N

N

On the pivotal role of water potential to model plant
physiological processes
Tom de Swaef, Olivier Pieters, Simon Appeltans, Irene Borra-Serrano, Willem
Coudron, Valentin Couvreur, Sarah Garré, Peter Lootens, Bart Nicolai, Leroi
Pols, et al.

» To cite this version:

Tom de Swaef, Olivier Pieters, Simon Appeltans, Irene Borra-Serrano, Willem Coudron, et al.. On
the pivotal role of water potential to model plant physiological processes. in silico Plants, 2022, 4 (1),
10.1093 /insilicoplants/diab038 . hal-04723273

HAL Id: hal-04723273
https://hal.inrae.fr /hal-04723273v1
Submitted on 7 Oct 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.inrae.fr/hal-04723273v1
https://hal.archives-ouvertes.fr

in silico Plants Vol. 4, No. 1, pp. 1-28 . e
https://doi.org/10.1093/insilicoplants/diab038 — 144 SZIZCO ’

Advance Access publication 18 January 2022
Spegal Issue: Functional-Structural Plant Models a I I S OXFORD
Review

On the pivotal role of water potential to model plant
physiological processes

Tom De Swaef'**, Olivier Pieters"*", Simon Appeltans®*, Irene Borra-Serrano'”,
Willem Coudron'**, Valentin Couvreur®, Sarah Garré'%*, Peter Lootens"”,
Bart Nicolai’, Leroi Pols’*, Clément Saint Cast®*, Jakub Salagovi¢””,
Maxime Van Haeverbeke®®, Michiel Stock®* and Francis wyffels>

'Plant Sciences Unit, Flanders Research Institute for Agriculture Fisheries and Food (ILVO), 9090 Melle, Belgium
*IDLab-AIRO - Ghent University — imec, 9052 Zwijnaarde, Belgium
*Department of Plants and Crops, Ghent University, 9000 Gent, Belgium
*Department of Environment, Ghent University, 9000 Gent, Belgium
SEarth and Life Institute, University of Louvain, 1348 Louvain-La-Neuve, Belgium
*Gembloux Agro-Bio Tech, Li¢ge University, 5030 Gembloux, Belgium
"Division of Mechatronics, Biostatistics and Sensors (MeBioS), KU Leuven, 3001 Leuven, Belgium
“Department of Data Analysis and Mathematical Modelling, Ghent University, 9000 Gent, Belgium
*Corresponding author’s e-mail address: tom.deswaef@ilvovlaanderen.be

Guest Editor: Katrin Kahlen
Editor-in-Chief: Stephen P. Long

Citation: De Swaef T, Pieters O, Appeltans S, Borra-Serrano I, Coudron W, Couvreur V, Garré S, Lootens P, Nicolai B, Pols L, Saint Cast C, Salagovi¢
J, Van Haeverbeke M, Stock M, Wyffels F. 2022. On the pivotal role of water potential to model plant physiological processes. In Silico Plants 2022:
diab038; doi: 10.1093/insilicoplants/diab038

ABSTRACT

Water potential explains water transport in the soil-plant-atmosphere continuum (SPAC), and is gaining
interest as connecting variable between ‘pedo-, bio- and atmosphere’. It is primarily used to simulate hydraulics in
the SPAC, and is thus essential for studying drought effects. Recent implementations of hydraulics in large-scale
terrestrial biosphere models (TBMs) improved their performance under water-limited conditions, while hydrau-
lic features of recent detailed functional-structural plant models (FSPMs) open new possibilities for dissecting
complex traits for drought tolerance. These developments in models across scales deserve a critical appraisal to
evaluate its potential for wider use in FSPMs, but also in crop systems models (CSMs), where hydraulics are cur-
rently still absent. After refreshing the physical basis, we first address models where water potential is primarily
used for describing water transport along the transpiration pathway from the soil to the leaves, through the roots,
the xylem and the leaf mesophyll. Then, we highlight models for three ecophysiological processes, which have
well-recognized links to water potential: phloem transport, stomatal conductance and organ growth. We iden-
tify water potential as the bridge between soil, root and shoot models, as the physiological variable integrating
below- and above-ground abiotic drivers, but also as the link between water status and growth. Models making
these connections enable identifying crucial traits for ecosystem resilience to drought and for breeding towards
improved drought tolerance in crops. Including hydraulics often increases model complexity, and thus requires
experimental data on soil and plant hydraulics. Nevertheless, modelling hydraulics is insightful at different scales
(FSPMs, CSMs and TBMs).

KEYWORDS: crop model; drought stress; ESPM; plant hydraulics; plant growth; stomatal conductance.
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1. INTRODUCTION
Water forms the basis of all life on earth, including plants. Water uptake
and transpiration by plants are major components of the terrestrial
water cycle, as plant transpiration accounts for 80-90 % of terrestrial
evapotranspiration and returns about 30 % of the terrestrial precipita-
tion back in the atmosphere (Beerling and Franks 2010; Jasechko et al.
2013). The main regulators of transpiration, the stomata, are also the
main entrance for CO, uptake and thus link transpiration to photosyn-
thesis. Furthermore, up to 95 % of plant fresh weight consists of water.
Therefore, the uptake, transport and transpiration of this precious fluid
are closely connected to plant productivity and survival (Choat et al.
2018). Unlike animals, plants are sessile organisms and thus have to
fulfil their water requirements with the available water in their sur-
rounding environment. As a result of this constraint, plants develop
complex networks of tissues for water uptake, transportation and stor-
age. Moreover, plants even adjust their growth cycle and phenology to
seasonal variations in water availability, and build symbiotic alliances
with microorganisms (Augé 2001). Studying plant hydraulics is,
therefore, of major interest to better understand impacts of drought,
but also salinity, which reduces the availability of water to the plant.
This improved understanding is required to neutralize the attendant
stresses to safeguard ecosystem functioning and agricultural produc-
tion (Anderegg et al. 2012; Lesk et al. 2016; Martin-StPaul et al. 2017).

Water is vital for plants and impacts virtually every physiological
mechanism. Consequently, effects of drought, and hydraulics in gen-
eral, on productivity and survival consist of complex cross-mechanism
interactions. In this respect, (mechanistic) plant models are powerful
tools to capture and connect detailed knowledge on various plant phys-
iological processes and provide more holistic insights. An extensive
overview of plant models at different scales can be found on https://
www.quantitative-plant.org/model. The modelling of water transport
is increasingly important to assess the consequences of climate change,
and particularly drought on crops (Parent and Tardieu 2014). Such
models can help to understand and predict effects on plant growth and
water relations in an unpredictable climate, but also to identify benefi-
cial traits for improved resilience (Damour et al. 2010; Christoffersen
et al. 2016; Anderegg et al. 2017; Carminati and Javaux 2020).

To understand the flow and function of water in plants and their
direct environment (soil and atmosphere), the concept of water
potential is essential. Water potential is a measure of the free energy
of water per unit volume and explains the direction (downward gradi-
ent) and flow rate of water transport inside the soil-plant-atmosphere
continuum (SPAC). Water potential is gaining interest as a connecting
variable between ‘pedo-, bio- and atmosphere’ (Martinez-Vilalta et al.
2014; Steppe 2018; Carminati and Javaux 2020; Charrier 2020).

Most models that explicitly include water potential and waters
transport have focused on enhancing understanding of detailed
hydraulic mechanisms in plants, especially in trees (Fatichi et al. 2016;
Mencuccini et al. 2019). However, recent developments in the vegeta-
tion modelling community have highlighted the importance of includ-
ing hydraulics in large-scale terrestrial biosphere models (TBMs) to
improve model performance, especially under drought or saline condi-
tions (Anderegg and Venturas 2020; Eller et al. 2020; Sabot et al. 2020).
Furthermore, several functional-structural plant models (FSPMs)
include hydraulics in a three-dimensional root (Javaux et al. 2008;

Postma et al. 2017; Schnepf et al. 2018), shoot (Dauzat et al. 2001;
da Silva et al. 2011; Nikinmaa et al. 2014; Coussement et al. 2020), or
whole-plant (Zhou et al. 2020) architecture to simulate within-plant
spatial and temporal variations in water uptake, transport and transpi-
ration. Moreover, besides the water flow along the soil-plant—atmos-
phere pathway, water potential has been mathematically linked to other
plant processes like phloem transport (Daudet ef al. 2002), stomatal
conductance (Anderegg and Venturas 2020) and plant growth dynam-
ics (Coussement et al. 2020). These recent applications of hydraulics in
TBMs and FSPMs have thus enhanced model robustness and yielded
novel insights. Although implementations of hydraulics in models are
on the rise, they are not yet widespread. This is especially true for crop
systems models (CSMs) that typically operate at the field or farm scale
(Jin et al. 2016; Tardieu et al. 2020). Especially for studying responses
to drought, models at different scales (FSPM, CSM and TBM) might
benefit from including hydraulics in their formalisms (Hoogenboom
et al. 2021). Therefore, we believe the time is right to gather current
model implementations of plant hydraulics, and to investigate how this
links to other physiological plant processes in plant models.

Firstly, we briefly introduce the physical basis of water potential,
how this is conceived in different scientific communities and how it
drives water flow in the SPAC (Section 2). Then, we dive into litera-
ture on plant models that deal with water flow along the transpiration
stream (Section 3), by dividing the path in functional entities: soil to
root (Section 3.1), radial from root epidermis to root xylem (Section
3.2), vertical inside xylem (Section 3.3) and from leaf xylem to sites of
evaporation (Section 3.4). Subsequently, we investigate how hydrau-
lics are linked to other plant physiological processes in models like
phloem transport (Section 4), stomatal conductance (Section 5.1)
and plant growth (Section 5.2). In a first discussion (Section 6.1) we
synthesize how water potential can serve as a central model variable
that connects multiple ecophysiological mechanisms in plant models.
Then, we revise the potential of hydraulically based models for identi-
fying interesting phenotypic traits for drought tolerance (Section 6.2).
Finally, we focus on pitfalls and potential solutions for dealing with
model complexity, associated to including hydraulics in plant models
(Section 6.3).

