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Abstract

Aims  Although soil water deficit is the primary con-
straint on transpiration globally, the mechanisms by
which soil drying and soil properties impact transpiration
and stomatal regulation remain elusive. This work aimed
to investigate how soil textures and vapor pressure deficit
(VPD) impact the relationship between transpiration rate,
canopy conductance, and leaf water potential of maize
(Zea mays L.) during soil drying. We hypothesize that
the decrease in soil-plant hydraulic conductance (K,)
triggers stomatal closure and the latter is soil specific.
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Methods Plants were grown in two contrasting soil
textures (sand and loam) and exposed to two con-
secutive VPD levels (1.8 and 2.8 kPa). We measured
transpiration rate, canopy conductance, soil and leaf
water potentials during soil drying.

Results Transpiration rate decreased at higher soil
matric potential in sand than in loam at both VPD
levels. In sand, high VPD generated a steeper drop
in canopy conductance with decreasing leaf water
potential. The decrease in canopy conductance was
well correlated with the drop in K, which was sig-
nificantly affected by soil texture.

Conclusions Our results demonstrated that variations
in canopy conductance were not simply a function of
leaf water potential but largely affected by soil hydrau-
lics. These results reinforce a model of stomatal closure
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driven by a loss in soil hydraulic conductivity. Further
studies will determine if soil-specific stomatal regulation
exists among species.

Keywords Canopy conductance - Drought -
Leaf water potential - Maize - Soil-plant hydraulic
conductance - Stomatal regulation - VPD

Introduction

Low water availability in the soil and high vapor pres-
sure deficit (VPD) in the atmosphere are the two pri-
mary drivers of water stress. Water stress, especially
due to soil drying (Liu et al. 2020a), is a ubiquitous
and unavoidable problem in agriculture worldwide.
It is one of the main causes of impairment of plant
development and substantial declines in crop produc-
tion (Santini et al. 2022). In the future, the negative
effect of water stress could be exacerbated by pro-
jected drought events (Dai 2013; Ben-Ari et al. 2018).
Although numerous studies have investigated the
mechanisms of plant responses to water stress during
the last few decades, our understanding of how plants
respond to soil and atmospheric drought is, as yet,
incomplete (Bray 1997; Chaves et al. 2003; Osakabe
et al. 2014; Lamers et al. 2020; Lynch 2022).

Plants regulate stomatal opening to varying VPD
so that water transport from soil matches the hydrau-
lics of the soil-plant system (Attia et al. 2015;
Ranawana et al. 2021). When VPD is high, stomata
partially close to counteract the high water demand
and avoid excess water loss through limiting tran-
spiration at the cost of reduced gas exchange (Oren
et al. 1999; Lendzion and Leuschner 2008; McAdam
and Brodribb 2015; Sinclair et al. 2017; Grossiord
et al. 2020a). On the other hand, soil water potential
(mainly matric potential) and soil hydraulic conduc-
tivity determine the water supply to the root system,
and it is well documented that a decrease in soil mat-
ric potential triggers stomatal closure and thus results
in reduction in transpiration rate (Gardner 1960; Pas-
sioura 1980; Sinclair and Ludlow 1986; Ray and Sin-
clair 1997; Carminati and Javaux 2020; Abdalla et al.
2021). However, disentangling the effect of these two
factors is challenging because both soil moisture (Liu
et al. 2020a) and rising VPD (Sulman et al. 2016;
Novick et al. 2016; Kimm et al. 2020) have been iden-
tified as the dominant factor affecting transpiration at
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local or global scales. Hydraulic frameworks allow
one to mechanistically link soil water availability and
transpiration demand to leaf water potential and thus
identify the key limits to transpiration (Gollan et al.
1985, 1989; Sperry et al. 2002; Sperry and Love
2015; Carminati and Javaux 2020).

In wet soils, the soil hydraulic conductivity is
much higher than that of roots, and water flow is
mainly controlled by root hydraulic conductiv-
ity (Passioura 1980; Hopmans and Bristow 2002;
Draye et al. 2010; Cai et al. 2022). As the soil dries,
its conductivity drops by a few orders of magnitude,
thereby limiting the water flow towards the root sur-
face (Gardner 1960; Passioura 1988), and hence the
maximum transpiration could not be maintained and
decreases continuously (Fig. 1A) (Sinclair and Lud-
low 1986; Ray and Sinclair 1997). Plant response to
soil drying can be described and predicted through
the relationships between transpiration rate, soil mat-
ric potential, and leaf water potential (Sperry et al.
2002; Sperry and Love 2015). Carminati and Javaux
(2020) used a soil-plant hydraulic model to propose
that, during drought, the loss in soil hydraulic con-
ductivity, especially at the root-soil interface, is the
primary trigger for stomatal closure. The rationale is
that, at a given soil matric potential, stomata would
close when the relationship between transpiration and
leaf water potential becomes nonlinear (Fig. 1A inset,
leaf view). This concept was empirically tested in a
series of experiments with different species (Hayat
et al. 2020; Abdalla et al. 2021, 2022; Cai et al.
2021). Following the model rationale, plants exposed
to a relatively high VPD would decrease transpira-
tion at less negative soil matric potential compared
to plants exposed to a relatively low VPD (Fig. 1A).
This earlier drop at a high VPD was recently reported
in tomato (Li and Liu 2022) and potato plants (Liu
et al. 2022). When transpiration rate is normalized
by leaf area and VPD, it represents stomatal conduct-
ance at plant scale, i.e., canopy conductance (Jarvis
and McNaughton 1986). We hypothesize that varia-
tions in canopy conductance follow stomatal conduct-
ance. During soil drying, plants regulate stomata and
canopy conductance would decrease earlier and faster
at high VPD (Fig. 1B).

Soil texture determines soil hydraulic properties,
which is expected to affect plant hydraulics and thus
plant response to drought (Sinclair 2005; Draye et al.
2010; Dodd et al. 2010; Javaux and Carminati 2021; Cai
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Fig. 1 Hypothetical effects of vapor pressure deficit (VPD)
and soil texture on transpiration rate (E) and canopy conduct-
ance (g,) during soil drying. The curves were generated using
a soil-plant hydraulic model (Carminati and Javaux 2020) and
data based on our recently published work (Abdalla et al. 2021;
Cai et al. 2021). A Relationship between transpiration rate and
soil matric potential (y,,;) at high and low VPD. The inset
shows the leaf perspective, the relationship between transpira-
tion rate and leaf water potential at high and low VPD during

et al. 2021, 2022). Cai et al. (2021, 2022) showed that,
during soil drying, the loss in soil hydraulic conductivity
leads to a steep, nonlinear drop in soil matric potential at
the root-soil interface, and this drop was greater in sand
than in loam. Therefore, we hypothesize that transpira-
tion rate decreases more rapidly with decreasing leaf
water potential, as well as with decreasing soil matric
potential in sandy than in loamy soils (Fig. 1C). In other
words, we hypothesize that transpiration response to
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soil drying. B Relationship between g. and leaf water poten-
tial () at high and low VPD. C Relationship between E and
W, in sand and loam. The inset shows the same relationship
but with a logarithm of the x-axis. D Relationship between
8. and y;,, in sand and loam. In (A) and (B), the difference
between the two curves results from the maximum transpira-
tion rate, while in (C) and (D) it results from the soil hydraulic
properties

drought is texture specific. We further hypothesize that
the decline in canopy conductance, as a function of leaf
water potential, is more prominent in coarser-textured
soils, e.g., sand (Fig. 1D). Thus, the objective of this
study is to explore plant response (including transpira-
tion and canopy conductance) to increasing VPD and
decreasing soil water content under two contrasting
soil textures (sandy vs. loamy soils) from a hydraulic
perspective.
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We monitored transpiration rate, canopy conduct-
ance, and leaf water potential of maize (Zea mays
L.) grown in sandy and loamy soils (refer to sand
and loam for short in the following text). The plants
were subjected to two consecutive VPD levels (1.8
and 2.8 kPa) during soil drying. We estimated the
soil-plant hydraulic conductance from the relation-
ship between transpiration rate and leaf water poten-
tial. The latter was compared with canopy conduct-
ance in both soils during soil drying.

