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Stomatal closure of tomato under drought is driven by an
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Abstract
The fundamental question as to what triggers stomatal closure during soil drying
remains contentious. Thus, we urgently need to improve our understanding of stomatal response to water deficits in soil and atmosphere. Here, we investigated the role
of soil–plant hydraulic conductance (Ksp) on transpiration (E) and stomatal regulation.
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We used a root pressure chamber to measure the relation between E, leaf xylem

4

water potential (ψ leaf-x) and soil water potential (ψ soil) in tomato. Additional measure-

Earth and Life Institute-Environmental
Science, Universite Catholique de Louvain,
Louvain-la-Neuve, Belgium
5
Agrosphere (IBG-3), Forschungszentrum
Juelich GmbH, Juelich, Germany

Correspondence
Mohanned Abdalla and Gaochao Cai, Chair of
Soil Physics, Bayreuth Center of Ecology and
Environmental Research (BayCEER), University
of Bayreuth, Universitätsstraße 30, 95447,
Bayreuth, Germany.
Email: mohanned.abdalla-ali-abdalla@unibayreuth.de; gaochao.cai@uni-bayreuth.de
Funding information
Deutscher Akademischer Austauschdienst;
Bundesministerium für Bildung und Forschung;
German Academic Exchange Service (DAAD)

ments of ψ leaf-x were performed with unpressurized plants. A soil–plant hydraulic
model was used to simulate E(ψ leaf-x) for decreasing ψ soil. In wet soils, E(ψ leaf-x) had a
constant slope, while in dry soils, the slope decreased, with ψ leaf-x rapidly and
nonlinearly decreasing for moderate increases in E. The ψ leaf-x measured in pressurized and unpressurized plants matched well, which indicates that the shoot hydraulic
conductance did not decrease during soil drying and that the decrease in Ksp is caused by a decrease in soil–root conductance. The decrease of E matched well the
onset of hydraulic nonlinearity. Our findings demonstrate that stomatal closure prevents the drop in ψ leaf-x caused by a decrease in Ksp and elucidate a strong correlation
between stomatal regulation and belowground hydraulic limitation.
KEYWORDS

belowground hydraulic, hydraulic conductivity, leaf water potential, soil drying, Solanum
lycopersicum L., transpiration, water stress
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I N T RO DU CT I O N

soil–plant system. It is well accepted that plants continuously adapt to
variable atmospheric and soil conditions by altering the hydraulic con-

What triggers stomatal closure in plants during soil drying? Water

ductivity of key elements below and above ground, but our under-

flow across the soil–plant atmosphere continuum is controlled by leaf

standing of this hydraulic acclimatization is, as yet, incomplete.

area, stomatal conductance ( gs [mol m−2 s−1]) and atmospheric

Although the underlying mechanisms controlling stomatal regula-

demand (vapor pressure deficit, VPD [kPa]). Transpiration (E [cm3/s])

tion at the mechanistic and molecular levels, especially in drying soil,

causes a decrease in the leaf xylem water potential (ψ leaf-x [MPa]) that

are yet to be fully revealed (Buckley, 2005, 2019), recent studies have

propagates through the xylem vessels down to the roots and the soil.

demonstrated that we still could anticipate stomatal response to soil

ψ leaf-x depends on the soil water potential (ψ soil [MPa]), transpiration

drying from its emergent properties (Sperry et al., 2016). Sperry and

rate and the hydraulic conductivities of the elements composing the

Love (2015) proposed a ‘supply–demand’ hydraulic framework to

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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understand the physical constraints on transpiration. The premise is

The data were interpreted using the conceptual and numerical soil–

that stomatal regulation avoids excessive drop in ψ leaf-x by responding

plant hydraulic model of Carminati and Javaux (2020).

to nonlinearities in the relationship between ψ leaf-x and E. The nonlinearities and the trigger of stomatal closure have been assumed to be
closely coordinated with xylem cavitation (Anderegg et al., 2017;
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Sperry & Love, 2015). However, other elements of the soil–plant continuum can limit the water transport before xylem cavitates. A recent

2.1

Plant and soil

|

study on wheat (Triticum aestivum) concluded that neither xylem cavitation nor a decrease in leaf conductance drives stomatal closure

