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Carbon-water trade-offs in plants are adjusted through stomatal regulation.
Stomatal opening enables carbon uptake and plant growth, whereas plants
circumvent drought by closing stomata. The specific effects of leaf position
and age on stomatal behavior remain largely unknown, especially under edaphic
and atmospheric drought. Here, we compared stomatal conductance (gs) across
the canopy of tomato during soil drying. We measured gas exchange, foliage ABA
level and soil-plant hydraulics under increasing vapor pressure deficit (VPD). Our
results indicate a strong effect of canopy position on stomatal behavior,
especially under hydrated soil conditions and relatively low VPD. In wet soil
(soil water potential > -50 kPa), upper canopy leaves had the highest g5 (0.727 +
0.154 mol m™2 s™) and assimilation rate (A; 23.4 + 3.9 pmol m™ s™}) compared to
the leaves at a medium height of the canopy (gs: 0.159 + 0.060 molm?s™; A: 15.9
+ 3.8 pmol m™2 s1). Under increasing VPD (from 1.8 to 2.6 kPa), gs, A and
transpiration were initially impacted by leaf position rather than leaf age.
However, under high VPD (2.6 kPa), age effect outweighed position effect. The
soil-leaf hydraulic conductance was similar in all leaves. Foliage ABA levels
increased with rising VPD in mature leaves at medium height (217.56 + 85 ng
g™ FW) compared to upper canopy leaves (85.36 + 34 ng g™* FW). Under soil
drought (< -50 kPa), stomata closed in all leaves resulting in no differences in gs
across the canopy. We conclude that constant hydraulic supply and ABA
dynamics facilitate preferential stomatal behavior and carbon-water trade-offs
across the canopy. These findings are fundamental in understanding variations
within the canopy, which helps in engineering future crops, especially in the face
of climate change.
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Introduction

Stomata regulate the exchange of water and carbon between
plants and the atmosphere. Stomata adjust transpiration rate and
plant hydration whilst controlling photosynthetic rate and plant
growth. Stomatal regulation has been proposed to be a key feature
allowing plants to rapidly respond to atmospheric and edaphic
water deficits (Martin-StPaul et al., 2017), hereby impacting growth
and productivity in natural and agricultural systems (Hetherington
and Woodward, 2003). Despite these great importance, we are still
far from fully understanding the mechanisms governing stomatal
regulation under drought conditions (Buckley, 2019; Grossiord
et al,, 2020).

Various concepts have been proposed to understand and
predict stomatal behavior. Carbon optimization theory, a
pioneering concept predicting stomatal responses, posits stomata
maximize carbon gain for a penalty of water loss (Cowan and
Farquhar, 1977; Wang et al, 2020). Another approach suggests
stomatal regulation restricts a decline in leaf water potential and
soil-plant hydraulic conductance (Brodribb and McAdam, 2011;
Buclkley, 2019). Stomatal regulation in response to changes in leaf
water status is believed to be actively controlled by the
phytohormone abscisic acid (ABA), especially under stress
conditions (e.g. Brodribb and McAdam, 2011; Merilo et al., 2018;
Buckley, 2019). Combining the chemical and hydraulic signals was
suggested to provide a holistic understanding of stomatal regulation
(Buckley, 2019). Although there are recent attempts to reconcile
different approaches to predict stomatal regulation during
progressive soil drought (Joshi et al., 2022), the proposition of
these various hypotheses indicates the challenges in understanding
how stomata detect and react to intrinsic and extrinsic
environments while maintaining plant water status (Brodribb and
McAdam, 2011; Buckley, 2019).

Recent studies have endeavored to understand stomatal
response to atmospheric and edaphic drought, namely, increasing
vapor pressure deficit (VPD) and declining soil water content
(Buckley, 2019; Lawson and Vialet-Chabrand, 2019; Brodribb
et al, 2020; Grossiord et al., 2020). In response to increasing
VPD, stomatal conductance increases briefly and decreases after
prolonged exposure to high VPD (Buckley et al., 2011; Grossiord
et al, 2020). Changes in leaf water potential and leaf hydraulic
conductance have been assumed to facilitate guard cell responses to
changes in VPD (Grossiord et al, 2020). On the other hand,
stomatal response to soil water deficit can be explained within a
hydraulic framework that highlights the capability of soil and plant
to transport water under tension (Sperry and Love, 2015; Carminati
and Javaux, 2020; Abdalla et al., 2022). For instance, the decline in
soil-root hydraulic conductance has been recently documented as
the main trigger of stomatal closure during soil drying (Rodriguez-
Dominguez and Brodribb, 2020; Abdalla et al., 2021). Indeed, our
understanding of the concomitant hydraulic capacities from soil to
leaf under atmospheric and/or edaphic drought is, as yet,
incomplete (Bartlett et al., 2016; Cuneo et al., 2016; Grossiord
et al.,, 2020; Abdalla et al., 2022).

Despite these advances in understanding stomatal behavior,
there are considerable uncertainties when scaling photosynthesis
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and stomatal conductance from leaf-scale to canopy-scale due to
spatial variations within a plant canopy (Amthor, 1994; De Pury
and Farquhar, 1997; Buckley, 2021). These variations are one of the
main limitations stymieing the progress in understanding and
predicting canopy scale stomatal responses to contrasting
environments (Amthor, 1994; Buckley et al., 2014). Little is
known about the response of leaves of different ages and
positions to atmospheric and/or edaphic drought conditions.

Although variation in stomatal conductance within a plant
crown has long been observed (Jarvis et al., 1976), the underlying
mechanism governing this variation remain contentious. While
there are numerous studies investigating the effects of leaf age on
stomatal behavior in different species (Frank, 1981; Vos and
Oyarzin, 1987; Bhagsari, 1988; Soar et al., 2004), there is limited
research on the effect of leaf position. Buckley et al. (2014) suggested
that carbon optimization theory alone cannot explain the variation
in g, within the canopy (Buckley et al, 2014). More recently,
Buckley (2021) used a mathematical model to illustrate that
spatial variation in g across the canopy could be explained by
differences in irradiance. The interlinked effect of leaf age and
position in the canopy on photosynthetic capacity, transpiration
rate and leaf water potential remain under explored.

In this study, we addressed the knowledge gap regarding within
canopy variation in g; regulation by investigating the effect of
canopy position and leaf age on stomatal responses to edaphic
and atmospheric droughts in tomato. We try to understand plant
internal differences in age/position specific response differences not
driven by the environment such as different degrees of light
availability. We measured g, A and transpiration rate (E) of
different leaves of tomato across the canopy to increasing
atmospheric drought (increasing VPD) under wet soil and during
soil drying. We combined these measurements with those of foliage
ABA level, canopy transpiration rate, soil moisture content, and soil
water potential to better understand plant inherent-processes
driving carbon-water tradeoffs apart from environmental effects
across different leaf ages and positions across the canopy.

