
Received: 24 July 2022 | Revised: 10 December 2022 | Accepted: 6 January 2023

DOI: 10.1111/pce.14536

OR I G I NA L A R T I C L E

Soil‐plant hydraulics explain stomatal efficiency‐safety
tradeoff

Gaochao Cai1 | Andrea Carminati2 | Sean M. Gleason3 | Mathieu Javaux4 |

Mutez Ali Ahmed5,6

1School of Agriculture, Shenzhen Campus of

Sun Yat‐sen University, Shenzhen, China

2Physics of Soils and Terrestrial Ecosystems,

Institute of Terrestrial Ecosystems,

Department of Environmental Systems

Science, ETH Zürich, Zurich, Switzerland

3United States Department of Agriculture,

Water Management and Systems Research

Unit, Agricultural Research Service, Fort

Collins, Colorado, USA

4Earth and Life Institute‐Environmental

Science, Universite catholique de Louvain,

Louvain‐la‐Neuve, Belgium

5Chair of Soil Physics, Bayreuth Center of

Ecology and Environmental Research

(BayCEER), University of Bayreuth, Bayreuth,

Germany

6Department of Land, Air and Water

Resources, College of Agricultural and

Environmental Sciences, University of

California Davis, Davis, California, USA

Correspondence

Mutez Ali Ahmed, Chair of Soil Physics,

Bayreuth Center of Ecology and

Environmental Research (BayCEER),

University of Bayreuth, Universitätsstraße 30,

Bayreuth 95447, Germany.

Email: maaahmed@ucdavis.edu

Funding information

Deutsche Forschungsgemeinschaft

Abstract

The efficiency‐safety tradeoff has been thoroughly investigated in plants, especially

concerning their capacity to transport water and avoid embolism. Stomatal regulation is a

vital plant behaviour to respond to soil and atmospheric water limitation. Recently, a

stomatal efficiency‐safety tradeoff was reported where plants with higher maximum

stomatal conductance (gmax) exhibited greater sensitivity to stomatal closure during soil

drying, that is, less negative leaf water potential at 50% gmax (ψgs50). However, the

underlying mechanism of this gmax‐ψgs50 tradeoff remains unknown. Here, we utilized a

soil‐plant hydraulic model, in which stomatal closure is triggered by nonlinearity in soil‐

plant hydraulics, to investigate such tradeoff. Our simulations show that increasing gmax is

aligned with less negative ψgs50. Plants with higher gmax (also higher transpiration) require

larger quantities of water to be moved across the rhizosphere, which results in a

precipitous decrease in water potential at the soil‐root interface, and therefore in the

leaves. We demonstrated that the gmax‐ψgs50 tradeoff can be predicted based on soil‐

plant hydraulics, and is impacted by plant hydraulic properties, such as plant hydraulic

conductance, active root length and embolism resistance. We conclude that plants may

therefore adjust their growth and/or their hydraulic properties to adapt to contrasting

habitats and climate conditions.

K E YWORD S

leaf water potential, plant hydraulic conductance, stomatal conductance, stomatal regulation,
transpiration

1 | INTRODUCTION

A paradigm in plant‐water relations assumes there is a tradeoff between

the maximum capacity to transport water (and achieve exchange gas)

and the vulnerability of this transport system to low water potential,

that is, the loss of hydraulic conductance per unit decrease in xylem

water potential. This is the so‐called hydraulic efficiency‐safety tradeoff,

with efficiency referring to the maximum hydraulic conductance/

conductivity of whole‐leaves, whole‐plants or xylem segments, and

safety referring to the water potential at 50% loss in xylem hydraulic

conductivity (P50 or ψx50) (Brodribb & Holbrook, 2003; Fan et al., 2011;

Gleason et al., 2016; Johnson et al., 2022; Ocheltree et al., 2016;
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Scoffoni & Sack, 2017; Yao et al., 2021). This tradeoff reflects plant

responses to water stress (Choat et al., 2012) and water use strategies,

and it depends on the combination of different traits (e.g., vessel density

and size, stomatal density and size) (De Guzman et al., 2017; Henry

et al., 2019; Schumann et al., 2019). Numerous studies have

investigated the tradeoff in woody species spanning contrasting habitats

and climate conditions (e.g., Gleason et al., 2016; Grossiord et al., 2020;

Liu et al., 2021; Nardini & Luglio, 2014; Yan et al., 2020). However, the

underlying mechanisms of such tradeoff remain largely unknown

(Blackman et al., 2010; Gleason et al., 2016; Liu et al., 2021; Scoffoni

et al., 2012).