Tomato (Solanum lycopersicum L.) seeds were soaked in H2O2 solution

(Corso

and

for 3 mins and then germinated in petri dishes for 5 days. Plants were

Brodribb (2020) found that the drop of hydraulic conductance of the

grown in polyvinyl chloride (PVC) columns with 30 cm height, 10 cm

root–soil interface was the main limitation to water transport and

outer diameter and 9.4 cm inner diameter. Five holes, with a diameter

hence represented the primary driver of stomatal closure in olive trees

of 5 mm, were made on the column's side for soil moisture measure-

(Olea europea L).

ments. The PVC columns were topped with a 0.8-cm-thick aluminum

et

al.,

2020).

Similarly,

Rodriguez-Dominguez

Carminati and Javaux (2020) re-proposed the hydraulic model of

plate with a centered-hole of 1.4 cm in diameter (Figure S1).

Sperry and Love (2015) highlighting the role of soil hydraulic conduc-

Plants were grown in a climate-controlled room for 3 weeks, with

tance (Ks). Using a meta-analysis across species, they showed that the

a day/night temperature of 28/18 C, relative humidity of 57/65% and

loss of Ks, more than the xylem, coincides better with the stomatal clo-

14 hrs

as

the
−2

−1

photoperiod.

The

light

intensity

(LI)

was

sure. They visualized the relationship between E, ψ leaf-x and ψ soil as a

600 μmol m

surface E(ψ leaf-x,ψ soil) and hypothesized that stomatal regulation pre-

were watered every 2–3 days to maintain wet soil conditions

vents plants to cross the onset of hydraulic nonlinearity. They

(θ ≈ 0.2 cm3/cm3). Preparatory to the experiments, plants were trans-

supported their hypothesis with literature data, which show a linear

located to the laboratory and stems around the collar were glued

relationship between E and the difference between ψ leaf-x and ψ soil.

(UHU plus Endfest 300, Bühl, Germany) to facilitate the forthcoming

However, existing data failed to prove that stomata close at the onset

root pressurization (Figure S1).

s

(Luxmeter PCE-174, Meschede, Germany). Plants

of hydraulic nonlinearity. In other words, most of the existing evidence

The substrate consisted of a mixture of quartz sand and loamy

indicates that stomata close before the occurrence of hydraulic non-

soil with a ratio of 3:5. The substrate was dried at 60 C for 48 hrs and

linearity. Reviews and meta-analysis approaches have addressed this

then sieved separately at 1 mm. The water retention and unsaturated

question with emphasis on above-ground components (Bartlett

hydraulic conductivity curves of the soil mixture are reported in Cai

et al., 2016; Martin-StPaul et al., 2017); however, there is still a need

et al. (2020). The soil water content (θ [cm3/cm3]) was monitored dur-

for systematic experiments to explore the role of below-ground

ing the experiment using a time-domain refractometer (TDR) that con-

hydraulic processes in stomatal regulation. The question is: do stomata

sists of two rods (length: 6 cm, spacing: 0.5 cm) connected to a data

close at the point when the hydraulic conductance starts to decrease?

logger (E-Test, Lublin, Poland). Leaves were imaged and analysed

Answering this question requires a method to explore the

using ImageJ (ImageJ 1.50e http://imagej.nih.gov/ij) to estimate leaf

nonlinear part of the E(ψ leaf-x) relation. This is achievable by the root

area (Skelton et al., 2017). The roots were washed after the experi-

pressure chamber apparatus (Cai et al., 2020; Passioura, 1980). The

ments and then scanned (with a scanner Epson STD 4800, at a resolu-

method provides accurate and high temporal resolution measure-

tion of 400 dpi) to determine the total root length using WinRhizo

ments of ψ leaf-x and E in intact plants with no (or very limited) stomatal

(Regent Instruments Inc., Canada).

regulation. By pressurizing the soil and thus maintaining the leaf turgid, we explored the nonlinear part of the relationship between ψ leaf-x
and E. Furthermore, pressurization prevents cavitation during the
increase in E (Passioura & Munns, 1984). Yet, below-ground conduc-

2.2 | Leaf xylem water potential measurements via
the root pressure chamber system

tances are not affected by pressurization, including the potential
shrinkage of the root cortex and the loss of contact to the soil. There-