Materials and methods
Plant and soil preparations

We used tomato (Solanum lycopersicum L.) to perform our
experiments, and we selected a variety (a hybrid with Solanum
pimpinellifolium, Rootility®, Israel) that showed semi-determinate
growth. The apical meristem was a vegetative one, however, side-
branching occurred occasionally, which is suitable to test age and
position specific effects. We also used the ABA-deficient mutant
flacca and wild-type Rhinelands Rhum. The use of ABA deficient
mutant and the corresponding wild type allow exploring the effects
of ABA changes over time in response to increasing photosynthetic
activity, especially in hydrated soils. Mutant plants were grown
inside a humid chamber with the conditions of 90% RH and ca. 100
um m™ 57" light intensity. These two genotypes were kept under
high soil moisture and g; was measured in response to increasing
light intensity from 0 to ca. 1000 um m™ s™, stepwise. Seeds were
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surface-sterilized using 30% H,O, for 60 seconds and germinated
on Petri dishes containing wet filter paper for five days. Seeds were
transplanted in PVC cylinders (30 cm in height, 9 cm in diameter).
The sides of the cylinders had five holes, which were made every five
centimeters to facilitate soil moisture measurements. The cylinders
were filled with sandy loam soil, which was prepared by mixing
quartz sand (37.5%) and loamy soil (62.5%). The substrates were
sieved separately through a 1 mm sieve prior to mixing to achieve
high degree of homogeneity among replicates. To measure soil
water potential in each pot, a soil water potential sensor (Terros 21;
Meter Group, Munich, Germany), with the dimensions of
9.5%3.5x1.5 cm, was buried in the middle (15 cm) of the cylinder.

Growth conditions

Established seedlings were located inside a climate-controlled
chamber with a day/night cycle at the temperature of 25/18°C,
relative humidity of 62/67%, 12 hours of photoperiod with light
intensity of 550 umol m™ s (Luxmeter PCE-174, Meschede,
Germany). Each plant was placed onto a balance, which routinely
recorded the weight every 10 minutes. The soil surface was covered
with polyolefin to prevent evaporation. Plants were daily irrigated
for four weeks until the start of measurements. Plants were divided
into two groups for measurements; three plants were subjected to a
soil drying treatment where irrigation was withheld. Five plants
were translocated to a laboratory (under similar ambient conditions
and maintained in wet soil) to measure photosynthesis parameters.

Soil dryness assessment

Before starting the experiments, the soil hydraulic properties
(i.e., soil water retention and soil hydraulic conductivity) were
measured, following the evaporative method, using Hyprop
(Meter Group, Munich, Germany). This method evaluates
changes in soil water content and soil water potential (at two
depths) over time. Soil water retention curve was parameterized
following Peters-Durner-Iden (PDI) model (Peters et al.,, 2015). The
parameters were estimated by fitting the data points and solving
Richards equation.

During soil drying experiment, soil water content was measured
every day after the last irrigation using a time-domain refractometer
(TDR; E-Test, Lublin, Poland). For each plant, soil water content
was measured at five depths and the average value was considered as
the soil water content. Soil water potential was additionally
measured using water potential sensor (TEROS 21; Meter Group,
Munich, Germany) during soil drying. The assessment of soil water
content and soil water potential during soil drying treatments were
presented in Supplementary Figure S1.

Measurements of transpiration rate during
soil drying

Inside the climate-controlled room, three plants were placed on
wireless balances and automatically weighed every ten minutes.
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Canopy transpiration rate was obtained gravimetrically by
calculating the differences of weight over the time course. We
extracted midday transpiration rate (as the mean of transpiration
rates between 12:00 and 13:00) for the days after last irrigation.

Measurements of stomatal conductance
during soil drying

Stomatal conductance, photosynthetic photon flux density, and
leaf vapor pressure deficit were measured using a Li600 device (LI-
COR Inc., Lincoln, NE, USA). For each plant, measurements were
conducted at two canopy heights: a medium height 28 - 30 cm from
the soil surface and in the upper canopy 57 - 61 cm above the soil,
which was approximately equal to the total plant height. Three
leaflets were measured at each canopy height per plant and each
leaflet was measured three times. All leaf parameters were measured
at the same time of the day (ie., midday) during soil drying.
Stomatal conductance, photosynthetic photon flux density, and
vapor pressure deficit of the leaf were measured in three leaflets
per canopy height, two heights per plant, and in a total of three
plants. We calculated the mean value at each height (out of 3 leaflets
that considered as technical replicates for high precision). Thus,
error bars stand for variations among plants.

Measurements of photosynthesis
parameters

We measured photosynthesis parameters in different leaves, (1)
young leaves (~10 days) at the top of the canopy, (2) young leaves
(~8 days) at medium height and (3) fully expanded leaves (~15
days) at a medium height of the canopy. All selected leaves have
been fully expanded and free from any damage. We measured the
chlorophyll content using the chlorophyll-meter SPAD-502 Plus
(Konica Minolta, Tokio, Japan) to ensure similarity in all groups of
leaves and to exclude effects of leaf senescence. These measurements
were conducted under wet soil conditions (soil water content = 0.23
+ 0.02 cm’® ¢cm™). Leaf gas exchange was measured using a
LiCor6800 (LI-COR Inc., Lincoln, NE, USA). To quantify the
response of leaf gas exchange to increasing atmospheric drought
stress, we increased leaf VPD stepwise from 1 to 2.6 kPa (namely: 1,
1.4, 1.8, 2.2 and 2.6 kPa). The corresponding range of relative
humidity was between 63.9% and 2.4%. Each step lasted 15 minutes
and at a logging interval of 3 minutes. During the measurement, all
other settings within the cuvette were hold constant at: CO,
reference 400 umol mol ™, air temperature 22°C, photosynthetic
photon flux density 1000 umol m™ 5™, fan 10.000 rpm and flow rate
500 pmol s™'. Leaf-level water use efficiency (WUE) was calculated
by dividing A over maximum E of each leaf.

Predicting assimilation rate

To simulate our measurements, we predicted A as a function of
g in the ABA-deficient mutant and the corresponding wild-type
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where it was not measured. According to Wankmiiller and
Carminati (2022), the relation between A and g can be written
following Michaelis-Menten equation

£

A(gs) = 5+ (1)
£+K,

where A,,.x is the maximum measured assimilation rate, Ky is the
Michaelis-Menten constant which is numerically equal to the g, at
which A is half of A, (Wankmiiller and Carminati, 2022). The
value of 1.6 is a conversion factor due to the different diftusivities of
H,O and CO, in the air (Tuzet et al., 2003).