2. THE CONCEPT OF WATER POTENTIAL
Water status and transport in the SPAC are described thermodynami-
cally by the water potential ¥ ([Pa]; Slatyer 1967). This measure has
been derived from the chemical potential of water (t,; [J mol™]),
which corresponds to the change in free energy of water in a system,
relative to the moles of water added to it (Tyree and Zimmermann
2002):

[y = o — Vi T+ V- P—V, - M+ M, gz, 1)
where fl,,0 is the chemical potential for a specific reference state [ ]
mol™']. This reference state is typically the state of pure water at sea
level at atmospheric pressure. V,, is the molal volume of pure water
[18 x 10° m® mol '], IT is the osmotic pressure [Pa], P is the hydro-
static pressure [Pa], M is the matric suction due to the attraction by
solids [Pa], M,, is the molar mass of water [18 x 107 kg mol™'], g
is the gravitational acceleration [N kg™'] and z is the vertical height
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compared to the reference state [m]. In plant physiology, ft, is com-
monly converted to pressure units to obtain W in [Pa], although values
of W are typically in the range of kPa or MPa in the SPAC (H. G. Jones
2015):

WzM:P—H—M—I—pw-g-z,

Vi (2.2)

with p,, the density of water [kg m™]. Equation (2.2) shows four
additive components, representing the four forces that act on water
molecules:

U =0l 0" 4 U7 4 P8
L (23)

The hydrostatic potential (7 = P) describes the difference in hydro-
static pressure from the reference. Inside living cells (i.e. the symplast),
this generally takes a positive value corresponding with the turgor
pressure. Inside the cell walls or xylem vessels (i.e. the apoplast), this
corresponds to the tension generated via transpiration and is generally
negative, except in the presence of root pressure. The osmotic potential
(U™ = —II) results from osmotically active solutes in the water. This
component is always negative, with a magnitude proportional to the
solute concentration (¢; [mol m™]) and the absolute temperature (T;
[K]). A common approximation for U™ is given by the van't Hoff
equation:
L —

U™ =—-R-T-¢ (24)
where Jt is the universal gas constant [8.31 J mol™ K™']. This equa-
tion holds for diluted solutions, but, e.g., for phloem cells, where solute
concentrations can be higher, Thompson and Holbrook (2003) sug-
gest an empirical adaptation to this formula, based on Michel (1972):

U™ = —p, - N T-(0.998m + 0.089m>), (2.5)
where m is the molality of the solution [mol kg™']. The component for
matric potential (U™ = M) originates from the interaction of water
with a solid matrix like soil particles or cell walls through hydrogen
bonding and other local forces. Terminology of matric potential differs
between soil and plant science. In soil science, matric potential is con-
sidered as the (negative) pressure that can be measured using soil ten-
siometers and is, therefore, identical to what plant scientists consider
as hydrostatic water potential ¥ ? (Nobel 1983; Hunt et al. 1991; Tyree
2003). In plant science, matric potential ¥7 is restricted to short-range
interaction effects between water and a solid surface (like cell walls),
whereas other interactions with the solid phase like the capillary effects
and the development of concave menisci are included in the hydro-
static part of the thermodynamic derivation. These short-range effects
influence only a small fraction of the total water in plants and are gen-
erally omitted or included in the osmotic potential U™ (Briggs 1967;
Passioura 1980; H. G. Jones 2015).

Finally, the gravitational component (V8 = p,, - g - z) is relevant
forlarge trees, as U$ increases with about 0.01 MPa per meter of height.

The above expressions for water potential are valid for all sites in
the SPAC where water is in the liquid phase (soil, rhizosphere, roots,
stems, buds, flowers, fruits and leaves). For water in the gaseous phase,
important in soil (especially near the surface where evaporation takes
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place; Or et al. 2013), in the substomatal cavity of the leaf, at the leaf
surface and in the atmosphere, water potential is expressed by the

equation of Spanner (1951):

_ BT (i)
V=gl ) (2.6)

where and ¢ and e are the saturated water vapour pressure [Pa] and
the actual water vapour pressure [Pa], respectively. An overview of
water potential components in different sites of the SPAC is presented
in Table 1.

Throughout this review, we will use consistent units to describe
numerical quantities (Table 1), using the SI units throughout.
However, when alternative units are prevalent in literature, they are
also included. It is quite common that different scientific communi-
ties use distinct units for the same component, depending on their
affinities.

Following Darcy’s law (1856), the volumetric water flow J, [m?s™']
between two sites in the SPAC is directed towards the site with the
lower ¥ and proportional to the difference in ¥ (A W) between them:

Jo=KAY, (2.72)

Table 1. Overview of symbols and units for water potential
components used throughout this review. Note that matric
potential as used in soil and plant communities do not
encompass entirely the same processes.

Symbol Description Sign Influencing factors
)\ Water potential +/-
Plant—Tliquid phase
wr Hydrostatic +/- Turgor, capillary forces
potential
wr Osmotic potential — Solute concentration,
temperature
wr Matric potential - Bonding forces by cell
walls on water
ws Gravitation +/- Height
potential

Soil-plant-atmosphere—gaseous phase

v Water potential +/- Vapour pressure deficit,
temperature
Soil—liquid phase
wr Hydrostatic +/- Water column or externally
potential applied suction
wr Osmotic potential — Solute concentration,
temperature
wr Matric potential - Capillary forces and
adhesive forces of
porous matrix
ws Gravitational +/- Height
potential
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b= (2.7b)

where K is hydraulic conductance [m* MPa™ s7'], and R (=1/K) is
hydraulic resistance [MPa s m~]. Although this is a very simple repre-
sentation of water transport, it serves as a base equation on which more
complex derivations have been built. Adaptations depend on the sys-
tem under study in terms of scale and tissue characteristics (Carminati
and Javaux 2020). Many of these will be discussed in the following sec-
tions, but in general, hydraulic conductance K can be broken down
into four components (Darcy 1856):

~

K=—

A
L (2.8)

3

where the permeability k is an intrinsic characteristic of the porous
medium (soil or plant tissue) [m?], A is the cross-sectional area of the
medium perpendicular to the flow direction [m*], 7 is the dynamic vis-
cosity the watery solution [MPa s] and L is the path length [m]. As
mentioned above, usage of terminology and units may differ between
scientific community. In soil science, the use of ‘conductivity’ is more
common than the use of ‘conductance’. Although soil scientists use the
same symbol K, this actually only includes the k and 7 of equation
(2.8). Here we will use & for hydraulic ‘conductivity’ and K for hydrau-
lic ‘conductance’ such that:

S (2.9)

This would result in units [m> MPa™! s~']. However, in soil science,
water potential is most often expressed in length units [m], and is
called ‘hydraulic head’ H, referring to the pressure exerted by a water
column with height H [m] on a surface:

V=pugH (2.10)
Consequently, the unit of £ most often used in soil science is [m s7'],
thereby including p,, and g. Because of equation (2.9), £ depends on
the temperature (through the viscosity 77) and on the intrinsic geom-
etry of the porous material (through the permeability k), where the
latter may refer to soil or plant tissues. The conductance K also takes
into account the specific dimensions of the medium in terms of area A
and path length L. In studies on plant hydraulics, intermediate varia-
bles have been used, taking only area into account (Martre and Durand
2001). Other variations also exist in the use of variables for water quan-
tity (volume [m?] or mass [kg]), volumetric water flow (flux J, [m?s™']
or flux density 9 [m* m™s™']) (Hunt et al. 1991). It is of great signifi-
cance that units and variables are properly rescaled when linking water
flow across different research domains. In Table 2 we list all symbols
and abbreviations, used in the manuscript.

3. MODELLING WATER TRANSPORT
ALONG THE TRANSPIRATION PATH
The major and most straightforward application of water potential
in plant models is to study the water flow driven by transpiration, in

Table 2. Overview of the symbols, descriptions and
(generalized) units of variables and parameters used in this

review.

Symbol  Unit Description

a MPa™! Curvature parameter for PLC curve

aaBA ms™! Sensitivity of leaf elongation rate to
xylem abscisic acid concentration

ALER ms™! Maximum leaf elongation rate

[ABA]  Dimensionless  Abscisic acid concentration

CLER MPa™ Sensitivity of leaf elongation rate to
xylem water potential

Cs mol m™ Solute concentration

di kPa™ Empirical coeflicient in BBL models
of stomatal conductance

e Pa orkPa (Actual) vapour pressure

€ Pa or kPa Saturated vapour pressure

g Nkg™ Gravitational acceleration

8 ms™! Boundary-layer conductance

g ms™! Cuticular conductance

gs ms™! Stomatal conductance

s, max ms™! Maximum stomatal conductance

50 ms™! Minimum stomatal conductance

&1 m?® ppm mol™ Empirical coeflicient in BBL models
of stomatal conductance

k m? Hydraulic permeability

k, st Growth coefficient

m mol kg™ Solution molality

n Dimensionless ~ Number of conduits in the xylem
cross-section

p Dimensionless  Shape factor

q m’m™s™! Water flux density

qm ms™! Water flux density across the plasma
membrane

r m Xylem conduit radius

51,52,83 MPa™! Shape factors in stomatal models

t s Time

z m Vertical height compared to the
reference state

A m’ Cross-sectional area perpendicular to
the flow path

A, mol CO,m™s™  Net photosynthesis rate

[C] Dimensionless Carbon substrate concentration

[Cd] ppm CO, concentration of the air at the
leaf surface

E ms™! Transpiration rate

H m Hydraulic pressure head

T m?s™! Volumetric water flow rate

K m’ MPa™' s Hydraulic conductance

Kieat m*MPa™' s Leaf hydraulic conductance

Kox m?*MPa™' s Outside-xylem leaf hydraulic
conductance

Koot m*MPa™' s Radial root hydraulic conductance

Kioil m’s™! Soil hydraulic conductance
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Table 2. Continued

Symbol  Unit Description Symbol  Unit Description
Kioito m’s™ Saturated soil hydraulic conductance wh MPa Hydrostatic water potential in the
Kot m*MPa's! Total hydraulic conductance of the cell wall
water transport path from soil to T MPa Osmotic water potential
leaf wr MPa Osmotic water potential in the
Kyylem m*MPa™'s! Xylem hydraulic conductance cytosol
Kyylem,i m?® MPa!s! Hydraulic conductance of xylem wr MPa Osmotic water potential in the cell
conduit i wall
L m Path length wr MPa Matric water potential
LER ms™ Leaf elongation rate W it MPa Critical water potential for growth
M MPa Matric suction due to the attraction Wieat MPa Bulk leaf water potential
by solids W nax MPa Water potential at which response
M,, 18 x 10 3kg Molar mass of water function equals 1
mol™ W nin MPa Water potential at which response
[N] Dimensionless Nitrogen substrate concentration function is zero
P MPa Hydrostatic pressure Uy MPa Reference leaf water potential in
PLC Dimensionless Percentage loss of conductance equation (S.3b)
Q m72s! Photosynthetically active radiation Uy MPa Water potential when stomatal
R MPasm™ Hydraulic resistance conductance is reduced to half
Ryot MPasm™ Total hydraulic resistance of the water (equation (5.3a))
transport path from soil to leaf L% MPa Water potential when PLC equals
S st Sink term 12%
T K Absolute temperature Uso MPa Water potential when PLC equals
Teat K Absolute temperature 50 %
14 m? Cell or tissue volume Wgg MPa Water potential when PLC equals
Vi 18 X 107 m? Molal volume of water 88 %
mol™! R4 8.31Jmol" K"  Universal gas constant
w kg m™ Dry matter mass per area
g I\D/I'Pa onl "Sl'hre.s}.lolld tfurgor P res;ur.e ‘for gZOWth accordance with the cohesion-tension theory (H. H. Dixon and Joly
tmensioniess ensitivity ac'tor to abscisic acl 1895). This theory explains how water moves in the soil towards the
5 1P v concentratlond fei root surface, from the root surface to the xylem, inside the xylem from
¢ M; Eipo_ur pre;stllre ehcit the roots towards the leaves and outside the xylem in the leaves to the
N : astic r.no .u us. ] sites of transpiration (Fig. 1). The driving force of this upward flow is
n MPas Dynamic viscosity of the solution . . . .
the surface tension formed by capillary forces at the air-water interface
0] MPa's™! Cell wall extensibility . .
4 Hvdraalic conductivit of the mesophyll cell walls in the leaves, pulling on the water column.
s ms 4 4 The water column is considered to be under ‘tension’ as the bulk liquid
Km mMPa's! Membrane hydraulic conductivity . . .
o - Soil hvdraulic conductivit pressure is below atmospheric pressure. A recent review by Venturas
sol Y Y etal. (2017) presents a clear overview of the current knowledge on this
Ksoil,0 ms™ Saturated soil hydraulic conductivity . .
\ 10l CO. m=* H.O Marsinal water ase efficienc water transport path. In the next sections we will focus on how water
2 2 & ) ) Y transport in the different parts of the SPAC is modelled, making use of
Ly J mol Chemical potential of water water potential | variabl
) ) potential as a central variable.
Han0 J mol™ Chemical potential of water for a
. ref,erence state 3.1 Water transport from soil to root, across the
P kg m™ Density of water .
o . . rhizosphere
o Dimensionless Reflection coefficient o . . . )
. . Soil is a porous medium in which water moves following gradients of
0 m®m Volumetric water content et .
] . water potential, just like in plants, as described above. Henry Darcy
I ppm CO2 compensation point . .
I MPa Osmotic pressure (1856) experimentally determined that the flux of water through a
P ) saturated isotropic porous medium could be expressed as the product
v MPa Total water potential . .
L . of the conductance to flow, characterized by the medium, and forces
e MPa Gravitational water potential . . , . . o .
. . acting to ‘push’ the fluid through the medium, very similar to equation
(24 MPa Hydrostatic water potential (27) (Fig. 2). D defined the followi s f turated
L7 MPa Hydrostatic water potential in the cytosol ) & 2). Darcy delned the fotlowing properties for saturate