We used a root pressure chamber to continuously monitor ψ leaf-x for

fore, this method evaluates accurately the changes in below-ground

varying LI which yielded a varying E (after Passioura, 1980). The

hydraulic conductance occurring at a given E and ψ soil (Carminati

detailed construction and calibration were recently introduced in Cai

et al., 2017; Passioura, 1980). In parallel, we measured the decrease

et al. (2020). Briefly, it comprises a root pressure chamber (a metallic

of E and ψ leaf-x in non-pressurized plants. By comparing ψ leaf-x in pres-

cylinder with the dimension of 31.5 cm in height and 17.5 cm in diam-

surized and unpressurized plants at the same ψ soil and E, we obtain

eter) with a cuvette on top and the main controller unit. The cuvette

information on the decrease in shoot hydraulic conductance and

was equipped with four groups of light-emitting diode (LED) lamps

xylem cavitation (both prevented in pressurized plants). Additionally,

that were attached vertically to the cuvette. LI was measured using a

by comparing pressurized and non-pressurized experiments, we

radiometric sensor (Gamma Scientific, San Diego, USA). The airflow

tested the hypothesis that stomata close at the onset of hydraulic lim-

passed constantly through the cuvette at a velocity of 8 L/min and

itation. We applied this method to tomato plants in a sandy-loam soil.

was stirred by a small fan. The temperature and the relative humidity
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of the inward and outward air were measured with combined

E = 0). Note that the value of 70% is somehow arbitrary. We used it

temperature–humidity sensors (Galltec-Mela, Bondorf, Germany).

because it indicates a significant change of the conductance. A value

ψ leaf-x was determined by applying sufficient pneumatic pressure
to the root pressure chamber to bring the water in a cut leaf to atmo-

between 60 and 80% would give a similar shape for SOL, although
slightly shifted.

spheric pressure. This applied pressure, called the balancing pressure
(P [MPa]), is numerically equal to minus the suction in leaf xylem

To match the measured E(ψ leaf-x,ψ soil), we inversely modeled the E
(ψ leaf-x,ψ soil) relation by varying Kplant and the active root length.

before pressurization at the same transpiration rate E (Cai et al., 2020;
Carminati et al., 2017; Passioura, 1980). A meniscus system that
encompasses a capillary tube and an infrared detector was attached

3
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RE SU LT S

to the leaf cut (petiolule) to maintain the hydraulic connection to
observe P. ψ leaf-x was determined when the meniscus was stable for

In wet soils (θ > 0.114), the relation between leaf xylem water poten-

at least 10 mins (Cai et al., 2020). E was calculated by multiplying the

tial (ψ leaf-x) and transpiration (E) had a constant slope (Figure 1). As the

airflow by the difference between the outward and inward humidity.

soil progressively dried, E(ψ leaf-x) became nonlinear, with ψ leaf-x rapidly

Experiments were started with positioning the columns inside the

and nonlinearly decreasing for small increases in E. The slope of the E

pressure chamber and the shoots in the cuvette. E was altered by

(ψ leaf-x) relation was nearly constant in wet soils, with the slope being

changing LI from 0 μmol m−2 s−1 to 200, 400, 600, 800 and

equal to Kplant (6.25 × 10−7 cm3 s−1 MPa−1), and decreased as the soil

1,000 μmol m−2 s−1. The corresponding ψ leaf-x was determined at each

dried, indicating a decrease in Ksp.

E. The full cycle of LI was achieved only in wet soils because in dry
soils ψ leaf-x could not be sustained at high E.

The intercept of the E (ψ leaf-x) relation with the axis E = 0, here
defined as the predawn leaf xylem water potential (ψ leaf-x PD), deviated

Additionally, we measured ψ leaf-x and E in unpressurized plants.

from the soil matric potential (ψ soil) estimated from the measured θ

E was measured using the same cuvette as explained above. ψ leaf-x

and the retention curve (Figure 2). Note that ψ leaf-x

was measured using a Scholander bomb (Soil Moisture Equipment

expected to be equal to the averaged ψ soil but to a ψ soil that is

corp. Santa Barbara, CA., USA).

weighted according to root length distribution (Couvreur et al., 2012).