Hydraulic efficiency has been shown to closely correlate with

maximum stomatal conductance (Brodribb et al., 2007; Hubbard

et al., 2001; Meinzer & Grantz, 1990; Sack et al., 2003). Analysis of

stomatal sensitivity and plant hydraulic vulnerability to drought

across 310 woody species indicated that vulnerability to embolism

was most relevant during severe drought, whereas stomatal regula-

tion was vital during moderate drought (Bartlett et al., 2016).

Additionally, Anderegg et al. (2017) and Ocheltree et al. (2016)

showed that leaf water potential at 50% loss in stomatal conductance

(ψgs50) was less negative than ψx50, indicating that a stomatal

regulation occurred before xylem embolism.

Henry et al. (2019) investigated the stomatal efficiency‐safety

tradeoff through the relationship between maximum stomatal conduct-

ance (gmax) and ψgs50, and hypothesized that plants with smaller and

denser stomata should be more conservative in their stomatal closure.

They found that plants with higher gmax had less negative leaf water

potentials than plants with lower gmax when gmax decreased by 50% as

the soil dried (Figure 1a,b). The authors revealed a strong gmax‐ψgs50

tradeoff across 15 woody species (including trees and shrubs, Figure 1c).

Here, we demonstrate that the tradeoff between stomatal efficiency and

safety (gmax and ψgs50) can be predicted from well‐understood aspects of

soil‐plant hydraulic functioning (Carminati & Javaux, 2020; Sperry &

Love, 2015). We also explore how plant hydraulic traits may affect the

gmax‐ψgs50 tradeoff. We note that the proximal physiological mechanisms

underpinning stomatal regulation are beyond the scope of this study, and

we therefore focus here on empirical and theoretical support for

coordination between stomatal conductance and soil‐plant hydraulics.

2 | MODEL DESCRIPTION

2.1 | Soil‐plant hydraulic model

The soil‐plant hydraulic model used in this study was developed by

Carminati and Javaux (2020) and has been introduced in several

recent studies (Abdalla et al., 2021, 2022; Cai et al., 2020, 2021;

Cai, Ahmed, et al., 2022; Hayat et al., 2020). Here, we briefly present

the principle and main functions of the model. In the model, water

flow from soil to plant is driven by water potential differences

between bulk soil, the soil‐root interface (ψsoil_root), the root xylem

(ψroot_xylem) and the leaf (ψleaf). To simplify conversions between

hydrostatic and matric water potential components, we express soil

water potential (ψsoil) as the height of water, that is, 1MPa = 104

hPa ≈ 104 cm. This is done because the water potential (total energy)

of unsaturated soil is dominated by matric potential, with gravita-

tional, osmotic and hydrostatic components being negligible in most

cases. Water transport is regulated in the model by soil hydraulic

conductivity (ksoil, cm s−1) and plant hydraulic conductance (Kplant,

including root and aboveground xylem conductance, Kroot and Kxylem).