Measurements of leaf water potential

Leaf water potential was measured using a Scholander-type
pressure chamber (Soil Moisture Equipment, CA, United States).
After measuring leaf level gas exchange, the leaf was immediately
cut and inserted in the leaf pressure chamber. Pressure was applied
slowly and leaf water potential was determined when water
appeared at the leaf-cut.

Plant hydraulic conductance

Hydraulic conductance of the shoots (Kpj.) was determined at
two levels of canopy’s height. Considering plant as a porous
medium, we applied Darcy’s law to obtain Kpjan as follow:

Kplunt = E/Ay/ (2)

where, E is the transpiration rate (mmol m?s?), and Ay was the
pressure gradients across the soil-plant system (MPa). In this study,
the gradient from main stem to the leaf surface is the crucial
component of Kpjan due to the similar below-ground conditions.

ABA content measurements

Leaf samples were collected after measuring leaf water potential
and stored in methanol at -20°C. The part of the leaf that was
enclosed inside the IRGA chamber (Licor Li6800) was collected
separately and used for ABA quantification. The plant material was
grounded in liquid nitrogen and then weighed (ca. 30 mg fresh
weight) into 2 mL plastic micro-tubes (Eppendorf AG, Germany).
Before extraction, two 3 mm ceria-stabilized zirconium oxide beads
were placed into each tube. The samples were extracted and purified
after Simura et al. (2018). For phytohormone extraction, 1 ml ice-
cold 50% aqueous (v v'!) acetonitrile (CAN) containing the internal
standards was added to each tube. Deuterated ABA ([2H6] (+)-cis,
trans-Abscisic Acid, olchemim ref: 034 272x) and Deuterated PA
((-)-7>-7°-7’-d3-Phaseic Acid, NCR) were used as internal standards
with the concentration of 5 nM per 1 ml. All samples were purified
using Oasis PRIME HLB RP (1 cc per 30 mg), polymer-based SPE
cartridges (Waters Co., USA). Afterward, the samples were
evaporated to dryness at 40°C in a vacuum concentrator RVC 2-
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33 IR (Martin Christ GmbH, Germany) and stored at —20°C until
analysis. For analysis, the samples were dissolved in 50 pl of 30%
ACN (v v'') containing 0.1% FA and transferred to insert-equipped
vials. The absolute quantification of targeted phytohormones was
performed by UHPLC-HESI-HRMS. Separation of detected
compounds was achieved on a reversed phase Acquity UPLC®
HSS T3 column (10 A, 2.1 x 100 mm, 1.8 um, Waters) using a
gradient elution of A (Water, 0.1% FA) and B (ACN, 0.1% FA) as
follows: 0-5 min, 10% B; 5-10 min, 10% to 80% B. The injection
volume was 5 pl. The UHPLC system was coupled to a Q Exactive
Plus Mass Spectrometer (San Jose, CA, USA) equipped with a HESI
source operating in negative ion mode. To generate the calibration
curve, the peak area on the extracted ion chromatogram (XIC) of
the deprotonated molecule ion [M-H]- was measured. A least-
square linear regression was used to best fit the linearity curve.

Statistical analyses

For the VPD-response experiment, we tested the relationships
between assimilation rate (A), transpiration (E), stomatal
conductance (g;) and vapor pressure deficit (VPD) using linear
regression models. We used simple linear relationships as well as
quadratic and logarithmic transformations of the predictors (VPD
and g;). We used comparisons of model diagnostics (QQ-plots) and
measures of fit (adjusted R?) to choose the most appropriate
predictor transformation. Effects of leaf position and leaf age were
tested by including leaf position and leaf age as additional
explanatories in the regression models. Effects of leaf age were
tested by comparing responses of young and old leaf measured in
the same, middle position of the plants in a multiple linear
regression model with leaf age as an additional, factorial
explanatory. Leaf position effects were tested by comparing
young, fully expanded leaves from the top of the plants with
young, fully expanded leaves from the middle position of the
investigated plants and by putting leaf position as an additional,
factorial explanatory factor in the regression model. Relative
importance of leaf position and age in explaining differences in
the observed patterns was quantified by variance partitioning of
each set of leaves using the vegan R package (v.2.5-6, Oksanen
et al,, 2019).

We analyzed the relative effect of age (mid-young vs. mid-old)
and position (mid-young vs. top-young) in the response of leaf gas
exchange parameters (i.e. A, E, g) to increasing VPD. To do so, we
calculated the absolute difference in relative increment per increase
in VPD. In detail, we first calculated the mean of each gas exchange
parameter at the equilibrium (last measurement) of each VPD step
for each of the three leaf age and leaf position combinations.
Second, the relative change between x[t] and x[t-1] was
quantified, followed by subtracting the difference between
comparison pairs for age- respectively position effect from 1
Thus, the closer to 1 the more similar the response to increasing
VPD is.

For the soil drying experiment, we used two-way analysis of
variance (ANOVA), followed by multiple comparison, to test the
significance of leaf position and soil drying and their interactions on
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stomatal conductance. One-way ANOVA was used to test the
differences in ABA content, leaf water potential and plant
hydraulic conductance among different groups of leaves,
independently. All analyses were performed in R (v. 3.6.1, R Core
Team, 2019) and MATLAB (Math Works Inc., USA) using a level of
significance of 0=0.05.

Results

Under hydrated soil conditions (6 > 0.20 cm® em™ Yepn ~ <10
kPa), upper canopy leaves had four times higher g; (0.727 + 0.154
mol m? s!) than lower-canopy leaves (0.159 + 0.060 mol m?2sh
Figure 1A; p< 0.001; Supplementary table S1). This difference in g,
across the canopy was only apparent under wet soil conditions
(Figure 1). As soil moisture started to decrease (6 < 0.13; W, < -50
kPa), we observed no differences in g; across the canopy
(Figures 1A, B). Stomatal conductance (g;) declined steeply as soil
water potential declined (Figure 1B; p < 0.001; Supplementary table
S1). There were no differences in PPFD between the two canopy
positions during the drying cycle (402.91 + 29.89 umol m* s™* and
401.98 + 13.51 umol m* s™ for upper and lower canopy leaves,
respectively; Supplementary Figure S2). Leaf vapor pressure deficit
(VPDjeqp) was 0.8 kPa in the first three days after last irrigation
(when the soil was wet; 6 > 0.13) and increased afterward to more
than 1.2 kPa in dry soils (6 < 0.10; Supplementary Figure S3).
Canopy transpiration rate followed similar trends as g, during soil
drying (60 < 0.13; W, < -50 kPa; Supplementary Figure S4).