PD

is not simply

Here, we also neglected the gravitational potential, which for our sample size is justified for pressure differences above 0.01 MPa. We come

2.3

|

back to the difference between ψ leaf-x PD and ψ soil in the discussion.

Soil–plant hydraulic model

E decreased as the soil dried in both pressurized and nonWe used a simplified model of water flow in the soil–plant continuum.

pressurized plants, but in non-pressurized plants, the decrease was

The series of resistances between the bulk soil, soil–root interface

much more marked (Figure 3). E slightly decreased also in pressurized

and through the root to the leaf xylem were considered in the soil–

plants despite water in the leaf xylem was kept at atmospheric pres-

plant hydraulic model, assuming that one single root represents all

sure. However, the difference is not significant.

active roots that took up water. A detailed description of the model

ψ leaf-x in pressurized and unpressurized plants was similar under

can be found in Carminati and Javaux (2020), Cai et al. (2020), Hayat

the same E and θ, with values close to the 1:1 line (r2 = .7) (Figure 4).

et al. (2020) and supplementary note S1 and Table S1.

This means that the plant conductance (Kp) did not change under plant

Briefly, the model calculates the gradient in water potential

pressurization. This implies that there was no significant decrease in

through the soil and along the plant till the leaf. Soil water flow is simulated assuming a radial geometry and an uniform root water uptake into
a fraction of the total root length. The water flow in the plant is calculated assuming a proportionality between the plant hydraulic conductance (Kplant [cm3 s−1 MPa−1]) and the difference in water potential
between the root–soil interface and the leaf, with Kplant dropping
according to a power law at a given xylem water potential (which is the
point at which the xylem starts to cavitate—Equation S5). Kplant is given
by the harmonic mean of the root conductance Kroot and the xylem
conductance Kx. Solving the flow Equation (S2), we obtain the surface E
(ψ leaf-x,ψ soil). The soil–plant conductance Ksp is given by the ratio
between E and the difference between ψ leaf-x and ψ soil:

K sp =

E
ψ soil − ψ leaf−x

ð1Þ

We defined the onset of hydraulic limitation (SOL) as E at which
∂E

∂ψ leaf− x ψ
soil

reaches 70% of its maximum value at a given ψ soil (i.e., at

F I G U R E 1 Relation between leaf xylem water potential (ψ leaf-x)
and transpiration (E) for different soil water contents (θ: cm3/cm3).
The relation shifts from linear to nonlinear during soil drying. Pt: plant
number, n = 3
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F I G U R E 2 Predawn leaf water potential (ψ leaf-x PD), obtained from
the intercept of E(ψ leaf-x) with E = 0, against the soil matric potential
(ψ soil) obtained from the measured soil water contents (θ) and the
water retention curve. The dashed line is the best linear fit. The solid
line is 1:1 line. In each sample, θ was measured five times and ψ soil
was calculated from each of them [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 3 Normalized transpiration rate (E/Emax) during soil
drying (θ: soil water content) under different light intensities (LI: μmol
m−2 s−1) for pressurized plants (P) and non-pressurized plants (N).
Each point is the mean of three plants [Colour figure can be viewed at
wileyonlinelibrary.com]
the conductivities of shoot and xylem vessels during soil drying. We

F I G U R E 4 Comparison of leaf water potential (ψ leaf-x) in
pressurized (+P) and unpressurized (−P) plants at the same soil water
content (θ [cm3/cm3]) and transpiration (E [cm2/s]). r2 = .7. ψ leaf-x of
pressurized plant was measured by the root pressure chamber
system, while ψ xylem of unpressurized plants was measured by the
Scholander leaf pressure chamber [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 5 (a) Soil water retention curve as fitted with the van
Genuchten parameterization (red) and Brooks and Corey model (blue)
(Brooks & Corey, 1966; van Genuchten, 1980). The solid part of the
lines shows the range of water content (θ) relevant for the
experiment. (b) Unsaturated hydraulic conductivities (K) fitted with
the Peters-Durner-Iden parameterization (red) and with a power-law
relation (Equation S5, blue) (Peters, Iden, & Durner, 2015) [Colour
figure can be viewed at wileyonlinelibrary.com]

will come back to this important point in the discussion.
The soil–plant hydraulic model was able to reproduce the
observed E(ψ leaf-x) relation. To match the measurements, the active

contents and soil water potential relevant for the experiments (blue
solid line) (Brooks & Corey, 1966).

