the surface energy partitioning and evaporative
fraction (Barkhordarian et al., 2019). Notwithstanding, increases in VPD can exacerbate the
water demand and stomatal closure (Damour et al., 2010; Medlyn et al., 2011). Consequently,
assessing projected climate conditions acting as drivers of agriculturally relevant hydroclimatic
events is necessary to plan long-term adaptation strategies for more water-efficient crop varieties
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and cropping systems (Damour et al., 2010; Mondal et al., 2020).

Considering the relationship between VPD, stomatal closure and g;, its consequences on
water status of plants, and the role of increasing temperatures, the main objective of this work is
to assess the implications that projected changes in VPD associated with global warming would
have in terms of climatological g; trends over global wheat cultivation areas. Although much
attention has been paid to the impacts of changes of air temperature and rainfall on wheat and
other crops, however, little has been done with respect to the influence of changes in evaporative
demand on processes relevant to crop water consumption and productivity. The latter is an
important issue for a major staple food for many countries since drought and heat stress are
among the most severe factors that reduce wheat productivity. We used outputs from a suite of
twenty-first century General Circulation Models (GCMs) simulations issued from the Coupled
Model Intercomparison Project phase 6 (CMIP6; Eyring et al., 2016). We calculated g, with the
widely-used Jarvis-type (Jarvis, 1976) multiplicative model, to address the questions on (1) what
are the expected changes in VPD associated with global warming over global wheat-producing
areas, (2) what might be the expected responses in terms of g, and (3) what is the relative
importance of changes in temperature and in VPD on the projected g;. The results from this work
represent an assessment of background climate and biophysical conditions affecting wheat
physiology that accompany other effects associated with atmospheric composition such as CO,
fertilization, and can contribute to the identify climate pathways to develop adaptation strategies
and provide guidance for wheat breeding.

2 Materials and Methods

2.1 CMIP6 and historical climate datasets

As a primary dataset, we used daily climate data of mean air temperature, downwelling
shortwave radiation and relative humidity, from five bias-corrected and downscaled CMIP6
(Eyring et al., 2016) GCMs (Table 1) and three Shared Socioeconomic Pathways (SSP) for the
21% century (SSP126, SSP370 and SP585) at 0.5° x 0.5° spatial resolution. These CMIP6 model
outputs belong to the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP,
https://www.isimip.org/; Lange and Biichner, 2022). The historical period from 1971 through
2014 was considered, and two future periods: midcentury, from 2041 through 2070, and end of
century, from 2071 through 2100.
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Table 1. List of CMIP6 GCMs from ISIMIP used in this study.

Model Institution (country)

GFDL-ESM4 Geophysical Fluid Dynamics Laboratory (United States)
IPSL-CM6A-LR Institut Pierre-Simon Laplace (France)
MPI-ESM1-2-HR Max Planck Institute for Meteorology (Germany)
MRI-ESM2-0 Meteorological Research Institute (Japan)
UKESM1-0-LL Met Office Hadley Centre (United Kingdom)

In addition to CMIP6 projections, we used data from European Centre for Medium-
Range Weather Forecasts (ECMWF) AgERAS product (Copernicus Climate Change Service,
C3S, 2019) as an observational reference. AgERAS corresponds to a statistically downscaled
(0.1° x 0.1°) daily time-step version of ERAS5 reanalysis. In this case, minimum and maximum
air temperature, shortwave radiation and dewpoint temperature data were used, for the period
1981 through 2014. AgERAS data were resampled to the 0.5° X 0.5° CMIP6 grid resolution using
bilinear interpolation.

2.2 Computing vapor pressure deficit

VPD was calculated using the widely used equation of Allen et al. (1998) for water vapor
pressure estimation. However, the procedure differs for CMIP6 and AgERAS data. For CMIP6,
saturated vapor pressure () is computed from air temperature (T) as:

17.27><T)

es = 0.611 % exp(237-3+T , (1)
and actual vapor pressure (e,) is calculated from relative humidity (RH):
e, = RH X e, (2)

with es and e, expressed in kPa, T in °C, and RH in percentage. VPD is simply calculated as the
difference between e, and e,:

VPD =e; —e,. 3)

For AgERAS, since dewpoint temperature (Tg; °C) is available, e, is calculated as:
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17.27XTd)

e, = 0.611 x exp<237'3+Td , 4)
and VPD is obtained by equation (3).
2.3 Estimating wheat stomatal conductance