conditions:
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nylcm

Figure 1. Scheme of water flow: (i) from the soil towards the
root surface, (ii) from the root surface to the xylem, (iii) inside
the xylem from the roots towards the leaves and (iv) outside
the xylem in the leaves to the sites of transpiration. Kioit, Kroot,
Kiyiems Kox are the respective hydraulic conductances. For
completeness, conductance in the gaseous phase was included:
stomatal conductance (g, ), cuticular conductance (g.) and
boundary-layer conductance (&p1).

L’ (3.1a)

]v - Ksoil,O -AH (31b)
In soil physics, the flux density, ¢ [m® m™s7'], is typically used instead
of the flow rate, J, [m? s™']. oo and Kioilo are the saturated soil
hydraulic conductivity [m s7'] and conductance [m* s™'], respectively.
AH is the difference in hydraulic head [m].

However, most flow processes in the field occur while the soil is
unsaturated, or in the presence of an air phase. This situation drasti-
cally modifies water flow channels. As the water content decreases, the
flow in the liquid phase is constrained to narrower and more tortuous

&

.

Figure 2. Scheme of water flow from the soil towards the roots,
where Ksoil is the soil hydraulic conductance. The dark region
in the small image on the left indicates the location of the soil
in the SPAC.

channels. Therefore, Buckingham et al. (1907) extended equation
(3.1) to unsaturated flow by adding the main assumption that the
unsaturated soil hydraulic conductivity Kol is a function of the water
content, # [m* m]. In Buckingham-Darcy’s law for variably saturated
flow the basic form is preserved as:

An

q = —FKsoil(0) L (32)

Alarge number of models are built upon this equation, and the derived
Richards equation (Richards 1931):

) {Ksoﬂ(e) (C’LH n 1)} —S(zt),

ot Oz Oz (3.3)

where S(z,t) is the sink term [s™'] representing root water uptake,
which is a function of time ¢ in [s] and elevation z in [m]. All these
models are spatially explicit, because they calculate the flow of water
across the path from the bulk soil towards the soil-root interface, but
the number of dimensions for which they provide solutions varies
from 1D (e.g. Gardner 1960; Simunek et al. 2005) to 3D (e.g. Javaux
et al. 2013; Hammond et al. 2014). This sink term can vary from a
fairly simple term determined by a root length density distribution to
a dynamic term coming from an associated root water uptake model
(Gardner 1960; Doussan et al. 2006; Javaux et al. 2013 ). More informa-
tion on modelling frameworks for water flow in the soil is available on
https://soil-modeling.org/resources-links/model-portal.

Historically, soil hydraulic conductivity is typically considered a
function of porosity, which is most often linked to texture and bulk
density as indirect proxies, via a so-called pedo-transfer function.
However, the pore space determining the hydraulic conductivity
is actually determined by soil structure and architecture, which are
dynamic properties with multiscale facets. This is especially true for
the rhizosphere, a thin zone around plant roots which is continuously
influenced by plants and other organisms through exudation and
other processes. Already in 1965, Cowan (1965) anticipated that the
rhizosphere has hydraulic properties distinct from the bulk soil. More
recently, factors like mucilage, a polymeric gel exuded by the roots, have
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been included in hydraulic soil models to mechanistically capture the
distinct hydraulic characteristics of the rhizosphere (Carminati 2012;
Kroener et al. 2014). These models increasingly represent the rhizos-
phere as a dynamic environment, with variable hydraulic conductance.
Recent modelling work has identified the hydraulic conductance of the
soil-root interface as the primary constraint for plant water transport,
especially in water-limited environments (Carminati and Javaux 2020;
Javaux and Carminati 2021).

3.2 Water transport from root epidermis to xylem
Inside the root, water is transported radially from the soil-root interface
to the xylem vessels through concentric layers of root cells: epidermis
(a uniseriate layer of cells), exodermis (one or more cell layers situated
adjacent to the epidermis), several layers of cortical cells, endodermis
(one cell layer situated adjacent to the innermost layer of the cortex),
pericycle and stelar parenchyma where root vascular tissues are located
(Steudle and Peterson 1998) (Fig. 3). This composite structure offers
three major radial pathways for transport of water: (i) the apoplastic
path around the protoplast, where water and solutes can move towards
the stele through free spaces and cell walls of the rhizodermis and cor-
tex, (ii) the transmembrane pathway, where water (and solutes) move
from apoplast to symplast and vice versa across cell membranes medi-
ated by aquaporins and transporters localized in the cell membrane
and (iii) the symplastic pathway, through plasmodesmata from one cell
protoplast to the other using the cytoplasmic continuum (Peterson
and Cholewa 1998; Steudle and Peterson 1998; Steudle 2000a, b).
The symplastic and transmembrane pathways are often collectively
referred to as the cell-to-cell pathway. Apoplastic water flow across the
porous matrix of plant primary cell walls is driven by the same forces as
soil water flow: gradients of summed gravitational and pressure poten-
tials (W€ and ¥?), although the gravitational component is generally
negligible. The hydraulic conductivity is several orders of magnitude
lower in cell walls than in soils, due to pore sizes as narrow as S nm
(Carpita and Gibeaut 1993). The apoplastic pathway can be altered

-
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Figure 3. Scheme of water flow from the soil-root interface
towards the xylem, across the root radius where Koot is the
root radial hydraulic conductance. The dark region in the small
image on the left indicates the location of the roots in

the SPAC.
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and eventually completely interrupted by the deposition of Casparian
bands in endodermal and exodermal cell walls. These bands consist of
suberin, and consequently force the water to exit the apoplast at least
once on its journey towards the central cylinder.

To exit the apoplast, water encounters another obstacle: the
plasma membrane, a phospholipid bilayer with a hydrophobic cen-
tre. Nevertheless, water-specific transmembrane protein channels,
aquaporins, allow the transport of up to 3 X 10° water molecules in
a queue per second per aquaporin (de Groot and Grubmiiller 2001).
The presence of aquaporins increases the hydraulic conductivity of
the membrane. Because the amount of aquaporins can be adjusted at
a timescale of less than an hour, they offer the plant a means to actively
modulate its tissue hydraulic conductance (Gambetta et al. 2017). The
selectivity of membranes for solutes creates environments with differ-
ent solute concentrations on opposite sides of the membrane, invoking
osmotic potential differences (U™, see equation (2.4)). If solutes flow
freely from one side to the other, the membrane is not selective and the
osmotic potential difference across the membrane does not contribute
to the driving force of water. In the opposite situation, if the membrane
is only permeable for water (i.e. fully selective), the osmotic difference
serves as an additional driving force. To capture the continuum of
selectivity in transmembrane water transport in models, the reflection
coefficient 0, ranging from zero if fully permeable to one if fully selec-
tive, is an elegant solution (Pusch and Woermann 1970):

qm:Km'(\Pﬁ_\I/f+a'(\I}:_\Ilf))t (3.4)
where g [m s7'] is the water flux density across the membrane, K
[m MPa™' s7'] is the membrane hydraulic conductivity, UL and U7
[MPa] are the hydrostatic pressure potentials on the cell wall and cyto-
sol side, respectively, and ¥} and U7 [MPa] the (negative) osmotic
potentials on the cell wall and cytosol sides, respectively. Note that the
gravitational potential difference is zero horizontally, and, therefore,
very often neglected.

In the third pathway, water flows between neighbouring cells
without crossing their membranes and cell walls, through mem-
branous sleeves connecting their cytosols directly: plasmodesmata.
Plasmodesmata abundance varies across root tissues (Ma and Peterson
2001) and their aperture level can be regulated (Sevilem et al. 2013),
thereby adjusting their hydraulic conductivity. Their aperture remains
large enough for major solutes to freely flow with water (Bret-Harte
and Silk 1994). Consequently, osmosis does not come into play and
water is solely driven by hydrostatic pressure differentials along plas-
modesmata. Equation (3.4) can be considered as a generalized form
of equation (2.7) and can be applied to all three pathways of the com-
posite model, where o = 0 for the apoplastic and symplastic path, and
o € [0, 1] for the transmembrane path:

— K. p . a

Jy =K (AU? + 0. (ATT)) (35)
These mechanisms have been used for modelling radial root water
flow at multiple scales and dimensional complexities. In a first multi-
scale attempt, Zhu and Steudle (1991) proposed to attribute specific
hydraulic conductivities and reflection coeflicients to the apoplastic
and cell-to-cell water pathways. Their parallel contributions, each tak-
ing the form of equation (3.5), were summed and shaped the total root
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radial path. Further developments allowed the integration of varying
hydraulic properties and suberization patterns along cell layers in a
two-dimensional (radial-axial) hydraulic network (Zwieniecki et al.
2002) and the separation of cell walls and protoplasts for each individ-
ual cell (Foster and Miklavcic 2017). In parallel, Couvreur et al. (2018)
developed a transverse two-dimensional model of subcellular water
flow in root anatomical layouts digitized semi-automatically (Pound
et al. 2012) or simulated (Heymans ef al. 2020). This approach has the
specificity to include explicit representations of key tissue types for
water and solute transport, such as the xylem, phloem or aerenchyma
(Couvreur et al. 2021).