Materials and methods
Plant growth and soil condition

The inbred line B73 of maize was used in this study
(Hochholdinger et al. 2008). The seeds were germi-
nated on saturated filter papers in darkness after being
sterilized with 10% H,0, for 10 min and in saturated
CaSO, solution for three hours. Two days later, the
seeds were sown in acrylic glass columns (7 cm in
diameter, 25 cm in height) at 1-cm depth. The col-
umns were filled with two contrasting soil textures:

0.5
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Fig. 2 Soil hydraulic properties of the two tested soils (sand
and loam). A Soil water retention curves. B soil hydraulic con-
ductivity curves. The curves were determined using a Hyprop
apparatus (UMS GmbH, Munich, Germany) and the bimodal
Mualem-van Genuchten model. The data are from Vetterlein
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sand and loam, with a bulk density of 1.28 and
1.23 g cm™, respectively. The loamy substrate (Hap-
lic Phaeozem) was collected in Schladebach, Ger-
many. The sandy substrate was a mixture of 16.7%
of the loamy soil by weight with quartz sand. The
hydraulic properties of these two soils were reported
by Vetterlein et al. (2021). The soil water retention
and hydraulic conductivity curves for both soils are
shown in Fig. 2.

Before being placed into the columns, the two
soils were passed through a 1-mm sieve and mixed
with nutrients (Table S1). The columns were covered
with a layer of plastic beads (diameter: 3.5 mm) on
the top to avoid evaporation, and the column walls
were covered by an opaque sheath. Three 5-mm holes
were made at 5-cm intervals along the column walls
to enable soil moisture measurements.

Nine plants were grown in each soil in a walk-
in climate chamber (ThermoTEC Weilburg GmbH
& Co. KG, Weilburg, Germany). In the nighttime,
plants were exposed to a temperature of 18.5 °C and
relative humidity (RH) of 78% for eight hours. In the
daytime, the plants were exposed to two consecu-
tive VPD levels. The lower VPD (1.8 kPa) was set at
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et al. (2021). 6: soil water content, y,,;: soil matric poten-
tial, k;: soil hydraulic conductivity. Statistics in (A): loam,
?=0.996, root mean square error (RMSE)=0.007; sand,
?=0.976, RMSE=0.019. Statistics in (B): loam, r>=0.937,
RSME =0.347; sand, r*=0.751, RMSE =0. 002
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29.5 °C and RH of 50% for 6.5 h, while the higher
VPD (2.8 kPa) was set at 33.5 °C and RH of 40%
for 6 h. Both VPD levels were set with an identical
light intensity of 1100 umol m~2 s~!. VPD higher
than 3 kPa is not considered in our study because
high VPD is expected to induce stomatal closure and
reduce transpiration rate (Kholova et al. 2010; Vadez
et al. 2013; Devi et al. 2015; Medina et al. 2019).
These two diurnal VPD levels are expected to induce
a low and moderate atmospheric drought condition.
Additionally, under these two diurnal VPD levels,
plants are expected to have two transpiration levels
and different leaf water potentials. The buffer time to
raise VPD from the predawn condition was one and
half hours. A one-hour interval was used to change
the conditions between the two VPD levels and from
the high VPD level to the nighttime condition thus
allow plants to acclimate. The temperature and RH
inside the chamber were monitored at canopy height
every 10 min using a thermo-hygrometer (EL-USB-1,
Lascar electronics, UK). The columns were watered
every two to three days to maintain a soil water con-
tent of around 0.2 cm® cm™ in sand and loam during
the first 18 days.

Soil and plant measurements

Given the column volume (0.962 L) and to avoid
having big plants (thus large leaves) that would result in
rapid soil drying, plant and soil measurements started
18 days after sowing (DAS) in loam and 24 DAS in
sand. During this growth stage, four leaves unfolded
and adventitious roots were initiated (Cai et al. 2021).
All measurements lasted around two weeks. Volumetric
soil water content was measured daily using time
domain reflectometer (TDR) (Easy Test, Poland) at
predawn (i.e., before turning on lights). Soil matric
potential (y,,;, kPa) and soil hydraulic conductivity (cm
s™!) were obtained from measured soil water content
and soil water retention curves (Fig. 2). One day before
the start of the measurements, plants were irrigated at
the bottom of the columns. The columns were allowed
to drip overnight (until no excess water was apparent
at the bottom of the columns). The columns were then
placed on balances (Platform Wigezelle HI0A, Bosche,
Germany, 8000 gx0.01 g) to monitor transpiration
rate (E, g s°!) every 10 min. Transpiration rate was
calculated by the weight changes of the columns after
each VPD level had stabilized (around 1.5 h after

changing temperature and humidity). In the test, we
observed that transpiration rate could be maintained
at a constant level after each buffer time between
different VPD levels (Figure S1). In this study, we did
not measure stomatal conductance directly. Instead,
we calculated stomatal conductance at the canopy
level, canopy conductance, g, (g s~ em™2), which was
determined according to Jarvis and McNaughton, 1986:

p m
8e = Epomn X 57 (M

where E, ., is E normalized by leaf area, and
Pam=101.325 kPa. Leaf area was determined
daily after the plant and soil measurements started
by measuring leaves’ length and width (McKee
1964; van OQOosterom et al. 2001): LA=0.7
Y (length X width).

We measured leaf water potential (., kPa) at
predawn (defined as y;,, pp) and during two levels of
VPD daily using a Scholander pressure bomb (model
3115, Soil Moisture Equipment Corp., US) (Scholander
et al. 1965). As this is a destructive method, v, was
measured randomly on healthy excised leaves among
the replicated plants to preserve leaf area. Three to four
leaf samples were taken in each soil four hours after
changing the VPD levels. Soil-plant hydraulic conduct-
ance (K, g s7! kPa™!) was estimated from the meas-

5]
urements of E, y;,.r pp, and ,,by:

Kvp = E/(Wleaf_PD - Wleaf) 2)

Wiear pp Was used in Eq. 2 since the transpiration rate
measured at predawn was minimum (close to 0).

Statistical analysis and fitting relations between
parameters

Different nonlinear functions were used to describe
the relationships between measured variables, which
depend on the trends of the variables. The relation-
ship between E and soil water content () was fitted
using a sigmoid function according to Muchow and
Sinclair (1991):

c

b= e x e 0) )

where a, b and c are fitting parameters. Additionally,
we fitted the relation between E and y,,; with a modi-
fied sigmoid function as follows:

@ Springer
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C
F=—<
1 + exp( —W“"Z+a) “)

To avoid the impact of the difference in leaf area
on E, we used E normalized leaf area (E,,,,,) instead
of E in the fitting.

The relation between g, and y,,, was fitted accord-
ing to Anderegg et al. (2017):

_ b
Yiea )7y 5)

gc = gcfmax X CXp(—(

8¢ max 18 the maximum canopy conductance, b and
c are fitting parameters. Note that the fitting param-
eters (a, b, and c) are dependent on the observed
data and selected function in all the above equations.
This function was also used to describe the rela-
tion between soil-plant hydraulic conductance and
soil hydraulic conductivity and the relation between
soil-plant hydraulic conductance and canopy con-
ductance. However, the latter uses fitting parameter a
instead of g, ... Equation 4 was also used to describe
the relation between soil-plant hydraulic conductance
and Ysoil:

The impact of different factors (i.e., soil moisture,
VPD, and soil texture) on plant growth, transpiration
rate, and canopy conductance was evaluated using
analysis of variance (ANOVA). We also evaluated the
significance of the difference for the relationship of
EormWioit)s EWieqp, and K () between the two
VPD levels and soil types using the analysis of covar-
iance (ANCOVA). To do this analysis, we assumed
that the variables above followed rough linear rela-
tionships. Statistical significance was justified when
the p-value was lower than 0.05.