Water flow from the soil towards the root is assumed to be under

steady‐state behaviour and the radial flux (q, cm s−1) is represented

by:

q k ψ
ψ

r
= − ( )

∂

∂
,soil soil (1)

F IGURE 1 Relationship between maximum stomatal conductance (gmax) and the leaf water potential (ψleaf) resulting in a 50% reduction in
stomatal conductance (gs50). (a) Plants with higher gmax (gmax_high) reduce stomatal conductance (gs50) earlier and at less negative leaf water
potential (ψgs50) as soil dries. Similarly, plants with lower gmax (gmax_low) exhibit more negative water potential at 50% of maximal stomatal
conductance (ψgs50). (b) The hypothesized tradeoff between gmax and ψgs50. (c) Leaf water potential resulting in a 50% decline in stomatal
conductance (ψgs50) across 15 California tree and shrub species as reported in Henry et al. (2019). Data were fitted with an exponential function
as used by Henry et al. (2019) (gmax = c + ae‐bψleaf). (a)–(c) are fitted parameters.
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where ψ

r

∂

∂
is the gradient in soil water potential, and r is the radial

distance (cm). Soil hydraulic conductivity increases with soil matric

potential and can be described by the Brooks and Corey

model (1964):

k ψ k
ψ

ψ
( ) = ,

τ

soil sat
soil

0







 (2)

where ksat is the soil saturated hydraulic conductivity (cm s−1), ψ0 is

the air entry point (hPa) and τ is a fitted parameter.

In the rhizosphere, the boundary conditions are no water flux at

the outer radius of the rhizosphere (rb, cm) and a uniform water flux

(q, cm3 cm−2 s−1) at the root surface (r0, cm; root radius) along the

active root system. q depends on transpiration rate (E, cm3 s−1) and

root surface:

q r E πr L( ) = /(2 ),0 0 act (3)

where Lact is defined as the fraction of root length (cm) active in

water uptake. rb is calculated from soil volume (V, cm3) and Lact:

rb = (V/πLact)
0.5.

Water flow in the soil, root and xylem can be calculated

individually by Ohm's law. For instance, the water flow in the soil is

defined as a function of overall soil hydraulic conductance (Ksoil, cm
3

hPa−1 s−1) and water potential gradient between soil and soil‐root

interface:

E K ψ ψ= ( − _ ),soil soil soil root (4)

where ψsoil_root is the water potential at the soil‐root interface (hPa).

The water flow in the root system is described by:

E K ψ ψ= ( _ − _ ),root soil root xylem root (5)

where Kroot is the root hydraulic conductance (cm3 hPa−1 s−1),

ψxylem_root is the water potential at the root collar (hPa) (see details

of ψsoil_root and ψsoil_root in Carminati & Javaux, 2020; Cai et al., 2021).

The water flow in the aboveground xylem is defined as:

E K ψ ψ= ( _ − ),xylem xylem root leaf (6)

where Kxylem is the aboveground xylem conductance (cm3 hPa−1 s−1),

and ψxylem_root – ψleaf is the water potential difference (driving force)

between root and leaf (hPa). Kxylem is derived from Kroot and declines

as leaf water potential falls below the xylem embolism threshold:

K ψ K
ψ

ψ
( ) =

leaf

xylem_0

τ

xylem root

− x








 (7)

where ψxylem_0 is the water potential (hPa) at which emboli arise in

the xylem, resulting in a decrease in Kxylem. τx is a fitted parameter.

The water flow in the plant is defined as:

E K ψ ψ= ( _ − ).plant soil root leaf (8)

Similarly, the water flow in the soil‐plant system is represented

by a function of soil‐plant hydraulic conductance and water potential

difference between soil and leaf:

E K ψ ψ= _ ( − )soil plant soil leaf  (9)

In wet conditions, the water potential difference between the

bulk soil and the root surface is negligible, thus

ψ ψ E K ψ ψ

K ψ ψ

≈ _ and ≈ ( − )

= _ ( − )

soil soil root plant soil leaf

soil plant soil leaf 
(10)

Equation (9) implies that when transpiration is null, leaf water

potential equals soil water potential. In wet soils and at low transpiration

rates, the leaf water potential drops linearly with increasing transpiration

rate (Figure 2a). In wet soils, the linearity is maintained at high

transpiration rates unless plant hydraulic conductance drops. Sperry and

Love (2015) used a supply–demand function concept to propose that

stomata would ensure that the ratio between transpiration rate and the

difference between leaf and soil water potential (Equation 10) remains

constant. As the soil dries out, that is, soil water potential decreases, the

transpiration rate–leaf water potential (E(ψleaf)) relationship starts to

deviate from the linearity at moderate transpiration rates due to the

drop in soil hydraulic conductivity (Carminati & Javaux, 2020). This

deviation marks the transition of the E(ψleaf) relationship from the linear

(green) to nonlinear (yellow) zones (Figure 2a).