Although the basic equation (3.5) appears rather simple, many
different physiological factors affect the parameter values of o and K.
Moreover, these parameters may actually be variables that change over
time, like Aisoil () in equation (3.2). At the organ scale, the radial water
transport across root tissues can change with root age (Vetterlein and
Doussan 2016). Root growth creates a gradient in age along the root
axis, with increasing formation of apoplastic barriers (Steudle and
Peterson 1998), the initiation of secondary growth (for eudicot spe-
cies; Gambetta et al. 2013) and the decreases in the expression and
activity of aquaporins (Gambetta et al. 2013; Gambetta et al. 2017)
at the older, proximal part. At a larger scale, the root system architec-
ture is composed of individual roots with heterogeneous anatomical
(e.g. stele diameter; Passot ef al. 2016), physiological (e.g. aquaporin
expression; Knipfer et al. 2011) and morphological (e.g. diameter;
Rewald et al. 2011) functions and characteristics in different branch-
ing orders and root types (Hishi 2007; Passot et al. 2016; Saint Cast
et al. 2020; Watanabe et al. 2020). These facts lead to the assumption
that each root order or type may have different radial hydraulic con-
ductivity. Therefore, the functional roles of these roots in water uptake
may be different from each other, although few studies have focused
on the heterorhizy from the aspect of root hydraulics (Watanabe et al.
2020). Alternatively, the exogenous environments (i.e. the climate, the
soil, management practice, circadian rhythm) can influence the trans-
port of water throughout the root (Caldeira et al. 2014; Tardieu et al.
2015). Indeed, the changing root properties are not only linked to the
root age, the root order or the root type, but its intensity varies with
root environment, particularly water availability (Lobet et al. 2014).
For example, in drought-stressed rice or grapevine, suberization of the
endodermis increased (Henry ef al. 2012; Cuneo et al. 2021).

Far from being a temporal gradient of ‘better models’ but rather
a diverse palette, each of the cited approaches currently has a niche
determined by the compromise between its specificity and simplic-
ity. On the one hand, in applications at the plant scale and beyond,
radial water transport across root tissues is generally considered as
driven by pressure gradients across a single hydraulic conductance, as
already done by van den Honert (1948). Examples of this implementa-
tion comprise newly implemented plant hydraulic modules in TBMs
(Bisht and Riley 2019; Kennedy et al. 2019; Sulis et al. 2019; Agee et al.
2021) but also recent FSPMs (Roose and Fowler 2004; Javaux ef al.
2008; Postma et al. 2017; Bouda et al. 2018). An enrichment to this
single hydraulic conductance model accounted for the osmotic poten-
tial difference between soil and xylem water, assuming that root tissues
act like a semipermeable ‘big membrane’ analogous to an osmometer
(Kramer and Boyer 1995), and transposed equation (3.5) to the root

segment scale. On the other hand, applications including the study of
tissue-specific water channels (Ding et al. 2020), the radial pathways of
water tracers (Zarebanadkouki et al. 2019) or solute convection-dif-
fusion and active transport (Foster and Miklavcic 2020) require the
use of more detailed models accounting for the relevant processes and
levels of granularity.

3.3 Water transport in the xylem

Transport of water and therein dissolved nutrients from roots to leaves
is the major function of xylem. The main structural unit, present in all
vascular plants is the xylem conduit, also called the tracheary element.
Mature xylem conduits are dead cell wall skeletons and form a pipe-
like structure without obstacles of cell membranes and protoplasts,
thus providing high xylem hydraulic conductance Kyyjem (Fig. 4). The
length of individual xylem conduits ranges from several mm up to sev-
eral m, with diameters between S pm in conifer needles and S00 pum
in tropical lianas (Hacke and Sperry 2001; Sperry et al. 2006). Two
xylem conduit types exist: tracheids and vessel elements. Tracheids
are evolutionary older, and originate from individual cells. Vessel ele-
ments are interconnected to form a chain of cells (called vessels) where
connecting end-walls are partially or completely replaced by perfora-
tion plates (Venturas ef al. 2017). Both conduit types are connected
to their neighbour conduits through large circular bordered pits (Fig.
4). Pit-pairs of adjacent cells are precisely aligned with pit membrane
between them, comprised of modified primary walls and intervening
middle lamella of neighbouring cells (Myburg et al. 2013). Although
reducing hydraulic conductance, pit membranes play a crucial role in
water transport, functioning as capillary safety valves.

As explained by the cohesion-tension theory (H. H. Dixon and Joly
1895; Venturas et al. 2017), water is pulled upwards from the roots to
the leaves through the conduits formed by the xylem cells. Because
the xylem conduits are dead cell wall skeletons, osmotic gradients do
not play a role in xylem water transport. The xylem transport equation
thus equals equation (3.5) with o = 0. Moreover, because the con-
centration of solutes in xylem sap is generally low, the contribution
of the osmotic component U™ to the total water potential ¥ is often
neglected (Nobel 1983; H. G. Jones 2015).

The hydraulic conductance of the xylem ( Kyylem) can theoretically
be approximated by the Hagen—Poiseuille equation for laminar flow in

cylindrical pipes:
X o omert
olemi T g Loy’ (3.6a)
Kijlem = Kiylem,i
xyle xylem, is
2 (3.6b)

where Kyyiem, is the hydraulic conductance of xylem conduit i [m?
MPa! s7'], r is the xylem conduit radius (assumed to be a cylinder)
[m], L the path length between the sites [m], 77 the dynamic viscosity
of the xylem sap [MPa s] and n is the number of conduits in a cross-
section of the xylem. Consequently, the mean xylem conduit radius as
well as the number of xylem conduits are major determinants for total
xylem hydraulic conductance. However, calculations based on this
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xylem

Embolized

Figure 4. Scheme of water flow inside the xylem, from the
roots to the leaf veins, where K,yiem, is the xylem hydraulic
conductance. Conduits in the xylem represent both tracheids
and vessels and are connected to each other through pits. The
embolized conduit (i=1) is no longer conductive, and forces
the water flow to take an alternative path. Conduits i refer to
parallel conduits as defined in equation (3.6). The dark region
in the small image on the left indicates the location of the xylem
in the SPAC.

approach always lead to overestimation of the actual hydraulic con-
ductance, because a substantial part of the water transport occurs in
the cell wall matrix, which has much smaller conduit radii, and because
the effect of border pits or perforation plates is neglected (Martre
et al. 2000) (Fig. 4). Water transport through pits has been modelled
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by means of computational fluid dynamics by Schulte (2012). Their
3D geometric models were based on scanning electron microscopy
images. Such models provide a detailed insight in water flow mecha-
nisms at the microscale.

The structure of xylem vasculature varies across species and
changes with age. In conifers, vessel elements and fibres are completely
absent from xylem. Conifer wood is 95 % tracheids by volume with a
small amount of parenchyma present (Venturas et al. 2017). Tracheids
are here, therefore, responsible for most of the functionality provided
by xylem. Angiosperms, however, contain all types of cells: vessel ele-
ments, tracheids, fibres and parenchyma cells. Steppe and Lemeur
(2007) demonstrated the effect of differing anatomical traits on the
hydraulic parameters in their water transport model. But even in
grasses, Martre and Durand (2001) and Martre et al. (2000) showed
that developmental shifts from protoxylem to metaxylem in the leaf
growth zone have major impacts on leaf hydraulic conductance.

Under specific conditions, xylem conduits may fill with air (i.e.
cavitation), causing a phenomenon called embolism. In this situation,
the passage of the water is blocked by the air bubble, and the conduit
is no longer conductive (Fig. 4). The major driver for embolism is
low hydrostatic water potential (e.g. during drought; Holbrook and
Zwieniecki 1999), but also freeze-thaw cycles (Sperry and Sullivan
1992), leaf drop and herbivore activity can induce embolisms. For
detailed insights in the mechanisms at play, we refer to Schenk et al.
(2015) and Venturas et al. (2017). If multiple conduits are blocked by
embolisms, the hydraulic conductance of the xylem can be substan-
tially reduced. Mathematically, the resistance to xylem embolism is
typically assessed by the vulnerability-to-cavitation curve (VC) which
represents hydraulic conductivity as a function of xylem water poten-
tial (Sperry and Tyree 1988; Cochard et al. 2013). Alternatively, the
VC can be used to quantify the percentage loss of conductance (PLC)
as a function of xylem water potential (Fig. S). Usually, PLC curves are
modelled with an exponential or sigmoidal equation (Pammenter and
Van der Willigen 1998) such as:

PLC — 100

" e e
These curves tend to be species-specific and provide derived param-
eters (W12, Wso, Ugo: W at PLC 12 %, SO % and 88 %, respectively) to
compare vulnerability among species (Choat et al. 2012). Hydraulic
safety margins within which many plants operate are relatively nar-
row, with plants being resistant to embolism at pressures ranging from
—0.1 MPa down to approximately —10 MPa (Jacobsen et al. 2007;
Choat et al. 2012; Venturas ef al. 2016). These functions can be used
to rescale the hydraulic conductivity in equation (2.7) (Sperry et al.
2016).

3.4 Extra-xylary leaf water transport ( Kox)
The last two decades, many studies have highlighted the importance
of leaves in the whole-plant hydraulic pathway and have recently been
reviewed by Scoffoni and Sack (2017). For example, under well-
watered conditions, leaves account for at least 30 % of the hydraulic
resistance within plants (Sack and Holbrook 2006). This is remark-
able, because in the total transpiration-driven pathway, the path length
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Figure S. Percentage loss of conductance (PLC) as a function of xylem water potential W ylem, using equation ( 3.7),witha = 2
and Us9 = —2.5 MPa. ¥, and Uss are the water potentials at which PLC equals 12 % and 88 %, respectively.

Figure 6. Scheme of water flow in the leaves, outside the xylem, from the leaf veins to the sites of evaporation, where Kox is the
outside-xylem hydraulic conductance. The dark region in the image on the left indicates the location of the leaves in the SPAC.

in leaves is only minor, except for most grasses. The total leaf resist-
ance, and thus also the conductance (Kieof) can be partitioned into
a component associated to the leaf xylem, and a component outside
the xylem (Fig. 6). The latter is often referred to as the outside-xylem
conductance (Kox), and can be as low as the leaf xylem conductance,
although large variations occur across plant species (Scoffoni et al.
2016). Consequently, a substantial water potential gradient can exist
from the xylem to the sites of evaporation (Martre et al. 2000; Martre
and Durand 2001; Buckley 2015; Sack et al. 2015; Scoffoni et al. 2018).
This gradient is of major importance for stomatal conductance regula-
tion (Scoffoni et al. 2017).

A large number of studies have reported a decline in Kieaf with
dehydration, having important repercussions on plant productivity,
whole-plant water transportand drought responses (Scoffoni and Sack
2017). Similar to xylem vulnerability to cavitation (see Section 3.3),
Kieaf can be expressed as a function of leaf water potential via the sig-
moid PLC curve (Venturas et al. 2017).