Results

Variation of transpiration rate at two VPD levels in
sand and loam

Given the slight difference in shoot growth between
sand and loam (9.1% smaller in loam, but the differ-
ence is not significant (p>0.05)), transpiration was
normalized by leaf area (E,,,,) for both VPD levels

and soil textures (Fig. 3). The decline in E, ,, with

decreasing soil matric potential (Fig. 3) and soil
water content (Figure S2) fits well with the empirical
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equations, Eq. 4 and 3, for both soils and VPD levels.
The reduction of E, ,, varied between VPD levels
and soil textures with decreasing soil matric poten-
tial. The E, ..y, relationship was significantly
impacted not only by soil type but also by the inter-
action between soil texture and soil matric potential
under both VPD levels (Table 1). When comparing
VPD levels, E, ., was higher at high VPD but, dur-
ing soil drying, it was constrained earlier (at less neg-
ative soil matric potential) under high VPD in both
soil textures (Fig. 3A and B). When comparing soil
textures, the decline in E,,,,, was more pronounced in
sand than in loam at both VPD levels (Fig. 3C and D).
The soil matric potential at the lowest level of E, .,
was around -200 kPa in loam but around -50 kPa in
sand. In loam, E, , declined at around -10 kPa (0.3
ecm® cm™, see Figure S2) at high VPD and around
-50 kPa (0.2 cm® cm™) at low VPD. In sand, those
matric potentials were around -4 kPa (0.2 cm?® em™)
and -4.5 kPa (0.15 cm® cm™) at high and low VPD,
respectively.

When comparing E, ,,, at the two VPD levels for
different soil moisture levels, the reduction in E,,,, at
high VPD was more evident (Figure S3). Soil mois-
ture and VPD showed a significant (p <0.001) effect
on E,, .. (Table S2). The effect of soil moisture on
E,,., interacted strongly (p<0.001) with both soil
types and VPD levels. This interaction has two impli-
cations: Firstly, in each soil type, E, ., differed across
VPD levels; Secondly, the impact of VPD varied for
different soil moisture levels. However, there was no
significant interaction between soil type and VPD
(Table S2), and hence VPD had a similar effect on
E,,. in each soil texture.

Relation between canopy conductance and leaf water
potential

Variations of canopy conductance and y,,, at both
VPD levels and soils during soil drying were well
described by the empirical function (Eq. 5). In wet
soils, canopy conductance was slightly higher at
high VPD and did not differ between sand and loam
(Fig. 4A and B). As the soil dried, canopy conduct-
ance dropped continuously with decreasing v, but
with a steeper slope at high VPD compared to low
VPD in both soils. This was also supported by the
comparison between the regression slopes (Table 1).
When comparing the difference between the two soil
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Fig. 3 Relationship between normalized transpiration rate
(E,,) and soil matric potential (y,,;) at low and high VPD
levels. A, B The E,,,,(w,,;) relationship in loam and in sand,
respectively. C, D Comparison of the E, ., (w,,;) relationship
between sand and loam at low and high VPD, respectively. The
fitted parameters (a, b, and c) and fitting coefficient () for

textures, the reduction in canopy conductance over y,,
was slightly steeper in sand compared to loam at low
VPD (Fig. 4C), and this difference is more prominent
at high VPD (Fig. 4D; p<0.05, Table 1). The statisti-
cal analysis showed that the g (y;,,,) relationship was
affected by the interaction between soil type and leaf
water potential (Table 1). In sand, at both VPD levels,
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each VPD level and soil texture are presented in the plots. The
normal and bold font sizes are for low and high VPD, respec-
tively. The gray areas are 95% functional prediction intervals.
meas.: measured, fit: fitted. Data point N=48 and 53 for loam
and sand. Data shown in (C) and (D) are from (A) and (B)

canopy conductance did not decrease with falling v,
but fluctuated when the values reached a minimum
canopy conductance (g,,;,) (Figure S4). Including g,
a significant difference in the relationship of canopy
conductance and leaf water potential between the two
VPD levels remains in sand (Figure S4), as well as that
between sand and loam at high VPD.
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Table 1 Analysis of covariance (ANCOVA) for evaluating the difference in regression slopes of the relationship between different
variables. (p <0.001***, dark blue cells; p <0.01%*, blue cells; p <0.05%, light blue cells)

Relationship Source

Low VPD high VPD Combined VPD

Soil type
Enom(Wsoi)  Wsoit
Soil type * Wsou
Soil type
8Wiea))  Viear

0.8104

0.0276 -

Soil type *w,r  0.0179 | 0.0065 -

Soil type 0.8928  0.3832 0.4065
KapWsot)  Wioi 0.0929 0.076 0.0075

Soil type * yy  0.0267  0.0703 0.002

Variations in soil-plant hydraulic conductance

Variation of transpiration rate (E) and leaf water poten-
tial (W, during soil drying, at both VPD levels and
soils is shown in Fig. 5. Transpiration rate was higher at
both VPD levels in sand at the beginning of the meas-
urements due to a slightly larger leaf area. The E(y;,,,)
relationship gives the soil-plant hydraulic conductance
(see Eg. 1). In wet soil conditions, v, decreased lin-
early with increasing E due to higher VPD in both soils
(and the slope is it is equal to the plant conductance).
There were no remarkable changes in soil-plant hydrau-
lic conductance when the soil water content was higher
than 0.2 cm® cm™ in loam and 0.13 cm® cm™ in sand
(Fig. 5). As the soil dried, transpiration rate decreased,
and the E(y,,,,) relation deviated continuously from the
ones in wet soil conditions. Additionally, compared to
sand, the mean v, was less negative in loam at a simi-
lar level of E (both at predawn and both VPD levels).
During soil drying, the decline in soil-plant hydraulic
conductance between high and low VPD levels did not
differ significantly (p <0.05) in either soil. However, the
values of soil-plant hydraulic conductance at both VPD
levels decreased to around 1/4 of those in loam and 1/5
of those in sand in wet conditions.

Decreasing soil-plant hydraulic conductance during
soil drying and relationship between soil—plant
hydraulic properties and canopy conductance

In wet soil conditions, soil-plant hydraulic conduct-
ance remained fairly constant in both soils (Fig. 6A).
During soil drying, soil-plant hydraulic conductance
decreased in both soils, with an earlier decline in sand
(i Was around -6 kPa in sand, and -150 kPa in loam).

@ Springer

The relationship between K,(y,,;) was not signifi-
cantly influenced by VPD levels but by the interaction
between soil type and soil matric potential (Table 1).
In both soils, the variations of soil-plant hydraulic
conductance were well described (©*=0.53 for sand
and loam) by a sigmoid function similar to Eq. 4 (E
was replaced with soil-plant hydraulic conductance in
the equation). Given the great difference in soil water
retention and hydraulic conductivity between the two
soils (Fig. 2), the difference in the decline in soil-plant
hydraulic conductance would be even larger when
translating soil matric potential to soil hydraulic con-
ductivity. In sand, the reduction in soil—plant hydraulic
conductance occurred at a soil hydraulic conductivity
three orders of magnitude larger than in loam (the red
and blue dashed lines in Fig. 6B). However, variations
of soil-plant hydraulic conductance at high and low
VPD levels were not significantly different (p>0.05),
indicating that the decreases of E and y,,,, were similar
at the two VPD levels in sand and loam.