Under hydrated soil conditions, leaves at different canopy
positions exhibited a contrasting stomatal sensitivity to changes in
VPD (Figure 2). Net assimilation rate (A) was highest for upper
canopy young leaves (23.4 + 3.9 umol m™ s™') followed by middle
canopy young leaves (18.4 + 3.5 umol m™ s™) and middle canopy
old leaves (15.9 + 3.8 umol m™ s°'; effect of leaf identity p< 0.001
based on robust linear mixed effect model with VPD as random
effect). Leaf-level water use efficiency (WUE) was lowest for upper
canopy young leaves (0.59 + 0.24 pmol mol ') and highest for
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middle canopy old leaves (0.67 + 0.28) with middle canopy young
leaves showing intermediate WUE (0.64 * 0.33, effect of leaf identity
p<0.001 based on a linear mixed effect model with VPD as random
effect). Both A and g, generally decreased with increasing VPD while
transpiration rate (E) increased across all leaves (Figure 2).
Variation in A of young leaves (mid vs. top) was mainly
explained by canopy position (26% of total variation) and to a
minor degree by variation in VPD (7%). Assimilation of middle
canopy leaves (young vs. old, non-senescent) was explained by leaf
age and VPD to a similar degree (8%, each). For the relationship
between stomatal control/water loss (E, g;) and atmospheric water
demand (VPD), the effect of canopy position was comparable to the
effect of leaf age for transpiration rate (9%). Canopy position was
more important than leaf age for explaining differences in g, (11%
vs. 5%).

We observed a positive relationship between A and g, in wet soil
(Figure 3). For young leaves, g explained the highest portion of
variation of A (47% of total variation) whereas canopy position as
an individual explanatory variable explained only a minor degree of
the variation (5%). Similarly, A in middle canopy leaves was
predominantly explained by g, (70%) whereas leaf age as an
individual factor was irrelevant (0%). The simplified model
predicted the differences in A among different groups of leaves. A,
E and g, atlow VPD - between 1.0 and 1.8 kPa — was predominantly
influenced by canopy position, whereas at high VPD - between 1.8
and 2.4 kPa - the leaf age became the dominant factor (Figure 4).

Leaf water potential was slightly lower (-0.67 + 0.10 MPa) in
leaves located on the upper canopy in comparison to middle canopy
leaves (-0.46 + 0.08 MPa; Figure 5A). Middle canopy young leaves
had a lower leaf water potential (-0.625 + 0.04 MPa) compared to
middle canopy old leaves (Figure 5A; p< 0.05; n = 5; supplementary
table 52). Plant hydraulic conductance was constant across age and
canopy position (Figure 5B; p = 0.41; n = 5; Supplementary Table
S3). At VPD of 2.6, high A and E were associated to more negative
leaf water potential in upper leaves, while lower A and E were
correlated with less negative leaf water potential in middle canopy
leaves (Figure 6).
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Responses of (A) assimilation rate (A), (B) transpiration rate (E) and
(C) stomatal conductance (gs) to increasing vapor pressure deficit
(VPD) in leaves with spatial and ontogenetic variations, under
hydrated soil conditions. Green triangles for upper canopy leaves,
pink squares for middle canopy young leaves and blue open
symbols for middle canopy old leaves across panels. Dashed lines
are predictions of a regression model. Error bars stand for the
standard deviation, and n = 5.

Under hydrated soil conditions and high VPD, we observed a
difference in the foliage ABA level across the canopy (Figure 7). The
ABA level was twice as high in middle canopy old leaves (217.56 +
85 ng ¢! FW) compared to upper canopy leaves (85.36 + 34 ng g
FW) and middle canopy young leaves (69.94 + 3.96 ng g FW; p =
0.0281, n = 6; Supplementary Table 54).

Stomatal conductance (g;), in response to increasing
photosynthetic activity, was substantially higher in the ABA-
deficient mutant compared to the wild-type (Figure 8A). These
data show that ABA level plays a substantial role in stomatal
regulation under hydrated soil conditions and high PPFD.
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Discussion

Functional differences were observed in stomatal behavior
across the canopy. Although the effect of leaf age on stomatal
conductance is well documented and discussed to be due to intrinsic
variations in photosynthetic capacity (Vos and Oyarzin, 1987;
Atkinson et al., 1989; Soar et al., 2004; Chen et al., 2013), little is
known about the relative importance of leaf age vs. leave position in
driving carbon-water trade-offs. Our results indicate a strong
impact of canopy position on stomatal behavior, especially under
hydrated soil conditions and relatively low VPD. Yet, the
modulating effect of canopy position vs. leaf age changed with
increasing atmospheric drought, which induced higher levels of
ABA in old leaves compared to young leaves, regardless of their
positions, even under wet soil conditions (Figure 7; McAdam et al.,
2022). Furthermore, the high stomatal conductance of upper
canopy leaves vanished as soil water potential declined (Figure 1).

A stable root, soil and leaf hydraulic conductance, under
hydrated soil conditions, facilitated proportionality between the
gradients in leaf water potential and the increment in transpiration
rates across the canopy (Figures 2, 3, 5 and 6). Similar trends of
constant hydraulic supply have also been documented, under ample
soil water contents, in tomato (Abdalla et al., 2021; Abdalla et al.,
2022), as well as other crops and trees (Cai et al., 2020; Bourbia
et al,, 2022; Cai et al,, 2022). Moreover, in tomato, xylem tissues of
root, stem and leaves have similar vulnerability to embolism under
water stress conditions (Skelton et al., 2017), which entails similar
water transport capabilities under water deficit. Constant hydraulic
supply makes it possible for upper canopy leaves to sustain higher
evaporation rates (Figure 6).