Although many studies have pointed to xylem embolism as the
main factor for reduced Kief, recent insights suggest that outside-
xylem processes play the dominant role in the decline of Kiear with

dehydration (Scoffoni et al. 2017). Consequently, environmental driv-
ers and plant anatomical and functional traits that determine Kox have
gained interest in recent years (Buckley 201S; Scoffoni et al. 2018;
Earles et al. 2019). Anatomical leaf traits identified to impact Kox are
vein length per area, presence of bundle sheath extensions, mesophyll
thickness and sponginess and presence of a suberized layer (Sack et al.
2015). Spatially explicit modelling work by Buckley (2015) demon-
strated the large water potential drop between the leaf xylem and the
sites of evaporation, under conditions of transpiration, mediated by
low Kox. Apart from the anatomical traits, Buckley (2015) identified
additional impactful factors on Kox. These authors dissected the appar-
ent positive correlation between irradiance on Kox into two factors:
(i) effects of temperature gradients in the leaf on the conductivity in
the gaseous phase, and (ii) effects of light on aquaporin functionality.
These effects can additionally explain the variable hydraulic conduct-
ance observed experimentally (Cochard et al. 2007; Scoffoni et al.
2018). Explicit modelling of the outside-xylem water flow in leaves
provides an opportunity to better understand and predict stomatal
responses, especially under water-limited conditions (Scoffoni et al.
2017; Earles et al. 2019).
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3.5 Models for the entire transpiration pathway
Models that describe the flow of water along the transpiration pathway
were the earliest implementations of water potential in plant models.
In this respect, the work of van den Honert (1948) was a milestone, as
he connected four different parts of the transpiration stream by using
an electric analogon: (i) living root cells, (ii) xylem, (iii) living leaf
cells, (iv) gaseous phase in the leaf and the boundary layer. This idea
was based on earlier work of Gradmann (1928), who suggested that
any transport process where the velocity is proportional to a potential
difference (water flow and diffusion) can be modelled using Ohm’s law.
As such, Hagen—Poiseuille’s law, Darcy’s law and Ohm’s law, all used by
modellers of water flow in soils and plants, are all closely related to the
basic equation (2.7). The connection of ¢ nodes j from as done by van
den Honert (1948) corresponds to an electric circuit where resistances
are connected in series. As such, the total resistance of the system Ryot
equals the sum of all resistances:

t

Rt = R;

o Z:’ (3.82)
j=1

1 1
Kiot FZI K; (3.8b)
o
Kioil I<plant (38C)
R S SRS S
Kioil Koot nylem Kox (38(2[)

Cowan (1965) complemented the approach of van den Honert by
adding the soil as three additional compartments: (i) the sub-soil,
(ii) the top-soil (i.e. the plant rooting zone) and (jii) the soil in direct
vicinity of roots (rhizosphere). The work of Cowan (1965) and van
den Honert (1948), essentially comes down to a series connection
of (simplifications of ) the water flow processes described in Sections
3.1-3.4. In the study of Cowan (1965), a capacitor was added in the
model to cope with non-steady state, but only in the bulk soil compart-
ments. In a comprehensive study, Hunt 1991 extended the concepts of
Cowan by adding capacitors in the plant compartments (Fig. 7). They
demonstrated that capacitance is required to properly simulate diel
variations in water uptake and plant water potential, although steady-
state models perform satisfactorily for simulations of daily or seasonal
water uptake.

The recent model SurEau.c (Cochard et al. 2021) also describes the
complete transpiration-driven water flow from the soil to the atmos-
phere for trees. However, in this model, the xylem pathway has been
subdivided in multiple separate connected nodes, representing con-
nected organ types: roots (three levels), trunk, branch and leaf. In each
of these organ types, a symplastic node is connected to the xylem node
(apoplast). Water transport between all connected nodes is described
by a resistor and capacitor, enabling the model to simulate non-steady-
state water transport. Recent implementations of 3D models include
the entire transpiration pathway for a static plant architecture (Dauzat
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Figure 7. Schematic overview of the hydraulic model by
Hunt et al. (1991), connecting multiple compartments of the
SPAC as an electrical analogon. C stands for capacitance, K
for conductance, ¥ for water potential and E for transpiration
flux. The subscripts refer to the location in the SPAC (soil,
root, stem, leaf), the plant tissue (xylem or storage tissue) and
the soil/root layer (1, 2, ...).

et al. 2001; da Silva et al. 2011; Albasha et al. 2019; Zhou et al. 2020),
but also for dynamically growing plants (Coussement et al. 2018;
Coussement et al. 2020). In these models the 3D architecture was used
to simulate transpiration at the leaf level, based on spatially resolved
light interception using complex raytracer (Henke and Buck-Sorlin
2017) or radiosity light models (Chelle and Andrieu 1998). However,
only the CPlantBox model (Zhou ef al. 2020) has a spatially explicit
representation of the root system for modelling plant water uptake in
three dimensions. Nevertheless, these 3D models introduce a conduct-
ance (or resistance) between all nodes, typically according to equation
(2.8), taking into account the path length between the nodes and the
average xylem cross-section (da Silva ef al. 2011; Nikinmaa et al. 2014;
Coussement et al. 2018). These nodes can represent internodes, leaves
or fruits, and nodes can be connected to multiple other nodes (Dauzat
et al. 2001). Figure 1 gives an overview on how conductances can be
arranged in a plant-like structure.

Although there has clearly been an evolution towards more spatial
resolution in modelling the water transport pathway, very simplified
representations still exist and remain useful for studies at a higher
spatial (e.g. Eller et al. 2020) or conceptual (e.g. Tuzet et al. 2003)
scale. In its simplest form, modelling water transport from the roots
to the leaves can be approximated by a single 1D pipe with a pressure
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difference between the soil and leaf ends and a conductivity value
Kplant (Martinez-Vilalta et al. 2002). In these models, the leaves of the
plant are approximated by one ‘big leaf” and the architecture of the
plant is omitted.

4. PHLOEM WATER TRANSPORT

In addition to the xylem, which conducts the upward water flow associ-
ated to the transpiration stream (Section 3), phloem is the vascular tis-
sue that facilitates long-distance transport of water and dissolved ions,
hormones, sugars and amino acids. Because of their proximity in the
vascular bundle, xylem and phloem functioning is closely connected
(Fig. 8). However, while water in the xylem is generally under tension,
and consequently has a negative hydrostatic pressure ¥?, the phloem
operates under a positive ¥ ¥. According to the Miinch (1930) hypoth-
esis, this positive pressure is generated by the loading of soluble pho-
toassimilates (generally sucrose) and amino acids in the leaf phloem
(i.e. collection phloem), which locally reduces the osmotic potential
W™ and attracts water from surrounding tissues like the xylem, thus
generating an increase in the hydrostatic pressure ¥ (i.e. turgor pres-
sure). At the sinks, the release phloem (i.e. growing tissues, roots, stor-
age organs, fruits, etc.) unloads solutes, thereby increasing the osmotic
potential, allowing water to flow out of the phloem and reducing the
hydrostatic pressure. Consequently, the loading and unloading of solu-
ble sugars and amino acids generates the pressure gradient for phloem
flow (Stroock et al. 2014).

Similar to the xylem, the phloem has specific transport cell types,
called sieve elements. Because these sieve elements are axially con-
nected to each other by sieve plates, no semipermeable membranes
are crossed along the path, and water transport in the phloem is
only driven by the hydrostatic potential gradient (¢ = 0 in equa-
tion (3.4)). Nevertheless, much is yet to be elucidated, as measured
hydrostatic pressure gradients between source and sink are not recon-
cilable with the hydraulic resistance along the path, especially in large
trees (Minchin and Lacointe 2017). Recent reviews discuss the cur-
rent understanding of the nature and mechanisms of water and solute
transport in the phloem for a plant science audience (van Bel 2003; De
Schepper et al. 2013; Jensen 2018), as well as for physicists (Stroock
et al. 2014), but in the current section we focus on the modelling
attempts.

Based on the Miinch (1930) hypothesis, multiple phloem trans-
port models have been developed, differing mainly in spatial resolution
and phloem anatomical complexity. Thompson and Holbrook (2003)
provide an overview of the evolution of the phloem transport models
that provide a spatially and temporally continuous solution, making
use of partial differential equations. They identified several key studies
in this area (e.g. Christy and Ferrier 1973; Ferrier et al. 197S; Smith
et al. 1980) and highlighted the low availability of computational
power as a major limitation in the further development of this type of
models. Alternatively, some models simulated phloem water and solute
transport between a limited number of discrete compartments, instead
of throughout a spatial continuum (Thornley and Johnson 1990;
Dewar 1993; Minchin et al. 1993; Sheehy et al. 1995). These studies
have been used to explain carbohydrate allocation between sources
and sinks in simple plant models, and basically function independent
of the xylem. Daudet et al. (2002) were the first to connect phloem

and xylem flow, an approach adopted by most later models for phloem
transport (Holttd et al. 2006, 2009; Lacointe and Minchin 2008; De
Schepper and Steppe 2010). In their landmark study, Lacointe and
Minchin (2008) harnessed the ever-increasing availability of comput-
ing resources to extend the work of Daudet et al. (2002) for applica-
tion in more complex branched structures, connecting multiple sinks
and sources, and including lateral leakage and retrieval mechanisms
(Minchin and Lacointe 2017). Recently, a version of this model was
included in the (static) root-shoot FSPM CPlantBox (Zhou et al.
2020).

Analytical solutions to the spatially continuous approaches have
been proposed, but are limited to steady-state phloem water flow
(Cabrita et al. 2013; Hall and Minchin 2013). Whether the spatial gra-
dients are addressed in a continuous form or using discrete compart-
ments, all models use (a variation of) the Hagen-Poiseuille concept
for viscous flow (equation (3.6)). Discrete compartment models have
been more popular in recent years, thanks to their computational efli-
ciency, and confirmed correspondence with the spatially continuous
models (Minchin and Lacointe 2017). Some of these discrete com-
partment models have simplified the Hagen—Poiseuille equation and
can be seen as transport-resistance models following the basic equa-
tion (2.7) (Lacointe and Minchin 2008; De Schepper and Steppe
2010; Zhou et al. 2020).

On the other hand, some studies (Thompson and Holbrook 2003;
Jensen et al. 2012; Cabrita et al. 2013; Jensen 2018) have derived more
complex models for phloem flow to explicitly take the impact of sieve
plates on the hydraulic conductance in the phloem into account. As
such, these models have aided to elucidate how phloem anatomy
impacts the hydraulic conductance, and concluded that sieve plates
account for about half of the hydraulic resistance in the phloem. Such
models and their physically based parameters allow to highlight poten-
tially relevant traits for carbon allocation efficiency.

S. PHYSIOLOGICAL LINKS TO WATER
POTENTIAL

In Sections 3 and 4, we reviewed how hydraulic models simulate water
transport between plant organs along the major hydraulic pathways.
However, other water transport paths (e.g. between epidermal and
guard cells, or towards growing tissues) mediate important physiologi-
cal processes like stomatal conductance and cell elongation. In the next
sections we focus on the models that link water potential and these
physiological processes.

5.1 Stomatal conductance
Regulation of stomatal conductance is a complex process that is
affected by microclimate (light and vapour pressure deficit), leaf CO,
concentration, plant hormones, leaf water potential and soil water
potential (see reviews by Damour et al. 2010; Buckley 2017). Stomatal
conductance models can be roughly classified in three types: process-
based, optimality-based and (semi-) empirical.

Process-based models aim to describe stomatal behaviour based
on the underlying detailed passive (related to the hydraulic con-
nection between epidermal and guard cells), and active (related to
the production of hormones such as leaf endogenous abscisic acid)
mechanisms (Brodribb and McAdam 2017). Both active and passive
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Figure 8. Scheme of the xylem-phloem interaction, and the Miinch (1930) mechanism exemplified by hypothetical (yet realistic)
gradients in hydrostatic (¥'?), osmotic (¥™) and total water potential (V).

stomatal responses are strongly connected to leaf water potential
(Buckley 2017). Complex process-based stomatal conductance mod-
els (e.g. the models of Cooke et al. 1976; Dewar 2002; Buckley et al.
2003; Franks 2004; Hills et al. 2012) are invaluable for studying the
mechanisms of stomatal behaviour and kinetics in response to light,
CO, and water stress. However, these process-based models include
many biophysical parameters that can be very difficult to measure,
and are, therefore, currently under-exploited in plant and ecosystem
models (Buckley 2017). Therefore, efforts have been made to simplify
these process-based models for broader use, yielding fewer param-
eters that need to be estimated, while retaining clear connections to
the detailed processes (Buckley et al. 2012; Diaz-Espejo et al. 2012;
Rodriguez-Dominguez et al. 2016).