During soil drying, both canopy conductance and
soil-plant hydraulic conductance decreased, and the
reduction of canopy conductance was steeper in sand
when soil-plant hydraulic conductance decreased
to around 2.5x10° g s7! kPa~!. The variation
between canopy conductance and soil-plant hydrau-
lic conductance was well (*=0.73 for sand and
loam) characterized using an exponential function
(Eq. 5) (Fig. 6C). In addition, a significant difference
(p<0.05) was identified for the relation of canopy
conductance and soil-plant hydraulic conductance
between sand and loam when combing the two VPD
levels (Fig. 6D). No significant (p>0.05) effect of
VPD was identified in the relation between canopy
conductance and soil-plant hydraulic conductance.
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Discussion

We showed that, during soil drying, the decline in
transpiration rate at high VPD differed between sand
and loam (Fig. 3). Transpiration rate declined at more
negative soil matric potential in loam than in sand
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data including g,,;, are shown in Figure S4. The g (y,,) rela-
tion was fitted with 95% functional prediction intervals. The
fitted parameters (b and c) in Eq. 5 and the fitting coefficient
(%) for each VPD level and soil texture are presented in the
plots. The bold text refers to high VPD. meas.: measured, fit:
fitted. Data point N=27 and 26 for low and high VPD in (A),
23 and 30 for low and high VPD in (B)

(Fig. 3). A much steeper drop in canopy conduct-
ance was observed in sand compared to loam, espe-
cially at high VPD (Fig. 4). Additionally, the decrease
in canopy conductance was well correlated with the
drop in soil-plant hydraulic conductance in both soils
(Fig. 6). We provide the experimental evidence that,
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ing soil drying. A, B The E(y,,,) relation in loam and sand at
different soil water contents (6). & was measured on consecu-
tive days. The legend shows the 0 range measured in the rep-
licated columns. The linearly fitted slope of E(y,,,) relation

during drought, canopy conductance was not simply
a function of leaf water potential but was affected
by soil hydraulics (Fig. 4) in a predictable way (see
the hypothesis in Fig. 1). The results supported our
hypothesis that stomatal regulation varied with vary-
ing soil hydraulic properties.

Impact of rising vapor pressure deficit and soil drying
on transpiration

Both VPD and soil drying reduce transpiration
rate. Similar to previous findings in trees (Will
et al. 2013; Flo et al. 2021) and maize (Ray et al.
2002), we observed a more prominent decrease in
transpiration rate at higher VPD than at lower VPD
(Fig. 3). Moreover, we found that the reduction in
transpiration rate and canopy conductance occurred
earlier at higher VPD, which is in line with the
studies on tomato (Liu et al. 2022; Li and Liu 2022)
and potato (Zhang et al. 2022). In this study, we
explained the different responses to VPD during
soil drying using soil-plant hydraulics. According
to soil-plant hydraulic models (Sperry and Love
2015; Carminati and Javaux 2020), plants exposed
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(solid line) was conducted using the mean E and y,, at each
soil moisture. Data point N=3~ 8 for each VPD and soil water
content in sand and loam. Uneven replicates were necessary to
preserve as much leaf area as possible

to relatively high evaporation demand would experi-
ence a higher loss in water potential at the soil-root
interface and hence a lower (more negative) leaf
water potential during soil drying. Thus, the rela-
tion between transpiration and leaf water potential
of those plants becomes nonlinear at less negative
soil matric potential. On the other hand, for plants
exposed to a relatively low evaporation demand,
the drop in leaf water potential and the reduction in
transpiration will occur at a more negative soil mat-
ric potential (Fig. 1A).

Ray et al. (2002) showed a linear relationship
between transpiration rate and VPD in wet and dry
conditions. However, we did not observe a similar
relationship, and the transpiration was even lower at
higher VPD when soil water content decreased to 0.13
ecm® cm™ in sand (Figure S3). This apparent contra-
diction could be due to the difference in soil textures
(sandy loam in the above study; see discussion below)
and varieties (hybrid in the above study; inbred in our
study) (Kholova et al. 2010; Schoppach and Sadok
2012; Gholipoor et al. 2013; Devi and Reddy 2018).

Our analysis showed that the effects of VPD and
soil drying, and their interaction on transpiration,
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were significant (Table 1, and S2). During soil drying,
the larger reduction in transpiration rate (Fig. 3 and
Figure S3) and canopy conductance (Fig. 4) at higher
VPD implies that plant water use is more sensitive to
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given the repeated destructive sampling required for Scholan-
der bomb measurements. Therefore, the fitting was performed
without showing the confidence interval. D The same data
as (C) but with a logarithmic scale. The linear fitting was to
compare the difference of g.-K,, relations between sand and

sp

loam. The significance of the impact of soil texture, K,,, and

the interaction between them (i.e., SoilXK)) on g. was justi-
fied using the analysis of covariance (ANCOVA) for sand and
loam. n.s.: not significant

the changes in VPD (especially at the higher level).
Disentangling these two factors has been investi-
gated in different species. Previous studies on trees
and crops suggest that rising VPD showed a greater
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effect on transpiration and canopy conductance than
decreasing soil water content, given that the time
scale of changing VPD is shorter than that of soil dry-
ing (Sulman et al. 2016; Novick et al. 2016; Flo et al.
2021). These results were supported by Kimm et al.
(2020), who showed a dominant role of VPD in lim-
iting canopy conductance over soil moisture in two-
to ten-year studies of maize and soybean. It is worth
noting that the highest VPD in those studies was 4 to
5 kPa (higher than the 2.8 kPa in this study), which
may have caused stomatal closure in wet conditions
(Fletcher et al. 2007; Gholipoor et al. 2013; Ryan
et al. 2016). Note that in the above studies, the effect
of soil texture was not considered. During soil dry-
ing, the decrease in transpiration rate was shown to
be soil texture specific (Koehler et al. 2022). Because
the difference in soil texture can result in remarkable
variations in soil hydraulic conductivity, soil-plant
hydraulic conductance (Cai et al. 2022; Koehler et al.
2022), and stomatal regulation (Carminati and Javaux
2020). Additionally, a recent study showed that longer
root systems postponed the impact of soil drying on
transpiration rate (Abdalla et al. 2022). Accounting
for soil and plant hydraulics will be crucial in explor-
ing the main limiting factor on plant water use under
different conditions (Liu et al. 2020b).

Impact of soil hydraulics on plant hydraulics and
stomatal regulation

Although there was no difference in E, ., between
sand and loam in wet conditions, during soil drying, a
clear reduction in E, ,,, occurred at both VPD levels,
around -95 kPa higher in sand (Fig. 3). This was in
line with the results that canopy conductance declined
more prominently with decreasing leaf water poten-
tial in sand, especially at high VPD (Fig. 4). This is
not surprising considering the steep shape of the soil
hydraulic conductivity curve of sand (Fig. 2). During
soil drying, soil hydraulic conductivity dropped by
seven orders of magnitude in sand and by six orders
of magnitude in loam (Fig. 2 and Figure S3C). The
curves for sandy soil suggest a sharp drop in water
potential at the soil-root interface (Dodd et al. 2010),
particularly at higher levels of transpiration demand
(Cai et al. 2021, 2022). Indeed, this would be in line
with the soil-plant hydraulic model, which predicts
that stomata close when the water potential around
the roots drops more rapidly than the increase in
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transpiration in drying soil (Carminati and Javaux
2020). In other words, stomatal closure would prevent
a further decrease in water potential at the soil-root
interface (Carminati et al. 2020; Cai et al. 2021).

In addition, the effect of soil texture on transpira-
tion response to soil drying manifests in the rela-
tion between soil-plant hydraulic conductance, soil
hydraulic conductivity (Fig. 6B), and canopy con-
ductance (Fig. 6C). The reduction in soil hydrau-
lic conductivity of sand at less negative soil matric
potential causes a more rapid decline in soil—plant
hydraulic conductance (Fig. 6A), which limits water
flow from soil to root, triggering earlier stomatal
closure (Fig. 6C) (Carminati and Javaux 2020). Fur-
thermore, there is a good match between the decline
in canopy conductance and the drop in soil-plant
hydraulic conductance (Fig. 6C). Our results support
the soil-plant hydraulic model concept, and also indi-
cate that during soil drying canopy conductance was
not simply a function of leaf water potential (Fig. 1).