Carminati and Javaux (2020) defined the onset of nonlinearity as

the stress onset limit (SOL). The SOL curve is composed of points at

which the slope of the E(ψleaf) relationship at a constant soil water

potential reaches 60%–80% of its maximum, SOL(ψsoil) = ψ

E

ψ

∂

∂ leaf soil
.

The rational and the proposed physiological mechanism underpinning

the nonlinear portion of the E(ψleaf) relationship is discussed at length

in Wankmüller and Carminati (2022). Similar to Sperry and Love

(2015), we propose that stomata respond to the change in

transpiration rate relative to the change in leaf water potential (i.e.,
E

ψ

∂

∂ leaf
) to maintain the plant in the linear zone of the E(ψleaf)

relationship. By staying in the linear zone of this relationship, plants

avoid precipitous decline in leaf water potential as the transpiration

rate increases, thus avoiding hydraulic failure, that is, embolism

formation. The SOL is, therefore, the hypothetical maximum

transpiration rate that can be achieved without incurring high

embolism risk. Plants with different maximum transpiration rates

(or gmax) but identical hydraulic conductance and root length,

exhibited the same SOL curve, but the peak of the curve was

determined by the maximum transpiration rate (Figure 2b).

2.2 | Stomatal model

We used the soil‐plant hydraulic model to test whether it could

explain the gmax‐ψgs50 tradeoff shown in Figure 2. We ran several

scenarios at steady‐state with the parameters provided in Table 1.
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Stomatal conductance (gs) was calculated from transpiration rate (E),

leaf area (LA), vapour pressure deficit (VPD) and atmospheric

pressure (Patm) according to Jarvis and McNaughton (1986), that is,

gs = (E/LA)/(VPD/Patm). gs corresponds to gmax when E is maximal and

to gs50 when E decreases by 50%. We assumed that the plants have

the same leaf area and similar response to VPD (Oren et al., 1999)

thus the simulations were run at the same Patm and VPD (Table 1).

3 | SOIL‐PLANT HYDRAULICS EXPLAIN
THE STOMATAL EFFICIENCY‐SAFETY
TRADEOFF

Our simulations show that increasing maximum stomatal conductance

(gmax) resulted in a 50% reduction in stomatal conductance at less

negative water potential. This demonstrates that the gmax‐ψgs50 tradeoff

F IGURE 2 Illustration of the stomatal
efficiency‐safety tradeoff using the soil‐plant
hydraulic model. (a) Transpiration rate (E) as a
function of leaf water potential (ψleaf) during soil
drying. The red curve is the stress onset limit line
(SOL) that separates the E(ψleaf) relationship into
linear (green) and nonlinear (yellow) zones.
(b) Relationship between transpiration rate and
leaf water potential for plants with a higher
(purple) and lower (green) maximum stomatal
conductance during soil drying. (c) Combination
of (a) and (b) with stomatal conductance at 50%
of their maximum (gs50). (d) Relationship between
gmax and leaf water potential when gmax drops by
50% (ψgs50). The blue and green points are from
(c). (e) Relationship between leaf water potential
at midday (ψleaf_MD) and predawn (ψleaf_PD) of
plants with high and low gmax. (f) Relationship
between the soil water potential and water
potential at the soil‐root interface with increasing
E at gmax and gs50 considering plants with high
and low gmax. The data at gmax and gs50 are
highlighted using open and closed symbols,
respectively. The same parameters were used in
the simulation in (a–f), and the parameters are
described in Table 1. [Color figure can be viewed
at wileyonlinelibrary.com]

TABLE 1 Values of the parameters in the soil‐plant hydraulic model (Carminati & Javaux, 2020) in Figure 2