Optimality-based models start from the hypothesis that, due
to evolutionary drivers, plant species have optimized the trade-off
between carbon gain and water loss (Cowan et al. 1977). These models
are built on the assumption that stomatal opening is modulated such
that the marginal water use efficiency is constant for a relatively short
period of time (Cowan et al. 1977; Hari et al. 1986; Wolf et al. 2016):

. 5A,,/5gs
"~ SE/dg’ (5.1)

which implies that the profit of an increased net photosynthesis rate
(0As; [mol CO, m™ s7']) in response to a small increase in stoma-
tal conductance (g; [m s']) equals the corresponding increase in
evaporative water loss (0E; [m s™']) multiplied by the carbon cost of
water (A; [mol CO, m™ H,0]). The models built on this hypothesis
have demonstrated successful predictions of stomatal responses to
most environmental and photosynthetic variables. However, proper
interpretation of A remains difficult, especially because the value of A
changes with varying soil moisture availability varies or when plants
are competing for water (Wolf et al. 2016; Buckley 2017; Sperry et al.
2017).

To overcome this limitation under variable or reduced water avail-
ability, the introduction of a carbon cost function, associated with
repairing hydraulic conductance originating from low xylem water
potential, has been proposed (Wolf et al. 2016; Sperry et al. 2017).
In these models, stomatal conductance is predicted from a carbon
maximization optimization, rather than from the original marginal
water use efliciency. In these approaches, both the carbon cost func-
tion and E were defined as a function of leaf water potential. Recently,
Eller et al. (2020) and Sabot ef al. (2020) have presented slightly dif-
ferent versions of these hydraulically based stomatal optimization
models in the land surface models JULES and CABLE. These recent
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developments highlight the improved performance of models when
including hydraulics, especially under drought conditions, based on
flux tower and hydraulic trait data sets. The review by Mencuccini et al.
(2019) provides a clear overview of optimal-based model types com-
bining stomatal behaviour and hydraulic functioning.

Semi-empirical models describe the response of stomatal conduct-
ance to environmental and internal plant variables, based on empiri-
cally derived relationships. The most commonly used models belong
to the so-called Ball-Berry-Leuning (BBL) ‘family’, and build on the
equations developed by Ball et al. (1987) and Leuning (1995):

A

(Ic = 1) [1+ (%)) (52)

& = &0 + &s1

where g0 is the minimum stomatal conductance [m s™'], de is the
vapour pressure deficit [kPa], [C.]isCO , concentration at the leaf sur-
face [ppm], Iis the CO, compensation point [ppm] and g1 [m* ppm
mol™] and d; [kPa™'] are empirical coefficients. More recent publica-
tions have indicated the convergence of these empirical models with
the optimality-based approach under certain conditions (Medlyn
et al. 2011; Wolf et al. 2016; Sperry et al. 2017; Duursma et al. 2019).
Empirical leaf-level models of stomatal conductance in plant and eco-
system models perform satisfactorily under well-watered conditions,
but show substantial inconsistencies under drought stress or variable
watering conditions (Tuzet et al. 2003; Buckley 2005; Damour ef al.
2010; Anderegg et al. 2017). This leads to a large uncertainty in transpi-
ration predictions from plant, crop and ecosystem models (Carminati
and Javaux 2020). As an adaptation to the BBL models, Nikolov et al.
(1995) and Tuzet et al. (2003) suggested including a sigmoid response
function to leaf water potential as a multiplication factor to the second
term of the BBL model:

1
f(‘ljleaf) = W} (5 3a)
2 '
14 e
f(‘lJleaf) - m’ (53b)

where the coefficients ¥, P [MPa] and p [dimensionless] (Nikolov
etal. 1995), and s; [MPa™'] and ¥y [MPa] (Tuzet et al. 2003) describe
the sensitivity to the leaf water potential ¥ .,; [MPa].

Despite the widespread use of BBL models, other (even earlier)
empirical models already included the effect of leaf water potential.
A first empirical model that included dependency on leaf water poten-
tial was presented by Jarvis et al. (1976). This was a response-function
approach, where stomatal conductance (g;) was related to photosyn-
thetically active radiation (Qp; [pmol m s7']), leaf temperature (
Tieaf; [K]), vapour pressure deficit (Je; [kPa]), leaf water potential (
Wieaf; [MPa]) and ambient CO, concentration (Ca); [ppm]) in a

multiplicative manner:

8 = omax f1(Q) - o Tiear) - f3(9€) - fo(Wieas) - f5([Cal)s (5.4)

where gsmax [m s7'] is the maximum stomatal conductance and each

of the response functions f results in a value between 0 and 1. The

response function for Wiear was presented as a negative exponential
relation:

f4(qjleaf) =1- e_SZ(Wle_\IImm)) (55)
where 5 is a curvature parameter and W pmin the water potential at which
the response function becomes zero. Dauzat et al. (2001) included a
similar approach in their plant model of Coffea arabica, but omitted
the response function for [C,] and modified the response function
for Wieaf:

\IIleaf - \I}min
4 (Vieat) = =

f “ lI’max - \Ilmin (56)

Alternatively, leaf water potential has been used as an explanatory vari-
able for the sensitivity of stomatal conductance to abscisic acid con-
centration [ABA] (Tardieu and Davies 1993; Tardieu et al. 2015):

. e/BA[ABA].Es\’)'\I’leaf,

& = &0 + 451 (57)

where g, + g1 is the maximum stomatal conductance [m s™'], B is
the sensitivity to abscisic acid concentration and s3 [MPa™'] reflects
the stomatal sensitivity to Wieas.

Anderegg et al. (2017) compared the performance of four stomatal
conductance models on under a wide range of conditions: the empiri-
cal model of Tuzet et al. (2003) and the optimality-based model of
Wolf et al. (2016), both including a dependency on leaf water poten-
tial, and the optimal-empirical model of Medlyn et al. (2011) and the
empirical model of Leuning (1995), both without a dependency on
leaf water potential (Anderegg et al. 2017). This comparison demon-
strated a better performance of the models that include water poten-
tial, and as such underpinned the importance of including the stomatal
sensitivity to declining leaf water potential in plant and ecosystem
models during drought conditions.

Furthermore, including the dependency on leaf water potential
provides identification of a continuum of stomatal strategies during
drought stress across and within species (Tardieu and Davies 1993;
Tardieu ef al. 2015). As such, the parameters g0, &1, P, 51, 52, 53, Yo,
W in and W (Jarvis et al. 1976; Tardieu and Davies 1993; Dauzat
et al. 2001; Tuzet et al. 2003) could define the position of a species
or genotype in this continuum, but also allow deeper interpreta-
tion, beyond the aniso/isohydric paradigm (Hochberg et al. 2018).
Additionally, connecting hydraulics and stomatal conductance allows
to study the potential ‘hydraulic efficiency—hydraulic safety’ trade-off
of different plant species, in terms of drought resistance for vegeta-
tions and for agricultural production (Holloway-Phillips and Brodribb
2011; Martin-StPaul et al. 2017; Scoffoni and Sack 2017; Cardoso et al.
2018; Deans et al. 2020; Xiong and Nadal 2020). Robust models of
stomatal conductance including leaf water potential are thus greatly
welcomed to predict plant-atmosphere interactions in a changing cli-
mate but also to integrate new knowledge in physiology and ecological
theory (Buckley 2017).

5.2 Cell, organ and plant growth
As plant tissues contain a large proportion of water, the dimensions and
mass of plant organs are largely determined by the water accumulation,
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which can be seen as the sum of incoming and outgoing water flows
(Hilty et al. 2021). Since water potential drives water transport, the
link between water potential and organ growth is strong. In modelling
work, several approaches have been made to connect water potential
to growth, be it through empirical relations, or through more mecha-
nistic links that explicitly model water accumulation and involve turgor
pressure.

Dewar (1993) developed an empirical root-shoot partitioning
model, where the relative growth rate (RGR) of both the root and
shoot compartment depend on the concentrations of carbon and
nitrogen and on the xylem water potential in a multiplicative model:

1 dw v
W :"g'[C]'[N]‘"‘“x(l‘ﬁ)’ (5.8)
where W is the dry matter mass per unit ground area [kg m™], kg is a
growth coefficient [s'], [C] and [N] are the carbon and nitrogen sub-
strate concentrations [dimensionless], respectively, and Wt is a criti-
cal water potential for growth. Similarly, but on an architecturally more
complex scale, da Silva et al. (2011) multiplied the RGR of each organ
in the L-Peach FSPM with a linear function of the prevailing local
water potential.

At the organ level, models of leaf elongation rate (LER) are of par-
ticular interest in grasses, as these predominantly grow in one dimen-
sion. Tardieu ef al. (2015) developed an empirical model for LER in
maize based on a genotype-specific maximum rate agr [ms™'], a sen-
sitivity cLer [MPa™'] to xylem water potential and a small dependency
on xylem abscisic acid concentration aapa [ms™']:

LER = max(apgr + min(aspa - log( [ ABA ] ), 0) - (1 + cgr - Waylem), O)
(5.9)
More mechanistic approaches for modelling growth, mostly rely on
the biophysical model for irreversible (plastic) cell growth, defined
by Lockhart (1965) for one-dimensional growth, and adapted by Ray
et al. (1972) for volumetric growth:

L (‘LV) — - max((V? — ), 0)
VoNdt/y (5.10)
Here, V is the cell volume [m?], the subscript ‘pl’ refers to ‘plastic’
growth, ¢ [MPa™' s']and Y [MPa] are parameters describing cell wall
relaxation and yielding in response to the hydrostatic potential (i..
turgor pressure) W? [MPa]. The parameter ¢ is generally named wall
extensibility, and Y is the threshold turgor pressure above which no
wall yielding occurs. Both parameters define the ability of the wall to
grow: wall yielding ability increases with higher values for extensibility
¢ and lower values for threshold Y (Cosgrove 1993).

Many models of cell growth build on this relationship (Cosgrove
1993), but this concept has been expanded to models of organ growth.
Arkebauer et al. (1995) used this equation to model leaf growth in
maize, by summing cell growth of discrete cell volume classes. Daudet
et al. (2002) conceptualized a fruit as a single cell and used equation
(5.10) to model fruit growth as a part of their linked xylem-phloem
model (see also Section 4).