We performed a simulation analysis over global wheat areas in order to assess the
response of wheat stomatal conductance to global warming and VPD. We calculated stomatal
conductance following the widely-used semi-empirical Jarvis analytical formulation, which
allows estimating g, (mol m~ s™) as the multiplicative effect of environmental factors controlling
the relative stomatal closure:

9s = Ismaxf1 (PAR) f(T)f3(VPD), Q)

where ggn.: 1s the maximum leaf stomatal conductance when environmental factors are not
limiting, in this study set as 0.833 mol m™” s (Houshmandfar et al., 2015), 11, /5, and f; are stress
functions representing the influence of independent environmental factor on g;, which vary
between 0 and 1. Following previous studies parameterizing g; for wheat, the following stress
functions were considered:

£,(PAR) = 1 — exp(—0.0075 X PAR), 6)

f2 (T) =1- (T - Topt)z/(Topt + Tmin)2 5 (7)
_ 1

f3 (VPD) - 1+(VPD/3.75)9 (8)

where PAR in Eq. (6) is the incoming photosynthetically active radiation, T in Eq. (7) is the daily
mean air temperature, Tope and Tiin in Eq. (7) are the optimal and minimum temperatures for
growth, respectively taken as 23 °C and 8 °C. The empirical parameters in the above equations
(6) to (8) are taken from previous studies based on field experiments carried out to parameterize
the Jarvis model on wheat (Danielsson et al., 2013; Houshmandfar et al., 2015). Recognizing that
volumetric soil water content is a relevant variable that is usually incorporated as a stress
function in Eq. (5), in this work we assumed well-watered conditions in order to focus only on
the impact of atmospheric forcing on g,. Furthermore, although multiple models exist to calculate
stomatal conductance with varying complexity and forcing data requirements (Ball et al., 1987;
Leuning, 1990; Tuzet et al.,, 2003), the Jarvis multiplicative formula corresponds to a
meteorological approach that has been implemented in multiple land surface schemes coupled to
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atmospheric models (Chen & Dudhia, 2001; Xiu & Pleim, 2001; Godfrey & Stensrud, 2010). In
the present work, we focused on quantifying the sensitivity of wheat g; to VPD and warming, so
the Jarvis model, which represent the response of g, to environmental factors, appears to be
appropriate.

2.4 Representing wheat area and harvest dates

We obtained global wheat area data from the Spatial Production Allocation Model
(SPAM) global crop production product (Yu et al., 2020). This gridded product provides
information on harvested area and production for the year 2005 at a spatial resolution of 5-min
(0.083° x 0.083°) for multiple crops and is generated by combining information sources about
land use and crop production statistics. In this work, SPAM wheat growing area data were
initially resampled to the 0.5° x 0.5° CMIP6 grid resolution using bilinear interpolation. In a
second step, the resampled data were converted into a binary mask indicating global wheat crop
area. SPAM grid cells with a wheat area of less than 5 % were removed. Additionally, global
wheat harvest dates for the year 2000 were extracted from the global crop calendar dataset for
specific crops of Sacks et al. (2010).

2.5 Analyzes

All the analyzes were performed for the period corresponding to the last 30 days of the
wheat growing cycle (as a proxy of the anthesis to maturity period), tanking the harvest dates
from Sacks et al. (2010). The mean changes for the 30-year average for the midcentury and end
of century periods in relation to the historical average 1971-2014 (CMIP6) and 1981-2014
(AgERAS) were analyzed. Also, the multi-model mean was considered. The first part of the
results shows an analysis of the projected changes in VPD in relation to global warming over
wheat growing areas. The second part of the results corresponds to the assessment of the
implications of changes in VPD and temperature on wheat g;, which was calculated using the
complete historical and future series of VPD, temperature and solar radiation. To quantify the
contribution of changes in VPD and temperature on changes in g, the influence of VPD and
temperature were isolated by calculating g, for the twentieth century using the detrended VPD
(denoted by gs-tas) and temperature (denoted by gs-vpd) of the future periods, and setting the
mean of the corresponding time series to be equal to the historical period, as a way to quantify
the impact of projected trends of both VPD and temperatures on g, separately. We excluded solar
radiation from this sensitivity analysis to focus on the influence of global warming and VPD
trends. This approach has been used in previous studies on the relative contribution of VPD,
temperature and radiation to changes in drought indices (Cook et al., 2014; Noguera et al., 2022),