Equation Parametera

Soil ksoil(ψ) = ksat (ψsoil/ψo)
−τ ksat: 2.1 × 10−4 cm s−1; ψo = −8.3 cm; τ = 2

Soil root domain r0 = 0.05 cm; rb = 1 cm; Lact = 10 000 cm

Plant xylem and leaf Kx(ψ) = Kplant (ψ/ψox)
−τx Kplant = 1/(3.5 × 105) cm3 s−1 hPa−1; ψox =ψx50 = 1.8Mpa; τx = 5

Emax_high = 0.021 cm3 s−1; Emax_low = 0.008 cm3 s−1

agmax = (Emax /LA)/(VPD/Patm). Leaf area (LA) is 2000 cm2, vapour pressure deficit (VPD) is 1.5 kPa and Patm is the atmospheric pressure, 101 kPa. Soil

parameters are from Abdalla et al. (2021). Kplant is based on Anderegg et al. (2018) and Cai, Ahmed, et al. (2022).

SOIL‐PLANT HYDRAULICS | 3123
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can be simulated using the soil‐plant hydraulic model by changing only

the value of gmax (Figure 2c,d). This should make sense because plants

with higher gmax (also higher transpiration rate) require larger quantities

of water to be moved across the root zone, which results in a

precipitous decrease in the water potential at the soil‐root interface, and

therefore also in the leaves. As the soil dries, water potential (and soil

hydraulic conductivity) at the soil‐root interface decreases markedly

(Figure 2f) (Cai, Ahmed, et al., 2022; Carminati & Vetterlein, 2013) and

becomes the main constraint on water flux. Importantly, higher water

flux across the soil‐root interface resulted in plants reaching the SOL

sooner than plants with less water flux across the soil‐root interface

(Figure 2b,c). We suggest that this nonlinear portion of the transpiration

rate–leaf water potential function (i.e., points on the SOL curve)

represents a critical moment for plants because leaf water potential can

decrease faster than stomata guard cells can respond hydroactively

(Buckley, 2019). We should therefore expect a rapid stomatal response

when the SOL is approached to avoid a sudden drop in water potential

at the root‐soil interface (Carminati & Ahmed, Zarebanadkouki,

et al., 2020) and the possible permanent embolization of xylem tissue.

Given that soil conductivity declines precipitously before xylem

embolism, and that stomata are well‐positioned to slow the loss of

water from the canopy, it is logical that species exhibiting higher gmax

might also require more conservative stomata (less negative ψgs50) to

avoid operating too far beyond the SOL. Indeed, plants with higher gmax

exhibit earlier stomatal closure during soil drying, that is, higher stomatal

efficiency but lower stomatal safety (Figures 1 and 2d).

In the simulation described above, and as observed in species

across the day, values of transpiration rate, soil matric potential, and leaf

water potential at the SOL point are well aligned with the leaf water

potential at midday and at predawn. The 1:1 line where predawn leaf

water potential equals soil matric potential (ψleaf_PD = ψsoil) and the SOL

curve delimit a region in the hydroscape domain (green zone in

Figure 2e) where stomatal regulation is not constrained by plant

hydraulic status (Javaux & Carminati, 2021). In this region, plants with

higher gmax show more negative midday leaf water potential than plants

with lower gmax. As the soil dries, the loss in soil hydraulic conductivity

induces stomatal closure (Abdalla et al., 2022; Cai, König, et al., 2022;

Carminati & Javaux, 2020; Koehler et al., 2022) and maintains midday

leaf water potential very close to the SOL curve. Plants with high gmax

reach the SOL curve at less negative predawn leaf water potential (i.e.,

in wetter soils) than species with low gmax, but the corresponding

midday leaf water potential of species with high gmax was not as

negative as species exhibiting lower gmax (Figure 2e,f).