root length was reduced to 20 m, while the measured one was

The same set of parameters was used to fit the three plants at all

75.4 ± 1.3 m (n = 3). The water retention curve and soil hydraulic con-

water contents. The onset of hydraulic limitation was defined when

ductivity used in the model are shown in Figure 5. The Brooks–Corey

∂E
∂ψ leaf −x ψ
soil

parameterization, used in the soil–plant model (blue line), fits well the
measured hydraulic properties (red line) in the range of soil water

reached 70% of its maximum value and it is plotted as a red

line in Figure 6a,b.
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F I G U R E 6 Measured (open circles) and fitted (black lines) relationship between transpiration rate (E), leaf xylem water potential (ψ leaf-x) and
soil water potential (here replaced by the pre-dawn leaf water potential; ψ leaf-x PD). The relation is plotted as (a) the plant view E(ψ leaf-x) and as
(b) the soil view E(ψ leaf-x PD). The point at which the slope of E(ψ leaf-x) reaches 70% of its maximum value is marked by the red line (onset of
hydraulic limitation) in both (a) and (b). The transpiration rates and leaf water potentials of unpressurized plants during soil drying are shown as
red squares (three plants at three soil water contents) [Colour figure can be viewed at wileyonlinelibrary.com]

potentials matches well with the onset of hydraulic limitation (red
line), showing a strong correlation (r2 = .6) between stomatal closure
and hydraulic limitation. Note that we do not claim that stomatal closure is always at the onset of hydraulic limitations, but rather that stomatal

conductance

does

not

cross

the

hydraulic

limitation

represented by the SOL line.
Figure 7 shows an additional way to compare the decrease of
E to the soil–plant hydraulic limitation. Ksp was normalized by the
highest Ksp (Ksp_max) at the highest θ. E was normalized by the highest
E at the same light intensity. E was measured in unpressurized plants,
while Ksp was obtained from pressurized plants. The results are plotted for different soil water contents. The decline in normalized Ksp
matched very well the reduction in normalized E (r2 = .9). This shows
that stomatal closure corresponds to a decrease in Ksp.
F I G U R E 7 The drop in soil–plant hydraulic conductance (Ksp)
matches the reduction in transpiration (E) during soil drying (θ: soil
water content, cm3/cm3). Ksp was determined at the maximum
measured E of the pressurized plants. E was obtained at the light
intensity of 800 μmol m−2 s−1 without pressurization [Colour figure
can be viewed at wileyonlinelibrary.com]

4

|

DI SCU SSION

In tomato, E(ψ leaf-x) was linear in wet soils, which is in line with the
studies on wheat (Deery et al., 2013; Passioura, 1980), barley
(Carminati et al., 2017), maize (Hayat et al., 2020), pearl millet (Cai
et al., 2020) and lupin (Hayat et al., 2019). The linearity is explained by

The model allows to reconstruct the surface E(ψ leaf-x,ψ soil) and to

the fact that in wet soils, the plant hydraulic conductance is constant

plot E as a function of ψ soil (Figure 6b). In Figure 6b, we used ψ leaf-x PD

and lower than that of the soil, thereby controlling the water flow. As

instead of ψ soil estimated from the TDR and the water retention

the soil dried, its conductivity decreased by several orders of magni-

curve. The reasons are discussed later in the discussion section. In

tude and the E(ψ leaf-x) relation became nonlinear which is in line with

Figure 6, we included E and ψ leaf-x measured in unpressurized plants

previous studies on wheat, barley and maize (Carminati et al., 2017;

at the maximum LI of 800 μmol m

−2

−1

s

(red squares obtained from

Hayat et al., 2020; Passioura, 1980).

three plants at three water contents—same data as those shown in

The nonlinearity of E(ψ leaf-x) and the associated decline in Ksp

Figure 3). The decrease in E for decreasing leaf and soil water

were concomitant with stomatal closure. This is shown by the good
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match between the onset of hydraulic limitation and independent

potentials, a root signal might be responsible for the moderate stomatal

measurements of transpiration response to soil drying (Figure 6), as

closure despite the leaves being turgid (Dodd, 2005). However, it might

well as by parallel responses of E and Ksp to decreasing soil water con-

also be that during the measurements, the increase in suction could not

tent. These results support the hypothesis by Sperry and Love (2015)

be instantaneously balanced by the applied pressure inducing a tempo-

and Carminati and Javaux (2020) that stomatal closure is triggered by

rary loss of turgidity in the leaves. Additionally, as plants were not pres-

a drop in Ksp.