3 Results

3.1 Historical and projected VPD and temperature changes over global wheat areas
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Figure 1 shows the historical and projected changes in VPD and air temperature for
CMIP6 and AgERAS. A relatively good agreement between the mean CMIP6 changes and
AgERAS is observed, with a Pearson correlation coefficient of 0.64 and 0.72, and a Root Mean
Square Error of 0.04 kPa and 0.39 °C respectively for VPD and temperature. VPD anomalies
(obtained by removing the average 1971-2014 and 1981-2014 value for CMIP6 and AgERAS,
respectively) over global wheat areas show increasing values that progressively shift to positive
from the 1990s in both AgERAS and CMIP6 (Figure 1a), trends that have been previously
highlighted globally (e.g., Yuan et al., 2019; Fang et al., 2022). The latter roughly coincides with
the shift from negative to positive anomalies presented by temperature in observations and
CMIP6 (Figure 1b). Future projections show a very similar mean evolution until around the year
2040, from which the three future scenarios begin to diverge at an anomaly value of ~0.2 kPa
and ~2 °C, respectively for VPD and temperature (Figure la and 1b). Regarding future scenarios,
both SSP370 and SSP585 show sustained positive trends until the end of the 21 century,
although they start to diverge from around 2040. On the other hand, the SSP126 scenario rather
shows an increase until the 2040s to then stabilize at a value close to 0.2 kPa and 2 °C in VPD
and temperature, respectively. Trends in actual values are presented in Figure S1 in Supporting
Information S1.
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Figure 1. Time series of historical and projected (a) VPD and (b) air temperature anomalies
over global wheat areas. Solid lines are the multi-model mean, and the shaded area represent
the spatial standard deviation. Calculations are made for the 30 days wheat heading periods.
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The scatter plot of the relationship between the change in VPD and global warming over
global wheat areas is presented in Figure 2, which shows the global mean values for each CMIP6
scenarios and GCMs. According to these results, global warming is expected to increase VPD in
a slightly exponential relationship that is well captured by an exponential factor of 1.23 (Figure
2). The low-end SSP126 scenario, which was generated to analyze the response of the climate
system to declining greenhouse gasses emissions, shows an average increase in VPD of up to 0.4
kPa in warmer climates. The magnitude of these changes is comparable to what has been
observed historically in both CMIP6 and observations (Figure 1), suggesting that agricultural and
natural systems could respond in a similar way to what has been observed in recent decades
(Yuan et al., 2019). The SSP370 and SSP585 scenarios are associated with higher levels of
warming, with values typically above 2 °C in warmer climates (Figure 2). Considering reference
global warming values of 2 °C and 4 °C, Figure 2 shows an increase in VPD between 0.2 and 0.4
kPa on average, which is relatively high in relation to the historical average of 1.1 kPa over
wheat areas (Figure S2 in Supporting Information S2).

1-4 T T T T T T T T T T
—— AVPD =0.073 x AT**R* = 0.96 .,
1.2 ----- Confidence Interval e A
» SSP585
SSP370 YA
1.0y SSP126

AVPD [kPa]
o o

©
W

o 1 2 3 4 5 6 7 8 9 10
AT [°C]

Figure 2. Scatter plot between global annual change (A) in VPD and annual mean warming (AT)

over global wheat areas for the three CMIP6 scenarios and periods (2041-2100). Each dot

represents the mean value from the five GCMs used (n = 900). The continuous line corresponds

to the exponential fit, and dashed lines bound the 95% confidence interval. The equation of the
exponential fit is also displayed.

The climatology of projected changes in VPD in relation to global mean warming over
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wheat areas for multi-model mean, CMIP6 scenarios and future periods are presented in Figure
3. The spatial patterns of VPD change look similar for the three CMIP6 scenarios and future time
windows (midcentury and end of century). Maximum VPD increases range between 0.32 kPa/°C
and 0.36 kPa/°C, with higher values mostly concentrated towards lower latitudes in Southern
Europe, Asia and North America, areas in which pronounced trends in VPD are projected
(Figure S3 in Supporting Information S3). Lower values are observed over areas such as South
America, South Asia and Southern Africa. Clearly, the mean values close to 0.1 kPa/°C found
across scenarios is associated with the similar rate of increase of both VPD and temperature
(Figure 1). Thus, based on these results, it can be inferred that the sensitivity of the change in
VPD is about 0.1 kPa per degree Celsius of change in temperature.