Apart from the irreversible, plastic growth (equation (5.10)), also
reversible, elastic changes in cell and organ volume take place (Ortega
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1985). Moreover, modelling these elastic changes have been proven
very insightful for studying plant responses to its environment (see,
e.g., review De Swaef et al. 2015). To this end, several models have used
Hook’s law to link water potential to diel variations in stem xylem and
phloem diameter (Perimiki et al. 2001; Zweifel et al. 2001; Sevanto
et al. 2002, 2008; Holtti et al. 2006; Steppe et al. 2015):

(v 1w
v \dt/, e dt (5.11)

where € is the volumetric elastic modulus [MPa], which is lower for
more elastic materials. The assumption of Lockhart (1965) and Ray
et al. (1972) of a constant pressure in the cell, thereby ignoring elas-
tic effects, is thus not valid in dynamically growing plant cells and tis-
sues. Ortega (1985) added an elastic term, based on Hook’s law, to the
Lockhart equation (equation (5.10)), resulting in an analogue to the
viscoelastic Maxwell equation:

1.4 1

D v

= ¢ - max((V¥ —Y),0) + é . % (5.12)
Like equation (5.10), this augmented growth equation (5.12) has ini-
tially been used to mathematically describe the growth of individual
cells (Ortega 1985; Cosgrove 1993; Proseus et al. 1999), but proved
also very useful and intuitive when applied to entire tissues. As such,
based on equation (5.12) models have been developed that link turgor
pressure to growth of all plant organ types: roots (Génard et al. 2001),
woody stems (Génard et al. 2001; Steppe et al. 2006; De Schepper and
Steppe 2010), fleshy fruits (Fishman and Génard 1998; Lescourret
and Génard 2005; Lechaudel et al. 2007; H.-F. Liu et al. 2007), her-
baceous stems (De Swaef and Steppe 2010; De Swaef et al. 2013)
and leaves (Barillot et al. 2021; Coussement et al. 2021). These con-
cepts have furthermore been included in models that simulate (verti-
cal) water transport across organs (Steppe et al. 2006; De Schepper
et al. 2010; De Swaef et al. 2013). More recently, this has been further
refined at the individual organ scale (internode, leaf, fruit) in FSPMs,
where the 3D organ dimensions and plant architecture are explicitly
simulated and visualized, and cumulate to whole-plant growth dynam-
ics (Coussement et al. 2018, 2020).

Although equation (5.12) has been applied for all plant organs
and provides an elegant and mechanistic view on organ growth, there
is still much to investigate on the elastic modulus &, extensibility ¢
and threshold Y parameters, as these are probably not fixed values,
but are likely to vary with cell/tissue age (Proseus et al. 1999), with
internal turgor (Proseus and Boyer 2006) and hormone concentration
(Cosgrove 1993, 2005).

To improve understanding of these biophysical properties, mecha-
nistic models describing mechanical deformation of cells and tissues
driven by turgor pressure and incorporating their actual 3D geometry
have been developed (Abera et al. 2014a, b; Fanta et al. 2014; Diels
et al. 2019). Because of the large number of cells in a plant organ, it is
impossible to extend these models to the entire plant. In the multiscale
modelling paradigm, microscale models are used to compute mate-
rial properties of the macroscale (Aregawi et al. 2014). Such models
allow, for example, to evaluate the effect of a change in cell wall elastic
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modulus or plasma membrane permeability on water transport in the

organ and plant growth.

6. DISCUSSIONS AND PERSPECTIVES

6.1 Water potential as a connector
As described above, water potential is a variable common to all sites
in the SPAC. Consequently, it offers a means of communication
between soil and plant scientists, and is often used in models connect-
ing soil and root hydraulics (Javaux et al. 2013; Couvreur et al. 2014).
Furthermore, many transpiration-driven water transport models
already connect soil, root and plant xylem, in more or less architectural
or physiological detail (see Section 3.5). Such a soil-rhizosphere—
plant hydraulics model has recently demonstrated its value by elucidat-
ing the crucial role of rhizosphere hydraulics on plant water relations
(Carminati and Javaux 2020). Water potential has thus primarily been
used as a model variable for simulations of transpiration-driven water
transport, thereby integrating the effects of both soil and atmosphere
conditions, and as such, fulfilling its role as a robust quantitative esti-
mator of plant water status (Steppe 2018).

From this water status perspective, the link between plant hydrau-
lics and stomatal conductance is not far-fetched, as stomatal conduct-
ance is part of the transpiration pathway. In fact, mechanistic models
of stomatal conductance have already highlighted the pivotal role of
leaf water potential in stomatal functioning (Buckley 2017; Earles et al.
2019). Recent phloem water (and solute) transport models always
operate in close connection to the transpiration pathway (mostly the
xylem), and thus provide detailed insights in how plant water status
and transport are intertwined with carbon allocation (Stroock et al.
2014; Minchin and Lacointe 2017). Through xylem and phloem trans-
port modelling, water potential also enables connecting the root to the
shoot, as recently demonstrated in the CPlantBox FSPM (Zhou e al.
2020). Via its effects on stomatal conductance (carbon assimilation)
and phloem water transport (carbon and nitrogen allocation), plant
water potential is indirectly associated to plant growth. Because water
potential gradients drive the water transport towards growing tissues,
there is an additional strong direct link (Martre and Durand 2001;
Muller et al. 2011). A schematic overview of linked mechanisms with
water potential implemented in models is given in Fig. 9. Obviously,
water potential is not the only systemic variable that impacts plant
functioning. Plants cannot survive without the uptake, assimilation
and allocation of carbohydrates, amino acids, nutrients and hormones,
which regulate functioning in all plant organs. Hence, as carbon is the
building block for all organic compounds in plants, the current empha-
sis of plant and crop models on photosynthesis and carbon allocation
remains justified. Nevertheless, these compounds generally operate in
aqueous solution and are transported throughout the plant via water.
Furthermore, because of their solubility in water, many nutrients and
assimilates contribute to the osmotic potential, and are thus closely
linked to water potential.

Recent reviews (Fatichi et al. 2016; Mencuccini et al. 2019) have
highlighted that modelling plant hydraulics, with water potential as a
central variable, has been applied successfully, albeit not widely, on all
scales: from detailed mechanistic cell scale models of stomatal conduct-
ance and cell division and expansion (Buckley et al. 2003; Abera et al.
2014b), over functional-structural plant scale models (Coussement

et al. 2020) to large ecosystem scale models (Anderegg and Venturas
2020). Recently, the hydraulically based ecosystem model TREES has
been modified for a cotton crop (Wang et al. 2020), but implementa-
tions of plant hydraulics in widely used crop models are still absent
(Parent and Tardieu 2014). Typically, crop models do include effects
of both soil water availability and atmospheric conditions on transpi-
ration rate and biomass accumulation. However, they do not capture
interaction effects of both, because they do not explicitly include water
transport processes in the soil and plant. Especially for plant and crop
responses to drought, the role of water transport is crucial, and thus
also deserves attention in crop models (Parent and Tardieu 2014;
Wang et al. 2020). Furthermore, because this overall plant response is
an integration of many interacting underlying physiological responses,
a proper coordination of these interactions is a key challenge for crop
models (Parent and Tardieu 2014). By including a hydraulic compo-
nent in crop models, water potential may serve as the pivotal variable
coordinating plant water status effects on multiple physiological mech-
anisms, and consequently shaping the whole-plant response, as visual-
ized in Fig. 9. Apart from the aforementioned connections to stomatal
conductance, phloem transport and organ growth, some models have
already associated plant water potential to nitrogen uptake and fixation
(Thornley and Johnson 1990; Dewar 1993; Thornley 1998; Y. Liu et al.
2011). For example, in the Hurley Pasture model (Thornley 1998),
the factor taking into account soil water deficit is a function of root
water potential, as this was suggested to be a more stable link between
water stress and N fixation than soil water content. Furthermore, water
potential could be included in (sub-)models dealing with plant devel-
opment and phenology, because drought stress may substantially
impact, e.g., early flowering and senescence ( J. Jones et al. 2003) or
tree cambial activity (Cabon et al. 2020).

6.2 Identifying phenotypic traits for drought
tolerance

6.2.1 Models for dissecting phenotypic traits.

CSMs and FSPMs are both considered ecophysiological model types,
because they capture the effects of dynamic environmental conditions
on plant physiological mechanisms underpinning the integrated plant
response and resulting phenotype. These models contain species- and
genotype-specific parameters, which are theoretically invariable under
a wide range of environmental conditions (Hammer et al. 2006; Yin
and Struik 2010). Genotype-specific parameter sets are thus expected
to have higher heritability than associated, directly observed pheno-
typic traits. Therefore, model-assisted phenotyping holds promise to
speed up genetic progress, by linking genetics to model parameters
instead of to complex integrative traits like yield. Furthermore, these
ecophysiological models assist also to highlight promising (combina-
tions of) phenotypic traits for targeted populations of environments
(Martre et al. 2015; Cooper et al. 2021). However, successful appli-
cations of model-assisted phenotyping require sufficient representa-
tion of relevant physiological mechanisms in the model (Parent and
Tardieu 2014). This is especially true for drought stress tolerance
traits, because a specific trait can be beneficial for crop performance
in specific drought conditions while the same trait can be undesirable

in other drought stress scenarios (Tardieu 2012). In that perspective,
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Figure 9. Water potential as a central variable connecting plant physiological processes. Thick arrows indicate direct links
between water potential and processes. Full thick arrows identify links that have been included in current mechanistic plant
models. Dashed arrows identify links that have been made empirically, but are as yet not often included in plant models. Thin
arrows visualize links between processes to indicate indirect feedback effects on water potential.

traits associated to drought tolerance, listed in Table 1 of Tardieu
(2012), should be dissected into its underlying interacting mecha-
nisms. Models including soil-plant hydraulics, therefore, open up a
whole new world of mechanisms and associated traits (Tardieu and
Tuberosa 2010; Wang et al. 2020; Lépez et al. 2021).

As an example, the trait associated to limiting transpiration rate at
high evaporative demand (LTR trait) has received much attention as
potentially beneficial for crop productivity in dry and warm environ-
ments, because it conserves water for a longer period in the growing
season (Sinclair et al. 2017). This trait is the result of stomatal closure
during midday, but Schoppach ef al. (2013) showed that several plant
hydraulic traits are associated with the LTR trait. Recently, the LTR
trait has been implemented as a module into the APSIM NextGen
model to investigate the impact of LTR on crop performance across
multiple environments in Australia (Collins et al. 2021). Nevertheless,
Devi and Reddy (2020) experimentally demonstrated that the param-
eter values associated with the LTR trait shift when soil moisture

availability changes, potentially undermining the heritability of the
trait. Recent soil-plant hydraulic modelling efforts have explained such
responses by demonstrating the impact of rhizosphere hydraulic con-
ductivity limitations associated with soil moisture content (Carminati
and Javaux 2020). Including hydraulics in models thus allows to inves-
tigate how this LTR trait is impacted by soil moisture availability and
how the trait can potentially be dissected into sub-traits. Both of these
steps potentially enhance the heritability of this trait, but also the per-
formance and interpretability of the model simulations.

6.2.2 Traits of interest and plasticity.

Making abstraction of the dynamic viscosity (77), equation (2.8) shows
that hydraulic conductance is defined by the path length (L), the cross-
sectional area perpendicular to the flow direction (A) and the perme-
ability (k), which is an intrinsic characteristic of the medium. In Fig.
10, multiple morphological and physiological traits are summarized
that impact the hydraulic conductance along the SPAC, through (at
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least) one of these factors. All of these traits operate at the tissue level
and drive local hydraulic functioning. However, at least as important
is how these local traits are scaled to the entire plant, e.g. safeguarding
the balance between supply and demand. Therefore, additional impor-
tant trait examples relating to this balance are the total leaf area (cf.
demand for water), root absorbing surface area (cf. supply of water)
and ratios thereof (Christoffersen et al. 2016; Choat ef al. 2018; Lépez
et al. 2021): leaf-to-sapwood area (for trees), root-to-shoot ratio and
leaf-to fine-root absorbing surface area ratio.