surized throughout the whole period of soil drying (which took some

Ksp decreased at relatively high leaf xylem water potential (the
maximum value of the red line is −0.39 MPa in Figure 6) compared to

days), it might be that ABA produced before plant pressurization was
still present in the plant tissues.

the value of −1.0 MPa that was recently reported to cause an embo-

In terms of soil water potential, transpiration decreased to ca. its

lism in tomato (Skelton et al., 2017). In our model, the water potential

50% value at ψ leaf-x PD of −0.2 MPa, which was less negative than the

at which the xylem cavitates was set to −1.5 MPa (ψ0x in

expected ψ soil (Figure 2). The deviations could be caused by a more

Equation S9), which is in the most negative range of leaf xylem water

negative osmotic potential in the xylem than in the soil (Cai

potentials that we simulated, which means that we could have chosen

et al., 2020; Carminati et al., 2017) which would cause the suction in

a more negative value without affecting the results. As the water in

the xylem to be lower than that expected based on the soil matric

the leaf xylem was maintained at atmospheric pressure during the

potential. Note that we measured only the pressure component of the

measurements of E(ψ leaf-x), the risk of cavitation was reduced

ψ leaf-x (neglecting the osmotic ones). Another reason is the inaccuracy

(Passioura & Munns, 1984). Moreover, Ksp was not substantially

of estimating ψ soil based on measurements of soil water content and

affected by pressurization, which is shown by the high correlation

water retention curve. Firstly, the water retention curve was mea-

2

(r = .7) between the measurements of leaf xylem water potential of

sured in unplanted pots, and root growth might have impacted the

pressurized and unpressurized plants (Figure 4). The fact that Ksp was

water retention curve. Second, averaging the soil water content

identical in pressurized and unpressurized plants suggests that its

through the column and assigning it to a water potential is not an

decline in drying soils took place belowground, as neither the xylem

obvious operation, and it is likely to differ from the average soil water

nor the shoot was affected by a decline in water pressure.

potential felt by the plant. The fact that ψ leaf-x

PD

was less negative

The decline in Ksp at a relatively high ψ leaf-x indicates a marked

that ψ soil might indicate that roots were radially more conductive in

vulnerability to soil drying (Figure 6). The root length density was rela-

the wettest soil layers. Accurate measurements of water content

tively small (2.5 cm/cm3) compared to the value of 13.5 cm/cm3 mea-

(or/and water potential) distribution in the root zone will be needed

sured in pearl millet (Cai et al., 2020). This might explain the drop in

to better resolve the question on the deviation of ψ leaf-x PD from ψ soil.

Ksp at a relatively high ψ leaf-x. This result could be reproduced by the

In summary, we have shown that, as the soil dried, the relation

model imposing a root length of 20 m, which corresponds to ca. 25%

between leaf xylem water potential and transpiration rate became

of the measured root length (75.4 m ± 1.3). The simulations support

markedly nonlinear, indicating a drop in Ksp. The loss of Ksp was pri-

the hypothesis that the hydraulic decline was caused by water poten-

marily explained by a decrease in the soil–root conductance. The

tial dissipation in the soil (Equation S7). An additional cause of the

decrease in soil–root conductance was concomitant with the reduc-

hydraulic decline is root shrinkage and the formation of air-filled gaps

tion in transpiration. This confirms the hypothesis that stomata

at the root–soil interface (Carminati et al., 2013; Rodriguez-

respond to a decrease in soil–plant hydraulic conductance during soil

Dominguez & Brodribb, 2020). Plants developed strategies, for exam-

drying. This stomatal regulation is needed to allow plants to cope with

ple, root hairs and mucilage exudation, to bridge gaps and hence soft-

the inherent nonlinearity of the soil–plant hydraulics.

ening the drop of the matric potential at the root–soil interface
(Ahmed et al., 2018; Carminati et al., 2016). However, tomato has
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