(a) SSP126 midcentury

= :&L‘ = x,
max = 0.39 max = 0.39
mean = 0.089 mean = 0.09
SD = 0.06 SD = 0.06
(c) SSP370 midcentury (d) SSP370 end of century
3 .Y 8
e g I i
max = 0.38 max = 0.4
mean = 0.096 mean = 0.1
SD = 0.07 SD = 0.07
(e) SSP585 midcentury (f) SSP585 end of century
3 7 5 3 £
Rt St SR
v oy
max = 0.41 max = 0.41
mean = 0.1 mean = 0.11
SD = 0.07 SD = 0.07

(b) SSP126 end of century

0 005 0.1 0.15 0.2 0.25 0.3 035 04
AVPD/AT [kPa/°C]

Figure 3. Maps of change in VPD per degree of warming (AVPD/AT) over global wheat areas
for multi-model midcentury (2041-2070) and end of century (2071-2100) means and for the three
CMIP6 scenarios. The maximum, mean and standard deviation (SD) are also displayed.
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3.2 Wheat stomatal conductance and global warming

The response of g, to changes in VPD and temperature are presented in this section. The
main patterns in projections are summarized in Figure 4, which shows the scatter plot of the
relationship between future g, expressed as relative to the maximum value (gy/2mar), and the
change in VPD and temperature. Similar to Figure 2, the global mean values for each CMIP6
scenario and GCM are displayed. Figure 4a shows a sharp decrease at increasing rates of g, as a
function of VPD in future climates, suggesting a continuous decrease in g, as global warming
drives higher rates of changes in VPD. Similarly, the relationship between g; and temperature
shows a strong drop in gs as global scenarios become warmer, similar to VPD (Figure 3a).
However, in the case of temperature, there seems to be a global warming level that generates a
positive response in g;, concentrated in the SSP126 scenarios, which represents a stabilization in
the global temperature at a level close to 2 °C from around the year 2040 in relation to the
historical average 1971-2014 (Figure 1). On the contrary, the scenarios of a sustained increase in
temperature at a rate similar to recent decades for the midcentury period are characterized by a
sustained decrease g;, up to values close to 25% (i.e., g¢/gsmax = -0.25).
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Figure 4. Scatter plot between global annual change (A) in g, relative to the maximum value
(85/2smax) and (a) mean VPD and (b) temperature (T) over global wheat areas for the three
CMIP6 scenarios and periods (2041-2100). Each dot represents the mean value from the five
GCMs used (n = 900). The continuous line corresponds to the polynomial fit, and dashed lines
bound the 95% confidence interval. The equation of the second-degree polynomial fit is also
displayed.

The future climatology of g, for midcentury and end of century periods and scenarios
show a spatial distribution of positive and negative values of g/gmqr (Figure 5). For the three
scenarios, median values remain close to zero from midcentury to the end of the century, but
higher positive and negative changes are observed. In general, increases in g; are observed at
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342 high latitudes of the Northern and Southern Hemisphere, and a reduction in g, over lower
343 latitudes areas of North America, Europe, and Asia, which is coincident with the areas of greater
344  increase in both VPD (Figure 3) and temperature (Figure S4 in Supporting Information S4).
345  Australia appears as the only country in the Southern Hemisphere that shows dominant
346  decreasing g;. In addition, the maps of Figure 5 show an increasing/decreasing relative area of
347  negative/positive changes in g, as climate becomes warmer. In this way, while the SSP126
348  scenario presents a very slight temporary change from midcentury or end of century (Figure 5a
349  and 5b), both SSP370 and SSP585 scenarios represent a dominant area of negative changes in g;
350  that increases in time (Figure 5c-5f). The latter is evidenced, for example, in the expansion of
351  negative changes in gy/gsuqx Values over Southern Europe and in South Asia.