Although all measured leaves had similar chlorophyll content,
we observed difference across ages and canopy position in gas
exchange parameters (Figure 3). One possible explanation for these
differences is the contrasting levels of phytohormones across the
canopy (e.g., ABA; Figure 7) together with the slight gradients in
leaf water potential (Figure 5A). The correlation between hydraulic
and chemical signal has been proposed to control stomatal
regulation (Buckley, 2019). Sack et al. (2018) concluded that any
factor causes a decline in leaf water content (subsequently leaf water
potential) will increase ABA synthesis, especially under rapid
changes in vapor pressure deficit, which was the case in this
study. This conclusion is in line with our finding that ABA
played a prominent role in regulating stomata under high VPD
and wet soil conditions (Figure 8). Measuring g in response to
increasing photosynthetic photon flux density in ABA-deficient
mutant and the corresponding wild type made it possible to explore
the impacts of ABA dynamics on the relationship between stomatal
conductance and assimilation rate. Our simple simulation of A(g,)
relationship, in the ABA-deficient mutant and the corresponding
wild-type, suggests a correlation between photosynthetic activity
and ABA dynamics (Figure 8). Additionally, recent evidence has
shown that ABA is mainly produced in leaves (McAdam and
Brodribb, 2018), and root sourced ABA has been shown to play
no role in stomatal regulation in tomato (Holbrook et al., 2002).
Furthermore, Wankmiiller and Carminati (2022) proposed a
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Relationship between carbon assimilation rate (A) and stomatal
conductance (gs) of leaves from different canopy height and age
The A(gs)-relation varied between different groups. The relationship
was reproduced through Michaelis-Menten saturation curve.
Symbols represent measurements whereas solid lines represent the
fitted model using Eq. (1), and the goodness of the fitting is
indicated within the respective panel.

correlation between ABA content, the decline in leaf water potential
and the photosynthetic activity.

Under high VPD and hydrated soil conditions, we observed high
ABA levels and less negative leaf water potential in old vs. young
leaves in the middle canopy. A possible explanation is that high ABA
content in old leaves induces stomatal closure, reducing transpiration
rate and water loss, hence preventing the leaf from reaching critically
low (more negative) leaf water potential (Wankmiiller and Carminati,

10.3389/fpls.2023.1140938

2022). Low ABA content in young leaves is associated with higher
stomatal conductance and more negative leaf water potential
(McAdam et al,, 2022). This phenomenon allows young leaves to
exhibit higher stomatal conductance and to explore more negative
leaf water potential to acquire more carbon under wet soil conditions
(Figures 6-8). Thus, this explains the lower impacts of ABA on leaves
in the apical parts of the canopy compared to fully expanded leaves
located on a medium height, which is in line with the findings of
Soar et al. (2004), who observed spatial gradients of ABA along canes
of grapes (Vitis vinifera L.).

Non-stomatal limitations might have impacted the relationship
between assimilation rate and stomatal conductance in different
groups of leaves. Variations in CO, diffusion, within the mesophyll,
among different leaves, can directly impact leaf photosynthetic
capacity at a given stomatal conductance. Different photosynthetic
capacities can be due to variations in biochemical reactions, such as
the ratio of chlorophyll-a to chlorophyll-b, the efficiency of rubisco
carboxylation or electron transport rate across the plasmatic
membrane (von Caemmerer and Farquhar, 1981). Additionally, the
atmospheric conditions directly at the leaf surface might have
additional effects on nitrogen content and leaf morphology, leaf
mass per unit area and cuticle thickness (Weerasinghe et al., 2014).
These factors and other non-stomatal limitations to photosynthesis
and should be considered to fully understand leaf gas exchange under
constant hydraulic supply.

Differences in stomatal regulation across the canopy occurred
only under ample water conditions, and stomatal conductance
decreased rapidly as soil water potential declined regardless of
canopy position and age (Figure 1). In dry soil conditions, root,
soil and/or rhizosphere hydraulic conductance has been reported as
the main hydraulic limitation across the soil-plant continuum
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triggering stomatal closure (Rodriguez-Dominguez and Brodribb,
2020; Abdalla et al., 2021; Bourbia et al., 2021). This hydraulic
bottleneck might hinder preferential stomatal conductance within
the canopy, suppressing the canopy position effect in dry soils by
restricting the water fluxes from the soil (Figure 1). The premise is
that water potential dissipation in soil causes a drop in the hydraulic
conductivity around roots. In contrast to the plant hydraulic
conductivity, soil hydraulic conductivity decreases by several orders
of magnitude during drying (Passioura, 1988; Draye et al., 2010; Cai
et al,, 2022). Taken together, during the vegetative stage, soil drying
obliterates the effect of leaf position on stomatal conductance and
consequently assimilation rate, owing to the fact that preferential
stomatal conductance occurred only under wet conditions.
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Transpiration rate (E) and carbon assimilation rate (A) as a function
of leaf water potential (year). Green triangles for upper canopy
leaves, pink squares for middle canopy young leaves and blue open
symbols for middle canopy old leaves. Error bars stand for the
standard deviation, and n = 5.
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This study provides direct evidence that ABA plays a pivotal
role in stomatal regulation in response to high VPD (McAdam and
Brodribb, 2016; Buckley, 2019; Lawson and Vialet-Chabrand,
2019), even under hydrated soil conditions (Figure 8). We
observed a stable hydraulic conductance from soil to leaf under
increasing transpiration demand in hydrated soil conditions. The
stable water supply allowed the actively growing leaves, under
ambient soil water conditions, to maximize carbon uptake hence
increasing the assimilation rate in apical and/or juvenile leaves,
while losing water. Safety-efficiency trade-offs in water loss and the

ABA[ng g~ FW]

FIGURE 7

Foliage ABA level in across the canopy exposed to relatively high
vapor pressure deficit (VPD = 2.6 kPa) under hydrated soil
conditions (soil water content = 0.23 + 0.02 cm® cm™). Different
letters denote significant difference in ABA contents. Error bars
stand for the standard deviation (n = 5).
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decline in leaf water potential were documented in several plant
species (Henry et al., 2019). Here, we reported trade-offs in carbon
and water balance on plant-scale, which were facilitated by the
constant hydraulic conductance across the soil-leaf system and
ABA levels. Thus, in hydrated soil conditions, plants were capable
of mitigating the effect of atmospheric drought, especially within the
measured range. Further investigations are needed on the
interactions of edaphic drought and light competition in different
plant species. We additionally conclude that soil drought, by
suppressing preferential stomatal behavior, could impede the
competitive strength of plant species with differed preferential
stomatal conductance, hence changing the competitive structure
of entire plant communities (Hautier et al., 2009). On the other
hand, mechanisms that maintain constant hydraulic supply across
soil-plant system, especially during soil drying, could provide a
great advantage in growth and development of a species (Abdalla
et al,, 2021; Bourbia et al., 2022; Harrison Day et al.,, 2022). Such
mechanisms could be a long and dense root system with low
hydraulic conductance (Abdalla et al., 2022; Cai et al.,, 2022), long
2017; Marin et al., 2021),
plasma membrane aquaporin (Caldeira et al., 2014), root mucilage
(Ahmed et al., 2014; Carminati et al., 2016) and/or root symbiosis
with arbuscular mycorrhizal fungi (Bitterlich et al., 2018; Abdalla
and Ahmed, 2021). The trade-offs between water and carbon might

and dense root hairs (Carminati et al,,

have furthermore important implications on the growth vigor of
juvenile plants and the establishment of crops growing in
contrasting environments.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Frontiers in Plant Science

Author contributions

Conceptualization: MoA, AS, BB, SM and MAA. Data curation
during soil drying: MoA. Data curation during atmospheric drying:
AS, BB, MoA and MAA. Data analysis: MoA, BB and AS. MoA wrote
the manuscript with contributions from all authors. All authors
contributed to the article and approved the submitted version.