Stomatal closure was also shown to be closely
related to declines in leaf hydraulics (leaf water
potential or leaf conductance) (Brodribb and Hol-
brook 2003; Torres-Ruiz et al. 2015; Scoffoni et al.
2018) or outside-xylem pathways (Scoffoni et al.
2018; Albuquerque et al. 2020). Nevertheless, Corso
et al. (2020) found that stomatal closure in wheat
was not induced by the decline in leaf hydraulic con-
ductance but might be hastened by a reduction in the
whole plant or root hydraulic conductance. Recent
studies showed that stomatal closure was triggered by
drought-induced changes in belowground hydraulics,
e.g., the drop in the hydraulic conductance of roots,
soil and/or their interface (Rodriguez-Dominguez and
Brodribb 2020; Bourbia et al. 2021; Cai et al. 2021),
or decrease in soil-plant hydraulic conductance
(Abdalla et al. 2021). Note that we are not identifying
the mechanism of stomatal closure in this study, but
rather exploring the link between soil-plant hydrau-
lics and stomatal regulation in different soils. Inter-
estingly, in this study, the earlier decrease in canopy
conductance indicated that plants closed stomata ear-
lier in sand despite having a higher soil-plant hydrau-
lic conductance in wet conditions (Fig. 6). This is
in line with the findings by Cai et al. (2022) who
analyzed the relationship between maximum plant
hydraulic conductance and critical soil matric poten-
tial where stomatal closure was induced across dif-
ferent species and soil textures. The higher soil—plant
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hydraulic conductance was related to higher transpi-
ration (Fig. 5), which indicates a larger capacity for
water uptake in the root zone. Besides the drop in soil
hydraulic conductivity, earlier stomatal closure in
plants with higher soil-plant hydraulic conductance
might be a conservative strategy to avoid dehydration,
which is similar to the hydraulic/stomatal efficiency
safety tradeoff (Nardini et al. 2012; Henry et al. 2019;
Grossiord et al. 2020b). The generalization of this
result needs further investigation with contrasting
species grown in different soils.

Impact of vapor pressure deficit on soil—plant
hydraulic conductance

Compared to the effect of soil texture, there was no
evidence of an effect of VPD on soil-plant hydrau-
lic conductance, nor on the relation between canopy
conductance and soil-plant hydraulic conductance
(Fig. 6). This is not in line with a recent study in
wheat (Triticum aestivum) in which plant hydrau-
lic conductance (soil-plant hydraulic conductance
in this study) slightly increased with rising VPD,
particularly for some genotypes in wet conditions,
such that y,,, showed a more conspicuous decline
with rising VPD (Ranawana et al. 2021). Note that
soil-plant hydraulic conductance depends on transpi-
ration rate and leaf water potential at a specific soil
matric potential (Eq. 2). In wet soils, the transpira-
tion rate increased with rising VPD, and the cor-
responding leaf water potential decreased propor-
tionally with transpiration across both VPD levels
(Fig. 5). During drought, both transpiration rate and
leaf water potential dropped rapidly at both VPD lev-
els (Fig. 5), and the drop in transpiration was larger at
high VPD and lower soil matric potential (ca. -20 kPa
in sand and -200 kPa in loam, Fig. 3). Similarly, the
decrease in canopy conductance with the drop in
soil-plant hydraulic conductance was visible only
around 0.5x10™* g s™' em™2 (Fig. 6C). Therefore,
this difference in canopy conductance and soil-plant
hydraulic conductance due to VPD levels was masked
by fewer data points in very dry soils. However, more
measurements in the drier soils may not help because
the canopy conductance reached a minimum and
then continued to fluctuate, especially in sand (Fig-
ure S4). Higher VPD that constrains transpiration rate
under wet or less dry conditions could be useful to

disentangle the impact of VPD on soil-plant hydrau-
lic conductance.

Conclusions

In this study we showed that, during soil drying, tran-
spiration rate and canopy conductance dropped at less
negative soil matric potential in sand than in loam,
particularly at high VPD. The earlier drop in sandy
soil is explained by a steeper drop in soil hydraulic
conductivity of sand compared to loam. We demon-
strated that soil hydraulic properties play an impor-
tant role in transpiration responses to soil and atmos-
pheric drought. Additionally, in the context of climate
change, an increase in global temperature and VPD
is likely to happen (Park Williams et al. 2013; Xu
et al. 2018; TPCC 2021). Our results showed that ris-
ing temperature/VPD caused an earlier reduction
in water use in both soils during soil drying. This
reduction could suggest positive feedback to increas-
ing temperature/VPD, by adopting a more conserva-
tive water use strategy (Ahmed et al. 2018). Earlier
stomatal closure prevents further drops in leaf water
potential (Carminati et al. 2020), which might also
avoid the risk of embolism (hydraulic failure), but
at the cost of lower carbon assimilation and lower
yields (Hsiao et al. 2019). Taken together, our results
demonstrated that variations in canopy conductance
were not simply a function of leaf water potential but
largely affected by soil hydraulics. Determining how
different VPD levels and any associated feedback
responses may affect plant growth and productivity
of different species over the long term requires addi-
tional investigation, with particular attention to differ-
ent soil textures.
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Appendix

Parameters and units used in the text, figures, and
table:

E: transpiration rate, gs ™!
E, . transpiration rate normalized by leaf area, g

norm*

s~ cm

g, canopy conductance, g s~tem™
Wit Soil matric potential, kPa
Vo leaf water potential, kPa

Wieqr pp- Predawn leaf water potential, kPa

k,, soil hydraulic conductivity, cm s~

K, soil-plant hydraulic conductance, g s~! kPa~!
0: soil water content, cm> cm™>
VPD: vapor pressure deficit, kPa

2

References

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

Abdalla M, Ahmed MA, Cai G et al (2022) Stomatal closure
during water deficit is controlled by below-ground hydrau-
lics. Ann Bot 129:161-170. https://doi.org/10.1093/aob/
mcabl41

Ahmed MA, Passioura J, Carminati A (2018) Hydraulic pro-
cesses in roots and the rhizosphere pertinent to increasing
yield of water-limited grain crops: a critical review. J Exp
Bot 69:3255-3265. https://doi.org/10.1093/jxb/ery183

Albuquerque C, Scoffoni C, Brodersen CR et al (2020) Coor-
dinated decline of leaf hydraulic and stomatal conduct-
ances under drought is not linked to leaf xylem embolism
for different grapevine cultivars. J Exp Bot 71:7286-7300.
https://doi.org/10.1093/jxb/eraa392

Anderegg WRL, Wolf A, Arango-Velez A et al (2017) Plant
water potential improves prediction of empirical stomatal
models. PLoS ONE 12:e0185481. https://doi.org/10.1371/
journal.pone.0185481

@ Springer

Attia Z, Domec J-C, Oren R et al (2015) Growth and physi-
ological responses of isohydric and anisohydric poplars
to drought. J Exp Bot 66:4373-4381. https://doi.org/10.
1093/jxblerv195

Ben-Ari T, Boé J, Ciais P et al (2018) Causes and implications
of the unforeseen 2016 extreme yield loss in the bread-
basket of France. Nat Commun 9:1627. https://doi.org/10.
1038/s41467-018-04087-x

Bourbia I, Pritzkow C, Brodribb TJ (2021) Herb and conifer
roots show similar high sensitivity to water deficit. Plant
Physiol. https://doi.org/10.1093/plphys/kiab207

Bray EA (1997) Plant responses to water deficit. Trends Plant
Sci 2:48-54.  https://doi.org/10.1016/S1360-1385(97)
82562-9