352
(a) SSP126 midcentury (b) SSP126 end of century
max = (.18 max = (.24
median = 0.02 o median = 0.02 _a4o0
min = -0.24 (+) = 62% min = -0.35 (+) = 61%
(-)=38% () =39%
(c¢) SSP370 midcentury (d) SSP370 end of century
J S
max = 0.24 max = 0.49
median = 0.02 o median = -0.01 | P 170
min = -0.35 (+) = 56% min = -0.69 (+) = 47%
(1) = 44% () =53%
(e) SSP585 midcentury (f) SSP585 end of century
max = 0.25 max = 0.59
median = 0.01 o median = -0.06 | P ~ ino
min = -0.41 (+) = 54% min = -0.78 v (1) =40%
(1) =46% () =60%
-1 -08-06-04-02 0 0.2 04 06 08 1
353 gs /gsmax

354 Figure 5. Multi-model mean g relative to the maximum value (g2y/Zsmax) over global wheat areas
355 for midcentury (2041-2070) and end of century (2071-2100) and for the three CMIP6 scenarios.
356  The maximum, median and minimum (SD) are displayed, as well as the percentage area with
357  positive and negative changes.

358
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3.3 Sensitivity of wheat stomatal conductance to vapor pressure deficit and temperature

The maps of projected changes in g, after detrending VPD and setting the mean value to
the historical 30-day wheat grain filling period (g,-tas) are displayed in Figure 6, where a
spatially contrasting response in terms of positive and negative changes in gy/gsma 1S observed.
This diverging pattern is similar to that obtained by including both VPD and temperature (Figure
5), with an increase in g at high latitudes in the Northern and Southern hemispheres, and a
negative response at low latitudes that concentrate in the Northern Hemisphere. In terms of
values, differences between scenarios and future period (midcentury and end of century) are low,
which range between -0.8 and 0.4 in the most extreme means. Nevertheless, a decrease/increase
in the proportion of positive/negative changes appears again as a clear pattern that differentiates
future scenarios. Additionally, the maps of Figure 6 and Figure 5 show a similar spatial
distribution of gy/ggmax, although the higher magnitudes in negative changes. On the other hand,
sensitivity of g, to changes VPD isolating the effect of temperature (g,-vpd), presented in Figure
7, show a remarkable expansion of the areas with negative changes in g, with the exception of a
small area in high latitudes of the Northern and Southern hemispheres. A particular feature of g;-
vpd is the spatially uniform and similarity of the median and extreme values for the three future
scenarios and two climatological periods, along with the proportion of positive and negative
changes.
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380  Figure 6. Multi-model mean gs-tas relative to the maximum value (2y/Zsmax) over global wheat
381  areas for midcentury (2041-2070) and end of century (2071-2100) and for the three CMIP6
382 scenarios. The maximum, median and minimum (SD) are displayed, as well as the percentage
383  area with positive and negative anomalies.
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Figure 7. Multi-model mean g<vpd relative to the maximum value (2y/Zsmax) over global wheat
areas for midcentury (2041-2070) and end of century (2071-2100) and for the three CMIP6
scenarios. The maximum, median and minimum (SD) are displayed, as well as the percentage
area with positive and negative anomalies.

The above-presented results are summarized in Figure 8, where the mean gy/gsmax
obtained from the three CMIP6 scenarios are presented as zonal averages of the difference
between the future (2041-2100) and historical (1971-2014) periods. First, the difference between
the g, response between the Northern and Southern hemispheres is clear, associated with the
difference in wheat area. In general, in the case of g, calculated using both VPD and temperature
(gs-all in Figure 8), g, decreases from northern high latitudes towards more tropical latitudes,
shifting from positive to negative changes from around 50 °N to then become positive generally
from around 10 °N and in the Southern hemisphere, evidencing a contrasting response. The curve
of g, removing the effect of VPD (g,-tas) looks similar to that of gs-all, except for a band of large
drop in g, near 30 °N-40 °N, which more or less corresponds to North America, Southern Europe,
North Africa, Central Asia, as well as a region close to 10 °N-15 °N, represented mainly by the
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North of the Sub-Saharan Africa (Figure 6). In contrast, the curve of differences for the case of
sensitivity to VPD (g,-vpd) is more pronounced in terms of the decrease with respect to g;-all. In
this case, the change from positive to negative anomalies in the Northern Hemisphere is more
abrupt, remaining negative throughout all latitudes, except for a small latitudinal band between
about 10 °N and 20 °N. In the Southern Hemisphere, while both gs-all and g.-tas represent an
increase in g;, g,-vpd remains negative.