Acknowledgments

We would like to thank Dr. Yudelsy Moya for ABA analysis and
technical assistance (IPK Gatersleben). Open access was enabled
and organized by Technical University of Munich.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material
The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1140938/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1140938/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1140938/full#supplementary-material
https://doi.org/10.3389/fpls.2023.1140938
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Abdalla et al.

References

Abdalla, M., and Ahmed, M. A. (2021). Arbuscular mycorrhiza symbiosis enhances
water status and soil-plant hydraulic conductance under drought. Front. Plant Sci. 12,
2281. doi: 10.3389/fpls.2021.722954

Abdalla, M., Ahmed, M. A,, Cai, G., Wankmiiller, F., Schwartz, N., Litig, O., et al.
(2022). Stomatal closure during water deficit is controlled by below-ground hydraulics.
Ann. Bot. 129, 161-170. doi: 10.1093/aob/mcab141

Abdalla, M., Carminati, A., Cai, G., Javaux, M., and Ahmed, M. A. (2021). Stomatal
closure of tomato under drought is driven by an increase in soil-root hydraulic
resistance. Plant Cell Environ. 44, 425-431. doi: 10.1111/pce.13939

Ahmed, M. A., Kroener, E., Holz, M., Zarebanadkouki, M., and Carminati, A. (2014).
Mucilage exudation facilitates root water uptake in dry soils. Funct. Plant Biol. 41, 1129.
doi: 10.1071/FP13330

Amthor, J. S. (1994). Scaling CO2-photosynthesis relationships from the leaf to the
canopy. Photosynth. Res. 39, 321-350. doi: 10.1007/BF00014590

Atkinson, C. J., Davies, W. J., and Mansfield, T. A. (1989). Changes in stomatal
conductance in intact ageing wheat leaves in response to abscisic acid. J. Exp. Bot. 40,
1021-1028. doi: 10.1093/jxb/40.9.1021

Bartlett, M. K., Klein, T., Jansen, S., Choat, B., and Sack, L. (2016). The correlations
and sequence of plant stomatal, hydraulic, and wilting responses to drought. Proc. Natl.
Acad. Sci. 113, 13098-13103. doi: 10.1073/pnas.1604088113

Bhagsari, A. S. (1988). Photosynthesis and stomatal conductance of selected
root crops as related to leaf age. Crop Sci. 28, cropscil988. doi: 10.2135/
cropscil988.0011183X002800060005x

Bitterlich, M., Sandmann, M., and Graefe, J. (2018). Arbuscular mycorrhiza
alleviates restrictions to substrate water flow and delays transpiration limitation to
stronger drought in tomato. Front. Plant Sci. 9, 154. doi: 10.3389/fpls.2018.00154

Bourbia, I, Lucani, C., and Brodribb, T. J. (2022). Constant hydraulic supply enables
optical monitoring of transpiration in a grass, a herb, and a conifer. J. Exp. Bot. 73,
5625-5633. doi: 10.1093/jxb/erac241

Bourbia, I., Pritzkow, C., and Brodribb, T. J. (2021). Herb and conifer roots show
similar high sensitivity to water deficit. Plant Physiol. 186, 1908-1918. doi: 10.1093/
plphys/kiab207

Brodribb, T. J., and McAdam, S. A. M. (2011). Passive origins of stomatal control in
vascular plants. Science 331, 582-585. doi: 10.1126/science.1197985

Brodribb, T. J., Sussmilch, F., and McAdam, S. A. M. (2020). From reproduction to
production, stomata are the master regulators. Plant J. 101, 756-767. doi: 10.1111/
tpj.14561

Buckley, T. N. (2019). How do stomata respond to water status? New Phytol. 224,
21-36. doi: 10.1111/nph.15899

Buckley, T. N. (2021). Optimal carbon partitioning helps reconcile the apparent
divergence between optimal and observed canopy profiles of photosynthetic capacity.
New Phytol. 230, 2246-2260. doi: 10.1111/nph.17199

Buckley, T. N., Martorell, S., Diaz-Espejo, A., Tomas, M., and Medrano, H. (2014). Is
stomatal conductance optimized over both time and space in plant crowns? a field test
in grapevine (Vitis vinifera). Plant Cell Environ. 37, 2707-2721. doi: 10.1111/pce.12343

Buckley, T. N., Sack, L., and Gilbert, M. E. (2011). The role of bundle sheath
extensions and life form in stomatal responses to leaf water status. Plant Physiol. 156,
962-973. doi: 10.1104/pp.111.175638

Cai, G, Ahmed, M. A,, Abdalla, M., and Carminati, A. (2022). Root hydraulic
phenotypes impacting water uptake in drying soils. Plant Cell Environ. 45, 650-663.
doi: 10.1111/pce.14259

Cai, G., Ahmed, M. A, Dippold, M. A., Zarebanadkouki, M., and Carminati, A.
(2020). Linear relation between leaf xylem water potential and transpiration in pearl
millet during soil drying. Plant Soil 447, 565-578. doi: 10.1007/s11104-019-04408-z

Caldeira, C. F., Jeanguenin, L., Chaumont, F., and Tardieu, F. (2014). Circadian
rhythms of hydraulic conductance and growth are enhanced by drought and improve
plant performance. Nat. Commun. 5, 1-9. doi: 10.1038/ncomms6365

Carminati, A., and Javaux, M. (2020). Soil rather than xylem vulnerability controls
stomatal response to drought. Trends Plant Sci. 25, 868-880. doi: 10.1016/
j.tplants.2020.04.003

Carminati, A., Passioura, J. B., Zarebanadkouki, M., Ahmed, M. A,, Ryan, P. R,
Watt, M., et al. (2017). Root hairs enable high transpiration rates in drying soils. New
Phytol. 216, 771-781. doi: 10.1111/nph.14715

Carminati, A., Zarebanadkouki, M., Kroener, E., Ahmed, M. A., and Holz, M. (2016).
Biophysical rhizosphere processes affecting root water uptake. Ann. Bot. 118, 561-571.
doi: 10.1093/aob/mcw113

Chen, L., Dodd, I. C,, Davies, W. J., and Wilkinson, S. (2013). Ethylene limits abscisic
acid- or soil drying-induced stomatal closure in aged wheat leaves. Plant Cell Environ.
36, 1850-1859. doi: 10.1111/pce.12094

Cowan, L, and Farquhar, G. (1977). Stomatal function in relation to leaf metabolism
and environment: Stomatal function in the regulation of gas exchange. Symp. Soc Exp.
Biol. 31, 471-505.