Brodribb TJ, Holbrook NM (2003) Stomatal Closure during Leaf
Dehydration, Correlation with Other Leaf Physiological
Traits. Plant Physiol 132:2166-2173. https://doi.org/10.1104/
pp.103.023879

Cai G, Carminati A, Abdalla M, Ahmed MA (2021) Soil
textures rather than root hairs dominate water uptake
and soil-plant hydraulics under drought. Plant Physiol
187:858-872. https://doi.org/10.1093/plphys/kiab271

Cai G, Ahmed MA, Abdalla M, Carminati A (2022) Root
hydraulic phenotypes impacting water uptake in drying
soils. Plant, Cell Environ 45:650-663. https://doi.org/10.
1111/pce.14259

Carminati A, Javaux M (2020) Soil Rather Than Xylem Vul-
nerability Controls Stomatal Response to Drought. Trends
Plant Sci 25:868-880. https://doi.org/10.1016/j.tplants.
2020.04.003

Carminati A, Ahmed MA, Zarebanadkouki M et al (2020)
Stomatal closure prevents the drop in soil water potential
around roots. New Phytol 226:1541-1543. https://doi.org/
10.1111/nph.16451

Chaves MM, Maroco JP, Pereira JS (2003) Understanding plant
responses to drought—from genes to the whole plant.
Funct Plant Biol 30:239-264

Corso D, Delzon S, Lamarque LJ et al (2020) Neither xylem
collapse, cavitation, or changing leaf conductance drive
stomatal closure in wheat. Plant Cell Environ 43:854-865.
https://doi.org/10.1111/pce.13722

Dai A (2013) Increasing drought under global warming in
observations and models. Nat Clim Chang 3:52-58.
https://doi.org/10.1038/nclimate1633

Devi MJ, Sinclair TR, Taliercio E (2015) Comparisons of
the Effects of Elevated Vapor Pressure Deficit on Gene
Expression in Leaves among Two Fast-Wilting and a
Slow-Wilting Soybean. PLoS ONE 10:e0139134. https://
doi.org/10.1371/journal.pone.0139134

Devi MJ, Reddy VR (2018) Transpiration response of cotton
to vapor pressure deficit and its relationship with stomatal
traits. Front Plant Sci 9:1572. https://doi.org/10.3389/fpls.
2018.0

Dodd IC, Egea G, Watts CW, Whalley WR (2010) Root water
potential integrates discrete soil physical properties to
influence ABA signalling during partial rootzone drying.
J Exp Bot 61:3543-3551. https://doi.org/10.1093/jxb/
erq195


https://doi.org/10.1111/pce.13939
https://doi.org/10.1093/aob/mcab141
https://doi.org/10.1093/aob/mcab141
https://doi.org/10.1093/jxb/ery183
https://doi.org/10.1093/jxb/eraa392
https://doi.org/10.1371/journal.pone.0185481
https://doi.org/10.1371/journal.pone.0185481
https://doi.org/10.1093/jxb/erv195
https://doi.org/10.1093/jxb/erv195
https://doi.org/10.1038/s41467-018-04087-x
https://doi.org/10.1038/s41467-018-04087-x
https://doi.org/10.1093/plphys/kiab207
https://doi.org/10.1016/S1360-1385(97)82562-9
https://doi.org/10.1016/S1360-1385(97)82562-9
https://doi.org/10.1104/pp.103.023879
https://doi.org/10.1104/pp.103.023879
https://doi.org/10.1093/plphys/kiab271
https://doi.org/10.1111/pce.14259
https://doi.org/10.1111/pce.14259
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.16451
https://doi.org/10.1111/nph.16451
https://doi.org/10.1111/pce.13722
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1371/journal.pone.0139134
https://doi.org/10.1371/journal.pone.0139134
https://doi.org/10.3389/fpls.2018.0
https://doi.org/10.3389/fpls.2018.0
https://doi.org/10.1093/jxb/erq195
https://doi.org/10.1093/jxb/erq195

Plant Soil

Draye X, Kim Y, Lobet G, 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. https://doi.org/
10.1093/jxb/erq077

Fletcher AL, Sinclair TR, Allen LH (2007) Transpiration
responses to vapor pressure deficit in well watered ‘slow-
wilting’ and commercial soybean. Environ Exp Bot
61:145-151. https://doi.org/10.1016/j.envexpbot.2007.05.
004

Flo V, Martinez-Vilalta J, Mencuccini M et al (2021) Climate and
functional traits jointly mediate tree water-use strategies.
New Phytol 231:617-630. https://doi.org/10.1111/nph.17404

Gardner WR (1960) Dynamic aspects of water availability to
plants. Soil Sci 89:63-73

Gholipoor M, Choudhary S, Sinclair TR et al (2013) Transpira-
tion Response of Maize Hybrids to Atmospheric Vapour
Pressure Deficit. ] Agron Crop Sci 199:155-160. https://
doi.org/10.1111/jac.12010

Gollan T, Turner NC, Schulze E-D (1985) The responses of
stomata and leaf gas exchange to vapour pressure deficits
and soil water content. Oecologia 65:356-362. https://doi.
org/10.1007/BF00378909

Gollan T, Davies WIJ, Schurr U, Zhang J (1989) Control of gas
exchange: evidence for root-shoot communication on dry-
ing soil. In: Annales des Sciences Forestieres. EDP Sci-
ences, 46:393-400. https://doi.org/10.1051/forest:19890
589

Grossiord C, Buckley TN, Cernusak LA et al (2020a) Plant
responses to rising vapor pressure deficit. New Phytol
226:1550-1566. https://doi.org/10.1111/nph.16485

Grossiord C, Ulrich DEM, Vilagrosa A (2020b) Controls of
the hydraulic safety—efficiency trade-off. Tree Physiol
40:573-576. https://doi.org/10.1093/treephys/tpaa013

Hayat F, Ahmed MA, Zarebanadkouki M et al (2020) Transpi-
ration Reduction in Maize (Zea mays L) in Response to
Soil Drying. Front Plant Sci 10. https://doi.org/10.3389/
fpls.2019.01695

Henry C, John GP, Pan R et al (2019) A stomatal safety-
efficiency trade-off constrains responses to leaf dehy-
dration. Nat Commun 10. https://doi.org/10.1038/
s41467-019-11006-1

Hochholdinger F, Wen T-J, Zimmermann R et al (2008) The
maize (Zea mays L.) roothairless3 gene encodes a putative
GPI-anchored, monocot-specific, COBRA-like protein that
significantly affects grain yield. Plant J 54:888-898. https://
doi.org/10.1111/5.1365-313X.2008.03459.x

Hopmans JW, Bristow KL (2002) Current capabilities and
future needs of root water and nutrient uptake modeling.
Adv Agron 77:103-183

Hsiao J, Swann ALS, Kim S-H (2019) Maize yield under a
changing climate: The hidden role of vapor pressure defi-
cit. Agric for Meteorol 279:107692. https://doi.org/10.
1016/j.agrformet.2019.107692

IPCC (2021) Climate change 2021: The physical science basis.
In: Contribution of working group I to the sixth assess-
ment report of the intergovernmental panel on climate
change. Cambridge University Press, Cambridge. Avail-
able at: https://www.ipcc.ch/report/ar6/wgl/downloads/

report/IPCC_AR6_WGI_Full_Report.pdf. Accessed 20
Oct 2021

Jarvis PG, McNaughton KG (1986) Stomatal Control of Tran-
spiration: Scaling Up from Leaf to Region. In: MacFadyen
A, Ford ED (eds) Advances in Ecological Research. Aca-
demic Press, pp 1-49

Javaux M, Carminati A (2021) Soil hydraulics affect the degree
of isohydricity. Plant Physiol 186:1378—1381. https://doi.
org/10.1093/plphys/kiab154

Kholova J, Hash CT, Kumar PL et al (2010) Terminal drought-
tolerant pearl millet [Pennisetum glaucum (L.) R. Br.]
have high leaf ABA and limit transpiration at high vapour
pressure deficit. J Exp Bot 61:1431-1440. https://doi.org/
10.1093/jxb/erq013