60N -
40N +
n
0D}
<]
&0
> 20N
=
o0}
o] -
= 0
+
=
<
—
20S +
408 +
R
-0.6 -0.4 -0.2 0 0.2 0.4
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Figure 8. Zonally averaged multi-model and scenario mean gy/gsmax (2041-2100). gi-all (Figure
5), g-tas (Figure 6) and g-vpd (Figure 7).

4 Discussion

4.1 Global warming, VPD, and wheat stomatal conductance

By focusing on the climatological aspects related with global warming and the associated
increasing in atmospheric water demand, which has become evident in recent decades, the main
goal of this work is the assessment of the possible future trajectories in VPD and global warming
over global wheat areas, and their implications for g,. The results represent an overview of the
potential background conditions associated with climate change to which wheat cultivation could
be subjected in the coming decades. Although trends in the drying power of the air, represented
by VPD, has been characterized (Fang et al., 2022) and found as controlling water cycle and
limiting plant growth globally (Zhang et al., 2015; Yuan et al., 2019), no specific studies has



426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463

464
465
466
467
468
469
470

manuscript submitted to Earth’s Future

focused on staple crops such as wheat. The data- and modeling-based results suggest a steady
increase in historical and projected VPD over global wheat areas that is very consistent with
temperature projections, except for SSP126 which represents a stabilization in both VPD and
temperature from around 2040. The reasons for this increase can be attributed to the increase in
temperature and consequently in the saturated vapor pressure, and a decrease in actual vapor
pressure, for example, over areas with negative in trends rainfall, such as North America (Seager
et al., 2015) or South America (Barkhordarian et al., 2019), or globally as a result of the global
depletion in soil moisture (Deng et al., 2020). However, this increase in VPD is more
pronounced over areas such as Southern Europe, Northern Africa and Central Asia, which could
be considered as hotspots of increasing evaporative demand (Ficklin & Novick, 2017) and
associated consequences on stress conditions (Grossiord et al., 2020) enhanced by higher
temperatures (Hatfield & Prueger, 2015). Furthermore, taking VPD 3 kPa as a global reference
value above which transpiration rate is affected (Tamang et al., 2022), CMIP6 projections show
a significant increase in the number of days exceeding 3 kPa during the last 30 days of the wheat
growing cycle (Figure S5 in Supporting Information S5).

The global response of g; to CMIP6 projections in VPD and warming shows an
exponential decay in g (Figure 4). It is worthwhile commenting that this corresponds to a
climatological relationship that differs from the inverse and nonlinear relationship often found in
field measurements of g, and VPD, where a drop in g; with an asymptotic convergence to a
certain minimum value of g, is observed (e.g., Grossiord et al., 2020). Notwithstanding, the
previously-presented results in terms of VPD and temperatures show a diverging spatial response
of g, (Figure 5), which suggests that some regions of the global wheat production area would
benefit from climate change in terms of the response in g;. The foregoing provided that water
supply is assured, which is very unlikely to happen in areas of projected decrease in rainfall,
higher drought conditions and water demand (Cook et al., 2014). Howevet, the results show a
dominant increasing trend in negative changes in g, which represents adverse conditions for
wheat cultivation given the limitations to transpiration and photosynthetic rate of lower g
(Sperry et al., 2016), as well as the soil moisture depletion and drought effects of high VPD
(Farahmand et al., 2021). In this sense, irrigated areas could need greater access to irrigation
infrastructure, and rainfed areas would most likely suffer from water stress and lower yields
(Zhou et al., 2019). On the other hand, cross-year effects could occur due to low g, in drier
regions, over which soil moisture could remain in the soil for the next wheat growing season. In
this way, advances in water conservation technologies (e.g., irrigation, conservation tillage) in
addition to cultivars with different sensitivity to VPD could help to increase adaptation
capacitates. Although multiple studies have quantified the fertilization effect of the higher
atmospheric CO; concentrations (e.g., Degener, 2015), which could help to offset the effect of
the lower g, its effect on wheat could be very low or even null under water stress conditions
partly due to changes in stomatal traits (Zheng et al., 2020).