4 | IMPACT OF PLANT HYDRAULIC
PARAMETERS ON THE STOMATAL
EFFICIENCY‐SAFETY TRADEOFF

The discussion above was based on the assumptions of constant

plant hydraulic conductance and root length. However, different

genotypes or species may show coordination between gmax, plant

hydraulic conductance and root length. Additionally, plants that differ

in water potential at 50% of xylem hydraulic conductivity (ψx50)

would also shift the SOL curve (Carminati & Javaux, 2020) and thus

impact the gmax‐ψgs50 relationship. We further used the soil‐plant

hydraulic model to predict the impact of these parameters on the

gmax‐ψgs50 tradeoff. We investigated three scenarios: (1) changing

plant hydraulic conductance with a constant root length and ψx50, (2)

changing root length with a constant plant hydraulic conductance and

ψx50 and (3) changing ψx50 with a constant root length and plant

hydraulic conductance. The corresponding parameters are presented

in Table 2.

In the first scenario, we increased plant hydraulic conductance by

a factor of 2.25 and increased gmax by a factor of either 2.1 (high gmax)

or 1.5 (low gmax) (Figure 3a). For both high and low gmax, ψgs50 became

more negative with increasing plant hydraulic conductance, particu-

larly for plants with high gmax (Figure 3b). Lower plant hydraulic

conductance ‘pushed’ the relationship to the left corner (golden

arrow in Figure 3b) and plants with high and low gmax showed less

stomatal efficiency but more safety. An increase in plant hydraulic

conductance did not change the tradeoff and even made the gmax‐

ψgs50 relation more marked. Higher plant hydraulic conductance

increased the sensitivity of stomatal closure to drops in soil hydraulic

conductivity around the roots.

In the second scenario, we tested the impact of increasing root

length by a factor of 10 (Figure 3c). We used the same gmax as

Figure 2c. Increasing root length resulted in a reduction in ψgs50,

indicating that plants with longer root length maintained relatively

high stomatal conductance during soil drying (Figure 3d). This is due

to longer root length which slows down water flux in soil and reduces

the gradient in water potential at the soil‐root interface (Abdalla

et al., 2022; Cai et al., 2021). Hence, plants are able to maintain

transpiration at lower soil matric potentials and postpone stomatal

closure (Abdalla et al., 2022). When root length increased by the

same factor, the reduction in ψgs50 was greater for plants with lower

TABLE 2 Values of the parameters in the soil‐plant hydraulic
model for the sensitivity analyses in Figure 3

Parametera Value

Figure 3a,b Kplant 1/(3.5 × 105 × [0.8, 1, 1.2, 1.4, 1.6,

1.8]) cm3 s−1 hPa−1

Emax_high 0.01 and 0.022 cm3 s−1 at the lowest and

highest Kplant above

Emax_low 0.005 and 0.011 cm3 s−1 at the lowest
and highest Kplant above

Figure 3c,d Lact 10 000 × [0.8, 1, 1.5, 2, 2.5, 4, 8] cm

Emax [0.0032, 0.0056, 0.011, 0.015, 0.018,
0.023] cm3 s−1

Figure 3e,f ψx50 [−1.5, −1.8, −2.0, −2.5]MPa

Emax [0.0032, 0.0056, 0.011, 0.015,
0.018] cm3 s−1

aValues of other parameters not mentioned here are the same as those in

Table 1.
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gmax than with higher gmax, which resulted in a steeper negative slope

(blue arrow in Figure 3d). It is worth noting that the effect of

increasing root length on ψgs50 (or the tradeoff) is limited when root

length increases above a certain level. Note that these are the cases

when all the gmax values are distributed on the same SOL curve. We

also examined the gmax‐ψgs50 tradeoff when gmax is either positively

or negatively correlated with root length. When root length and gmax

are negatively correlated (brown arrow in Figure 3d), the slope of the

tradeoff is slightly steeper compared to that when gmax and root

length are positively correlated (purple arrow in Figure 3d). This

comparison also implies that the gmax‐ψgs50 tradeoff would be

maintained for the plants that may develop different root length

under various conditions. Specifically, root length changes the

sensitivity of stomatal closure within a certain range but does not

change the overall gmax‐ψgs50 relationship.

The two cases discussed above demonstrated that developing

more conductive plant tissues (higher plant hydraulic conductance)

makes plants with higher gmax more sensitive to stomatal closure (less

negative ψgs50), while developing longer root length postpones

stomatal closure more markedly in plants with lower gmax. However,

the individual changes in plant hydraulic conductance or root length

do not change the overall tradeoff.