Many of these traits can be implemented in various detail in plant
and crop models as fixed parameters. However, virtually all of them
tend to change with environmental conditions, and thus express plant
plasticity, although the time scales may vary. An example of great inter-
est is the xylem VC or the closely related PLC curve, where hydraulic
conductivity is rescaled by a sigmoid or exponential response func-
tion to xylem water potential (equation (3.7)). This response function
quantifies the impact of embolisms in the xylem conduits on hydrau-
lic conductance, and variation in its parameters over species (e.g.
Wso) provides an interesting avenue to model ecosystem dynamics
Anderegg 2015; Choat et al. 2018). Potentially, assessment of within-
species genotypic differences in PLC may contribute to improving
drought tolerance in crops (Wang ef al. 2020).

Aquaporins are the plant’s active regulation mechanism of hydrau-
lic conductance, and their abundance has been shown to respond to
transpiration and soil moisture (Vandeleur et al. 2009; Vandeleur et al.
2014), although responses of aquaporin expression can be completely
opposite between species (North ef al. 2004). From this perspective,
the xylem water potential, which is also impacted by both transpiration
rate and soil water availability, might be a suitable explanatory variable
for hydraulic conductance variability attributed to aquaporin abun-
dance (Chaumont and Tyerman 2014).

Traits associated to balancing plant water supply and demand may
be mediated by water potential in a more indirect and complex way.
For example, models that link water potential to organ growth show
reduced leaf growth (and thus leaf area) as a plastic response to water
deficits, thereby reducing (future) water demand (Arkebauer et al.
199S; Coussement et al. 2021). Furthermore, Dewar (1993) already
demonstrated that a lower water potential as a result of increased tran-
spiration or decreased soil water availability, increased the root-to-
shoot ratio, using their water potential-driven conceptual model. Both
examples show that the emergent properties of hydraulically mediated
models enable capturing interesting plastic behaviour in response to
drought.

Apart from the hydraulic traits discussed above and identified in
Fig. 10, placing water potential central in a model as a coordinating
variable opens opportunities to connect other, non-hydraulic traits
and plastic responses. For example, the water potential-dependent
function in the stomatal conductance model of Tuzet et al. (2003)
allows to describe distinct stomatal sensitivity between species or
genotypes using two parameters (equation (5.3b)). Figure 11 demon-
strates how variations in hydricity between species or genotypes can
be captured. The resulting parameter values for s; and Woand may than
serve as ‘traits. Furthermore, because the stomatal conductance model
of Tuzet et al. (2003) is coupled to photosynthesis, this behaviour also
captures short-term plasticity in terms of carbon assimilation. Such a

model, linking plant hydraulics to stomatal conductance, can dissect
overall stomatal conductance responses into hydraulic (Kplant) and
stomatal conductance traits (s1 and Wo). This may be of great impor-
tance for interpreting plant phenotyping studies that use thermogra-
phy for assessing drought tolerance (H. G. Jones 2015).

Chen et al. (2021) combine biophysical and biochemical model-
ling in their virtual fruit for tomato, which is connected to the stem
through xylem and phloem water and solute fluxes, driven by water
potential gradients (Génard et al. 2007). Via a global sensitivity analy-
sis, Chen et al. (2021) demonstrate the importance of certain traits to
improve tomato production and quality. The three most influential
parameters for improving fresh yield were all biophysical in nature (the
hydraulic conductance of the phloem (Kphioem ), the phloem osmotic
water potential caused by the solutes other than sugars and the fruit
cell wall extensibility (¢)), whereas fruit quality was mostly sensitive
to biochemical parameters. Consequently, their virtual fruit has dem-
onstrated the potential uncoupling of the size-sweetness trade-off in
fleshy fruit. In their hydraulic-based biophysical FSPM for soybean,
Coussement et al. (2020) show how both hydraulic (e.g. hydraulic
resistance) and non-hydraulic parameters (e.g. tissue extensibility)
impact organ and plant dimensions under dynamic environmental
conditions. Furthermore, they assessed the impact of modified air
humidity and soil water potential as external drivers to demonstrate
the model’s ability to capture plastic growth responses associated to
water availability. These models that embed water potential as a pivotal
variable in association to other plant processes thus allow to study the
impact of hydraulic traits on overall plant performance under a wide
range of conditions, including drought.

6.3 Drowning in model complexity?

Models that include hydraulic features are thus very insightful, espe-
cially when the link is made with plant and organ growth. However,
a potential pitfall with including hydraulics in models is that these
models become overly complex. Therefore, they may be difficult to
parameterize (Peng et al. 2020). Modellers should thus strive to design
models ‘as simple as possible, as complex as necessary’, and backed by
sufficient experimental data (He et al. 2017). Plant simulation models
remain approximations of reality, and never include all possible mecha-
nisms. Therefore, the mechanisms included in models (e.g. hydraulics)
should match the research questions they address.

Tardieu et al. (2020) propose the terminology of ‘meta-mech-
anisms’ to explain that models operating at distinct scales of organi-
zation (from cell to crop) tend to have a similar complexity, because
simplifications are proportional to the scale of organization. Such
meta-mechanisms are, for example, response curves to environmen-
tal conditions. One concrete example is the temperature response
curve for modelling plant development rate in crop models, where
many underlying ‘mechanisms’ at the cell and tissue scale shape this
integrative response. In their Figure 1, Tardieu et al. (2020) classify
mechanisms associated with hydraulics in models at the organ scale.
However, based on recent developments in FSPMs and ecosystem
scale models, we would suggest that hydraulics have their place in
models on all scales of organization, because hydraulics can be repre-
sented in different levels of complexity (Fatichi et al. 2016; Mencuccini
etal. 2019). For example, the xylem vulnerability curves or percent loss
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Figure 10. Anatomical and physiological traits affecting hydraulic conductance in different compartments along the transpiration
stream. Kisoil, Kroot, Kxylem, Kox, refer to soil, root, xylem and outside-xylem hydraulic conductances, respectively. For each of

the four conductances, potentially influencing traits are listed, along with the corresponding parameter in equation (3.6), where
A, kand L are the cross-sectional area, permeability and path length, respectively. g, g, and gy, are included in the graph for
completeness and refer to the stomatal, the cuticular and the boundary-layer conductance to water vapour, respectively.

of conductance curves perfectly fit in the ‘meta-mechanism’ concept.
As pointed out above, many different morphological and physiological
traits at the cell and tissue level may impact this vulnerability, but the
overall response function is valid across multiple environmental con-
ditions (Venturas et al. 2017). To properly scale complexity, several
examples exist where allometric links have been established. For exam-
ple, Martre and Durand (2001) scaled the root hydraulic conductance
to the total leaf area of the plant in a hydraulic model of tall fescue,
and multiple FSPMs scale internode hydraulic conductance propor-
tional to the internode’s cross-sectional area and inversely proportional
to the internode’s length (da Silva et al. 2011; Nikinmaa et al. 2014;
Coussement et al. 2020). This way, the number of parameters can be
drastically reduced, while designing interesting and robust relations.

Despite the possibilities to keep models parsimonious, adding
hydraulics comes with an increased need for data. Reliable plant hydrau-
lics models need absolute and accurate water potential measurements
for proper calibration and validation (Steppe 2018), but also to improve
insights on the mechanisms to be modelled. Non-invasive and continu-
ous measurements are preferred over destructive manual measurements,
as these will enable better capturing the dynamics, which are required
to fully understand mechanistic links between water potential and other
physiological processes. In soil or growing media, the water potential can
be continuously monitored using tensiometers (Jackisch et al. 2020).
Recent advances in these technologies have enhanced the robustness
of the signal and the operating range. In the plant, (leaf or stem) water
potential can be destructively measured using the pressure chamber or
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Figure 11. Example of sensitivity of stomatal conductance (f(Uieaf)) to leaf water potential ¥jeaf implementation as a meta-
mechanism in a plant or crop model. Results for equation (5.3) from Tuzet et al. (2003) with three different parameter
combinations, showing anisohydric, intermediate and isohydric behaviour. Parameters s; [MPa™'] and ¥¢ [MPa] describe the

sensitivity to the leaf water potential Wiear [MPa].

thermocouple psychrometry. The latter is also suitable for measuring
osmotic potential (after freezing the sample) and is applied on smaller
tissue parts, yet remains destructive and cumbersome. For woody stems,
M. A. Dixon and Tyree (1984) developed a psychrometer for automatic
and continuous monitoring of xylem water potential. Recently, Jain et al.
(2021) developed a highly innovative, minimally invasive system to
monitor leaf water potential. As this system allows to monitor the spa-
tial distribution of water potential within the leaf; it may be suitable for
calibrating and validating detailed extra-xylary leaf water transport and
process-based stomatal conductance models (Buckley 201S; Buckley
etal. 2015). Apart from direct measurements of water potential, continu-
ously monitoring closely related variables like sap flow or turgor pres-
sure strongly support hydraulic model development and verification.
Currently, a wide variety of sap flow sensors is available for a wide range
of stem sizes (Flo et al. 2019) and leaf turgor pressure can be recorded
by leaf patch clamps (Zimmermann et al. 2008). Furthermore, monitor-
ing organ dimensional changes at a high temporal resolution may prove
very informative. In this respect, close links have been demonstrated
between water potential dynamics and variations in stem diameter (De
Swaef et al. 20185; Dietrich et al. 2018), leaf thickness (McBurney 1992)
and LER (Tardieu et al. 201S; Barillot et al. 2021). Finally, novel 3D
imaging techniques have become available to visualize water transport
at multiple scales, including (synchrotron) X-ray tomography (Piovesan
et al. 2021), neutron tomography and positron emission tomography
(Hubeau and Steppe 2015). Such information is very useful for devel-
oping more accurate water transport models that take into account the
actual 3D multiscale structure of the plant.

7. CONCLUSIONS
The primary use of water potential in plant models is to simulate water trans-
port in the SPAC. As water potential is regarded the best indicator of plant
water status, because it is the integrated result of above- and below-ground

environmental conditions, it holds promise as a pivotal model variable to
which other plant processes respond. We highlighted three ecophysiologi-
cal processes, all of which have a well-recognized mechanistic link to water
potential, that have been successfully implemented in plant hydraulic
models: phloem transport, stomatal conductance and plant organ growth.
These processes drive carbon allocation between source and sink (phloem
transport), carbon assimilation (stomatal conductance) and water accu-
mulation in growing tissues, and consequently build the bridge between
plant water status and plant growth. Therefore, models that make this con-
nection enable identification of crucial phenotypic traits for understand-
ing (and potentially remediating) ecosystem resilience to drought and for
breeding towards improved drought tolerance in crops. Therefore, we sug-
gest that models at different scales (FSPM, CSM and TBM) would benefit
from embedding hydraulics in their framework, especially when studying
plant responses to drought.
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