The sensitivity of g, to changes in VPD and temperature reveals the relevance that
increasing atmospheric water demand may have in the future, as it has been highlighted in recent
years (Yuan et al., 2019). The latter is evidenced in the proportion of the global wheat area that
responds positively to changes in temperature (Figure 6), versus the negative changes in gz when
considering trends in VPD only (Figure 7), as well as the sustained decrease in g; in global
averages (Figure S6 and S7 in Supporting Information S6 and S7, respectively). These results
highlight the importance of considering suitable parameterizations of g, and water stress effects
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in terms of their response to changes in VPD in current crop and terrestrial biosphere models in
order to have realistic estimates of the possible trajectories in crop response to changing climate.
However, these findings should in the future be supported by regional observations on the
relationship between VPD and wheat physiology, as it has been done previously for the case of
corn, where minor effects of increasing VPD and potential evapotranspiration on yields have
been projected in North America (Basso et al., 2021; Riha & Melkonian, 2022; )

4.2 Uncertainties and limitations

The main data source for this study corresponds to the state-of-the-art CMIP6 climate
projections. However, we used a modeling approach and a combination of datasets that have
associated multiple sources of uncertainty. For instance, we used the Jarvis multiplicative model
of g,, which allows to easily isolate the effect of changing VPD and in temperature on g, using
specific parameters for wheat. Although the incorporation of other processes such as carbon
uptake and photosynthesis or the effect of soil moisture, which can be carried out with the Jarvis
or others models, would help to further analyze the potential response of g; to climate change.
However, this is out of the scope of this work since we focus only on the response to VPD in
relation to global warming.

We used secondary information as boundary conditions and assumptions in terms of
wheat cropping calendars and phenology, which represents an important source of uncertainty
and limitations since we have tried to project the ecophysiological response of wheat to future
climate scenarios based on wheat phenology, among other information. For instance, we used
fixed harvest dates from Sacks et al. (2010), which are naturally variable from year to year.
Similarly, the SPAM for wheat area representation corresponds to a static product that might
over- and under-estimate the wheat cultivation area (Montes et al., 2022). The latter becomes
delicate when assuming that, for example, wheat development and phenology should also be
affected by global warming (Jagermeyr et al., 2021). However, our approach seeks at providing
insights of the possible long-term future trajectories that wheat cultivation could be heading,
assuming the deep uncertainty existing when it comes to climate change. Fortunately, genetic
variation in response of g; to VPD has been observed in wheat (Tamang et al., 2022) and other
Crops.

5 Conclusions

Global warming is expected to alter the functioning of agro-ecosystems in many ways.
One of them is in the magnitude of gas exchanges between plants and the atmosphere, which can
be quantified by stomatal conductance (g;). The aim of this work was to assess the possible
future climate scenarios in terms of the magnitude in which g, could be affected, representing a
challenge for wheat cultivation given the implications on water use and stress. Our results show a
significant increase in both temperatures and VPD over global wheat areas, which represents, per
se, a threat to wheat cultivation since VPD is a well-known driver of drought-related stresses on
crops. Regarding the projected response of g; to both global warming and VPD, our results
suggest a differential response ranging from negative to positive climatological multi-model
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anomalies for the three scenarios considered (SSP126, SSP370, SSP585) across wheat
cultivation areas. The contrasting response of g, with positive changes over high-latitude areas
versus negative changes in lower latitude areas of the Northern Hemisphere, may be indicative of
a relative benefit of higher temperatures over some areas, which was evidenced in the
temperature sensitivity analysis (g;-fas; Figure 6). However, the progressive decrease of the area
with positive anomalies in g, as the climate becomes warmer suggest that this effect could be
offset. In addition, the clear negative effect of VPD on g, should alert about possible climate
change scenarios for wheat, and in turn could assist in the design and development of long-term
adaptation strategies. In this way, efforts could focus on the use of soil moisture conservation
techniques and development of new wheat varieties adapted to conditions of high atmospheric
water demand and drought over those areas with higher changes in g such as in Asia and
Norther Africa, where drought-related stress conditions (Cook et al., 2014) could be exacerbated
by atmospheric factors limiting g,. The latter is supported by our results highlighting the trends
in VPD and its importance for wheat g,. Accordingly, future efforts in understanding the
response of g; to VPD in historical observational data and modeling would allow for a better
interpretation on how g could respond to future climate scenarios, and in this way to incorporate
more biophysical processes in the analyzes. Such results can be used to refine breeding targets so
that, for example, a cultivar’s response of gs to VPD suits a particular water-deficit profile
considering VPD and other environmental factors.
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