Kimm H, Guan K, Gentine P et al (2020) Redefining droughts
for the U.S. Corn Belt: The dominant role of atmospheric
vapor pressure deficit over soil moisture in regulating stoma-
tal behavior of Maize and Soybean. Agric Forest Meteorol
287:107930. https://doi.org/10.1016/j.agrformet.2020.107930

Koehler T, Moser DS, Botezatu A et al (2022) Going under-
ground: soil hydraulic properties impacting maize respon-
siveness to water deficit. Plant Soil 478:43-58. https://doi.
org/10.1007/s11104-022-05656-2

Lamers J, van der Meer T, Testerink C (2020) How Plants
Sense and Respond to Stressful Environments. Plant Phys-
iol 182:1624—-1635. https://doi.org/10.1104/pp.19.01464

Lendzion J, Leuschner C (2008) Growth of European beech
(Fagus sylvatica L.) saplings is limited by elevated
atmospheric vapour pressure deficits. For Ecol Manage
256:648-655

Li S, Liu F (2022) Vapour pressure deficit and endogenous
ABA level modulate stomatal responses of tomato plants
to soil water deficit. Environ Exp Bot 199:104889. https://
doi.org/10.1016/j.envexpbot.2022.104889

Liu L, Gudmundsson L, Hauser M et al (2020a) Soil moisture
dominates dryness stress on ecosystem production glob-
ally. Nat Commun 11:1-9

Liu Y, Kumar M, Katul GG et al (2020b) Plant hydraulics
accentuates the effect of atmospheric moisture stress on
transpiration. Nat Clim Chang 10:691-695. https://doi.
org/10.1038/541558-020-0781-5

Liu J, Li S, Yang X et al (2022) Effects of soil drought and
vapour pressure deficit (VPD) on water use efficiency of
tomato plants with contrasting endogenous ABA levels.
Sci Hortic 295:110797. https://doi.org/10.1016/j.scienta.
2021.110797

Lynch JP (2022) Edaphic stress interactions: Important yet
poorly understood drivers of plant production in future
climates. Field Crop Res 283:108547. https://doi.org/10.
1016/j.fcr.2022.108547

McAdam SAM, Brodribb TJ (2015) The Evolution of Mecha-
nisms Driving the Stomatal Response to Vapor Pressure
Deficit. Plant Physiol 167:833-843. https://doi.org/10.
1104/pp.114.252940

McKee GW (1964) A Coefficient for Computing Leaf Area in
Hybrid Cornl. Agron J 56:240-241. https://doi.org/10.
2134/agronj1964.00021962005600020038x

Medina S, Vicente R, Nieto-Taladriz MT et al (2019) The Plant-
Transpiration Response to Vapor Pressure Deficit (VPD)

@ Springer


https://doi.org/10.1093/jxb/erq077
https://doi.org/10.1093/jxb/erq077
https://doi.org/10.1016/j.envexpbot.2007.05.004
https://doi.org/10.1016/j.envexpbot.2007.05.004
https://doi.org/10.1111/nph.17404
https://doi.org/10.1111/jac.12010
https://doi.org/10.1111/jac.12010
https://doi.org/10.1007/BF00378909
https://doi.org/10.1007/BF00378909
https://doi.org/10.1051/forest:19890589
https://doi.org/10.1051/forest:19890589
https://doi.org/10.1111/nph.16485
https://doi.org/10.1093/treephys/tpaa013
https://doi.org/10.3389/fpls.2019.01695
https://doi.org/10.3389/fpls.2019.01695
https://doi.org/10.1038/s41467-019-11006-1
https://doi.org/10.1038/s41467-019-11006-1
https://doi.org/10.1111/j.1365-313X.2008.03459.x
https://doi.org/10.1111/j.1365-313X.2008.03459.x
https://doi.org/10.1016/j.agrformet.2019.107692
https://doi.org/10.1016/j.agrformet.2019.107692
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
https://doi.org/10.1093/plphys/kiab154
https://doi.org/10.1093/plphys/kiab154
https://doi.org/10.1093/jxb/erq013
https://doi.org/10.1093/jxb/erq013
https://doi.org/10.1016/j.agrformet.2020.107930
https://doi.org/10.1007/s11104-022-05656-2
https://doi.org/10.1007/s11104-022-05656-2
https://doi.org/10.1104/pp.19.01464
https://doi.org/10.1016/j.envexpbot.2022.104889
https://doi.org/10.1016/j.envexpbot.2022.104889
https://doi.org/10.1038/s41558-020-0781-5
https://doi.org/10.1038/s41558-020-0781-5
https://doi.org/10.1016/j.scienta.2021.110797
https://doi.org/10.1016/j.scienta.2021.110797
https://doi.org/10.1016/j.fcr.2022.108547
https://doi.org/10.1016/j.fcr.2022.108547
https://doi.org/10.1104/pp.114.252940
https://doi.org/10.1104/pp.114.252940
https://doi.org/10.2134/agronj1964.00021962005600020038x
https://doi.org/10.2134/agronj1964.00021962005600020038x

Plant Soil

in Durum Wheat Is Associated With Differential Yield
Performance and Specific Expression of Genes Involved in
Primary Metabolism and Water Transport. Front Plant Sci
9:1994. https://doi.org/10.3389/fpls.2018.01994

Muchow RC, Sinclair TR (1991) Water deficit effects on maize
yields modeled under current and “greenhouse” climates.
Agron J 83:1052-1059

Nardini A, Peda G, Rocca NL (2012) Trade-offs between leaf
hydraulic capacity and drought vulnerability: morpho-
anatomical bases, carbon costs and ecological conse-
quences. New Phytol 196:788-798. https://doi.org/10.
1111/5.1469-8137.2012.04294.x

Novick KA, Ficklin DL, Stoy PC et al (2016) The increasing
importance of atmospheric demand for ecosystem water
and carbon fluxes. Nature Clim Change 6:1023-1027.
https://doi.org/10.1038/nclimate3114

Oren R, Sperry JS, Katul GG et al (1999) Survey and synthesis
of intra- and interspecific variation in stomatal sensitivity
to vapour pressure deficit. Plant Cell Environ 22:1515—
1526. https://doi.org/10.1046/j.1365-3040.1999.00513.x

Osakabe Y, Osakabe K, Shinozaki K, Tran L-SP (2014)
Response of plants to water stress. Front Plant Sci 5.
https://doi.org/10.3389/fpls.2014.00086

Park Williams A, Allen CD, Macalady AK et al (2013) Tem-
perature as a potent driver of regional forest drought
stress and tree mortality. Nature Clim Change 3:292-297.
https://doi.org/10.1038/nclimate 1693

Passioura JB (1980) The Transport of Water from Soil to Shoot
in Wheat Seedlings. J Exp Bot 31:333-345. https://doi.
org/10.1093/jxb/31.1.333

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

Ranawana SRWMCIK, Siddique KHM, Palta JA et al (2021) Sto-
mata coordinate with plant hydraulics to regulate transpira-
tion response to vapour pressure deficit in wheat. Functional
Plant Biol 48:839-850. https://doi.org/10.1071/FP20392

Ray JD, Gesch RW, Sinclair TR, Hartwell Allen L (2002) The
effect of vapor pressure deficit on maize transpiration
response to a drying soil. Plant Soil 239:113-121. https://
doi.org/10.1023/A:1014947422468

Ray JD, Sinclair TR (1997) Stomatal Closure of Maize Hybrids
in Response to Drying Soil. Crop Science 37:cropscil997
.0011183X003700030018x. https://doi.org/10.2135/crops
¢€i1997.0011183X003700030018x

Rodriguez-Dominguez CM, Brodribb TJ (2020) Declining
root water transport drives stomatal closure in olive under
moderate water stress. New Phytol 225:126-134. https://
doi.org/10.1111/nph.16177