Frontiers in Plant Science

10.3389/fpls.2023.1140938

Cuneo, L. F., Knipfer, T., Brodersen, C. R., and McElrone, A. J. (2016). Mechanical
failure of fine root cortical cells initiates plant hydraulic decline during drought. Plant
Physiol. 172, 1669-1678. doi: 10.1104/pp.16.00923

De Pury, D. G. G,, and Farquhar, G. D. (1997). Simple scaling of photosynthesis
from leaves to canopies without the errors of big-leaf models. Plant Cell Environ. 20,
537-557. doi: 10.1111/§.1365-3040.1997.00094.x

Draye, X., Kim, Y., Lobet, G., and Javaux, M. (2010). Model-assisted integration of
physiological and environmental constraints affecting the dynamic and spatial patterns
of root water uptake from soils. J. Exp. Bot. 61, 2145-2155. doi: 10.1093/jxb/erq077

Frank, A. B. (1981). Effect of leaf age and position on photosynthesis and stomatal
conductance of forage Grassesl. Agron. J. 73, 70-74. doi: 10.2134/agronj1981.
00021962007300010017x

Grossiord, C., Buckley, T. N., Cernusak, L. A., Novick, K. A., Poulter, B., Siegwolf, R.
T. W., et al. (2020). Plant responses to rising vapor pressure deficit. New Phytol. 226,
1550-1566. doi: 10.1111/nph.16485

Harrison Day, B. L., Carins-Murphy, M. R,, and Brodribb, T. J. (2022). Reproductive
water supply is prioritized during drought in tomato. Plant Cell Environ. 45, 69-79. doi:
10.1111/pce.14206

Hautier, Y., Niklaus, P. A., and Hector, A. (2009). Competition for light causes plant
biodiversity loss after eutrophication. Science 324, 636-638. doi: 10.1126/
science.1169640

Henry, C, John, G. P,, Pan, R, Bartlett, M. K., Fletcher, L. R., Scoffoni, C., et al.
(2019). A stomatal safety-efficiency trade-oft constrains responses to leaf dehydration.
Nat. Commun. 10, 1-9. doi: 10.1038/s41467-019-11006-1

Hetherington, A. M., and Woodward, F. I. (2003). The role of stomata in sensing and
driving environmental change. Nature 424, 901-908. doi: 10.1038/nature01843

Holbrook, N. M., Shashidhar, V. R, James, R. A., and Munns, R. (2002). Stomatal
control in tomato with ABA-deficient roots: response of grafted plants to soil drying.
J. Exp. Bot. 53, 1503-1514. doi: 10.1093/jxb/53.373.1503

Jarvis, P. G., Monteith, J. L., and Weatherley, P. E. (1976). The interpretation of the
variations in leaf water potential and stomatal conductance found in canopies in the
field. Philos. Trans. R. Soc Lond. B. Biol. Sci. 273, 593-610. doi: 10.1098/rstb.1976.0035

Joshi, J., Stocker, B. D., Hofhansl, F., Zhou, S., Dieckmann, U., and Prentice, 1. C.
(2022). Towards a unified theory of plant photosynthesis and hydraulics. Nat. Plants 8,
1304-1316. doi: 10.1038/s41477-022-01244-5

Lawson, T., and Vialet-Chabrand, S. (2019). Speedy stomata, photosynthesis and
plant water use efficiency. New Phytol. 221, 93-98. doi: 10.1111/nph.15330

Marin, M., Feeney, D. S., Brown, L. K., Naveed, M., Ruiz, S., Koebernick, N., et al.
(2021). Significance of root hairs for plant performance under contrasting field
conditions and water deficit. Ann. Bot. 128, 1-16. doi: 10.1093/aob/mcaal81

Martin-StPaul, N., Delzon, S., and Cochard, H. (2017). Plant resistance to drought
depends on timely stomatal closure h. maherali. Ecol. Lett. 20, 1437-1447. doi: 10.1111/
ele.12851

McAdam, S. A. M., and Brodribb, T. J. (2016). Linking turgor with ABA
biosynthesis: Implications for stomatal responses to vapor pressure deficit across
land plants. Plant Physiol. 171, 2008-2016. doi: 10.1104/pp.16.00380

McAdam, S. A. M., and Brodribb, T. J. (2018). Mesophyll cells are the main site of
abscisic acid biosynthesis in water-stressed leaves. Plant Physiol. 177, 911-917. doi:
10.1104/pp.17.01829

McAdam, S., Kane, C. N, Mercado Reyes, J. A., Cardoso, A. A., and Brodribb, T. J.
(2022). An abrupt increase in foliage ABA levels on incipient leaf death occurs across
vascular plants. Plant Biol. 24 (2022), 1262-1271. doi: 10.1111/plb.13404

Merilo, E., Yarmolinsky, D., Jalakas, P., Parik, H., Tulva, I, Rasulov, B,, et al. (2018).
Stomatal VPD response: There is more to the story than ABA. Plant Physiol. 176, 851
864. doi: 10.1104/pp.17.00912

Oksanen, J., Blanchet, F. G., Friendly, M., et al. (2019) Vegan: Community ecology
package. Available at: https://CRAN.R-project.org/package=vegan (Accessed April 6,
2022).

Passioura, J. B. (1988). Water transport in and to roots. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 39, 245-265. doi: 10.1146/annurev.pp.39.060188.001333

Peters, A., Iden, S. C., and Durner, W. (2015). Revisiting the simplified evaporation
method: Identification of hydraulic functions considering vapor, film and corner flow.
J. Hydrol. 527, 531-542. doi: 10.1016/j.jhydrol.2015.05.020

R Core Team (2019) R: A language and environment for statistical computing.
Available at: https://www.R-project.org/.