In the third scenario, we decreased ψx50 from −1.5 to −2.5 MPa

(Figure 3e). The simulation shows that lower ψx50 shifted the SOL curve

to a more negative leaf water potential. Hence, plants with the same

gmax had a more negative leaf water potential and also resulted in a

reduction in ψgs50 (Figure 3f). The reduction in ψgs50 was greater for

lower gmax (left side) than for higher gmax (right side), which resulted in a

steeper negative slope (blue arrow in Figure 3f). Note that these are the

cases when all the gmax values are distributed on the same SOL curve.

When gmax values are on different SOL curves, for instance, when gmax

and ψx50 are positively correlated (brown arrow in Figure 3f), the slope

of the tradeoff is much steeper. However, when gmax and ψx50 are

negatively correlated (purple arrow in Figure 3f), there is a weak or no

tradeoff. In the simulation above, ψx50 functions like a ‘buffer zone’ for

ψgs50 because it determines how negative ψgs50 can be for a given gmax.

F IGURE 3 Sensitivity analysis of the
gmax‐ψgs50 relationship to the changes of plant
hydraulic conductance (Kplant), active root length
(RL) and water potential at 50% maximal xylem
conductivity (ψx50). (a) Changes of gmax with
increasing Kplant by a factor of 2.25. (b) Variation
in the gmax‐ψgs50 relationship with increasing
Kplant in (a). The line between gmax_high (large
point) and gmax_low (small point) shows the trend
and does not necessarily mean that the
relationship is linear. (c) Changes of gmax with
increasing active root length (RL) by a factor of
10 (seven lines in total). The slight deviation of
gmax at the same level resulted from using the
resolution of E at 1 × 10−5 cm3 s−1. (d) Variation in
the gmax‐ψgs50 relationship with increasing RL
(golden to dark purple) in (c). The golden and dark
purple arrows represent the gmax‐ψgs50

relationships with short and long root lengths,
respectively. The blue arrow represents that
relationship when taking higher gmax with a
shorter root length and lower gmax with a longer
root length, whereas the purple represents the
opposite. (e) Changes of gmax with increasing
ψx50. (f) Variation in the gmax‐ψgs50 relationship
with decreasing ψx50 in (e). The arrows with
different colours represent similar cases as those
in (d). All the parameters used in the simulations
are presented in Table 2. [Color figure can be
viewed at wileyonlinelibrary.com]
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Unlike plant hydraulic conductance and active root length, variation in

ψx50 may maintain the gmax‐ψgs50 tradeoff but may reduce the slope of

this relationship. Given that these are simulation results, they should be

tested empirically among different plant species grown under various

soil and climatic conditions.

5 | CONCLUSIONS

We demonstrated that soil‐plant hydraulics are well aligned with the

observed stomatal efficiency‐safety tradeoff. Plants with high transpira-

tion rates have a larger drop in water potential (or hydraulic

conductivity) in the rhizosphere, which in return limits water flux from

the soil to the roots at less negative soil matric potential compared to

plants with a lower water uptake flux. Earlier stomatal closure would be

a convenient strategy for plants with a high water flux to save water, at

a cost of shoot (or leaf) growth and vice versa. Besides stomatal

regulation, plants have additional or alternative strategies to adapt to

water limitations, for instance, by altering their root hydraulic conduct-

ance and/or active root length. In addition, differences in the leaf water

potential associated with a 50% drop in xylem conductance impact the

relationship between stomatal conductance and stomatal closure.

Although these strategies and impacts were evident in our simulations,

they remain largely unexplored in real plants growing under natural

conditions. Furthermore, plants may have other strategies that manifest

over longer time periods, for instance, changes in leaf/root development

or leaf‐to‐root ratio, which are not discussed in this study but are

important research questions for the future. Exploring the hydraulic trait

adaptations among species and across contrasting soil types will

improve our understanding of below‐ and aboveground interactions

during drought.
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