Ryan AC, Dodd IC, Rothwell SA et al (2016) Gravimetric
phenotyping of whole plant transpiration responses to
atmospheric vapour pressure deficit identifies genotypic
variation in water use efficiency. Plant Sci 251:101-109.
https://doi.org/10.1016/j.plantsci.2016.05.018

Santini M, Noce S, Antonelli M, Caporaso L (2022) Com-
plex drought patterns robustly explain global yield loss

@ Springer

for major crops. Sci Rep 12:5792. https://doi.org/10.
1038/s41598-022-09611-0

Scholander PF, Bradstreet ED, Hemmingsen EA, Hammel HT
(1965) Sap Pressure in Vascular Plants: Negative hydro-
static pressure can be measured in plants. Science 148:339—
346. https://doi.org/10.1126/science.148.3668.339

Schoppach R, Sadok W (2012) Differential sensitivities of
transpiration to evaporative demand and soil water defi-
cit among wheat elite cultivars indicate different strat-
egies for drought tolerance. Environ Exp Bot 84:1-10.
https://doi.org/10.1016/j.envexpbot.2012.04.016

Scoffoni C, Albuquerque C, Cochard H et al (2018) The
Causes of Leaf Hydraulic Vulnerability and Its Influence
on Gas Exchange in Arabidopsis thaliana. Plant Physiol
178:1584-1601. https://doi.org/10.1104/pp.18.00743

Sinclair TR (2005) Theoretical Analysis of Soil and Plant Traits
Influencing Daily Plant Water Flux on Drying Soils. Agron
J97:1148-1152. https://doi.org/10.2134/agronj2004.0286

Sinclair TR, Ludlow MM (1986) Influence of Soil Water
Supply on the Plant Water Balance of Four Tropical
Grain Legumes. Functional Plant Biol 13:329-341.
https://doi.org/10.1071/pp9860329

Sinclair TR, Devi J, Shekoofa A et al (2017) Limited-tran-
spiration response to high vapor pressure deficit in
crop species. Plant Sci 260:109-118. https://doi.org/10.
1016/j.plantsci.2017.04.007

Sperry JS, Love DM (2015) What plant hydraulics can tell us
about responses to climate-change droughts. New Phytol
207:14-27. https://doi.org/10.1111/nph.13354

Sperry JS, Hacke UG, Oren R, Comstock JP (2002) Water
deficits and hydraulic limits to leaf water supply. Plant,
Cell Environ 25:251-263. https://doi.org/10.1046/].
0016-8025.2001.00799.x

Sulman BN, Roman DT, Yi K et al (2016) High atmospheric
demand for water can limit forest carbon uptake and
transpiration as severely as dry soil. Geophys Res Lett
43:9686-9695. https://doi.org/10.1002/2016GL069416

Torres-Ruiz JM, Diaz-Espejo A, Perez-Martin A, Hernandez-
Santana V (2015) Role of hydraulic and chemical signals
in leaves, stems and roots in the stomatal behaviour of olive
trees under water stress and recovery conditions. Tree Phys-
iol 35:415-424. https://doi.org/10.1093/treephys/tpu055

Vadez V, Kholova J, Zaman-Allah M, Belko N (2013) Water:
the most important ‘molecular’ component of water
stress tolerance research. Funct Plant Biol 40:1310.
https://doi.org/10.1071/FP13149

van Oosterom EJ, Carberry PS, Hargreaves JNG, O’Leary
GJ (2001) Simulating growth, development, and yield of
tillering pearl millet: II. Simulation of canopy develop-
ment. Field Crop Res 72:67-91. https://doi.org/10.1016/
S0378-4290(01)00165-4

Vetterlein D, Lippold E, Schreiter S et al (2021) Experimen-
tal platforms for the investigation of spatiotemporal pat-
terns in the rhizosphere—laboratory and field scale. J
Plant Nutr Soil Sci 184:35-50. https://doi.org/10.1002/
jpIn.202000079


https://doi.org/10.3389/fpls.2018.01994
https://doi.org/10.1111/j.1469-8137.2012.04294.x
https://doi.org/10.1111/j.1469-8137.2012.04294.x
https://doi.org/10.1038/nclimate3114
https://doi.org/10.1046/j.1365-3040.1999.00513.x
https://doi.org/10.3389/fpls.2014.00086
https://doi.org/10.1038/nclimate1693
https://doi.org/10.1093/jxb/31.1.333
https://doi.org/10.1093/jxb/31.1.333
https://doi.org/10.1146/annurev.pp.39.060188.001333
https://doi.org/10.1146/annurev.pp.39.060188.001333
https://doi.org/10.1071/FP20392
https://doi.org/10.1023/A:1014947422468
https://doi.org/10.1023/A:1014947422468
https://doi.org/10.2135/cropsci1997.0011183X003700030018x
https://doi.org/10.2135/cropsci1997.0011183X003700030018x
https://doi.org/10.1111/nph.16177
https://doi.org/10.1111/nph.16177
https://doi.org/10.1016/j.plantsci.2016.05.018
https://doi.org/10.1038/s41598-022-09611-0
https://doi.org/10.1038/s41598-022-09611-0
https://doi.org/10.1126/science.148.3668.339
https://doi.org/10.1016/j.envexpbot.2012.04.016
https://doi.org/10.1104/pp.18.00743
https://doi.org/10.2134/agronj2004.0286
https://doi.org/10.1071/pp9860329
https://doi.org/10.1016/j.plantsci.2017.04.007
https://doi.org/10.1016/j.plantsci.2017.04.007
https://doi.org/10.1111/nph.13354
https://doi.org/10.1046/j.0016-8025.2001.00799.x
https://doi.org/10.1046/j.0016-8025.2001.00799.x
https://doi.org/10.1002/2016GL069416
https://doi.org/10.1093/treephys/tpu055
https://doi.org/10.1071/FP13149
https://doi.org/10.1016/S0378-4290(01)00165-4
https://doi.org/10.1016/S0378-4290(01)00165-4
https://doi.org/10.1002/jpln.202000079
https://doi.org/10.1002/jpln.202000079

Plant Soil

Will RE, Wilson SM, Zou CB, Hennessey TC (2013) Increased
vapor pressure deficit due to higher temperature leads to
greater transpiration and faster mortality during drought for
tree seedlings common to the forest—grassland ecotone. New
Phytol 200:366—374. https://doi.org/10.1111/nph.12321

Xu Y, Ramanathan V, Victor DG (2018) Global warming will
happen faster than we think. Nature 564:30-32. https://
doi.org/10.1038/d41586-018-07586-5

Zhang P, Yang X, Manevski K et al (2022) Physiological and
Growth Responses of Potato (Solanum Tuberosum L.) to Air
Temperature and Relative Humidity under Soil Water Defi-
cits. Plants 11:1126. https://doi.org/10.3390/plants11091126

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

@ Springer


https://doi.org/10.1111/nph.12321
https://doi.org/10.1038/d41586-018-07586-5
https://doi.org/10.1038/d41586-018-07586-5
https://doi.org/10.3390/plants11091126

	Transpiration response to soil drying and vapor pressure deficit is soil texture specific
	Abstract 
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Plant growth and soil condition
	Soil and plant measurements
	Statistical analysis and fitting relations between parameters

	Results
	Variation of transpiration rate at two VPD levels in sand and loam
	Relation between canopy conductance and leaf water potential
	Variations in soil–plant hydraulic conductance
	Decreasing soil–plant hydraulic conductance during soil drying and relationship between soil–plant hydraulic properties and canopy conductance

	Discussion
	Impact of rising vapor pressure deficit and soil drying on transpiration
	Impact of soil hydraulics on plant hydraulics and stomatal regulation
	Impact of vapor pressure deficit on soil–plant hydraulic conductance

	Conclusions
	Acknowledgements 
	References