Rodriguez-Dominguez, C. M., and Brodribb, T. J. (2020). Declining root water
transport drives stomatal closure in olive under moderate water stress. New Phytol. 225,
126-134. doi: 10.1111/nph.16177

Sack, L., John, G. P., and Buckley, T. N. (2018). ABA accumulation in dehydrating
leaves is associated with decline in cell volume, not turgor pressure. Plant Physiol. 176,
489-495. doi: 10.1104/pp.17.01097

frontiersin.org


https://doi.org/10.3389/fpls.2021.722954
https://doi.org/10.1093/aob/mcab141
https://doi.org/10.1111/pce.13939
https://doi.org/10.1071/FP13330
https://doi.org/10.1007/BF00014590
https://doi.org/10.1093/jxb/40.9.1021
https://doi.org/10.1073/pnas.1604088113
https://doi.org/10.2135/cropsci1988.0011183X002800060005x
https://doi.org/10.2135/cropsci1988.0011183X002800060005x
https://doi.org/10.3389/fpls.2018.00154
https://doi.org/10.1093/jxb/erac241
https://doi.org/10.1093/plphys/kiab207
https://doi.org/10.1093/plphys/kiab207
https://doi.org/10.1126/science.1197985
https://doi.org/10.1111/tpj.14561
https://doi.org/10.1111/tpj.14561
https://doi.org/10.1111/nph.15899
https://doi.org/10.1111/nph.17199
https://doi.org/10.1111/pce.12343
https://doi.org/10.1104/pp.111.175638
https://doi.org/10.1111/pce.14259
https://doi.org/10.1007/s11104-019-04408-z
https://doi.org/10.1038/ncomms6365
https://doi.org/10.1016/j.tplants.2020.04.003
https://doi.org/10.1016/j.tplants.2020.04.003
https://doi.org/10.1111/nph.14715
https://doi.org/10.1093/aob/mcw113
https://doi.org/10.1111/pce.12094
https://doi.org/10.1104/pp.16.00923
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1093/jxb/erq077
https://doi.org/10.2134/agronj1981.00021962007300010017x
https://doi.org/10.2134/agronj1981.00021962007300010017x
https://doi.org/10.1111/nph.16485
https://doi.org/10.1111/pce.14206
https://doi.org/10.1126/science.1169640
https://doi.org/10.1126/science.1169640
https://doi.org/10.1038/s41467-019-11006-1
https://doi.org/10.1038/nature01843
https://doi.org/10.1093/jxb/53.373.1503
https://doi.org/10.1098/rstb.1976.0035
https://doi.org/10.1038/s41477-022-01244-5
https://doi.org/10.1111/nph.15330
https://doi.org/10.1093/aob/mcaa181
https://doi.org/10.1111/ele.12851
https://doi.org/10.1111/ele.12851
https://doi.org/10.1104/pp.16.00380
https://doi.org/10.1104/pp.17.01829
https://doi.org/10.1111/plb.13404
https://doi.org/10.1104/pp.17.00912
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1146/annurev.pp.39.060188.001333
https://doi.org/10.1016/j.jhydrol.2015.05.020
https://www.R-project.org/
https://doi.org/10.1111/nph.16177
https://doi.org/10.1104/pp.17.01097
https://doi.org/10.3389/fpls.2023.1140938
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Abdalla et al.

éimura, ]., Antoniadi, 1., éiroké, J., Tarkowska, D., Strnad, M., Ljung, K., et al. (2018).
Plant hormonomics: Multiple phytohormone profiling by targeted metabolomics. Plant
Physiol. 177, 476-489. doi: 10.1104/pp.18.00293

Skelton, R. P., Brodribb, T. J., and Choat, B. (2017). Casting light on xylem
vulnerability in an herbaceous species reveals a lack of segmentation. New Phytol.
214, 561-569. doi: 10.1111/nph.14450

Soar, C. J., Speirs, J., Maffei, S. M., Loveys, B. R, Soar, C. J., Speirs, J., et al. (2004). )
gradients in stomatal conductance, xylem sap ABA and bulk leaf ABA along canes of
vitis vinifera cv. Shiraz: molecular and physiological studies investigating their source.
Funct. Plant Biol. 31, 659-669. doi: 10.1071/FP03238

Sperry, J. S., and Love, D. M. (2015). What plant hydraulics can tell us about
responses to climate-change droughts. New Phytol. 207, 14-27. doi: 10.1111/nph.13354

Tuzet, A., Perrier, A., and Leuning, R. (2003). A coupled model of stomatal
conductance, photosynthesis and transpiration. Plant Cell Environ. 26, 1097-1116.
doi: 10.1046/j.1365-3040.2003.01035.x

Frontiers in Plant Science

11

10.3389/fpls.2023.1140938

von Caemmerer, S., and Farquhar, G. D. (1981). Some relationships between the
biochemistry of photosynthesis and the gas exchange of leaves. Planta 153, 376-387.
doi: 10.1007/BF00384257

Vos, J., and Oyarzin, P. J. (1987). Photosynthesis and stomatal conductance of
potato leaves—effects of leaf age, irradiance, and leaf water potential. Photosynth. Res. 11,
253-264. doi: 10.1007/BF00055065

Wang, Y., Sperry, J. S., Anderegg, W. R. L., Venturas, M. D., and Trugman, A. T.
(2020). A theoretical and empirical assessment of stomatal optimization modeling. New
Phytol. 227, 311-325. doi: 10.1111/nph.16572

Wankmiiller, F. J. P., and Carminati, A. (2022). Stomatal regulation prevents plants
from critical water potentials during drought: Result of a model linking soil-plant
hydraulics to abscisic acid dynamics. Ecohydrology n/a, e2386. doi: 10.1002/ec0.2386

Weerasinghe, L. K., Creek, D., Crous, K. Y., Xiang, S., Liddell, M. J., Turnbull, M. H,,
et al. (2014). Canopy position affects the relationships between leaf respiration and
associated traits in a tropical rainforest in far north Queensland. Tree Physiol. 34, 564
584. doi: 10.1093/treephys/tpu016

frontiersin.org


https://doi.org/10.1104/pp.18.00293
https://doi.org/10.1111/nph.14450
https://doi.org/10.1071/FP03238
https://doi.org/10.1111/nph.13354
https://doi.org/10.1046/j.1365-3040.2003.01035.x
https://doi.org/10.1007/BF00384257
https://doi.org/10.1007/BF00055065
https://doi.org/10.1111/nph.16572
https://doi.org/10.1002/eco.2386
https://doi.org/10.1093/treephys/tpu016
https://doi.org/10.3389/fpls.2023.1140938
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Constant hydraulic supply and ABA dynamics facilitate the trade-offs in water and carbon
	Introduction
	Materials and methods
	Plant and soil preparations
	Growth conditions
	Soil dryness assessment
	Measurements of transpiration rate during soil drying
	Measurements of stomatal conductance during soil drying
	Measurements of photosynthesis parameters
	Predicting assimilation rate
	Measurements of leaf water potential
	Plant hydraulic conductance
	ABA content measurements
	Statistical analyses

	Results
	Discussion
	Data availability statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


